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Abstract

From coast to gyre, from surface to deep sea, the study of marine plastic pollution takes us on a
journey of potential harm through our marine ecosystems, where man-made plastics break down
into ever smaller pieces along their way. Studying micro- and nanoplastic pollution in field and
laboratory work, new insights into microalgae interactions, and these smallest plastic particles were
gathered. Mimicking two different environments in the laboratory - reef and open ocean water - an
effect assessment of four different microalgae species (Diatoms Skeletonema grethae and Odontella
aurita, cyanobaterium Synechococcus elongatus, endosymbiontic dinoflagellates Symbiodinium tri-
dacnidorum and Cladocopinm sp.) and their interaction with micro- and nanoplastics at difter-
ent sizes, types, and concentrations was conducted. Aggregation, sedimentation, photosynthesis,
extracellular substance production, and RNA expression patterns were all found to be affected.
Specifically, hetero-aggregation with nanoplastic led to neutrally buoyant marine snow, differen-
tially expressed genes, and reduced photosynthesis. Furthermore, an exposure assessment around
Okinawa, an isolated subtropical island with fringing reefs, found that microplastic pollution fol-
lows the island’s population gradient. Polyethylene was the most abundant polymer found 45%,
and of the ubiquitous sub 20 nm plastics, the majority was embedded in organic matter.
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Chapter 1

General Introduction and Qutline

Arriving in the Age of Plastic

In ancient times, raw materials were found in nature and used to produce tools and objects that
humans need in their daily lives. When these objects were worn out, they were either repaired or
repurposed. This first recycling of artifacts has been observed within multiple industries during
the Paleolithic period [1], ranging further into the Neolithic [2], all the way into the Bronze and
Iron Ages [3]. In the literature, recycling has been mentioned in the context of studying human
use of resources as early as 1906 [4] and, notwithstanding that recycling has different goals and
mechanisms within different cultural landscapes, the concept displays a respect for the limits of
resources [5, 6]. Recycling ranges from simple repurposing (old hand axes to smaller flint tools)
to repairing (Kintsugi technique is the Japanese art of repairing broken pottery by mending with
urushi lacquer and highlighting the seam with a mixture of powdered gold, silver, or platinum) to
reinventing (reclaiming post-industrial building structures for new purposes, changing factories
into lofts) and ultimately leads to a circular economy (emphasizing the benefits of recycling residual
waste materials and by-products through the development of complex economic cycles). Today,
this sustainable resource recovery and product life-extension is seen as something new and many
countries and cultures take time to integrate recycling. Butlooking back in time recycling is clearly
along-standing best practice by humans.

The use of moldable polymers also dates back until at least the late Bronze Age, as organic ma-
terials such as latex-based rubbers and shellacs (resin secreted by the female lac bug) were used for
containers and water-proofing coatings [7]. These natural occurring polymers are compostable in
their original state. In the 20th century, our modern world and our attitude towards consumption
was largely shaped by one single and apparently limitless natural resource: oil [8]. Derived from
oil and even more influential in the 21st century, plastic challenges our intuition about natural re-
sources. If we consider ecosystem-derived materials that humans have traditionally used for tools
and housing such as stone (can be shaped with time and effort, heavy and breakable), metal (can
be molded with special techniques, heavy and only durable when well-preserved) and natural poly-
mers (can be molded, high in production costs and therefore often unsuitable at industrial scale),
each of those come with preexisting conditions making them less suitable for the task. Plastic, on
the other hand, has the advantages of being cheap, abundant, durable, lightweight and moldable.

One of the main advantages of plastic, its durability, has proven detrimental in combination
with modern single-use applications. Traditionally seen as a drawback, decomposing materials be-
come part of the elemental cycle of the earth after being discarded into nature. Plastics can last

1
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centuries in the environment [9], all the while releasing toxins and chemicals, such as Bisphenol-A
(BPA) [10].

Using our planet’s limited resources sustainably depends to a great deal on using plastic in a
more responsible way, conserving limited fossil fuel resources, as well as reducing environmental
pollution -in this case marine plastic pollution. Plastic, either still in use or as waste, often ends
up in the ocean, as the lightweight polymer is easily transported via wind and rain. The resulting
marine plastic pollution comes in all shapes and sizes, from big plastic sheets used for soil cover and
dragged away by wind to the tiny plastic beads used in toothpaste.

