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Literature Review and Data Summary

1. LITERATURE REVIEW AND DATA SUMMARY

1.1. Introduction

Plastic, a versatile and omnipresent organic polymer, is one of the
most frequently used materials globally. Over the past seven decades, the
global production of plastics steadily increased almost 250-fold, from 1.5 to
368 million metric tons, emphasizing the importance of plastic to mankind
(Helmenstine, 2020; Tiseo, 2021). The consequences of such increase in
production have more recently captured the attention of broader audiences,
as studies of its environmental impact indicated that plastic litter could disturb
ecological relationships and interfere with different ecosystems at multiple
scales. For example, plastics can end up in the aquatic environment via direct
pathways as the litter coming off shipping or fishing activities and indirectly
through improper discharge, runoff, current, wind, and wave action (Kane &
Clare, 2019; Jingyi Li, Liu, & Paul Chen, 2018).

The extended presence of plastic litter and its exposure to the elements
in the environment inevitably leads to its degradation into smaller particles
with overall dimensions of less than several millimeters, termed
“microplastics” (L. Lebreton et al., 2018). Furthermore, the degradation of
primary microplastic particles originally designed for commercial use in
personal care and cosmetics products (Lei et al., 2017), in industrial
applications (Auta, Emenike, & Fauziah, 2017), or originating from synthetic
textiles shedding during laundering (De Falco, Di Pace, Cocca, & Avella,
2019) leads to the formation of smaller secondary microplastic particles
(Rocha-Santos & Duarte, 2015).
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1.2. Distribution, Abundance, and Importance of Microplastics in

Aguatic environments

There is increasing evidence of ocean-based microplastics present in
all marine environments, including the deep seas/trenches (Acosta-Coley et
al., 2019; Courtene-Jones, Quinn, Gary, Mogg, & Narayanaswamy, 2017;
Cozar et al., 2015; C. J. Moore, Moore, Leecaster, & Weisberg, 2001; Suaria
et al., 2016; Vianello et al., 2013). One of the most commonly reported
polymer types in marine surface water and sediment is polyethylene (PE)
(Frias, Otero, & Sobral, 2014; Gomiero et al., 2019; Ng & Obbard, 2006;
Suaria et al., 2016). Moreover, fibers and fragments were noted as prevailing
microplastic shapes in the ocean and sediment (Desforges, Galbraith,
Dangerfield, & Ross, 2014; A. L. Lusher, Burke, O'Connor, & Officer, 2014;
Amy L. Lusher, Tirelli, O’Connor, & Officer, 2015; Suaria et al., 2016).
However, the abundance, size, and concentration of observed microplastics
can vary significantly across different sampling times and regions of the
sampled marine environment (Akarsu, Kumbur, Gokdag, Kideys, &
Sanchez-Vidal, 2020; Claessens, Meester, Landuyt, Clerck, & Janssen, 2011;
A. L. Lusher et al., 2014; R. C. Thompson et al., 2004; Van Cauwenberghe,
Vanreusel, Mees, & Janssen, 2013).

Although there has been a lot of research on marine microplastic
pollution, several studies have revealed the presence and distribution of
microplastics in fresh open waters comparable to marine ecosystems (Klein,
Dimzon, Eubeler, & Knepper, 2018; L. C. M. Lebreton et al., 2017; Peng,
Wang, & Cai, 2017; van Emmerik & Schwarz, 2020). The contamination

with microplastics has been detected in natural freshwater systems and



Literature Review and Data Summary

wastewater treatment plants at various locations around the European, Asian,
North American, and South American continents, albeit at very diverse
concentrations (Anderson et al., 2017; Lechner et al., 2014; Lima, Costa, &
Barletta, 2014; Mason et al., 2016; Mintenig, Int-Veen, Ldder, Primpke, &
Gerdts, 2017; Su et al., 2016). Such variability suggests that a variety of
locations, anthropogenic activities and environments, and sampling strategies
were employed (Eerkes-Medrano, Thompson, & Aldridge, 2015). Owing to
their long-term persistence and long-range transportation, approximately
1.15 to 2.41 million tons of microplastics are estimated to be annually
transported downstream from their initial sources (mainly wastewater
treatment plants) by rivers to seas, with consequences for the aquatic
organisms and environments along their transport routes (L. C. M. Lebreton
et al., 2017; Magnusson & Norén, 2014; Mintenig et al., 2017; Murphy,
Ewins, Carbonnier, & Quinn, 2016).

Microplastics are thought to be ubiquitous by now, and besides their
physical presence in the environment, other characteristics of these materials
such as their toxicity, durability, and persistence could pose a potential threat
to the environment and ecosystems (Hidalgo-Ruz, Gutow, Thompson, &
Thiel, 2012; A. L. Lusher et al., 2014). Ingestion of or exposure to
microplastics could cause negative consequences to organisms. The
similarity of microplastics’ size, shape, and color to natural sediments and
feedstuff can mislead organisms to ingest microplastics instead of their
natural diet. This, in turn, can cause malnutrition and, in extreme cases, even
starvation effects, observed as the altered growth rate, reduced fitness, and
changed behavior of the affected organisms (Mark A. Browne, Dissanayake,
Galloway, Lowe, & Thompson, 2008; Graham & Thompson, 2009; Mazurais
et al., 2015; Murray & Cowie, 2011; Welden & Cowie, 2016; Wright,
Thompson, & Galloway, 2013). Irregularly shaped and sharp-edged
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microplastics could cause abrasion and disrupt the integrity of
gastrointestinal mucosa in living organisms (Ahrendt et al., 2020). Further,
ingested microplastics may release different additives used in plastic
production due to changes in the digestive tract (pH, enzymatic actions, etc.),
and components such as plasticizers, halogen stabilizers, lubricants, and
flame-retardants can be introduced to microplastic-eating organisms, causing
additional harm (Lithner, Larsson, & Dave, 2011; Rochman, Hoh, Kurobe,
& Teh, 2013; Wardrop et al., 2016). More importantly, there is increasing
evidence that microplastics can serve as a vehicle or concentrator for certain
chemical and biological agents (micro-pollutants), and their ingestion could
facilitate their transfer to organisms and cause adverse health effects or even
death (Mark A. Browne, Niven, Galloway, Rowland, & Thompson, 2013;
Guzzetti, Sureda, Tejada, & Faggio, 2018; Naik, Naik, D'Costa, & Shaikh,
2019).

1.3. Microplastics: Delivery Vehicles for Micro-pollutants in

Aquatic environments

Microplastics can carry and transfer biological and chemical agents
from one place to another, effectively acting as a vehicle and increasing the
risks of different micro-pollutants to reach otherwise unaffected/less affected
compartments within the ecosystems and organisms (Kwon, Chang, Hong, &
Shim, 2017; W. Wang, Ge, & Yu, 2020; H. Zhang et al., 2020). Some recently
observed effects include disruptions to the oceanic carbon cycle due to the
increase in dissolved organic carbon (C.-S. Chen, Le, Chiu, & Chin, 2018) or
adverse health effects in several organisms (Barnes, Galgani, Thompson, &

Barlaz, 2009; Lithner, Damberg, Dave, & Larsson, 2009). For example,
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microplastics could serve as the vehicle of plastic additives including
triclosan, polybrominated diphenyl ethers, and nonylphenol added to
polymerize or modify the end use properties of plastics (Mark Anthony
Browne, Galloway, & Thompson, 2007; R. Thompson, Swan, Moore, & vom
Saal, 2009).

1.3.1. Factors Influencing the Sorption Capacity of Microplastics to

Micro-pollutants

There is an increased risk of the release and transfer of additives from
plastics to the surrounding environment or organisms during the degradation
processes or particle ageing (Sgrensen et al., 2021). Due to mechanical,
chemical, biological, and/or UV ageing processes, the microplastic particles’
physicochemical and mechanical properties, texture, and appearance change
over time (K. Zhang et al., 2021). These changes were noted as the main
causes of the altered sorption capacity of microplastics to micro-pollutants
(Gopferich, 1996; J. Liu et al., 2019; J. Wang et al., 2019). Microplastic
sorption capacity depends on the interaction between microplastics and
micro-pollutants in an environment that increases or decreases their affinities

to each other and affects the number of sorbed micro-pollutants (Fig. 1).
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Fig. 1. Major factors and sub-factors influencing the sorption capacity of

microplastics to micro-pollutants.
1.3.1.1. Physical Properties of Microplastics

The physicochemical properties and age of microplastics interrelate in
a variety of complex ways that affect sorption capacity. Color, density,
specific surface area, and free volume are some of the physical properties of
microplastics with the potential to affect their sorption capacity (Agboola &
Benson, 2021). For instance, lighter-colored microplastics could adsorb
lower-molecular-weight polycyclic aromatic hydrocarbons (PAHSs) as well as
interact with lower concentrations of PAHs and polychlorinated biphenyls
(PCBs) when compared to darker-colored microplastics (Antunes, Frias,
Micaelo, & Sobral, 2013; Fisner et al., 2017). Particle density also plays a

10
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role in sorption behavior, as microplastics with a higher density are capable
of adsorbing lower concentrations of PAHs, PCBs, and phenanthrene
compared to lower-density microplastic particles (Fries & Zarfl, 2012;
Karapanagioti & Klontza, 2008; Mato et al., 2001). For example,
polyethylene, with its characteristically large specific surface area and free
volume, allowed more micro-pollutants to diffuse into the looser network of
its polymer structure, suggesting a reason for its higher sorption capacity
compared to the other microplastic types (Karapanagioti & Klontza, 2008;
Pascall, Zabik, Zabik, & Hernandez, 2005; Teuten, Rowland, Galloway, &
Thompson, 2007).

1.3.1.2. Chemical Properties of Microplastics and Micro-pollutants

Microplastic chemical properties, such as composition, crystallinity,
planarity, surface charge, functional group, and chemical interaction
potential, could also be considered as factors that have an influence on
sorption capacity (Amelia et al., 2021; Jia Li, Zhang, & Zhang, 2018; Llorca,
Schirinzi, Martinez, Barcel6, & Farré, 2018; Fei Wang, Shih, & Li, 2015). A
decrease in crystallinity found in rubbery plastics with amorphous regions,
such as polyethylene, results in increased hydrophobic organic compounds
(HOCs) sorption compared to glassy plastics, such as polystyrene (Xiaoying
Guo et al., 2012; Rochman, Hoh, Hentschel, & Kaye, 2013; Wu, Taylor,
Knappe, Nanny, & Barlaz, 2001). Further, the chemical properties of micro-
pollutants could also play a significant role in their interactions with
microplastics, thereby affecting the sorption capacity. The varying
microplastic sorption capacity for micro-pollutants, hydrophobic and
hydrophilic compounds, and heavy metals is strongly dependent on type of

reaction, including hydrophobicity, partitioning, Van der Waals forces,

11
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electrostatic interaction, n-m interaction, and hydrogen bonding interaction

(F. Yu, Yang, Zhu, Bai, & Ma, 2019).

1.3.1.3. Age of Microplastics

Microplastic age can be a pivotal attribute of sorption capacity
alteration. Ageing represents the accumulation of changes in microplastics
over time, including changes in physicochemical properties (F. Yu et al.,
2019). The increased frequency or induction of oxygen-containing functional
groups (e.g., hydroxyl, carbonyl, and formyl groups) occurs after the
particles’ exposure to ageing (HUffer, Weniger, & Hofmann, 2018; G. Liu et
al., 2019; Mylléari, Ruoko, & Syrjél4, 2015). It has been reported that oxygen-
containing functional groups, emerging during the microplastic ageing
process, could interact with hydrophilic micro-pollutants by forming
hydrogen bonds and increase the affinity between these chemicals (Huffer et
al., 2018; Shen, Li, Sima, Cheng, & Jiang, 2018; F. Yu et al., 2019). The
relatively high concentration of heavy metals found on aged polyethylene
compared with the pristine polyethylene terephthalate (PET) can be related
to the higher partition coefficient, resulting from the different chemical
properties and biofilms (Brennecke, Duarte, Paiva, Cacador, & Canning-
Clode, 2016; Turner & Holmes, 2015).

1.3.1.4. Environmental Factors

In the process of determining microplastic sorption capacity, it is
important to consider environmental factors such as surrounding bacteria,
pH, salinity, and dissolved organic matter (DOM). Microplastics may interact

with natural organic materials and form a biomolecular corona, which leads

12
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to changes in the microplastics’ surface, thereby affecting surface charge,
aggregation tendency, and sorption capacity (Mattsson, Hansson, &
Cedervall, 2015). The ability of bacteria to produce extracellular polymers
during biofilm formation in order to facilitate the attachment and matrix
development could result in an alteration in the microplastic sorption capacity
with respect to physicochemical properties per se. For example, similar metal
adsorption capacities of different types of microplastics might be related to
similar biofilm distributions on the microplastics, regardless of the salinity
conditions of microplastic deployment sites and the biofilm formation time
(Johansen, Prentice, Cresswell, & Howell, 2018).

In addition to influencing differences in bacterial populations in terms
of biofilm formation, the pH and salinity of marine waters can result in both
positive and negative effects on the micro-pollutant sorption capacity of
microplastics. A decrease in seawater pH in marine environments suffering
from increased acidification caused by the uptake of increasing carbon
dioxide from the atmosphere (Takahashi et al., 2014) may play the role of
proton donor to the microplastic surface and the increasing cationic
characteristics of microplastics. This change, in turn, can lead to the higher
adsorption of anionic  micro-pollutants, including tylosin  and
perfluorooctanesulfonic acid (PFOS), on cationic-enriched microplastics
through electrostatic interactions (Xuetao Guo, Pang, Chen, & Jia, 2018; Fei
Wang et al., 2015). pH affects the sorption capacity of trace metals, such as
cadmium, cobalt, nickel, lead, and chromium, on high-density polyethylene
in saltwater via increased competition, decreased chromate ion activity, as
well as complexation and free ion interaction with saltwater cations (Holmes,
Turner, & Thompson, 2014).

Salinity is an environmental factor of considerable importance,

influencing the microplastic sorption capacity in marine systems, as it can

13
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affect micro-pollutant solubility in aqueous phases and micro-pollutant
partitioning in other phases (Borrirukwisitsak, Keenan, & Gauchotte-
Lindsay, 2012). The increased amount of salt dissolved in a body of water
enhances the sorption capacity of microplastics to 3,3',4,4'-
Tetrachlorobiphenyl (PCB77), lubrication oil, and other micro-pollutants (Hu
etal., 2017; Velzeboer, Kwadijk, & Koelmans, 2014; Fei Wang et al., 2015;
Zhan et al., 2016). Conversely, increased salinity was shown to decrease the
sorption  capacity of dichlorodiphenyltrichloroethane (DDT) and
ciprofloxacin on microplastics due to cation competition for sorption sites
(Bakir, Rowland, & Thompson, 2014b; Jia Liet al., 2018; G. Liu etal., 2019).
However, there were no observed salinity-related effects on phenanthrene, as
the salt content in water did not affect the aqueous solubility and pore-filling
mechanism of Phe (Bakir et al., 2014b).