1.1 Anthropogenic Effects: The Origin of Marine Microplas-
tics

The Anthropocene has been nicknamed the “age of plastic” , making it the first period in the his-
tory of our planet which is shaped more by one single species - humans - than by the combination
of all other species [11]. Particles made of plastic can be found in every part of the planet, from the
higher layers of the atmosphere [12] to the deepest oceanic trenches [13](see Figure 1.2). Plastic
will leave a geological imprint in fossil records [14] and marine plastic pollution, being irreversible
and globally ubiquitous [15], is considered to be a potential planetary boundary threat [16]. A
planetary boundary threat is defined as disruption of our plants vital ecosystems functions on a
global scale that when crossed cannot be reversed. [17]. Should plastic pollution, in particular mi-
croplastic (nP) pollution turn out to be such a planetary boundary threat, the plastic-induced shift
in the earth’s ecosystems function will generate rising risks for our societies. Boundaries should be
set in a way to prevent such shifts, but for that, more information about pP effects in the global
ecosystem is needed. pP is found at all levels of the marine food web, from krill to whales, and
in many terrestrial life forms, including humans [18]. Assessing the possible changes induced by
plastic in the environment is important for the future, especially in the light of other imminent
threats to our plant’s ecosystems.

Synthetic Polymers

Plastic is ubiquitous and there is no way of eliminating it from daily use, nor is there a viable replace-
ment for most of its applications. On the opening page of their book ‘Plastics’, Yarsley & Couzens
[19] consider that ‘the possible applications [of plastics] are almost inexhaustible’. Unmatched
flexibility is the reason for the usage of plastic reaching an indispensable status, with extensive in-
dustrial, medicinal, commercial, as well as municipal and research applications in modern society
[20].

Plastic - being a durable, cheap, and lightweight material, making its application extremely ver-
satile and ideal for mass production -is an integral part of our society. There are two categories of
polymers that are used in plastic production. Thermoplastics melt when heated and harden when
cooled. This process is reversible, and materials can be reheated and reshaped repeatedly. Most of
our everyday plastics belong to this group, including polyethylene (PE), polypropylene (PP), poly-
vinyl-chloride (PVC), polyethylene terephthalate (PET), polystyrene (PS), expanded polystyrene
(ePS), poly-amid (PA), polymethyl methacrylate (PMMA) (see Table 1.1). These plastics are of-
ten polymerized into pre-production pellets for easier transport. Additives are added to stabilize
these plastics from softening under normal use conditions, as temperatures at which they are rigid
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can easily be exceeded (see Figure 1.1). The second category is called thermosets. They undergo a
chemical change when heated, preventing the possibility of being reheated and reshaped, they are
“set” once they cool. This category includes polyester, acrylic and vinyl.
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Figure 1.1: Why can some plastics be reshaped? In order to recycle a material efficiently, it has
to be reheatable and reformable, as for instance glass. Thermoplastics only form weak links when
cooling in their desired form between the monomer chains. These weak bonds break when the
material is reheated which both increases thermal degradation but also makes recycling possible.
In contrast, the thermosets form strong cross-links between the monomer chains when cooling,
creating a three dimensional network. This makes them more heat resistant and not remoldable,
heat application will lead to thermal degradation, breaking the monomer chains before the cross-

linkages.

The common term “plastic” refers to synthetic organic polymers, derived from the polymer-
ization of monomers which are extracted from fossil oil and gas [21, 22]. Although they might
look the same to the naked eye, plastic polymers vary widely in their molecular structure. This
difference in structure leads to problems, e.g. being able to recycle them efficiently, but also has
the advantage of making polymers easily identifiable via their spectral footprint. Spectral analysis
techniques such as Raman spectroscopy or Fourier-transform infrared spectroscopy (FTIR) dis-
play the unique spectrum of each material which makes identification of plastics without a label

possible (see Table 1.2).
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Table 1.1: Chemical structure of thermoplastic polymers [23]. The difference in chemical
structure makes identification via Raman spectroscopy possible through a difference in vibrations
in the molecule. Density is included to illustrate differences in buoyancy behavior when intro-
duced into the marine environment.