Dissolved organic matter (DOM) is an important factor in determining
microplastics’ sorption capacity due to its diversity of chemical components
leading to complex interactions. DOM components such as humic and fulvic
acids have been reported to both increase and decrease sorption capacity in
several different studies, indicating complexities of the interactions that are
yet be fully described (Seidensticker, Zarfl, Cirpka, Fellenberg, & Grathwohl,
2017; Xu, Liu, Brookes, & xu, 2018; H. Zhang et al., 2018). Fulvic acid
negatively affected the sorption capacity of tetracycline on microplastics, as
tetracycline was deemed to sorb onto DOM rather than microplastics (Xu et
al., 2018). Likewise, microplastics could adsorb fewer HOCs due to the
increasing desorption from the presence of dissolved organic matter
(Seidensticker et al., 2017). Yet, the positive effect of the role of dissolved
organic matter bridge formation in the micropollutant-microplastic surface
complex might be a reason for the increased sorption capacity of

oxytetracycline on aged microplastics (H. Zhang et al., 2018).

14
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1.3.2. Microplastics: The Potential for Microplastics-Sorbed Micro-
pollutant Bioaccumulation in Aquatic Organisms

The term bioaccumulation refers to the net result of processes by
which organisms uptake substances both directly from the abiotic
environment (e.g., air, water, and soil or sediment) as well as indirectly from
dietary sources and then transform and ultimately eliminate them (UN GHS,
2015). In this framework, substances can be various micro-pollutants
adsorbed on microplastics that act as their delivery vehicle to organisms.
Once microplastics have entered the organism, we describe five possible
scenarios of interaction between micro-pollutants and microplastics in terms
of sorption and desorption related to micro-pollutant bioaccumulation in
organisms (Amelia et al., 2021; Tourinho, Ko¢i, Loureiro, & van Gestel,
2019).

The first scenario assumes that the sorption ability under aquatic
conditions and the desorption ability under the gut conditions of organisms
are high. This possibility could allow microplastics to act as a vehicle with
the ability to transfer micro-pollutants in the organism. The presence of
microplastics with high sorption and desorption abilities could enhance the
bioaccumulation of venlafaxine in the hepatic tissue of Oriental weatherfish,
Misgurnus anguillicaudatus (Qu et al., 2018). Moreover, the rapid desorption
of organic micro-pollutants under gut conditions could increase the
bioaccumulation of phenanthrene, DDT, perfluorooctanoic acid (PFOA), and
di-2-ethylhexyl phthalate (DEHP) (Bakir, Rowland, & Thompson, 2014a).

The second scenario assumes a high sorption ability in aquatic
environments and a low desorption ability in the body of organisms that could
lead to low bioaccumulation. However, the high sorption of micro-pollutants

on microplastics may nevertheless adversely affect the health of organisms.
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For example, mussels exposed to relatively high concentrations of
fluoranthene sorbed on polyethylene showed low bioaccumulation levels but
an increase in tissue alterations and antioxidant biomarker levels (Paul-Pont
etal., 2016).

In the third scenario, the occurrence of low sorption ability in the
environment coupled with high desorption ability in the body could also lead
to low bioaccumulation. For example, despite the low polyethylene (PE)
adsorption capacity and subsequent lower concentrations of polybrominated
diphenyl ethers (PBDEs) and bifenthrin on PE, these chemicals
bioaccumulate in amphipods and midge Chironomus tepperi, respectively.
This contradiction is explained by PBDEs and bifenthrin having low sorption
on PE in aqueous phases but the ability to be almost completely desorbed
from PE microplastics inside the organisms, therefore allowing for significant
bioaccumulation (Chua, Shimeta, Nugegoda, Morrison, & Clarke, 2014;
Ziajahromi, Kumar, Neale, & Leusch, 2019).

The fourth scenario assumes that the sorption and desorption abilities
are low in both the environment and organism (digestive tract) conditions.
This combination is likely to result in low bioaccumulation, as illustrated by
the studies of the exposure of fluoranthene-sorbed microplastic in mussels
(Mytilus spp.) (Paul-Pont et al., 2016).

The fifth scenario considers the high sorption and low desorption
abilities of microplastics, but only inside an organism (internally). Such a
variant could assist in the depuration or removal of micro-pollutants from the
affected organism. High sorption could trap and remove micro-pollutants via
excretion, leading to the lower bioaccumulation of micro-pollutants. Such
processes were observed when contaminated PCBs in feed were adsorbed to
and transferred by virgin polyethylene in simulated gut conditions (Mohamed
Nor & Koelmans, 2019).

16
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Therefore, it is highly likely that a range of potential bioaccumulation
outcomes can be attributed to the physicochemical properties of microplastics
(such as sorption and desorption abilities), the environmental conditions, the
exposed organism characteristics, and the position of an organism in a food
chain (Bakir et al., 2014b; Barboza, Vieira, Branco, Figueiredo, et al., 2018;
H. Ma et al., 2020; Servos, 1999) (Fig. 2).

Environmental
conditions

Bioaccumulation of
Micropollutants via Microplastics
Microplastics

Fig. 2. Factors influencing the bioaccumulation of micro-pollutants in an

organism from exposure to microplastics as a vector.
1.3.3. Joint Effects of Microplastics and Micro-pollutants

The extent of the accumulation of micro-pollutants by sorption onto
microplastics not only affects their bioaccumulation in aquatic organisms but
also influences their bioavailability and toxicity (Q. Zhang et al., 2018; Zhu
et al., 2019). The bioavailability of micro-pollutants is a measure of their
accessibility to biota in the environment, and it is one of the key factors

controlling the uptake of the micro-pollutants adsorbed on microplastics in
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the bodies of organisms, the transfer of these micro-pollutants, and the
magnitude of the toxic effects on exposed organisms (McLaughlin & Lanno,
2014). In addition to sorption, biomolecular corona formation, the entrapment
of micro-pollutants in flocs, and aggregates of microplastics can cause further
alteration of their bioavailability, resulting in altered toxicity, particularly
antagonistic effects, in affected organisms (Bhagat, Nishimura, & Shimada,
2021; Mattsson et al., 2015). Different interactive toxic effects occurring in
the mixtures of microplastics and micro-pollutants in organisms were
observed (additive, synergistic, antagonistic, and potentiating), dependent
both on the chemical combination and the measured endpoint (Bhagat et al.,
2021).

An additive effect is generally considered as the interaction in which
two or more chemicals or actions used in combination produce a total effect
equal to the sum of the individual effects (Roell, Reif, & Motsinger-Reif,
2017), indicating no direct connection between the two substances or actions,
and defined as non-interaction or inertism (Greco, Bravo, & Parsons, 1995).
Deviations from the additive effect can be synergistic or antagonistic (Roell
et al., 2017). Synergistic interaction between chemicals is indicated by a
significantly stronger observed effect of the chemical mixture than that
predicted from a single chemical, whereas an antagonistic interaction is
indicated by a significantly weaker effect of a mixture than that expected
from a single compound (Roell et al., 2017). Similar to the synergistic effect,
a potentiating effect occurs when the combined effects of two or more
chemicals are significantly greater than the sum of the effects of individual
chemicals. In addition, potentiation also includes a situation where a chemical
that typically has no observed effects per se could enhance the effects of

another chemical, leading to an increase in the observed effects of the second
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chemical (Levy, 1965). The combination of microplastics and micro-
pollutants can exhibit distinct effects under varying conditions and endpoints.
The additive effect on oxidative stress and cellular damage was
reported in the gills of Dicentrarchus labrax juveniles exposed to a
combination of microplastics and mercury at a low concentration. However,
different tissues with different physiologic systems and functions show
heterogeneity in response to the same chemical exposure, and in this study,
synergistic effects could be observed in hepatic tissue (Barboza, Vieira,
Branco, Carvalho, & Guilhermino, 2018). Likewise, the diverse effects from
the exposure to florfenicol and microplastic mixtures in different
concentrations could be detected in Corbicula fluminea. Additive,
synergistic, and potentiating effects, i.e., the inhibition of
acetylcholinesterase (AChE) activity, the inhibition of feeding, and the
reduction of isocitrate dehydrogenase activity, respectively, were
documented. Furthermore, the toxic synergism of the mixtures was observed
in the increase in gill glutathione S-transferase (GST) activity and the foot
lipid peroxidation (LPO) level in C. fluminea (Guilhermino et al., 2018).
The chemistry of functional groups in microplastics influences their
micro-pollutant sorption capacity, which in turn affects the bioavailability
and toxicity of micro-pollutants and implicitly links the altered functional
groups of microplastics with changes in micro-pollutant bioavailability and
toxicity. The combination of titanium dioxide nanoparticles (TiO2 NPs) with
neutral and positively charged microplastics, virgin polystyrene, and
aminated polystyrene (PS-NHy) displayed the additive toxicity, while the
negatively charged microplastics, carboxylated polystyrene (PS-COOH),
exhibited antagonistic toxicity towards Chlorella sp. (Thiagarajan et al.,
2019). On the contrary, another study indicated that PS-NH; could be
attributed to the antagonistic toxicity of nickel, while PS-COOH could be
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associated with the synergistic toxicity of nickel on Daphnia magna (Kim,
Chae, & An, 2017). PS-NH: could also play a role in the reported antagonism
of glyphosate toxicity on Microcystis aeruginosa, as the NH.-functional
group could affect the sorption ability, resulting in the decreased
concentration and bioavailability of glyphosate in the exposure medium (Q.
Zhang et al., 2018).

1.3.4. Fate of Glyphosate in the Environment and Its Toxic Effects on
Organisms

As the global population continues to expand, the growing demand for
food production needs to be supported by an efficient and sustainable
agricultural system. The innovations of efficient herbicides and herbicide-
tolerant genetically modified (GM) crops represent one of the solutions that
not only protect plants from weeds but also increase worldwide crop
production, leading to both economic and labor benefits (Aktar, Sengupta, &
Chowdhury, 2009; Oliver, 2014). However, the introduction of GM crops is
also causing an increase in herbicide use, leading to chemical pollution in
soil, water, and air (Prado et al., 2014). Moreover, adaptive evolutionary
processes act in weeds develop resistance against herbicides over time,
thereby requiring higher amounts to control resistant weed strains. This
implies that having herbicide-tolerant GM crops nearby would increase the
risk of exposure to the higher levels of herbicides (Baucom, 2019; Duke &
Powles, 2008; Powles, 2008). A typical example of herbicide-tolerant GM
crops is genetically modified glyphosate-tolerant plants, which are designed
to tolerate glyphosate, an active ingredient of a broad-spectrum and non-

selective organophosphate herbicide.
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Glyphosate-based herbicides (GBHs) have become one of most
widely applied herbicides worldwide in terms of volume due to their various
advantages in terms of utility and economy (Benbrook, 2016; Grandcoin,
Piel, & Baurés, 2017). Their extensive application in agriculture received
considerable attention in many countries such as Argentina, Brazil, Canada,
and the United States of America due to the intense cultivation of glyphosate-
tolerant GM plants (Alonso, Demetrio, Agustina Etchegoyen, & Marino,
2018; Battaglin, Meyer, Kuivila, & Dietze, 2014; Bonansea, Filippi,
Wunderlin, Marino, & Amé, 2017; Castro Berman, Marino, Quiroga, &
Zagarese, 2018; Primost, Marino, Aparicio, Costa, & Carriquiriborde, 2017;
Van Stempvoort et al., 2016). GBHs’ overuse could be confirmed by the
residue concentrations of glyphosate and its primary microbial metabolite
product (aminomethylphosphonic acid; AMPA) in Argentina—this being up
to almost 100 mg/kg, which is almost a fivefold increase compared to the
maximum residue limit for soybeans used in feed and food (FAO, 2005;
Then, 2013). Additionally, a glyphosate residue concentration of 1481 + 73
pg/L—exceeding the legally permitted maximum contaminant level in
drinking water regulated by the European Union, 0.1 pg/L, by approximately
15,000-fold—was reported in natural water in Brazil (EC, 1998; Tzaskos,
Marcovicz, Dias, & Ro0sso, 2012). GBHs are intentionally applied to the foliar
part of undesired plants; however, the uncontrolled application of GBHs
could contaminate soils in and around the treated areas and be transformed
into metabolites by biodegradation, photo-degradation, and complex
chemical reactions (Kanissery, Gairhe, Kadyampakeni, Batuman, & Alferez,
2019).

AMPA, the main metabolite of glyphosate, can present toxic effects
similar to original compounds. The half-life of glyphosate depends on the

physical and chemical properties of the external environment. In natural
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freshwater, it is estimated to be more than 60 days (Bonnet, Bonnemoy,
Dusser, & Bohatier, 2007). In seawater, it could persist for at least 47 days
under low-light conditions at 25°C, increase to 267 days in dark environments
at 25°C, and to 315 days in the dark at 31°C prior to being metabolized by
seawater microorganisms (Mercurio, Flores, Mueller, Carter, & Negri, 2014).

When sprayed GBHs and AMPA enter soils, several transport
mechanisms are present that reduce the spreading of the contamination (Fig.
3). GBHs’ molecules could be taken up by plant tissues, resulting in
biotransformation products, particularly AMPA, and their accumulation in
the tissues (Botten, Wood, & Werner, 2021). In addition, the molecules could
be immobilized through sorption onto soil particles, organic matter, and clay
minerals or lost to the atmosphere through volatilization and vaporization and
ultimately redeposited into environments via drops of rain (Quaghebeur, De
Smet, De Wulf, & Steurbaut, 2004; Silva et al., 2018). The molecules that
could not bind strongly with, or desorb from, soil particles tend to leach into
groundwater basins or dissolve and suspend in runoff waters (Rampazzo
Todorovic et al., 2014; Rendon-von Osten & Dzul-Caamal, 2017; X. Yang et
al., 2015). Strongly bound GBH and AMPA molecules could also be moved
off site to waters by water erosion (Silva et al., 2018). Aside from the above,
the occurrence of GBHSs in water could result from aquatic weed control
efforts by which GBHs are intentionally applied directly to the water, as well
as from the disposal of GBH waste into water sources (Glozier et al., 2012;
J. Moore, 2021). Hence, the continual use, release, and transfer of GBHs and
AMPA into aquatic environments could result in the prolonged exposure of
aquatic organisms to the chemicals through contaminated feed intake and
polluted aquatic habitats, thereby increasing the risk of the induction of

detrimental effects.
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Fig. 3. Glyphosate fate and transport.

In general, glyphosate’s mode of action after the absorption of GBHs
through foliage is to inhibit the enzyme 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) in the shikimic acid pathway. This inhibition results in the
deficiency of essential aromatic amino acids responsible for protein
synthesis, such as phenylalanine, tryptophan, and tyrosine, ultimately leading
to the stunted growth, leaf malformation, desiccation, and death of target
plants (Comai, Sen, & Stalker, 1983). This pathway is absent in animals and
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is considered to contribute to the nonexistent or low toxicity of glyphosate
toward animals (Dost, 2003; Duke et al., 2012; OECD, 2006). Nonetheless,
comprehensive toxicology investigations in different animal species have
illustrated the hazard potential in various organisms following acute and
chronic exposure to glyphosate/GBHs. Multiple studies confirmed different
effects on environmental and animal health such as: changes in the
community structure and diversity in plankton (Gutierrez, Battauz, & Caisso,
2017; Piccini et al., 2020); decreased acetylcholinesterase activity in mussels,
shrimp, and fish (Hong, Yang, Huang, Yan, & Cheng, 2018; Matozzo,
Munari, Masiero, Finos, & Marin, 2019; P. Mensah, Muller, & Palmer,
2012a; Rossi, Fanton, Michlig, Repetti, & Cazenave, 2020); excessive
reactive oxygen species (ROS) formation or impaired antioxidant capacity in
plankton, worms, mussels, shrimp, prawns, and fish (Contardo-Jara,
Klingelmann, & Wiegand, 2009; de Melo, Nazari, Muller, & Gismondi,
2020; Fantén, Bacchetta, Rossi, & Gutierrez, 2020; Hong et al., 2018; M.-H.
Li et al., 2017; Matozzo et al., 2019; P. Mensah, Palmer, & Muller, 2012;
Rossi et al., 2020; Topal et al., 2015). Studies also showed histopathological
changes in fish and frogs (M.-H. Li et al., 2017; J. Ma & Li, 2015; Riafio,
Ortiz-Ruiz, Pinto-Sanchez, & Gomez-Ramirez, 2020; Topal et al., 2015);
endocrine disruption and reproductive impairment in plankton and fish
(Gutierrez et al., 2017; Reno, Doyle, Momo, Regaldo, & Gagneten, 2018;
Uren Webster, Laing, Florance, & Santos, 2014); metabolic alterations in fish
and frogs (M.-H. Li et al., 2017; X. Wang et al., 2019), behavioral changes
in shrimp, fish, and frogs (P. K. Mensah, Muller, & Palmer, 2011; Miko,
Ujszegi, Gal, & Hettyey, 2017; Topal et al., 2015; X. Wang et al., 2019);
growth and development inhibition and increased mortality in plankton,
shrimp, fish, and frogs (Babalola, Truter, & van Wyk, 2019; Daam,
Moutinho, Espindola, & Schiesari, 2019; Gustinasari, Stugocki, Czerniawski,
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Pandebesie, & Hermana, 2021; Ikeogu, 2020; P. Mensah, Muller, & Palmer,
2012b). This information is summarized in Table 1.

In human cells, glyphosate and GBHs can act as endocrine disruptors,
affecting the estrogen and androgen pathways (Gasnier et al., 2009; Richard,
Moslemi, Sipahutar, Benachour, & Seralini, 2005; Thongprakaisang,
Thiantanawat, Rangkadilok, Suriyo, & Satayavivad, 2013), damaging the
neural system, genetic materials, and ultrastructure of the cells (Martinez &
Al-Ahmad, 2019; Martinez et al., 2020; Nagy, Tessema, Budnik, & Adam,
2019), and enhancing the proliferation of the breast cancer cell line
(Thongprakaisang et al., 2013). Considering multiple deleterious effects of
glyphosate and GBHSs, the International agency for research on cancer
(IARC) classified glyphosate into Group 2A, “probably carcinogenic to
humans”, in 2017 (International Agency for Research on Cancer (IARC),
2017). Furthermore, adjuvants added in commercial GBH formulations to
increase the efficacy of GBHs could also enhance the toxicity and/or
bioaccumulation of glyphosate, in some cases displaying increased toxicity
compared to the parent material (Richard et al., 2005; Uren Webster et al.,
2014). In addition, the detection of glyphosate in worm and fish tissues
indicates that there is a risk of glyphosate bioaccumulation at multiple trophic
levels, from producers to consumers (Contardo-Jara et al., 2009; Ikeogu,
2020; Rossi et al., 2020), in spite of its high-water solubility and moderate

bioaccumulation potential (Mottier et al., 2015).
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Table 1. Studies of the toxic effects of glyphosate and its commercial formulations on organisms from different trophic
levels. CC = community composition, GM = growth and mortality, RT = reproductive toxicity, MT = metabolic toxicity,
OS = oxidative stress, NT = neurotoxicity, GE = gene expression, MM = microbiome modulation, HT = haemotoxicity,
BC = behavior change, GT = genotoxicity, CT = cytotoxicity, HP = histopathology, IT = Immunotoxicity, ET = endocrine

toxicity, 7= Increased, |= Decreased, J = Altered.

Organism Formulation Duration Concentration Endpoints Bioaccumulation Effect References
Studied

Producers

Bacterioplankton  Bacterioplankton 96% pure 2- 6 days EC: 100 pg/L CcC Bacterial richness Piccini et al.
13C-glyphosate and diversity| (2020)

community

Zooplankton Daphniamagna  Sumin Atut  12,24,48h  LC50-12 h: 76.67 mg/L GM Mortalityf, head  Gustinasari et al.

360 SL width| (2021)

LC50-24 h: 36.2 mg/L

LC50-48 h: 21.34 mg/L

Cyclops vicinus LC50-12 h: 207.89 mg/L Mortality1, body
length|

LC50-24 h: 159.8 mg/L

LC50-48 h: 92.93 mg/L
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Table 1. Cont.
Organism Formulation Duration Concentration Endpoints Bioaccumulation Effect References
Studied
Zooplankton D. magna Eskoba® 15days LC50-48 h:29.48 mgae/L GM,CC,RT Mortalityf, growth  Reno et al.
and fecundity | (2018)
Panzer Gold® LC50-48 h: 2.12 mg a.e./L
Roundup® Ultramax LC50-48 h: 11.68 mg a.e./L
Sulfosato Touchdown® LC50-48 h: 1.62 mg a.e./L
Ceriodaphnia Eskoba® LC50-48 h: 14.49 mg a.e./L
dubia

Panzer Gold®

Roundup® Ultramax

Sulfosato Touchdown®

LC50-48 h: 0.54 mg a.e./L

LC50-48 h: 4.84 mg a.e./L

LC50-48 h: 0.31 mg a.e./L

Zooplankton

Zooplankton
community

Sulfosato Touchdown® 30 days

EC: 2.7 mg/L CC,RT Diversity|, time of  Gutierrez et al.
the first hatching {, (2017)
time of the maximum
hatching §, frequency
of the hatchings J
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Table 1. Cont.

Organism Formulation Duration Concentration Endpoints Bioaccumulation Effect References
Studied
Zooplankton Notodiaptomus ~ Sulfosato Touchdown® 10 days EC: 0.81 mg/L MT, OS Superoxide dismutase Fantdn et al.
carteri (SOD) and glutathione- (2020)
S-transferase (GST)
activitiest
30days EC:0.38 mg/L GM Growth and
development|
Consumers
Worm Lumbriculus Glyphosate analytical 4 days EC: 0.05 mg/L 0os SOD and Contardo-Jara
variegatus standard biotransformation etal. (2009)
enzyme soluble GST?
Roundup Ultra® EC: 0.05 mg/L
Mussel Limnoperna Glifosato Atanor® 28days EC: 6 mg/L active principle  OS, MT, NT GST and alkaline lummato et al.
fortunei and 2.5% surfactant Impacto® phosphatase activities?, (2018)

carboxylesterase
activity|
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Table 1. Cont.
Organism Formulation Duration  Concentration Endpoints Bioaccumulation Effect References
Studied
Mussel ~ Mytilus Glyphosate analytical 21 days EC: 10 pg/L GE Energy metabolism and Milan et al.
galloprovincialis standard Ca2* homeostasis {, cell ~ (2018)
signaling J, endoplasmic
reticulum stress response J
Mussel M. galloprovincialis Glyphosate and AMPA 7 and EC: 100 pg/L GE, MM Physiological homeostasis lori et al.
analytical standards 21 days and dysbiosis of gut (2020)
microbiota §
Mussel M. galloprovincialis Glyphosate and AMPA 7,14 and  EC: 100 pg/L OS, NT, HT Hemocyte parameters {,  Matozzo et al.
analytical standards 21 days antioxidant enzyme (2019)
activity?,
acetylcholinesterase (AChE)
activity |
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Table 1. Cont.

Organism Formulation

Duration

Concentration Endpoints
Studied

Bioaccumulation Effect

References

Shrimp ~ Caridina nilotica Roundup®

48 and 96 h

LC50-48 h (Neonate): GM, BC
45 mg/L a.e.

LC50-48 h (Juvenile):
9.4 mg/L ae.

LC50-48 h (Adult):
37.1mg/L ae.

LC50-96 h (Neonate):
25 mg/L ae.

LC50-96 h (Juvenile):
7.0 mg/L ae.

LC50-96 h (Adult):
25.3mg/L a.e.

Mortality1, behavior]

P. K. Mensah
et al. (2011)

Shrimp  C. nilotica Roundup®

25 days

EC: 2.2 mg/L GM

Growth rate and feed
utilization|, molting
frequencyt

P. Mensah,
Muller, et al.
(2012b)
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Table 1. Cont.

Organism Formulation Duration Concentration Endpoints Bioaccumulation Effect References
Studied
Shrimp  C. nilotica Roundup® 96 hand 21 days EC-96 h: 4.3 mg/L NT Acetylcholinesterase P. Mensah,
(AChE) activity | Muller, et al.
(2012a)
EC-21d: 2.2 mg/L
Shrimp  C. nilotica Roundup® 96 hand 21 days EC-96 h: 4.3 mg/L 0os Lipid peroxidation (LPO)t P. Mensah,
Palmer, et al.
EC-21d: 2.2 mg/L (2012)
Shrimp  Macrobrachium Roundup® 48and 96 h LC50-48 h: 57.684 GM, HT, Mortality1, total hemocyte Hong et al.
nipponensis mg/L OS, NT, GT count|, SOD and catalase  (2018)

LC50-96 h: 11.237
mg/L

(CAT) levels|, total
antioxidant capacity |,
malondialdehyde (MDA)1,
hydrogen peroxidet, protein
carbonylt, AChE activity |,
MN frequency of
hemocytet, comet ratio and
%DNA in the tails?
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Table 1. Cont.
Organism Formulation Duration Concentration Endpoints Bioaccumulation Effect References
Studied
Prawn Macrobrachium Roundup WG® 7 and 14 days EC: 0.0065 mg/L CT Altered ultrastructure of de Melo et
potiuna hepatopancreas and al. (2019)
impaired R cells
Prawn M. potiuna Roundup WG® 7 and 14 days EC: 0.0065 mg/L 0S, GE Antioxidant gene expression de Melo et
in hepatopancreas § al. (2020)
Fish Clarias Delsate® 48hand91days LC50-48h:75mg/L GM Mortality and residues in Ikeogu
ariepinus musclest (2020)
ganiep EC-91d: 5, 10, 15 mg/L
Fish Markiana Mixture of pesticides 21 days Field pesticide OS, NT Biometric parameters and Rossi et al.
nigripinnis including glyphosate application organismic indicesJ, (2020)
antioxidation enzyme
Astyangx (Roundup®) activities], oxidative damage,
lacustris ACHhE activity |
Fish Danio rerio Roundup® GC liquid 21 days EC: 10 mg/L a.e. RT Embryo mortality{, premature Uren
glyphosate concentrate hatching?, reproductive gene Webster et
expressiong, egg| al. (2014)
Glyphosate analytical EC: 10 mg/L

standard
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Table 1. Cont.

Organism Formulation Duration Concentration Endpoints Bioaccumulation Effect References
Studied
Fish Oncorhynchus Commercial 6,12,24,48,96 h EC: 2.5 mg/L HP, BC, OS Glutathione peroxidase and  Topal et al.
mykiss formulation CAT activitiest, antioxidant  (2015)
gene expression], swimming
performance |,
21 days EC: 5mg/L histopathological liver damage
Fish Carassius auratis Nongteshi® 90 days EC: 0.2 mmol/L HT, HP, OS, Blood biochemistry {, renal  M.-H. Li et
MT tissue |, oxidative stress al. (2017)
mechanisms §, metabolisms §
Fish Cyprinus carpio L. Commercial 168 h LC50-96 h: 520.77 IT, HP Contents of cytokines J, J. Maand Li
formulation mg/L histopathological damage (2015)
Frog Rana dalmatina ~ Glyphogan® 21 days EC:2mgae.l/L BC Anti-predator behaviors Miko et al.
(2017)
Frog Dendropsophus ~ Roundup Active® 30 days EC: 325 puga.e./L HP Hepatic tissue injuries Riafio et al.
molitor (2020)
Frog Physalaemus Glyphosate analytical 96 h LC50-96 h: 115mg  GM Mortality Daam et al.
cuvieri standard a.el/L (2019)

Hypsiboas pardalis

LC50-96 h: 106 mg
a.el/L
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Table 1. Cont.
Organism Formulation Duration  Concentration Endpoints Bioaccumulation Effect References
Studied
Frog Xenopus laevis Roundup® 96 h LC50-96 h: 1.05 mg ae/L GM Mortalityf, malformationt, Babalola et
growth| al. (2019)
Kilo Max® LC50-96 h: 207 mg a.e./L
Enviro Glyphosate® LC50-96 h: 466 mg a.e./L
Frog Microhyla fissipes KISSUN® 10 days LC50-10 d: 77.5 mg/L GM, BC, Mortality?, growth |, X. Wang et
MT swimming behavior J, al. (2019)
metabolism]
Human  Homo sapiens Roundup® 24h EC: 2% ET +/- Aromatase activity and Richard et
messenger ribonucleic acid al. (2005)
Glyphosate analytical EC: 2% (MRNA) levels 1
standard
Human  H. sapiens Glyphosate and AMPA 24 h EC: 100 uM NT Neurological damage, Martinez and

analytical standards

glucose metabolism {

Al-Ahmad
(2019)
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Table 1. Cont.
Organism Formulation Duration  Concentration Endpoints Bioaccumulation Effect References
Studied
Human H.sapiens Glyphosate analytical 24 h EC: 0.5 ppm ET,CT Disruption of the androgen Gasnier et al.
standards receptor and estrogen (2009)
receptors, aromatase
Roundup Express® transcription and activity J,
i DNA damages
Bioforce®
Grands Travaux®
Grands Travaux plus®
Human H.sapiens Glyphosate analytical 6and24h EC:10"2M ET, GE Human hormone-dependent Thongprakai
standards breast cancer 1, expression sang et al.
of the estrogen receptors ~ (2013)
aandf
Human  H.sapiens Glyphosate analytical 4h Exposure concentration: CT,GT No significant cytotoxicity Nagy et al.
standards 1000 uM and genotoxicity (2019)
Roundup Mega® EC: 250 pM Cell death and DNA
damage
Fozat 480® EC: 500 pM
Glyfos® EC: 250 uM
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Table 1. Cont.
Organism Formulation Duration  Concentration Endpoints Bioaccumulation Effect References
Studied

Human H.sapiens Glyphosate analytical 48 h EC: 5mM NT, GE, OS MDA levelst, nitric oxide and  Martinez et

standards reactive oxygen species al. (2020)
productiont, caspase 3/7

AMPA analytical EC: 10 mM activity1, neurological and
standards apoptotic gene expressions {

mg/L a.e. = mg/L acid equivalence. EC = effective concentration. LC50 = lethal concentration 50.
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1.4. A Case Study of Glyphosate Transport via Polyethylene

Microplastic Fomites

Shrimp is an economically important aquaculture species, and global
farmed shrimp production was estimated to be over 4.5 million tons in 2021,
with a growth rate of almost 9% globally (Fletcher, 2021). Intensive shrimp
production in ponds lined with polyethylene or polyvinyl chloride liners is
commonly used in shrimp culture (A. Ranjan & C.E. Boyd, 2018). The use
of liners supports the effective removal of settled organics during shrimp
grow out, the reduction of pond cleaning and preparation time, and the
prevention of acid-sulfate soils contamination (Pruder, Duerr, Walsh,
Lawrence, & Bray, 1992). Polyethylene microplastic, a polymer commonly
found in surface seawater and sediment (Frias et al., 2014; Gomiero et al.,
2019; Ng & Obbard, 2006), may enter shrimp farming and the environment
through water runoff, flooding, and winds. The quantification of the release
of microplastics into shrimp environments, however, is uncertain, and
qualitative assessment assigning relative ratings of high, medium, or low is
needed to address the environmentally heterogenous levels (Gouin et al.,
2019).