Thermoplastics Abbreviation Denﬂgy Chemical Structure
(g/cm?)
91-0. CH,—CH
Polyethylene PE 0.91 -0.96 { > 2};
Pol 1 PP 0.90 - 0.91 7(\3H3
olypropylene .90 -0. 1EH-CH,
L n
Polystyrene PS 0.96 - 1.05
T CH-CH,
ki
Polyamid PA 1.01 - 1.42 wN*CHJ*F%
O
n
C‘I
Polyvinyl Chloride PVC 1.16-158 | | CH,~ CH
L n
_ (?Hsﬁ
+CH,~C —
Polymethyl methacrylate PMMA 1.18-1.20 /C\\
O O
\
CH,
L In
O O~ CH,~CH,+OH
Polyethylene Terephthalate PET 1.37 - 1.45 CO C
yethy P H O/ \\O
n

FTIR and Raman spectroscopy have different detection mechanism for vibrations within the
molecule after absorption of the radiation required to excite the molecule. Vibrations modifying
the dipole moment of a molecule are detected by FTIR, whereas Raman scattering detects vibra-
tions modifying the polarizability of a molecule. Some vibrations can modify both polarizability
and dipole moment, and are determined by both FTIR and Raman spectroscopy. Raman spec-
troscopy can also detect rotational and low-frequency modes of a system, so it is commonly used to
provide a structural fingerprint of molecules for identification. Symmetric stretches and bends in
a molecule tend to be more Raman active and vibrations detected by Raman spectroscopy do not
change the center of symmetry in the molecule (see Table 1.2). Vibrations of the backbone of long
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polymer chains cause no change in the dipole moment due to canceling out of adjacent dipoles by
repeating units, but cause significant changes in polarizability. Hence, polymer backbone struc-
ture and conformation can be analyzed using Raman spectroscopy (for chemical structure of com-
mon plastics see Table 1.1). In this thesis Raman analysis was used for the identification of the
environmental polymer samples.

Table 1.2: Raman modes of polystyrene (PS): while this polymer displays all these modes, not all
of them are always observed. Differences in the exact wavelength of the peaks are due to different
excitation (laser) wavelength as well as the purity of the material. As seen in the Raman modes
below, only the peak at about 1437 nm refers to the backbone of the polymer, while the other
peaks refer to the aromatic ring structure [24].

v(cm™) ‘ Vibration

1588 Aromatic C=C stretching

1437 CH, deformation

1183 Aromatic ring stretching

1152 Aromatic CH in plane deformation

1026 Aromatic CH in plane deformation

998 Aromatic ring breathing mode

793 Aromatic C=C out of plane deformation
622 Aromatic C=C in plane ring deformation

History of Synthetic Polymers

As “plastic” refers to this wide range of materials, there is no single discovery date. Difterent plastics
were discovered at different times by different people. Many chemists contributed to the material
science of plastics, including Nobel laureate Hermann Staudinger who has been called “the father
of polymer chemistry” and Herman Mark, known as “the father of polymer physics" . Onenotable
discovery was that of polystyrene by a German apothecary Eduard Simon in 1839 [25]. The first
fully synthetic plastic was discovered in 1907 -Bakelite, a thermoset [7]. Because of its electrical
non-conductivity and heat-resistant properties, it gained wide use in electrical insulators, radio and
telephone casings as well as kitchenware, children’s toys, and firearms. Old Bakelite products are
nowadays considered collectibles. By 1910, Bakelite was in mass production [26].

From 1920 to 1940 there was a shift from using thermosets to thermoplastics, as the sites of
plastic production disassociated from the sites of production of the end product. Companies such
as DuPont and BASF went into pass production of nylon and PS, respectively. The 1950s saw a
massive increase in mean annual production of over 1.5 millions tons [27] and expansion of plas-
tic use into increasingly more parts of human society (packaging, construction, car production).
In 2020, plastic production was expected to surpass 370 million tons [28] and to supply over 1.6
million jobs in Europe alone. Asia produces over 51% of all plastics worldwide with 30% of the pro-
duction in China alone. It accounts for more than 8% of global oil production [12]. Development
of new plastics continues until today [29].

Plastic has invaded every aspect of life in the 100 years since mass production started. In this rel-
atively short time, plastic is viewed by some as a massive global problem with an unclear outcome
that needs monitoring [30]. Clothing, worn directly on our skin or used to create a waterproof
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second outside layer of protection, often contain various degrees of plastic polymers [31]. From
cheap to expensive, from casual to business and formal, from designer to mass-produced and in
every local industry, plastic has a great functional, color and tactile impact on the fabrics used [32].
Itis ever-present in our houses, from carpets to wall paints and from flooring to ceiling covers, plas-
tic is an integral part of our housing industry [28]. Interior designs products such as beds linens,
shower curtains, heat resistant gloves in the kitchen, microfiber (MF) cleaning cloth; the list of
applications goes on and is nearly inexhaustible. We do not just have a plastic solution for every
household and clothing item, all our modern comforts are plastic-made as well, from cell phones
to food packaging. pPs and additives leach from the packaging into the food, creating a potential
estimated source of chemical exposure [18]. We add pP to beauty products and household clean-
ers. With the increasing world population and expanding industrialization of societies, the yearly
plastic production increases as well [28]. This is a worldwide phenomenon, spanning all economic
and social classes across all continents.