Regardless of the characterization of exposure routes, there is solid
evidence that the digestive tracts of commercially harvested shrimp species
are contaminated with microplastics, suggesting that shrimp are routinely
exposed to microplastics during their production cycle (Curren, Leaw, Lim,
& Leong, 2020). Routine use of the plastic pond liners in farmed shrimp
production and their subsequent degradation into microplastic particles, taken
together with environmental microplastics exposure, also suggest a high

likelihood of microplastic—shrimp interactions and therefore an increase in
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the associated risks of a downstream production chain. In addition to
microplastics, the likelihood of shrimp exposure to GBHs is also high due to
their widespread intensive use and environmental persistence, especially in
agricultural areas surrounding shrimp pond farming operations. It has been
reported that GBHs can reach aquatic environments through contaminated
feed sources, rainfall, leaching, runoff, and intentional introduction (Alonso
et al., 2018; Battaglin et al., 2014; Bonansea et al., 2017; Bonnet et al., 2007,
Castro Berman et al., 2018; FAO, 2005; Glozier et al., 2012; Mercurio et al.,
2014; J. Moore, 2021; Primost et al., 2017; Quaghebeur et al., 2004;
Rampazzo Todorovic et al., 2014; Rendon-von Osten & Dzul-Caamal, 2017,
Silva et al., 2018; Then, 2013; Van Stempvoort et al., 2016; X. Yang et al.,
2015), and this can include aquaculture establishments.

Consequently, the simultaneous exposure of shrimp to both
microplastics and GBHs may occur in shrimp aquaculture pond environments
and lead to toxicological interactions altering the bioavailability, effects, and
bioaccumulation of glyphosate and its metabolites in aquacultured shrimp.
Furthermore, shrimp behavior and physiology play an important role in the
exposure and intoxication of GBHs-sorbed polyethylene microplastics. The
feeding behavior of shrimp as non-selective opportunistic benthic feeders
leads to the ingestion of various particles that accumulate at the bottom of
their habitats (Abby-Kalio NJ., 1990; Menon) and can contribute to the risk
of consuming GBHs-sorbed polyethylene microplastics in ponds with
polyethylene liners. Furthermore, the physiological processes of shrimp
growth and development, such as the molting cycle, can also be critically
linked to GBHs-sorbed polyethylene microplastics toxicity, as only the intact
exoskeleton is acting as a defense barrier. As demonstrated during the
pathogenesis of a white spot syndrome virus (WSSV), molting can influence

the disease susceptibility, and shrimp in the post-molt stages are more
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susceptible to WSSV infection via immersion than those in the pre-molt stage
(Corteel et al., 2009). Shrimp during the molting process (ecdysis) have the
highest mortality rate, followed by the animals in the post-molt and pre-molt
stages, respectively (Van Thuong et al., 2016).

When the concurrent presence of polyethylene microplastics and
glyphosate in a shrimp production environment is considered together with
the shrimp feeding behavior and molting cycle processes, two potential
exposure routes of shrimp to glyphosate-based herbicides—polyethylene
microplastics (GBHs—PE) fomites emerge: oral and water. Oral exposure to
GBHs-PE microplastics from the ingestion of contaminated feed and
polluted water is considered an important hazard. Following the inadequate
application of GBHs on plants, glyphosate residues and their adjuvants in
feed ingredients can end up in commercial or self-prepared shrimp feed.
During feeding, those pesticide residues can interact with ubiquitous
microplastics or fragmented pond liners in the water and at the bottom of a
pond. Furthermore, runoff from a field can contain both microplastic
polyethylene and GBH residues either separately or already adsorbed. Their
passage through the water column already infiltrated with microplastics from
other sources, including pond liners, further allows for interactions and the
adsorption of GBHs on PE microplastics. This situation results in the
increased availability of GBHs—PE for shrimp to ingest during their normal
feeding behavior (P. Kungvankij & T.E. Chua, 1986). Besides the direct
consequences and toxic effects of GBHs—PE microplastics in shrimp,
possible indirect effects along the gastrointestinal tract can also be of
significance, such as interference with the natural shrimp intestinal
microbiome and the disturbance of the microbiome roles in disease
protection, improved feed energy utilization via microbial digestion, and the

production of vitamins.
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The other possible exposure route is through the water, i.e., the
waterborne route. The waterborne GBHs—PE microplastics in a shrimp farm
could originate from different sources, including the fragmentation and
weathering of the deteriorating pond liner, wind, runoff, and flooding, in
combination with glyphosate residues, its metabolites, adjuvants released
from the contaminated feed in water, and GBHSs polluted from soil surface
runoff or by leaching. Such GBHs-PE particles may enter shrimp via their
gill filaments as well as their susceptible epidermis during the molting
process and spread via the hemolymph and other tissues, causing alterations
in different body systems. Despite the poorly understood adverse effects of
GBHs-PE microplastics on shrimp, many studies illustrating their adverse
effects on other organisms have been reported. Polyethylene microbeads
combined with glyphosate showed a modified toxicological effect on the
mortality rate of Daphnia magna. The different sorption capacities of PE to
various glyphosate formulations significantly increased or reduced the
mortality rate of Daphnia magna (Zocchi & Sommaruga, 2019). The
interaction between polyethylene microplastics and GBH decreased lethal
concentration 50 (LC50) and increased GST activity compared with the direct
negative effects of individual polyethylene microplastics and GBH additions
in Scinax squalirostris (Lajmanovich et al., 2022). The chronic co-exposure
of polyethylene microplastics and glyphosate to Cyprinus carpio L. caused a
decrease in swimming activity, changed the morphological integrity and
dysfunction of the intestinal barriers, altered gut microbiota abundance and
diversity, and modified the metabolic profiles associated with an altered
amino acid and lipid metabolism (J. Chen et al., 2021).

Due to our limited knowledge about GBHs—polyethylene
microplastics’ fate and transport in a real environmental matrix and the gaps

in our understanding regarding different adverse outcome pathways in shrimp
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bodies, it is still difficult to confirm this new contaminant class as being a
serious hazard for shrimp in aquaculture. The lack of information concerning
the toxicity and bioaccumulation of GBHs—PE microplastics in shrimp
requires additional time and effort to assess the health risks to shrimp and
consumers, interfering with providing guidelines for sustainable shrimp
production to reduce the risks of introducing microplastic-pesticide

contaminants in the food supply.

1.5. Objectives of the Study

Global plastic production increased rapidly, and continues to do so,
with dramatic impacts on ecosystems due to the uncontrolled deposition of
plastic waste and ineffective plastic waste management. Microplastic-sized
fragments of any type of plastic can act as vehicles for surrounding micro-
pollutants and threaten aquatic ecosystems and organisms. An overview of
the reported and potential interactions between microplastics and
environmental micro-pollutants, as well as combinations of their toxic effects
on aquatic organisms, is presented. Moreover, the case of co-exposure and
the combination effects of polyethylene, a plastic type commonly used in
aquaculture, and GBHs on aquatic organisms are considered. Nevertheless,
the investigation of deleterious effects from the exposure of aged
polyethylene microplastics and a GBH contaminated in feed to aquacultured
shrimp, i.e., Pacific white shrimp (Litopenaeus vannamei) is still scarce.
Based on existing gaps in this information, we have developed 2 major study

objectives:
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1.5.1. Objective 1

The first objective was to determine toxicological impacts of 96-
hour exposures to feed attached with a GBH at an environmentally relevant
concentration in soybean, or at an unexpectedly high concentration in case of
GBH misuse, and with mechanically and biologically aged PE microplastics,
either alone or in combination, on oxidative stress, antioxidant and immune

responses, and histology of L. vannamei.

1.5.2. Objective 2

The second objective was to assess whether the co-existence of PE
microplastics can affect the responses provoked by the GBH toxicity.
Moreover, AChE activity and concentration were also measured in this
context as a sensitive biomarker in GBH exposure in shrimp (P. Mensah,
Muller, et al., 2012a).
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2. MATERIALS AND METHODS

2.1. Animals and Experimental Design

A total of 180 juvenile Pacific white shrimp (L. vannamei; 4.5 + 0.9
g, 8.1 + 0.6 cm, American Penaeid Inc., Florida, United States) from Crusta
Nova farm (Munich, Germany) were randomly and equally divided into 6
treatment groups: A) Negative control (NC; basic feed without additional
contaminants except with background contaminants); B) Only microplastic
(MP; basic feed contaminated with 408 + 128 microplastic pieces/g feed,
Supplementary data); C) MP+Lo-GBH (MP + 20 mg glyphosate/kg feed); D)
Lo-GBH (basic feed contaminated with 20 mg glyphosate/kg feed); E)
MP+Hi-GBH (MP + 200 mg glyphosate/kg feed); and F) Hi-GBH (basic feed
contaminated with 200 mg glyphosate/kg feed). A required sample size of 30
shrimp per treatment group was determined using the G*power software
(version 3.1). Each of these groups was further divided into 3 replicates of 10
shrimp. To mimic the environment of shrimp farming with pond liners, 2 side
walls of independent aquariums (50 cm long x 26.5 cm wide x 31.5 cm high)
where 10-day acclimation and 96-hour toxicity test took place were lined with
PE pond liner (NaturaGart Vertriebs GmbH, Ibbenbiiren, Germany) and
filled with 33 L of artificial saltwater (AB Aqua Medic GmbH, Bissendorf,
Germany). The average loading rate of the present study was 1.4 + 0.9 g wet
weight/L. Although this loading rate exceeded the US Environmental
Protection Agency (US EPA) loading rate guideline for penaeid shrimp (0.8
g wet weight/L test solution, (OPPTS 850.1045; US EPA, 2016)), the density

used in the present study was within the stocking density applied to L.
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vannamei culture (Briggs, Funge-Smith, Subasinghe, & Phillips, 2004). The
shrimp were reared in aquariums at 30 + 1°C and on a photoperiod of 12-hour
light: 12-hour dark. Total artificial saltwater was renewed and debris, i.e.,
shrimp exoskeleton and feces were removed once a day to maintain water
quality as follows: 22 + 2 ppt salinity, > 6 mg/L dissolved oxygen, pH 7.8 +
0.2, < 0.05 ppm total ammonia nitrogen, < 0.2 ppm nitrite, and < 10 ppm
nitrate. Temperature, salinity, pH, total ammonia nitrogen, nitrite, clinical
signs, and death were monitored daily. Dissolved oxygen and nitrate were
checked weekly. The shrimp were manually fed with 3.54% of biomass/day
three times a day (8.00 — 9.00, 12.00 — 13.00, and 16.00 — 17.00) based on
recommendation of the feed manufacturer for entire experimental period. The
experimental design and protocol were approved by the local animal welfare
committee (Regierung von Oberbayern; reference number ROB-55.2-
2532.Vet_03-22-2).

At the end of the 96-hour toxicity test, after cold-induced anesthesia,
100-puL hemolymph was withdrawn from ventral sinus of each individual
using a sterilized 1-mL syringe with 26-guage (3/8”) needle containing 100-
pL of an ethylenediaminetetraacetic acid (EDTA)-free anticoagulant (27 mM
trisodium citrate (Diagonal, Miinster, Germany), 385 mM sodium chloride
(AppliChem GmbH, Darmstadt, Germany), 115 mM glucose (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany), pH 7.5) (Huang, Yang, & Wang,
2010). The obtained hemolymph-anticoagulant mixture was used for
determination of total hemocyte count/mL (THC) and phenoloxidase (PO)
activity. Subsequently, the shrimp were euthanized and measured the total
weight and length (rostrum tip - telson end). The three measured shrimp from
each treatment group were fixed with Davidson’s solution (30 mL 95%
ethanol (Carl Roth GmbH, Karlsruhe, Germany), 20 mL 37% formaldehyde
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), 10 mL glacial

44



Materials and Methods

acetic acid (Alfa Aesar, Lancashire, United Kingdom), and 30 mL distilled
water (Walter Schmidt Chemie GmbH, Berlin, Germany)), and then
processed for histological examination (Bell & Lightner, 1988; Cervellione,
McGurk, Silva, Owen, & Van Den Broeck, 2017). A whole hepatopancreas
and a muscle portion were extracted from the rest of the euthanized shrimp
and snap-frozen in a bath containing dry ice (Cleangas GmbH & Co. KG,
Willingen, Germany) and denatured absolute ethanol (Carl Roth GmbH,
Karlsruhe, Germany) for determining the malondialdehyde (MDA) content,
total protein, and mRNA expression in hepatopancreas as well as for
measuring the AChE activity and concentration, and total protein in muscular

tissue.

2.2. Preparation of Aged Microplastics and Treatment Feeds

Polyethylene (PE) microplastic fragments were prepared and aged
mechanically by grinding a clean black commercial PE cutting board
(Metaltex Deutschland GmbH, Mahlberg-Orschweier, Germany) with an
angle grinder (Makita® 9558NBR, Makita Werkzeug GmbH, Ratingen,
Germany). The PE microplastic fragments were sieved twice through a 500-
pum stainless sieve, collected with a 32-um stainless steel sieve (Joachim
Edinger Industrial agencies, Leinburg, Germany), and then flushed into glass
petri dishes using pre-filtered absolute ethanol (Fisher Scientific GmbH,
Schwerte, Germany) in a laminar flow hood to obtain PE fragment sizes in a
range frequently found in marine sediment (30 - 500 um) (Vianello et al.,
2013). The petri dishes loosely covered with aluminum foil were placed

under the hood at room temperature for 24 hours to evaporate the ethanol.
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The contamination and number of the dried PE fragments were observed and
approximately enumerated in microplastic pieces/g under a light microscope
(Olympus® CX31, Japan).