Marine Plastic Pollution

Plastic debris is accumulating at a rapid rate in coastal and marine ecosystems worldwide [33](see
Figure 1.2). Only roughly 10% of marine plastic pollution originates at sea [27]. Most plastic is pos-
itive buoyant when first introduced into the marine environment, making it easily dispersible over
long distances via wind and wave action [21]. Undergoing diverse processes in the marine environ-
ment, many plastic types become negatively buoyant and are found throughout the water column,
accumulating in sea floor substrates [34]. This creates an artificial partition that can inhibit ben-
thic gas and nutrient exchanges, leading to anoxic and hypoxic conditions in affected areas [35].
In addition, plastic can leach additives and dyes (both of which can contain heavy metals) into the
water column, while at the same time absorbing hydrophobic compounds and nutrients from the
water. Plastic also transports sessile invasive species [36] and acts as a vector for pathogenic micro-
organisms and parasites (e.g., Escherichia coli, Bacillus cereus and Stenotrophomonas maltophila)
[37].

The impact of large macroplastic (maP) debris has been reviewed and researched numerous
times [38, 39, 40, 41, 42, 43] with big clean-up research and application programs under way [44].
However, pP and nanoplastics (nP) have been less of a focus [20, 22]. The term microplastic was
coined in 2004 by Thompson et al. [45] in a Science article “Lostat Sea: Where Is All the Plastic?”
although they were first observed in 1972 by Carpenter and Smith [46].

Especially important s research about the nP scale, as much is yet unknown about effects of the
smallest sizes of marine plastic pollution. Combining regional surveys and previously unpublished
reports [47] correlates the collected plastics with their sizes as well as normalized values to volume.
It shows that pPs make up the largest fraction of plastics in the ocean. More importantly, it reveals
that the observed plastic debris values are lower than expected and do not correspond to models
of fragmentation. This effect increases with decreasing particle size, raising the question where
those tiny particles have disappeared to. Four possible sinks are suggested: Shore deposition, nano
fragmentation, biofouling ', and ingestion -none of which have been researched to their full extent
in any size-class. Looking at the amount found on the shores around the world, it is important not
just to notice that the plastic particle abundance differs around the planet but also that there are no

1 Accumulation of bacteria and algae on the plastics surface, causing the polymer matrix to degrade
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Figure 1.2: The question of the origin of marine plastic pollution ins not easily answered,
for there are a wide variety of sources distributed across land and sea. Yellow numbers show
sources of marine plastic pollution, blue numbers show the effects of marine plastic pollution in
the oceans. Plastic is highlighted in red and arrows display the route the plastic takes to reach the
ocean. Marine plastic pollution is up to 90 % land-based. It reaches the ocean via the atmosphere,
river and land runoff. The pollution is produced in different sizes. Grand scale pP input into the
ocean includes abrasions of tires, sandblasting/abrasion of plastic paints, pre-production plastic
pellets and microfiber from domestic and commercial fabric washing. (Graphic: Alfred-Wegener-
Institut / Martin Kansting (CC-BY 4.0))
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uniform sampling and reporting standards. This problem of non-standardized sampling methods
is discussed by Hidalgo-Ruz et al. [48]. pPs from pre-production pellets have been sampled since
the 1970s [46, 49], standardization in sampling and reporting of nP should be a priority by now.
To address the problem of marine plastic pollution, policymakers need comparable abundance
numbers and risk assessments [50, 30].

In addition to the unanswered question of the fate of pP/nPs, the first study of the negative
effects of nPs on aquatic microorganisms was published in 2014. Besseling et al. [51] reported
that the algae population of Scenedesmus obliguus displayed an inhibition of growth and reduced
chlorophyll-a levels after exposure. The demonstrated negative effects of nPs on algae combined
with the potential manifold increase of the nano fraction of the plastic pollution (via secondary
or primary input) calls for immediate research into this topic. The need to act to prevent further
harm to the marine ecosystem was also pointed out in Science Perspectives, “Micoplastics in the
Sea” by Law and Thompson [52]. Besides scientists pointing out the need for research, the EU
adopted the Marine Strategy Framework Directive [53] in 2008. This framework was discussed by
scientists in 2010 and they agreed on a list of open questions [54] in three categories, “emission,
transport, and ﬁzte" R “p/oysz’ml @ﬁfcts” and “chemical qf%cz‘;” . In this thesis, all three categories
will be addressed in the different chapters.