Processes of biofilm formation and GBH sorption were conducted in
metal screw-capped glass bottles with minor modifications of existing
protocols (OECD, 2005; Lobelle & Cunliffe, 2011; Mercurio et al., 2014;
Smedes & Booij, 2012). To simulate environmental conditions where biofilm
formation and biological degradation are occurred on microplastics in shrimp
culture, 6 glass bottles rinsed with Milli-Q water (Ultra Clear® electronic
dispenser, Evoqua Water Technologies GmbH, Giinzburg, Germany) and
filtered absolute ethanol 3 times were prepared for NC, MP, MP+Lo-GBH,
Lo-GBH, MP+Hi-GBH, and Hi-GBH treatment groups. The mechanically
degraded PE fragments were added into the 3 glass bottles for groups MP,
MP+Lo-GBH, and MP+Hi-GBH. Thereafter, the all 6 bottles were added
with 50-mL shrimp culture saltwater and placed on a shaking water bath
(Stuart® SBS40, Cole-Parmer Ltd, Staffordshire, United Kingdom) in the
dark at shrimp culture temperature (30°C) with 100 RPM of rotational speed
for 5 months. The bottle position was rotated once a week. After a period of
5 months, the 4 bottles corresponding to groups MP+Lo-GBH, Lo-GBH,
MP+Hi-GBH, and Hi-GBH were spiked with GBH containing 480 g¢/L
glyphosate (Roundup® Flex 480, Monsanto Poland, Warsaw, Poland) and
subsequently placed on the shaking water bath with the previous condition
for 96 hours allowing the GBH to sorb to the mechanically and biologically
aged PE microplastics. The calculation of spiked GBH was based on feed
amount, environmentally relevant glyphosate residue level of 100 mg/kg in
soybean (Then, 2013), soybean percentage of 20% in typical 35%-protein
shrimp feed (FAQ, 2017), glyphosate concentration in the used GBH product,

balanced saltwater volume coated on feed, saltwater volume in spiking

46



Materials and Methods

process, and 30% expected loss of the chemical to yield final glyphosate
concentrations of 20, 20, 200, 200 mg glyphosate/kg in experimental feeds of
groups MP+Lo-GBH, Lo-GBH, MP+Hi-GBH, and Hi-GBH, respectively.
The selection of a commercial GBH product over the pure glyphosate was to
simulate the glyphosate exposure form including adjuvants in natural
environments. This naturalistic study was designed to avoid the distortion of
results, however, the possible effects would be considered as the combination
of the chemicals, not only the active ingredient, i.e., glyphosate or adjuvants
alone.

A commercially manufactured 1.6-mm shrimp feed (Aquafeed,
Spezialfuttermittelwerk Beeskow GmbH, Beeskow, Germany) was used as
basic component of 6 experimental feeds. Feed preparation was carried out
in glass petri dishes according to an existing protocol with some
modifications (J. Guo, Davis, Starkey, & Davis, 2021). Six portions of basic
feed were coated with the first layer of 3% v/w of corresponding balanced
saltwater suspensions and the second layer of 3% v/w of sardine oil
(Dynamite Baits Ltd, Nottingham, United Kingdom). Afterwards, the
experimental feeds were spray-coated with 5% wi/v solution of gelatin
powder (OSNA Né&hrmittel GmbH, Osnabriick, Germany) dissolved in
autoclaved Milli-Q water and then dried with loosely covered aluminum foil
to prevent the feeds from unintentional microplastic contamination under the
hood overnight. All the experimental feeds were vacuum sealed and stored at
-20°C until needed.
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2.3. Acetylcholinesterase

Acetylcholinesterase (AChE) activity, a biomarker of GBH exposure
(P. Mensah, Muller, et al., 2012a), was measured in triplicate in pooled
muscle samples in accordance with procedures described by Ellman,
Courtney, Andres, and Featherstone (1961), Wilson and Henderson (2007),
and Tu et al. (2009). A pooled muscle sample composed of 40-mg muscles
from 3 individual shrimp in same treatment group was completely
homogenized in ice-cold solubilization buffer (50 mM KH2PO4/K;HPQO4, pH
7.5 and 1X protease inhibitor cocktail (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany)) in a ratio of 1 to 7.5 (muscle to buffer) by a
motorized tissue grinder and pestle. The clear supernatant (post-
mitochondrial fractions, PMF) was obtained from centrifuging the
homogenate at 10,000 g for 10 minutes at 4°C. The final 320-pL reaction
mixture in each well of a 96-well plate included PMF sample, cholinesterase
assay buffer (0.05 M NayHPO./NaH,PO4, pH 7.4), 5,5’-dithiobis-2-
nitrobenzoic acid (DTNB) color reagent (Carl Roth GmbH, Karlsruhe,
Germany) with a final concentration of 0.32 mM, and acetylthiocholine
(ATCh) substrate (Carl Roth GmbH, Karlsruhe, Germany) with a final
concentration of 1.5 mM. The measurement was performed photometrically
using a multi-mode microplate reader (SpectraMax® M5, Molecular
Devices, United States) at 412 nm for 10 minutes at 25°C. The AChE activity
unit was converted from absorbance/min to nmol hydrolyzed ATCh/min/ml
PMF. Additionally, the AChE concentration at minute 10 was calculated in
the unit of nmol hydrolyzed ATCh/ml PMF.

Total protein concentration in PMF samples were determined using

Coomassie (Bradford) protein assay kit (Thermo Scientific®, Illinois, United
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States) according to the manufacturer’s instruction. Prior to the measurement,
the obtained PMF samples were diluted 1:10 with ice-cold solubilization
buffer. The measured total protein concentration was used to normalize and
calculate the AChE activity and concentration as nmol hydrolyzed
ATCh/min/mg protein and nmol hydrolyzed ATCh/mg protein, respectively.

2.4. Malondialdehyde Content

Quantification of malondialdehyde (MDA) content was performed as
previously described protocols (Fatima, Ahmad, Sayeed, Athar, & Raisuddin,
2000; P. Mensah, Palmer, et al., 2012; Tu et al., 2008; Utley, Bernheim, &
Hochstein, 1967) with some modifications. Briefly, a pooled sample of 40-
mg hepatopancreas from each 3 individuals was homogenized in ice-cold
solubilization buffer (50 mM KH2PO4/K;HPO4, pH 7.5 and 1X protease
inhibitor cocktail (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany))
to obtained 10% w/v homogenate. The homogenate was diluted 1:5 with the
ice-cold solubilization buffer and dispensed in 2 microcentrifuge tubes as
MDA sample and tissue blank control. The aliquots were incubated in an
incubator (Binder GmbH, Tuttlingen, Germany) at 37°C for an hour.
Afterwards, the MDA sample aliquot was added to 600 pL of 5% chilled
trichloroacetic acid (Carl Roth GmbH, Karlsruhe, Germany) and 600 pL of
0.67% thiobarbituric acid (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) while 1200 pL of ice-cold solubilization buffer was added in the
tissue blank control aliquot. The filtrates in microcentrifuge tubes with
screwed caps were obtained from the filtration of 1-mL syringes loaded with

the well-mixed aliquots through 0.2-pum syringe filters (Sarstedt AG & Co.
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KG, Niumbrecht, Germany) and then placed in a boiling water bath (GFL®
1002-1013, Burgwedel, Germany) for 15 minutes. After 15 minutes of
boiling, the filtrates were cooled down at room temperature for 1 minute,
placed in 3 replicates in a 96-well microtiter plate, and measured at 535 nm.

Total protein concentration was quantified using a Coomassie-based
protein assay kit (Thermo Scientific®, Illinois, United States). The
hepatopancreas homogenate was centrifuged at 10,000 g for 10 minutes at
4°C to obtain the

supernatant as post-mitochondrial fractions (PMF) sample. Then, the PMF
sample was diluted 1:10 with ice-cold solubilization buffer and assayed as
total protein sample of hepatopancreas according to the procedure specified
by the manufacturer. Final MDA contents normalized with total protein

concentrations were expressed as nmol MDA produced/mg protein.

2.5. Total Hemocyte Count

Thirty uL of the obtained hemolymph-anticoagulant mixture was
immediately mixed with the equal volume of 10% formal saline with the
preparation of 10 mL 37% formaldehyde (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany), 0.9 g sodium chloride (AppliChem GmbH,
Darmstadt, Germany), 1.2 g Na;HPO, (Carl Roth GmbH, Karlsruhe,
Germany), and 90 mL distilled water (Walter Schmidt Chemie GmbH,
Berlin, Germany) and kept at 4°C. The 3 separately fixed hemolymph
samples from the same treatment group were pooled together, mixed with an
equal proportion of 0.25% Rose Bengal Solution (S3 Chemicals®, Bad

Oeynhausen, Germany), and incubated for 10 minutes at room temperature.
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After 10-minute incubation, 10 pL of the stained hemolymph pool was placed
in a hemacytometer (Bright-Line®, American Optical Company, New York,
United States) and settled for 2 minutes to obtain a single layer for total
hemocyte count (THC) determination using a light microscope (Olympus®
CX31, Tokyo, Japan). The THC was represented as hemocyte numbers per
milliliter of hemolymph (Burge, Madigan, Burnett, & Burnett, 2007).

2.6. Phenoloxidase Activity

The obtained hemolymph-anticoagulant mixture was further
centrifuged in a refrigerated centrifuge (4°C) at 800 g for 10 minutes to
separate the supernatant and freeze at -80°C as plasma sample until
phenoloxidase (PO) activity assayed. The PO activity was investigated as
previously described with a little modification (Huang et al., 2010; Song et
al., 2017). In brief, 6.7 puL one-time thawed pool of 3 plasma samples was
pipetted directly into a 96-well microtiter plate, followed by 293.3 uL of
freshly made 3 mg/mL L-di-hydroxy-phenylalanine (L-DOPA) solution
(Cayman Chemical Company, Michigan, United States) in 0.1 M potassium
phosphate (K:HPO4/KH2PO4) buffer, pH 6.6. The mixture was thoroughly
mixed and incubated at room temperature for 6 minutes. Afterwards, the
optical density at 490 nm of the pooled plasma PO activity was measured
using a spectrophotometer (SpectraMax® M5, Molecular Devices, United
States) and expressed as unit of PO activity per mL hemolymph. An increase
in absorbance of 0.001 per minute is defined as one unit of PO activity. The
control solution which consisted of 6.7 uL of EDTA-free anticoagulant and
293.3 pL of 3 mg/mL L-DOPA solution was used for the background PO
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activity in all test conditions. Each plasma pool and blank control was

performed in triplicate.

2.7. gRT-PCR Analysis of Gene Expression

Ninety mg of snap-frozen pooled hepatopancreas was homogenized
directly in 1 mL of TRI Reagent® (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) and followed the procedure described by TRI
Reagent® manufacturer. One hepatopancreas pool consisted of 30 mg
hepatopancreas from each 3 individuals. The total isolated ribonucleic acid
(RNA) dissolved in RNase-free water was quantified spectrophotometrically
with Qubit™ 4 Fluorometer (Invitrogen™, Thermo Fisher Scientific,
Waltham, USA) using a Qubit™ RNA High Sensitivity (HS) assay Kkit
(Invitrogen™, Thermo Fisher Scientific, Waltham, USA) and stored at -80
°C.

One pg of total RNA from each pooled hepatopancreas was primed
with 0.5 pg of oligo(dT)1s primer (Promega GmBH, Walldorf, Germany),
incubated at 70°C for 5 minutes, and chilled at 4°C for 5 minutes in a 5-pL
reaction mixture. Afterwards, 15 pL of the reverse transcription reaction mix
including 1 pL of ImProm-II™ Reverse Transcriptase (Promega GmBH,
Walldorf, Germany) was added to the reaction mixture for final
concentrations of 1X reaction buffer (Promega GmBH, Walldorf, Germany),
3 mM MgCl, (Promega GmBH, Walldorf, Germany), and 0.5 mM
deoxyribonucleotide triphosphate (dNTP) (Promega GmBH, Walldorf,
Germany). The reaction tube was incubated at 25°C for 5 minutes, then at

37°C for 60 minutes for reverse transcription, and finally at 70°C for 15
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minutes for reverse transcriptase inactivation. The complementary
deoxyribonucleic acid (cDNA) was quantified with Qubit™ 4 Fluorometer
(Invitrogen™, Thermo Fisher Scientific, Waltham, USA) using a Qubit™ 1X
double-stranded deoxyribonucleic acid (dASDNA) HS assay kit (Invitrogen™,
Thermo Fisher Scientific, Waltham, USA) to determine the variation of

obtained cDNA concentrations and then stored at -20 °C until further use.

Quantitative polymerase chain reaction (QPCR) was performed on
several genes. Beta-actin (f-actin; housekeeping gene) was employed as a
reference gene for cDNA normalization. Heat shock protein 70 (hsp70),
catalase (CAT), cytosolic manganese superoxide dismutase (cytMnSOD),
protein toll 1 (Tolll), caspase 2 (Casp2), anti-lipopolysaccharide factor 3
(ALF3), immune deficiency (IMD), signal transducers and activators of
transcription (STAT), penaeidin 3 (PEN3), and C-type lectin 4 (CTL4) were
genes of interest. The characteristics of used primer sets including name,
respective forward and reverse sequences, and reference were summarized in
Table 2.
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Table 2. Details of primers for the investigated genes.

Gene Forward and reverse primer sequence Reference

p-actin 5-TGGACTTCGAGCAGGAGATG-3’ L. Zhang, Pan, Xu, and
5'-GGAATGAGGGCTGGAACAGG-3’ Si (2018)

hsp70 5'-CTCCTGCGTGGGTGTGTT-3' Qian et al. (2012)
5'-GCGGCGTCACCAATCAGA-3’

CAT 5'-GGCTATGGTTCTCGTACTTCCAAGC-3'  Y.-Y.Chenetal. (2014)
5'-GCATTGTATAGGTCCCTTGTTGCA-3’

cytMnSOD  5-TGACGAGAGCTTTGGATCATTCC-3’
5'-TGATTTGCAAGGGATCCTGGTT-3'

Tolll 5'-GACCATCCCTTTTACACCAGACT-3’ Q. Yu et al. (2020)
5'-CCTCGCACATCCAGGACTTTTA-3’

Casp2 5'-CGTGGTTCATTCAGTCGCT-3' Janewanthanakul,
5'-AACCTTTCGCATCAGGGTTG-3' Supungul, Tang, and

Tassanakajon (2020)

ALF3 5'-CAACACCCGCAGCAAATCC-3' Yin et al. (2023)
5'-GGTTTGGCTTCTTCCTCGGT-3’

IMD 5'-ATCGAGGAACGAGACAAGGT-3' M. Yan, Wang, Huang,
5'-CGTACACTCGGTCGACATTC-3’ Wang, and Wang

(2020)

STAT 5'-CTTCGCCATCCGTCCTCTAG-3’ L. Yang et al. (2019)
5'-GGCTTGATCCTTAGGCACATTC-3'

PEN3 5'-CTCCTGCGTCCGCCATG-3’
5'-GTGTAACCGCCCTTGTACAC-3'

CTL4 5'-CTTGGACGCTTATGTCACCTAC-3'

5'-CATCCTTGCTCTTGATGTAGTCG-3'
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The gPCR primer efficiencies were investigated to ensure the comparability
of the genes of interest and of the reference gene. A cDNA template was
diluted in 10-fold dilutions to create a standard curve with 7 concentration
points. A linear line of the fluorescent signals converted to cycle threshold
(Ct) values was plotted and the slope of the linear equation was applied to
calculate the primer efficiency according to the equation Efficiency (%) =
(10 1slopel—1)x100.

The volume of gPCR reaction was 20 pL, which contained 10 L of
2X GoTag® qPCR Master Mix (Promega GmBH, Walldorf, Germany), 1.6
pL of cDNA template, 0.8 pL of 10 uM sense primer, 0.8 pL of 10 uM anti-
sense primer, and 6.8 pL of RNase-free water. The amplification conditions
were as follows: 95°C for 10 minutes, followed by 40 cycles of denaturation
at 95°C for 15 seconds and annealing/extension at 60°C for 1 minute. At the
end of the reaction, a dissociation curve analysis was performed from 55 —
95°C. All samples and negative control were amplified in triplicate in 96-well
tube plates (Agilent Technology, California, USA) on an Agilent Mx3000P
QPCR System (Agilent Technology, California, USA). The obtained Ct
values were used for relative quantification of the mRNA expression level

according to the 2-24¢t method.

2.8. Histological Examination

A cephalothorax of each representative shrimp (3 shrimp/treatment
group) preserved in Davidson’s solution for a minimum of 48 hours was cut
into 4 sections with 2-3 mm thickness from anterior to posterior part, placed

in a tissue processing cassette (Labomedic GmbH, Bonn, Germany), and
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submitted to the Institute of Veterinary Pathology (Center for Clinical
Veterinary Medicine, Ludwig-Maximilians-University, Munich, Germany)
for hematoxylin and eosin (H&E) staining. Each section was evaluated for
the hepatopancreas morphology and the presence of hepatopancreatic cells
and hemocytes using an optical microscope (Leica DM750) with a digital
camera (Leica ICC50 HD).

2.9. Statistical Analysis

All the numerical data are presented as the mean * standard deviation.
The data were analyzed and visualized using RStudio program. Data were
tested for homogeneity of variance (Bartlett's test) and normality of
distribution (Shapiro-Wilk test) prior to the analysis. The data which did not
meet the assumptions of equal variance and normality were analyzed by a
non-parametric test (Kruskal-Wallis test) followed by Wilcoxon rank sum
test (Mann Whitney U test) with continuity correction. While the data which
satisfied the assumptions were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s test to identify statistically significant
differences between means of treatment groups. Significant differences were
considered at P-value of less than 0.05.
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3. RESULTS

3.1. Influence of PE Microplastics and GBH in Single or
Combination on AChE

A significant decrease in AChE concentration was observed in shrimp
exposed to GBH alone, where concentrations relative to the NC were
significantly reduced by 24.87% and 31.36% after exposure to low and high
GBH concentrations, respectively. Following the co-exposure to PE
microplastics and GBH, reduction in the AChE concentration showed a
similar trend, but less pronounced and not statistically significant, at
approximately 13.17% and 19.44% at the same concentrations of GBH.
Similar to shrimp exposed to PE microplastics alone, although not
significantly different, there was an 18.65% decrease in AChE concentration
in the muscle tissue (Fig. 4A). Neither single nor combined exposures to PE
microplastics and GBH significantly affected the AChE activity in the shrimp
muscle (Fig. 4B).
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Fig. 4. Acetylcholinesterase (AChE) concentration (A) and activity (B) in the
muscle of Pacific white shrimp (Litopenaeus vannamei) exposed to PE
microplastics and GBH alone or in combination for 96 hours. Data are
expressed as mean = SD (n = 9). Different letters denote significant difference
(P < 0.05, Tukey multiple comparison test).
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3.2. Influence of PE Microplastics and GBH in Single or

Combination on Oxidative Stress

3.2.1. Oxidative damage: malondialdehyde (MDA) content

After 96 hours of exposure, there were significant increases of 91.41%
and 103.93% in MDA content in the hepatopancreas of shrimp in groups
MP+Lo-GBH and Hi-GBH compared to negative control, respectively. The
insignificant increases of the MDA content compared with negative control
were observed in groups MP (31.72%), Lo-GBH (77.86%), and MP+Hi-
GBH (81.26%). However, these differences between the individual and
combined treatments at low and Hi-GBH concentrations were not statistically
significant (Fig. 5A).

3.2.2. Antioxidant system: superoxide dismutase (SOD) and catalase
(CAT)

A group MP showed non-significant difference compared to negative
control and inverse trend in transcript expressions of between genes encoding
SOD and CAT. There was a 1.16-fold increase in gene encoding SOD
expression, while 0.87-fold decrease in the one encoding CAT expression

was observed (Fig. 5B and C).

The group Hi-GBH displayed a significantly 1.97-fold increase in
transcript encoding SOD (cytMnSOD) compared to negative control (Fig.
5B). Moreover, although not statistically significant, the other alteration of

cytMnSOD and CAT expression levels were observed in groups Lo-GBH and
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Hi-GBH. The opposite trend of 0.65-fold decreased cytMnSOD and 1.65-fold
increased CAT expressions was presented in group Lo-GBH, whereas the
similarly increasing trend of 1.97-fold cytMnSOD and 1.31-fold CAT
expressions was observed in group Hi-GBH (Fig. 5B and C).

Under the combination treatments, no significant differences were
recognized for the expressions of cytMnSOD and CAT in groups MP+Lo-
GBH and MP+Hi-GBH when compared to negative control. The group
MP+Lo-GBH exhibited increased trend of slight cytMnSOD up-regulation
(1.06-fold) and CAT up-regulation (1.65-fold), while the group MP+Hi-GBH
showed reverse trend of slight cytMnSOD down-regulation (0.97-fold) and
CAT up-regulation (1.89-fold) compared to negative control (Fig. 5B and C).
Moreover, the transcript encoding SOD was significantly lower in group
MP+Hi-GBH compared to group Hi-GBH (Fig. 5B).
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Fig. 5. Oxidative stress biomarkers: malondialdehyde (MDA) content (A) -
and expression of mMRNA encoding antioxidant enzymes (B, C) in
hepatopancreas of Pacific white shrimp (L. vannamei) after 96 hours of
exposure to PE microplastics and GBH. Data are expressed as mean £ SD (n
=9). Different letters denote significant difference (P < 0.05, Tukey multiple
comparison test (A) and Wilcoxon rank sum test (B, C)).
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3.3. Influence of PE Microplastics and GBH in Single or

Combination on Immune Responses

No mortality during the 96-hour exposure period was observed, and
the shrimp in all study groups showed no signs of abnormality in their
behavior and general health.

3.3.1. Hemolymph: Total hemocyte count (THC) and phenoloxidase
(PO) activity

THC and PO activity were all not significantly affected after 96-hour
dietary exposure to PE microplastics and GBH, either in single or
combination. Yet, the THC was increased across all treatments by 2.40%,
8.15%, 29.00%, 38.74%, and 20.63% in groups MP, MP+L0o-GBH, Lo-GBH,
MP+Hi-GBH, and Hi-GBH, respectively. In group Hi-GBH, the PO activity
was the most decreased by 18.50%, while the PO activity was slightly
decreased by 9.59% in group MP and increased by 2.85%, 6.91%, and 6.07%
in groups MP+Lo-GBH, Lo-GBH, and MP+Hi-GBH, respectively (Fig. 6A).

3.3.2. Hepatopancreas: immune-related gene expression

Exposure of shrimp to dietary PE microplastics for 96 hours did not
significantly alter the transcript profiling of all immune-related genes of
interest compared to negative control. While in individual GBH exposure, the
transcript encoding anti-lipopolysaccharide factor 3 (ALF3) was significantly

down-regulated in group Hi-GBH compared to groups NC and MP+Hi-GBH.
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Penaeidin-3 (PEN3) in groups Lo-GBH and Hi-GBH were significantly up-
regulated compared to negative control. Combination exposure to PE
microplastics and GBH also resulted in significant upregulation of PEN3
compared to negative control. Furthermore, statistically significant difference
between groups MP+Lo-GBH and Lo-GBH was seen in expression level of
PENS3. The transcript expression of CTL4 encoding C-type lectin 4 was solely
significantly down-regulated in group Lo-GBH compared to negative
control, but not when aged PE microplastics was combined. No statistically
significant alterations in the CTL4 expression level were recognized between
single GBH exposures and combination exposures at the same GBH
concentration. The expressions of other immune-related genes including
hsp70, Casp2, Tolll, IMD, and STAT were not significantly affected by any
of treatment groups compared to negative control (Fig. 6B).
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Fig. 6. Immune responses: total hemocyte count (THC) (A), phenoloxidase
(PO) activity (A), immune-related gene expression (B) in different organs:
hemolymph (A) and hepatopancreas (B). Data are expressed as mean + SD
(THC and PO activity: n = 10, gene expression: n = 9). Different letters
denote significant difference (P < 0.05, Tukey multiple comparison test (A,
B: CASP2 and STAT) and Wilcoxon rank sum test (B: HSP70, Tolll, IMD,
ALF3, PEN3, and CTL4)).

3.4. Influence of PE Microplastics and GBH in Single or
Combination on Histology

Histological observation of the hepatopancreatic tissues (HP) of
shrimp treated with different combinations in feed pallets revealed the
population of Blister-like or Blastozellen cells (B-cells) and Resorptive cells
(R-cells) was obviously detected in the tissue section of the group treated with
MP. Intact organization in cytoarchitecture was similar presented in the

negative control. Nonetheless, there were a number of B-cell population
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appearing in the HP tubules and it could be notably found the infiltration of
hemocytes in the intertubular space of HP in group Lo-GBH compared to
negative control. The HP of group Hi-GBH presented a dominant R-cells
distribution along and cross-section of the tubules compared with that of the
negative control. While in the histology of hepatopancreas taken from shrimp
in combination groups MP+Lo-GBH and MP+Hi-GBH, numerous
populations of ambiguous cells with vacuoles hardly characterized between
R- and B-cells have been obviously found when compared to groups NC and
MP (Fig. 7).

However, the histological examination was investigated in 3 shrimp
from each treatment group. With this small sample size, this might not be
sufficient to represent the impacts on experimental shrimp in its entirety, but
merely to document the existence of possible adverse effects on physical
hepatopancreas of shrimp exposed by ingestion to feed contaminated with PE

microplastics and GBH, either alone or in combination.
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Fig. 7. Effects of PE microplastics and GBH in single or combination on

histology of the hepatopancreas, H&E stain, scale bar = 100 pum. He:

hemocytes, B: Blister-like or Blastozellen cells, R: Resorptive cells. A: NC,

GBH, F: Hi-GBH.

, E: MP+Hi

GBH, D: Lo-GBH

C: MP+Lo-

B: MP

69



Discussion

4. DISCUSSION

Several studies of glyphosate toxicity on AChE activity in crustaceans
displayed glyphosate as a concentration-dependent AChE inhibitor (P.
Mensah, Muller, et al., 2012a; Pala, 2019). However, this study provides
evidence that the 96-hour dietary exposures of individual aged PE
microplastic, GBH, and their combinations to L. vannamei did not cause
significant changes in AChE activity when compared to the negative control.
This might be because the magnitude and severity of the adverse effects
depend on the concentration and bioavailability of glyphosate and adjuvants
in target tissues, and the environmentally relevant GBH concentrations used
in this study might not be sufficient to trigger the significant alteration of
AChE activity in the exposed shrimp. In addition to glyphosate inhibitory
effect on the AChE activity, it is possible that lower concentration of AChE
in muscle tissue may cause decreased sensitivity of muscle samples for the
purposes of detecting changes of the AChE activity in organisms exposed to
GBH for a short period of time. For example, Glusczak et al. (2006) reported
that exposing the piava freshwater fish (Leporinus obtusidens) to GBH for 96
hours significantly decreased the AChE activity in the brain, but not in the
muscle. Nevertheless, the significant decreases in AChE concentration of
shrimp in groups Lo-GBH and Hi-GBH suggest the potential for disruption
of a regulatory mechanism involved with AChE of GBH at environmental
concentrations in feed cannot not be ruled out. The bioavailability and
concentration of GBH accessing the site of action could interrelate to affect
not only AChE activity but also its concentration. The zebrafish (Danio rerio)
exposed to glyphosate also showed the alteration of AChE gene expression,