1.2 From Micro to Nanoplastic — It is Still Plastic

The terminology for sizing marine plastic pollution initially followed the traditional plankton siz-
ing categories [55] for pP/nP (pP between S - 1 mm and nP from below 20 pm), with arbitrary
boundaries defined for macro- and mesoplastics. There is still no consensus about the size classes,
but after decades of research, the categories are now expanded to include a wider range of particles.
Arthur etal. [56] proposed pPs to include all fragments smaller than 5 mm, a definition which has
subsequently been adopted by the National Oceanic and Atmospheric Administration (NOAA).
Since then, nPs have been separated into two fractions, large (5 -1 mm) and small (1 mm - 20 pm),
with a sub-micron category added (20 pm - 1 pm) [24]. The definition for nP still lacks consensus
and is defined by each author, with the most commonly used definitions being either the tradi-
tional plankton one (<20 pm from [57]) and more accurate to the name of nPs (<100 nm from
[58]). In this thesis, the following definitions were adopted for all size classes of marine plastic
pollution as shown in Figure 1.3):

Macroplastic (maP): > 2.5 cm

Mesoplastic (meP): 2.5 cm - S mm

Microplastic (nP): large (5 - 1 mm), small (1 mm - 20 pm), sub-20 (20 pm - 1 pm)

Nanoplastic (nP): large ( 1 pm - 100 nm), small (100 nm - 1 nm)
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Figure 1.3: Size categories for marine plastic pollution. Consequences of the marine plastic
pollution, to the extent that it is know, is size dependent. Both in mechanisms and impact, different
sizes of plastic vary. While nP/nPs, and to some extent meP possess the ability to travel through the
food chain and bio-accumulate toxins in living organisms, meP and maP have a greater influence
on habitats through preventing gas-exchange on sea-beds and creating artificial surfaces [7].

Since being initially observed over four decades ago, these small plastic particles have decreased
in average size, as archived plastic samples show a mean particle size decrease from 10.66 mm in
the 1990s to 5.05 mm in the 2000s [20]. In 2010, 69% of the fragments were only 2-6 mm [59].
Recently, the particles of the nano fraction have been reported from surface waters of the North
Atlantic Subtropical Gyre [60]. As mean plastic particle size in the ocean has been decreasing over
the last decades, one possible explanation in tandem with better sampling techniques is fragmen-
tation into secondary micro- and nano-sized plastic particles. In the marine environment, frag-
mentation involves an interplay of many different processes. Plastic degrades by a shortening of
its long polymer chains, often a combination of wind, currents and tidal action can mechanically
degrade the plastic and start fragmentation processes [45]. This kind of fragmentation, fueled by
the forces of the water forcefully breaking the still intact polymer chains, leads to sharp breaks that
get rounded over time. Photochemical degradation (photodegradation) initiated by UV radiation
(UV-B radiation (~295-315 nm) and UV-A radiation (~315-400 nm)) on the other hand affects
the polymer structure, leading to discoloration and loss of mechanical stability which in turn leads
to the characteristic photodegradation cracks, brittleness and disintegration [29]. Centers of attack
for direct photodegradation are tertiary carbon bonds in PP and PE, as they require a low amount
of energy to scission. As these saturated hydrocarbons give PP and PE their chemical and biologi-
cal stability, photodegradation is the most common degradation in these polymers [61]. Another
center of attack sensitive to UV radiation is aromatic rings as found in PS and PET. UV radiation
interacts with these bonds to form free radicals, which in turn react further with the surrounding
oxygen leading to carbonyl groups in the main chain - the polymer chain is broken and with it the
stability. Fragmentation occurs. As photodegradation is actually a process of oxidation and hy-
drolysis jump-started by UV radiation, it occurs most frequently in the surface layer of the ocean,
where UV radiation and oxygen levels are high. Once plastic debris exits the layer of the ocean
where UV radiation can reach, this kind of degradation is stopped. To prevent photodegradation,
light stabilizers are often added to plastics. They work through preferentially absorbing the UV
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radiation, dissipating the energy as low-level heat and by doing so preventing the formation of free
radicals. The specific chemical used depends on the polymer needing the protection [62]. The visi-
ble part of sunlight (400-760 nm) leads to polymeric degradation by heating and infrared radiation
(760-2500 nm) accelerates thermal oxidation [29]. Thermal degradation works through the same
mechanism as photodegradation, providing the molecule with more energy, leading to a kineti-
cally unstable version of the polymer which, in the presence of oxygen or water, will be oxidized
or hydrolyzed [63]. An increasing field of study is the biodegradation of plastic. This degrada-
tion, and subsequent fragmentation, are mediated by microorganisms secreting exo-enzymes that
break down the plastics to low chain molecules which can be used by the organisms to fuel their
metabolism. By-products often enter the sulfur, nitrogen and carbon cycle. Biodegradation hap-
pens under both aerobic and anaerobic conditions, leading to different products: while aerobic
degradation produces CO5 and HyO, anaerobic degradation produces CO5 and CHy. Biodegre-
datation takes place in the “plastisphere” [64] as the hydrophobic surface of plastics of all sizes
attracts bacterial and microalgae communities, creating a biofilm. Difterent plastic types have dif-
ferent communities on them and these communities are distinct from the surrounding sea water
[65, 64].

Both pP/nP can be of primary (originally of micro- and nano-size) or secondary (fragmentation
of maP/meP) origin [66, 20]. Primary pP/nP can come from a variety of sources we use in our daily
life. pP/nP beads in detergents, scrubs and medical applications as well as makeup and lotion fillers
enter the marine ecosystem via the water system and are often not removed in treatment plants
[67]. Unintentional primary nP/nP are by-products of 3D printing [68] and Styrofoam [58], for
example. Pre-production pellets and flakes are often lost during transport, storage, loading and
cleaning, and enter the environment at high rates [69]. Secondary nP/nPs are caused by photo-
chemical (UV radiation) and mechanical degradation of larger maP/meP leading to fragmentation
within the marine environment, but also by tire wear and tear and removal of paints from buildings
and ships, and fibers from clothes and carpets [66, 20, 70, 31].

Another possible reason for an increase in micro- and nano-sized plastic particles in the marine
environment is the increased release of plastic particles primarily of that size. Recent reviews of pre-
production pellet release in Sweden estimate an annual release between a minimum of 3 million
and a worst-case scenario of 36 million pellets from the study area [69]. If the fraction smaller
than 300 pm had been included, the total plastic particle count in the hourly runoft would have
exceeded 500,000 particles [69].

While the increase in smaller particles has been observed [59, 45], changes in chemical com-
position, color, polymer structure and, consequently, the leaching of chemicals from the plastic
into the ocean has not been studied to its full extent (Figure 1.4). Due to the higher surface to
volume ratio, the smaller pieces of pP/nP are bound to lose higher quantities of chemicals to the
surrounding environment, thus this process is in urgent need of quantification.

Leaching and Sorption of Chemicals in Micro- and Nanoplastic

During production additional chemicals or additives, are added to improve the desired qualities
of the pure polymer, e.g. UV stabilizers against UV radiation-induced degradation. These also are
largely derived from non-renewable crude oil. Although the plastic itself, when polymerized, is
said to be biochemically inert due to its large molecular size, residual monomers and additives to
the plastic are hazardous for human health and the environment [71]. Additives can be divided
into four categories, functional additives (e. g. stabilizers/UV stabilizers, antistatic agents, flame
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retardants, plasticizers, lubricants, slip agents, curing agents, foaming agents, biocides and smoke
suppressors), colorants (e.g. pigments, soluble azocolorants), fillers ( e.g. mica, talc, kaolin, clay,
calcium carbonate, barium sulphate), and reinforcements (e.g. impact modifiers, glass fibres, car-
bon fibre) [10]. All non-polymeric components of plastic, including heavy metals dyes, are often
of lower molecular weight and may, therefore, migrate from the plastic matrix [72] to air, water
or other contact media (e.g., food) [71]. They may be released during production, use or after
disposal, in a process called leaching (see Figure 1.4). Leaching of plasticizers (e.g., phthalates),
have shown to be teratogenic and endocrine disrupting in amphibian and fish [73]. In addition to
leaching of toxins from the polymer matrix, chemicals can also sorb onto the plastic surface. Two
different processes interplay, adsorption to the surface and absorption into the polymer matrix
(see Figure 1.4). Adsorption happens through hydrophobic interactions , electrostatic forces , and
noncovalent interactions . Adsorption of a chemical has three stages, attaching and distributing
on the particle until an equilibrium stage is reached [74].
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Figure 1.4: Leaching and sorption processes in nP/nPs. Monomers (see Table 1.1), additives
(e.g., stabilizers, plasticizers, flame retardants, pigments, fillers) and dyes are not bound within the
polymer matrix and can leach from the plastic into the surrounding seawater. Many monomers are
carcinogenic. Persistent organic pollutants (such as polychlorinated biphenyls (PCBs), pesticides
(e.g., DDT) and polycyclic aromatic hydrocarbons (PAHs)) and heavy metals sorb on to the surface
of the plastic. Different polymer types attract different toxins as well as different amounts of toxins.
These toxins can sorb onto the hydrophobic surface but also release easily. Adsorbed toxins can be
released easily from the surface into the surrounding media or tissue (in bio-accumulation) but
absorbed chemicals tend to travel with pP/nP for longer and leach at a later point.