yet the AChE activity was not affected in the entire period of the acute
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toxicity test (Lopes, Caldas, Primel, & da Rosa, 2017). On the other hand, the
similar, but less pronounced inhibition of AChE concentrations of groups
MP+Lo-GBH and MP+Hi-GBH compared to groups Lo-GBH and Hi-GBH,
respectively implied that aged PE microplastics may reduce the
bioavailability of GBH in the shrimp muscle. This scenario of microplastics
reducing the transfer and bioavailability of mediated micro-pollutants is in
accordance with some studies. Mohamed Nor and Koelmans (2019) reported
that PE microplastics could sorb and reduce the desorption of PCBs in
contaminated feed leading to the low transfer of PCBs across the simulated
gut. Similarly, Dolar et al. (2021) suggested that polyester fiber and crumb
rubber with mixed synthetic materials tend to reduce the bioavailability of
co-exposed chlorpyrifos in woodlice (Porcellio scaber) based on the
increases of hemocyte viability and AChE activity compared to the those of
P. scaber exposed to chlorpyrifos alone. An explanation for this result may
be that new functional groups, hydroxyl and carbonyl groups, emerged and
biofilms colonized on the PE microplastics surface during the biological
ageing process may increase microplastics surface hydrophilicity (Binda et
al., 2023), thereby inducing the binding between these aged PE microplastics
and hydrophilic GBH. In addition to the alteration of the interaction between
aged PE microplastics and GBH, the interaction between feed and PE
microplastics attached to GBH under the gastrointestinal conditions of L.
vannamei could also play a major role in low desorption and uptake of GBH
on the aged microplastics into intestinal lumen and target tissues. The aged
PE microplastics attached to GBH might be released from the feed upon
digestion and the aged PE microplastics may still sorb and trap GBH, leading
to attenuated transfer of GBH into the L. vannamei and subsequently reduced
inhibitory effect to AChE concentration in groups MP+Lo-GBH and MP+Hi-
GBH.
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Currently, the role played by acetylcholine in antioxidant modulation
system in crustaceans is still unclear. However, Hong et al. (2018) measured
AChE, SOD, and CAT activities in hemolymph of freshwater shrimp
(Macrobrachium nipponense) exposed to GBH, and they proposed that
AChE activity tends to not directly affect the activities of SOD and CAT. The
alteration of SOD and CAT activities were likely results from oxidative stress
and cellular damage per se. In the present study, a set of oxidative stress
indicators, MDA content and expression levels of cytMnSOD and CAT, was
measured to evaluate the potential oxidative damage induced by single or
combined exposures to aged PE microplastics and GBH. The induction of
oxidative stress occurs as a result of physiological imbalance between
excessive reactive oxygen species (ROS) production and insufficient
antioxidant defenses (B. P. Yu, 1994). The excessive ROS could cause
damage to lipids and further lead to the overproduction of MDA. Moreover,
the insufficient or ineffective antioxidative capacity of defenses including but
not limited to SOD and CAT against these excessive ROS could also enhance
the toxic consequences of oxidative stress, like the overwhelming MDA
(Gawel, Wardas, Niedworok, & Wardas, 2004). We found an enhancement
of MDA content in the hepatopancreas across all treatment groups. Yet, the
insignificant increase in MDA content in groups MP, Lo-GBH, and MP+Hi-
GBH may be associated with the alterations of cytMnSOD and CAT
expression levels of each respective group. SOD works in harmony with CAT
to produce a broad spectrum of effects against ROS. SOD contributes
superoxide radical dismutation by converting the superoxide anions to
hydrogen peroxide and oxygen (Ying Wang, Branicky, Noé, & Hekimi,
2018). Thereafter, CAT contributes hydrogen peroxide detoxification by
transforming it to water (Ying Wang et al., 2018). Even though the
cytMnSOD and CAT expression levels of group MP were not significantly
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different compared to negative control, the inverse relationship between their
expression levels could still indicate the harmonization of SOD and CAT
work against cellular oxidative stress, resulting in its insignificantly increased
MDA contents and oxidative cellular damage. This provides support for
observed histological result of no differences in organization and morphology
of hepatopancreatic cells between groups MP and NC, suggesting that
ingestion of feed contaminated with aged PE microplastics at
environmentally relevant concentration for 96 hours might not induce
significant oxidative stress in L. vannamei. Regarding the dietary exposure,
there is only little information on negative effects of microplastics exposure
to Pacific white shrimp (L. vannamei) (Hariharan, Purvaja, Anandavelu,
Robin, & Ramesh, 2022; Niemcharoen, Haetrakul, Pali¢, & Chansue, 2022),
as compared with direct contact exposure to contaminated water that is most
commonly used in toxicological studies (Duan et al., 2021; Han et al., 2022;
Z. Wang, Fan, Wang, Xie, et al., 2021; Z. Wang, Fan, Wang, Zhou, et al.,
2021; Xing et al., 2023; Zhou et al., 2023). A study of oxidative stress in L.
vannamei orally exposed to aged PE microplastics alone with
environmentally relevant concentrations for a chronical period of 25 days
indicated a significant increased levels of MDA and alterations of antioxidant
enzyme activities, i.e. glutathione-S-transferases, reduced-glutathione, and
CAT — which might be a result from starvation effect (Hariharan et al., 2022).
In addition, 28-day oral exposure to high density PE microplastics mixed in
feed pellet in L. vannamei, probably related to adverse effects on the
nutritional uptake, energy reserves, and hepatopancreatic physiology, and
subsequently causing statistically significant changes of antioxidant-related
gene expressions including SOD, glutathione peroxidase, and lysozyme was
reported by Niemcharoen et al. (2022). However, the adverse effects of

microplastics exposure on oxidative stress are influenced by several factors
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such as exposure time and dose, microplastics size and type, and test species
(Bobori et al., 2022; Espinosa, Esteban, & Cuesta, 2019; Hariharan et al.,
2022; Z. Wang, Fan, Wang, Zhou, et al., 2021; Zhou et al., 2023). The
obvious difference in exposure duration of our study as acute toxicity test
compared with chronic toxicity test in the mentioned studies might explain
the insignificant changes of MDA content and expressions of cytMnSOD and
CAT genes found in group MP here. Consistent with the results of the present
study, a previous study (Korez, Gutow, & Saborowski, 2020) also showed
that there was no significant difference in antioxidant defense responses in
the hepatopancreas of brown shrimp (Crangon crangon) during acute
exposure of 48 hours to synthetic microplastics. Furthermore, similar results
were reported in the study about brine shrimp (Artemia salina) when exposed
to environmental concentration of polystyrene microplastics (1 mg/L) for 48
hours and 14 days that only 14-day polystyrene microplastics exposure could
induce sharp increase in ROS production (Suman et al., 2020).

Considering the oxidative stress induced by GBH alone and in
combination with aged PE microplastics, we found groups Hi-GBH and
MP+Lo-GBH to show the significantly increased MDA content, while groups
Lo-GBH and MP+Hi-GBH also elicited the increase in MDA content, but not
statistically significant, when compared to the negative control, indicating
that individual and combined GBH dietary exposure could induce lipid
damage. However, the post-hoc comparisons indicated that there were no
significant differences of MDA content between groups exposed to single
GBH and combined GBH with aged PE microplastics at the same
concentrations. This suggests that the presence of aged PE microplastics did
not have a significant effect on MDA induction of GBH in L. vannamei.
Corresponding with this, histological examination revealed no evidence of

any significant differences of hepatopancreatic cell damages between single
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and combination groups. We found an observed trend toward increases in the
presence of B- and R-cells, as a result of dietary exposures to both single and
combined GBH instead, suggesting that B- and R-cells might probably be
attributed to GBH detoxification, thereby maintaining shrimp homeostasis.
These data were congruent with a previous study of Sreeram and Menon
(2005), demonstrating that the pronounced increase in B-cell number
following exposure to sublethal concentrations of petroleum hydrocarbons in
hepatopancreas of Kadal shrimp (Metapenaeus dobsoni) was more likely be
related to detoxification mechanism in a cellular level. Additionally, the
increase in altered R-cells of ghost shrimp (Palaemonetes argentinus)
exposed to pesticides suggests R-cells might be directly involved in
detoxification (Petriella, 2007; Vogt & Quinitio, 1994), although R-cells
were thought to be indirectly related to detoxification by providing active
energy for this mechanism in response to environmental stress in
Macrobrachium borellii Nobili, 1896 and P. argentinus Nobili, 1901
(Collins, 2010). Nonetheless, with the fact that roles of B- and R-cells in
detoxifying organic xenobiotics, i.e., GBH, is still unclear (Vogt, 2019),
further research is still needed to investigate and clarify the role of
hepatopancreatic cells in depth. In addition to MDA content, expression of
cytMnSOD and CAT genes were determined to understand the potential
oxidative stress of dietary GBH exposures. There was no clear antioxidant
response trend for the dietary exposures of L. vannamei to single and
combined GBH but the significantly increased expression of cytMnSOD in
group Hi-GBH when compared to negative control. The increased cytMnSOD
expression following exposure to Hi-GBH concentration may have resulted
from compensatory mechanisms in hepatopancreas to sustain the homeostasis
of cells under high bioavailable GBH condition. Concerning the combination

effects in our study, hepatopancreas transcript profiling revealed significant
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up-regulation of cytMnSOD in group Hi-GBH compared to MP+Hi-GBH;
however, albeit not significant, the inverse regulation trend of CAT between
these 2 groups was observed. This may reflect harmony of feedback
mechanisms governing a compensatory transcriptional response of
antioxidant enzymes to a potential oxidative stress in L. vannamei exposed
to. The result of significantly lower cytMnSOD expression in group MP+Hi-
GBH compared to the one in group Hi-GBH contrasts with previous study in
anuran tadpoles (Scinax squalirostris) that has found 60 mg/L virgin PE
microplastic may increase toxicological effects of 6.25 mg/L GBH, resulting
in an enhancement of glutathione S-transferase activity, one of antioxidants,
compared to single 6.25 mg/L GBH exposure (Lajmanovich et al., 2022).
Although the concentration used in the combination of virgin PE microplastic
and GBH was environmental relevant and exposure duration was short term
(48 hours) similar to our study, it is important to note that there are still
several important differences in our study as compared to Lajmanovich et al.
(2022) including but not limited to ageing process of microplastics, exposure
routes, test species, and analyzed oxidative stress biomarkers, which could be
factors affecting the differences in alteration of combined toxicity. Binda et
al. (2021) suggested that biofouling in biological ageing process of PE
microplastics might increase the affinity of microplastics with polar
chemical, like GBH, however, we cannot discard the other fact that the
presence of microbes not only could interact with microplastic but also with
GBH, and vice versa. On the one hand, glyphosate could be utilized and
degraded by different microbes, generating the primary degradation product,
namely aminomethylphosphonic acid (AMPA), which is considered to be
more toxic and persistent than glyphosate (Sun, Li, & Jaisi, 2019) and
subsequently also degraded by microbes (Castrején-Godinez et al., 2021;

Hove-Jensen, Zechel, & Jochimsen, 2014). On the other hand, glyphosate at
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specific concentrations could inhibit the growth of microbes (Poppe, Bote,
Merle, Makarova, & Roesler, 2019) or destroy them under a specific set of
conditions (Barnett, Bandy, & Gibson, 2022) due to its interference in
shikimate pathway involved with aromatic amino acid biosynthesis in
microbes (Van Bruggen et al., 2021). Another possible microbial source in
aged PE microplastics-GBH-microbe interactions besides from the
biologically ageing process is gut microbiota of the test species. Previous
studies have demonstrated that the exposure of glyphosate or GBH at specific
concentrations to Chinese mitten crab (Eriocheir sinensis) (X. Yang et al.,
2019), green see turtle (Chelonia mydas) (Kittle, McDermid, Muehlstein, &
Balazs, 2018), and zebrafish (D. rerio) (Ding et al., 2021) could alter the
composition of the gut microbiota, which might be associated with oxidative
stress (J. Yang et al., 2023) and be capable of transforming glyphosate within
the gastrointestinal tract (Barnett et al., 2022). These might affect the toxic
concentrations of GBH released from the aged PE microplastics, interacting
with the gut microbes, diffusing across the gut barrier, and directly acting on
oxidative stress in target tissues, and explain why both cytMnSOD and CAT
expression levels in shrimp exposed to either single or combined GBH did
not significantly alter in general and showed the ability to minimize the
elevated of MDA content in hepatopancreas.

Hemocytes are key cells for anti-oxidative system and cell-mediated
immune responses including phagocytosis, encapsulation, nodulation, and
clotting in invertebrate (Kulkarni et al., 2021). Additionally, it is commonly
assumed that hemocyte alterations could affect PO activity because
hemocytes are one of the main sources producing prophenoloxidase (proPO)
stimulated into PO and then released to hemolymph to catalyze the oxidation
of phenols to quinones in the melanization, one of important processes in

invertebrate humoral immunity (Sugumaran, 2002). In the present study,
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there were no statistically significant differences between PO activities
between treatment groups consistent with the corresponding changes in THC.
The THC and PO activity results of group MP were in accordance with a
study from Dolar et al. (2021) who demonstrated insignificant alterations of
THC and PO-like activity in crustacean P. scaber following 1.5% crumb
rubber exposure. Moreover, Revel et al. (2020) reported no significant
differences of PO activity in the coelomic fluid of estuarine worm (Hediste
diversicolor) during 10-day exposure to merely polyethylene and
polypropylene microplastics combination at environmentally relevant
concentrations (10 and 50 mg/kg sediment). However, it is interesting to note
that although not statistically significant, decreases in PO activity and THC
of group Hi-GBH as compared to group MP+Hi-GBH were observed,
possibly indicating lesser GBH toxicity and greater compensatory
mechanisms of response following exposure to GBH with the presence of the
microplastics. Like in some extent of previous studies, immunotoxicity
modification by co-exposure of microplastics have been observed in other
invertebrate organisms such as blood clam (Tegillarca granosa) (Shi et al.,
2020; Tang et al., 2020), mussels Mytilus coruscus and M. galloprovincialis
(Gu et al., 2020; Pittura et al., 2018), and scallop (Chlamys farreri) (Xia et
al., 2020).

In addition to hemocytes, hepatopancreas is another important organ
of shrimp, which plays an integrated pivotal role in an innate immune
response, metabolism, and detoxification (Y. Li etal., 2022; D. Yu, Zhai, He,
& Jia, 2022). Death via activation of caspases, enzymes that execute
cytotoxic mechanism in innate immunity, could occur in cells during
exposure to microplastics (Hou et al., 2021; X. Wang, Zhang, Sun, Wang, &
Gong, 2022) or GBH (Benachour & Séralini, 2009; Hao et al., 2019). Here,

analysis of transcript encoding caspase-2 enzyme in hepatopancreas showed
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that, there was no significant difference in expression of Casp2 between
groups MP and NC, which follows the insignificant alteration of MDA
content and expression levels of cytMnSOD and CAT in the hepatopancreas.
Previous studies (Fei et al., 2020; H. Guo, Li, Wang, Wang, & Shen, 2017;
Redza-Dutordoir & Averill-Bates, 2016) have shown that the imbalance
between ROS and antioxidant system could cause oxidative stress resulting
in the increase of cellular lipid peroxidation level which lead to disruption of
membrane fluidity and integrity, activation of caspases, and eventually cell
death. However, with the insignificantly different results we observed in
group MP, microplastics sizes (32 — 500 pm) used in our experiment might
be one of various factors responsible for the negligible induction of cell death
(Beijer et al., 2022), supported also by Tang et al. (2020), who reported the
significant down-regulation of Caspase-3 in hemocytes of T. granosa
exposed to 500 nm polystyrene compared to the 30 pm one. Considering the
cytotoxicity effect of GBH alone and in combination, no significant
differences in the hepatopancreatic expression of Casp2 in all groups exposed
to GBH might reflect that even exposure to GBH at environmentally high
concentration via feed, hepatopancreatic cell death was unlikely to be a major
mechanism affected. Corresponding with this, the expressions of cytMnSOD
and CAT in hepatopancreas were generally altered, thereby responding to
elevated MDA contents induced by GBH exposures to maintain cellular
redox homeostasis and prevent hepatopancreatic cells from damages and
death. Additionally, this effect was consistent with no apparent changes of
the expression of transcript encoding HSP70, a protein produced by cells to
maintain homeostasis, mitigate cell stress, and stimulate innate immunity (He
et al., 2010; Valentim-Neto, Moser, Fraga, & Marques, 2014), across all
treatment groups, supporting the suggestion that altered antioxidants may be

sufficient to modulate oxidative stress resulting in no disturbance in
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expression of hsp70. Another possibility of no significant alteration of hsp70
expression in hepatopancreas might be that heat shock proteins (HSPS)
comprising several families based on molecular weight and protein homology
such as hsp60, hsp70, and hsp90 (Nover & Scharf, 1997) are triggered by a
different cascade of events and altered in different patterns from other
chemical pollutants. Magni et al. (2019) presented some evidences that zebra
mussel (Dreissena polymorpha) exposed to combination of 1- and 10-pm
virgin polystyrene microbead at 2 x 10° microplastic pieces/L for 6 days
exhibited an induction of oxidative stress, whereas the inactivation of HSPs
in gills was observed, inferring that HSPs might be disrupted in different
mechanisms by the exposed polystyrene and considered as housekeeping
proteins instead of the ones against injury associated with adverse stresses.
No significant difference in expression level of hsp70, while significantly
increased lipid peroxidation observed was previously reported for chronic
exposure to GBH-contaminated feed in broiler hens (Fréville et al., 2022).
Similarly, the HSP70 protein expressions detected in soil nematode
(Caenorhabditis elegans) were not significantly altered after exposure to
glyphosate at concentrations of 1/1000, 1/100 and 1/10 of LC50, implying
that alteration of HSPs expression might not be observed in GBH exposure
at some specific concentrations (Yunbiao Wang, Ezemaduka, Li, Chen, &
Song, 2017).