Several papers explore the different sorption processes in laboratory experiments [73, 75] and
field studies on the amount of persistent organic pollutants (POP) and heavy metals on pP/nPs
have been conducted with alarming findings [37, 76, 10, 77]. Model analysis also contributes to
the knowledge about this problem in pP/nPs [78, 30].

The alteration of pP and nP surface properties in the marine environment explains the affin-
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ity of the exposed and eroded particles for chemicals that the virgin plastics would not sorb [79].
Erosion of plastic increases the surface porosity, thereby increasing the surface area through un-
evenness. Changes in surface charges via chemical alteration of the plastic due to erosion make the
particles more favorable to interaction with polar compounds, whereas virgin plastic particles have
a neutral surface [79]. Many dyes, surfactance and metals are more easily sorped to the surface of
eroded plastics. Adsorbed to the surface they can be transported over great distances, as well as
through the food chain by being released inside an organism that ingested the particle. Through
this process of bio-accumulation even small amounts can travel all the way through the trophic
levels.

Various types of nP/nPs, including fibers, pre-production pellets and fragments, are now com-
monly found in organisms [80, 81, 82]. When plastic is confused for food or accidentally ingested
by filter feeders [83], these toxins can be released into organisms and can bio-accumulate to higher
trophic levels [75, 84]. Toxic heavy metals are generally found absorbed to all types of plastics in the
marine environment, with the concentrations of all metals increasing over time. However, none
of the heavy metals found have reached saturation [75]. Trace metals, such as cadmium, zinc, and
lead can also leach from additives such as heat stabilizers and slip agents and can comprise up to 3%
of the polymer composition [10]. Whether inherent or accumulated, these metals add to the risk
that pP/nP pose to the environment [85], a risk that needs better evaluation.

1.3 From Plastic to Marine Habitats

The theory of the fate of marine plastic pollution is well documented and the different components
of Figure 1.5 are all part of different investigations, in environmental ecology, food sciences, and
material sciences. As shape, color, and composition of plastic changes over time during exposure
to marine conditions, so does the impact on organisms growing on or ingesting these particles.
As floating debris, plastic is harmful to the ecosystem nutrient cycle and marine wildlife [86].
High concentrations of floating plastic debris are reported from all marine ecosystems, but exact
abundances and distributions of plastic litter remain unknown [47]. In addition, such research has
mainly focused on the center of oceanic gyres, an accumulation zone for marine litter, especially
plastic. Gyres are very old biomes; the North Pacific Subtropical Gyre present-day boundaries have
persisted since the Pliocene. They also constitute the largest contiguous biomes on earth [87]. Cre-
ated by wind-driven circulation patterns [88], gyres account for most of the oceanic primary pro-
duction. Plastic is lightweight, buoyant, and thus prone to wind movement, getting trapped at the
gyres center. Due to prolonged exposure of larger plastic litter to UV radiation and wave action,
gyres have particularly high concentrations of secondary nP and presumably nPs. Concentrations
in the largest ecosystem on our planet, the North Pacific Subtropical Gyre, have been reported
with 32.76 particles/m? and 250mg/m? [89] or 334 pieces/m? in the Northeast Pacific [86]”. The
South Pacific gyre has been found to contain up to 396 pieces/m* [90]. Gyres are considered olig-
otrophic because they are far from terrestrial runoft [91]. Still they support one half of the world’s
primary production [87]. Phytoplankton and their predating zooplankton have adapted to these
stable conditions. For example, through the reduction of their genome, they have reduced the need

*It should be noted that there are no reporting standards for pP/nP pollution, so some of the reported values are
concentrations to unit volume and others are per area.
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Figure 1.5: Potential pathways of pP/nP in the marine environment. pP/nP debris is trans-
ported and interacts with the marine biota, the complexity of interactions and spatial dimensions
making the problem hard to tackle for scientists and policymakers alike. Touching on every ma-
rine habitat, the potential problems arising from these particles’ presence are in great need of being
quantified and qualified. Uncertainty in the potential risks of pP/nP is one of the greatest prob-
lems. Physical processes are shown in blue arrows (fragmentation and sinking), chemical processes
in red (leaching and accumulation) and interactions with biota in green.
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for nutrient elements as these have become limited. This results in particularly vulnerable stratig-
raphy, as the smallest changes can prove disastrous. With global warming and ocean acidification
stressing these communities, the introduction and prevalence of pP/nPs into this ecosystem as an-
other stressor needs to be studied in more detail. Other regions of the ocean have lower reported
concentrations: 1.414 pieces/m* in the Caribbean Sea [59]; 1.534 pieces/m?* in the Gulf of Maine
[59] and on a fringing reef on Mo’orea 0.74 pieces/m? [92]. At the surface of the Kuroshio Current
only 0.0176/m? items can be found [93].