To explore the toxicological effects of aged PE microplastics and
GBH, either alone or in combination, on humoral immunity, we investigated
the expression of a number of transcripts encoding humoral immune-related
molecules in the hepatopancreas. We found no significant differences across
all expression of investigated immune-related genes between groups MP and
NC, indicating that dietary exposure to aged PE microplastics at an

environmentally relevant concentration might not significantly affect
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humoral innate immunity of L. vannamei. A previous study (C. Zhang, Pan,
Wang, Xu, & Zou, 2022) also observed no significantly altered expression of
immune-related genes, interleukin-8 (IL-8) and nuclear factor NF-kappa-B
p65 (NF-xB p65), in intestines of hybrid snakehead larvae (Channa maculata
x Channa argus) exposed to virgin fluorescent polystyrene microplastics
with 0.5 um and 5 um in mean diameters at concentrations of 0.2 mg/L, 2
mg/L and 20 mg/L for 48 hours. Additionally, in another study (L. a. Li etal.,
2021), pristine, green, fluorescent polystyrene microplastics with 20-um
diameter caused no significant changes in the expression of IL-8 at
microplastic concentrations of 0.115 pg/L and 11.5 pg/L and interferon (IFN)
at the one of 0.115 pg/L in juvenile yellow catfish (Pelteobagrus fulvidraco).
To some extent, these results were consistent with our findings. However,
some significant alterations of transcripts encoding humoral immune-related
molecules in response to single or combined GBH exposures were observed
in this study. The C-type lectin 4 (CTL4) and anti-lipopolysaccharide factor
3 (ALF3) genes, encoding probably effector molecule (H. Li et al., 2015) and
antimicrobial peptide (AMP) (Yin et al., 2023) in L. vannamei, were
significantly down-regulated in groups Lo-GBH and Hi-GBH, respectively,
whereas the Penaeidin 3 (PEN3) gene, encoding AMP (Mufioz,
Vandenbulcke, Saulnier, & Bacheére, 2002), was significantly up-regulated in
L. vannamei exposed to GBH alone or in combination, suggesting that
bioavailable GBH may be uptaken across the intestinal membrane, distribute
to other tissues, and affect humoral immunity in hepatopancreas of L.
vannamei. Different from ALF3 and CTL4 which mostly could be detected in
hepatopancreas and hemocytes (H. Li et al., 2015; Yin et al., 2023), PEN3 is
mainly expressed in hemocytes, but minimally in hepatopancreas of shrimp
(Mufioz et al., 2002). As we investigated the expressions of ALF3, CTL4, and

PEN3 in hepatopancreas, it is possible that the significant upregulation of
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PEN3 in hepatopancreas across GBH exposure groups might be the result of
two probable causes: (1) hemocyte infiltration and accumulation in this organ
by its unavoidable contamination. Corresponding to the histological
examination that presented more existing hemocytes in the group of GBH-
treated shrimp. However, hemocyte infiltration was not observed in some
samples of shrimp that were treated with GBH. It could be the effect of
sampling for histological interpretation. (2) It might be a direct response of
the hepatopancreatic cells to GBH exposure. However, it remains unclear on
the putative sources of expression of this gene that could be further
investigated. Interestingly, statistically significant differences in expressions
of ALF3 between groups MP+Hi-GBH and Hi-GBH as well as of PEN3
between groups MP+Lo-GBH and Lo-GBH were revealed, implying that
aged PE microplastics might modify immunotoxicity of GBH. However, no
similar altered expression pattern of ALF3, CTL4, and PEN3 between
exposure to GBH alone and in combination was recognized. Moreover, the
expression patterns of the other immune-related molecules profiles (Toll1,
IMD, and STAT) appeared to exhibit no significant alterations and generally
not follow similar expression patterns to either ALF3, CTL4, or PEN3. The
non-uniform pattern of differential expressions between each of the genes of
interest is therefore more likely due to the crosstalk of different signaling
pathways in a coordinated manner to fine-tune an effective humoral immune
response. For instance, the expression pattern of ALF3 inversely compared to
those of CTL4, and PEN3 across GBH treatment groups in our study was in
accordance with a study from Liu et al. (2016) who demonstrated that there
was significantly increased expression of ALF, while the expression of PEN3
were significantly decreased in hemocytes of L. vannamei following Vibrio
anguillarum infection. Furthermore, ribonucleic acid interference (RNAI)

silencing of Toll, which encodes an receptor in Toll pathway, resulted in a
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pronounced increase of transcripts involved in IMD pathway in L. vannamei,
and vice versa (Liu et al., 2016). C. Li et al. (2015) and Guanzon and
Maningas (2018) also showed that Toll3 in Toll pathway links with the
regulation of another pathway, IRF Vago-JAK/STAT pathway, suggesting
that humoral immune-mediated pathways may be dependent and implicate
with a variety of signal-transduction pathways in L. vannamei.

The crustacean humoral innate immune response, mainly mediated by
Toll, immune deficiency (IMD), and JAK/STAT pathways, is triggered by
binding of pattern recognition receptors (PRRs) with pathogen-associated
molecular patterns (PAMPs), damage-associated molecular patterns
(DAMPs), or cytokine-like molecules which elicit the expression of gene-
encoded defense molecules, such as receptors, transcriptional factors,
antimicrobial peptides or effectors, to protect the shrimp from an exogenous
or endogenous threat (C. Li, Wang, & He, 2019; P. Yan et al., 2022).
Nonetheless, with insignificant alteration of Casp2 and hsp70 expressions as
well as no observed histological alteration linked to cellular death in the
hepatopancreas, the significant alterations in the expression of ALF3, CTL4,
and PEN3 in GBH treatment groups might be considered improbable to be
modulated via the trigger of DAMPSs released from injured cells. More likely
explanations might be microbial dysbiosis or disruptions of neuroendocrine-
immune (NEI) regulation due to mechanism of action and toxicity of GBH
per se. Given glyphosate being a derivative of glycine and similar to
glutamate structure, which could act as neurotransmitters, exposure to
glyphosate might cause interference in glycine-mediated signaling and
glutamate modulation (Myers et al., 2016). A recent study (Fuxuan Wang, Li,
Xiang, & Li, 2019) also elucidated that the neurotransmitters glycine and
glutamate might be involved in the NEI regulation network in L. vannamei.

Apart from being an analog of glycine, the mechanism of action of glyphosate
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in GBH is to inhibit the enzyme 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) in the shikimic acid pathway of undesired plants (Forlani,
Mangiagalli, Nielsen, & Suardi, 1999; Kataoka, Ryu, Sakiyama, & Makita,
1996), which also presents and is inhibited in microbiota leading to microbial
dysbiosis in the affected host (Maddalon, Galbiati, Colosio, Mandi¢-
Rajéevi¢, & Corsini, 2021). A recent study on Chinese mitten crab (E.
sinensis) investigated diversity of microbial communities in intestines of the
crab exposed to glyphosate solution at half of the LC50 concentration for 96
hours depicting that glyphosate might perturb gut microbial diversity
involving with the immune regulation and negatively affect survival rate of
E. sinensis (X. Yang et al., 2019). Another previous study on gut and whole
body of honey bees (Apis mellifera) exposed glyphosate solutions also
represented the decrease in abundance of gut microbiota, which might result
in the down-regulation of AMP-related genes, i.e., apidaecin, defensin, and
hymenoptaecin (Motta, Powell, & Moran, 2022), similarly to findings
observed in Mediterranean mussel (M. galloprovincialis) that glyphosate and
its metabolite, aminomethylphosphonic acid (AMPA), might be involved in
changes in the transcription of immune-related genes by disturbance of host
microbiota communities (lori et al., 2020). Hence, we believe that alterations
in some immune-related gene expressions in shrimp exposed to GBH, either
alone or in combination, may be the consequences from microbial dysbiosis
or dysregulation of the NEI system rather than DAMPs released from

damaged cells that trigger immune pathways.
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5. CONCLUSIONS

This study explored the toxicity of aged PE microplastics and GBH,
either alone or in combination, orally exposed to shrimp, L. vannamei and
provided considerations for the potential of aged PE microplastics to modify
the toxicity of GBH. We found evidence that 96 hours of exposure to
environmental concentration of aged PE microplastics through feed slightly
affected oxidant/antioxidant balance, immune processes, and hepatopancreas
histology of shrimp. GBH alone can alter AChE, some parameters of
antioxidant status and immunity, and proportion of hepatopancreatic cells.
The combined microplastics are likely to attenuate the toxicity of GBH in
some endpoints, however, the mechanism and pattern of such modification
are still unclear. Therefore, this study indicates the need for further research
into the long-term toxicology test and mechanism to broadly capture the risk

related to microplastics and GBH on shrimp (L. vannamei).
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6. SUMMARY

Plastic litter and glyphosate-based herbicides (GBHS) are increasingly
becoming pervasive in aquatic environments, characterized by circulatory
patterns between different compartments and continual loading with new
debris. Although microplastics and GBHs unavoidably contaminate aquatic
environments, their combination effect on aquatic organisms has been
scarcely investigated. We present the short-term study on individual and
combined effects of aged polyethylene (PE) microplastics and glyphosate-
based herbicide (GBH) exposures at environmentally relevant concentrations
on oxidative damage (malondialdehyde), antioxidant responses (superoxide
dismutase and catalase), immune parameters (total hemocyte count,
phenoloxidase activity, and immune-related genes), and hepatopancreas
histology in shrimp (Litopenaeus vannamei). In addition, the
acetylcholinesterase (AChE) was evaluated as a biomarker of GBH exposure.
After 96 hours of exposure, individual PE microplastics exposure slightly
influenced oxidative status, immune parameters, and histology. The decrease
on AChE concentration and alterations of oxidative status, immunity, and cell
population in hepatopancreas were observed in single GBH-exposed shrimp.
The combinations of aged PE microplastics and GBH induced some changes
that differed from individual GBH exposures. For instance, some alterations
implied that the presence of aged PE microplastics may alleviate GBH
toxicity to L. vannamei (AChE concentration and some expressions of
immune-related genes). In conclusion, our results suggest that single
exposure of aged PE microplastics at environmental concentration may
slightly affect the health of shrimp (L. vannamei) and aged PE microplastics

are likely to modify the toxicity of other co-exposed chemicals. Further
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research on the long-term toxicology test of and mechanism between

microplastics and chemicals combination is needed.

Keywords: Aged microplastics; Glyphosate; Combined toxicity; Immune
response; Oxidative stress
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Zusammenfassung

7. ZUSAMMENFASSUNG

Plastikmdill und glyphosathaltige Herbizide (GBHSs) werden zunehmend in
Gewdssern verbreitet, die durch zirkulatorische Muster zwischen
verschiedenen Bereichen und kontinuierlicher Belastung mit neuen
Ablagerungen gekennzeichnet sind. Obwohl Mikroplastik und GBHs
unausweichlich verschiedenste Gewésser kontaminieren, wurde ihre
kombinierte Wirkung auf im Wasser beherbergte Organismen bisher kaum
untersucht. Wir préasentieren diesbeziiglich eine Kurzzeitstudie zu den
individuellen und kombinierten Wirkungen von gealtertem Polyethylen (PE)-
Mikroplastik und glyphosathaltigem Herbizid (GBH) bei umweltrelevanten
Konzentrationen auf die Parameter oxidative Schaden (Malondialdehyd),
antioxidative ~ Reaktionen  (Superoxiddismutase  und  Katalase),
Immunparameter (gesamte H&mocytenzahl, Phenoloxidase-Aktivitat und
immunrelevante Gene) sowie die histologische Betrachtung des
Hepatopankreas bei Garnelen (Litopenaeus vannamei). Darliber hinaus
wurde die Konzentration des Enzyms Acetylcholinesterase (AChE) als
Biomarker fiir die GBH-Exposition bewertet. Nach bereits 96 Stunden unter
Belastung mit den oben genannten Stoffen, beeinflusste die individuelle
Belastung von PE-Mikroplastik leicht den oxidativen Status, die
Immunparameter und die Histologie. Ein Riickgang der AChE-Konzentration
und Verénderungen des oxidativen Status, der Immunaktivitdt und der
Zellpopulation im  Hepatopankreas wurden bei einzelnen unter
GBHBelastung stehenden Garnelen beobachtet. Die Kombination wvon
gealtertem PE-Mikroplastik und GBH induzierte einige Verénderungen, die
sich von der Auswirkung unter Einzelbelastung nur mit GBH unterschieden.

Einige Anderungen deuteten beispielsweise darauf hin, dass das
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Zusammenfassung

Vorhandensein von gealtertem PEMikroplastik die Toxizitat von GBH fir L.
vannamei (AChE-Konzentration und einige andere Immunantworten)
mildern kénnte. Zusammenfassend deuten unsere Ergebnisse darauf hin, dass
die einzelne Aussetzung von gealtertem PE-Mikroplastik bei
umweltrelevanten Konzentrationen die Gesundheit von Garnelen (L.
vannamei) leicht beeintrachtigen kann und, dass gealtertes PE-Mikroplastik
die Toxizitat anderer zusétzlicher beeintrachtigender Chemikalien vermutlich
beeinflussen kann. Weitere Forschungen zur Langzeittoxizitat und den
Mechanismen zwischen Mikroplastik und der Kombination von anderen

Chemikalien ist erforderlich.

Schlusselbegriffe: Gealtertes Mikroplastik; Glyphosat; kombinierte
Toxizitat; Immunantwort; oxidativer Stress
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