Plastic of all sizes is detrimental not just on the surface or in the water column where the prob-
lem is visible to us but also throughout the entire ocean, having been found thought the water
column [34, 94]. Once it settles on the ocean floor, it can accumulate and create a barrier in the
substrate, limiting gas and nutrient exchange. This can lead to anoxia and hypoxia for benthic or-
ganisms (Figure 1.5) [35]. In addition to the effects plastic itself has on the animals, toxic chemicals
and heavy metals that are adsorbed to the plastic surface and into the polymer matrix are leaching
from the particles once they are ingested. In addition, these chemicals bio-accumulate in organisms
and will be transferred through the food web to higher trophic levels (Figure 1.5) [84, 75].

The ingestion of plastic particles of differing sizes by various marine organisms - from zoo-
plankton to whales - is well-reported [95, 96, 80]. While there are studies and research expedi-
tions about the macroplastic pollution of the open ocean and especially the gyres, giving a general
overview and detailed quantification of the problem, nP/nP are just starting to be investigated on
an ocean wide basis. In particular, the impact on plankton communities needs more research. One
study reports on the aggregation processes between pPs and plankton [97]. Another study corre-
lates nPs to a reduction in Chlorophyll A levels and growth rate of fresh water algae [S1] which
could imply that the same holds true for marine planktonic primary producers.

As the effects of human activity increase and change to more synthetic pollution, both pP/nPs
themselves, as well as associated pollutants, will keep increasing. Quantification of the underlying
processes and relationships of nP/nP pollution with plankton is important in order to understand
the changes in the marine environment that might result from this pollution (Figure 1.6). Besides
the direct impact of pP/nPs on the plankton communities, there are additional effects. Adsorbed
pollutants on the pP/nPs are another factor directly affecting the communities. Changes in the
aggregation processes and sinking behavior of plankton derived marine snow due to pP/nP incor-
poration has an indirect effect on these communities but a direct effect on the ocean’s biological
carbon pump. Marine snow consists of aggregates composed of organic detritus, such as bacteria,
extracellular polymeric substances (EPS), phytoplankton, or zooplankton faeces [98] and inorganic
particles such as minerals, and more recently oil [99] and pP/nP [100].

The marine ecosystems (and plankton communities) play a critical role in the planet’s car-
bon cycle (Figure 1.6). The vertical downward transport of organic carbon is called the biologi-
cal pump; the pumping referring to the transport against the dissolved inorganic carbon gradient
(highest in the deep sea). This happens via the biological part of the ocean carbon pump. Pho-
tosynthetically fixed carbon in the form of organic matter is transported from the upper oceans,
where photosynthesis is possible, to the ocean’s depth, thus sequestrating carbon from the atmo-
sphere for months up to millennia. This process mitigates climate change. Plankton communities
are the basis of the food web and biological carbon pump, with phytoplankton doing the crucial
job of fixing inorganic dissolved carbon in organic matter [101], although higher trophic levels
contribute as well [102].

As the upper oceans are missing predicted amounts of nP pollution to one order of magni-
tude [47], the vertical transport through marine snow has been proposed to explain these low con-
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Figure 1.6: Studying plankton-plastic aggregate formation in the presence of microfibers
(MF) and pP/nP is important to understand the effects that these particles have on the
oceanic carbon pump. At the lowest level of the marine food web, phytoplankton is the main O,
producer and drives COy assimilation to mitigate climate change. Preliminary results have shown
that the process of aggregate formation is not influenced by the presence of plastic particles, but
through incorporation the physical characteristics change. This results in changed sinking rates
(increased for microfiber incorporation, decreased for nanospheres). Photosynthesis rates decrease
with the amount of nP/nPs present, making the plankton less efficient in CO assimilation. Both
of these effects can potentially lead to a disruption of the oceanic carbon pump and as such limit
carbon sequestration. Sinking rates and photosynthetic efficiency is influenced by abiotic factors.
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centrations [103, 97]. As Choy et al. [34] point out, we lack a comprehensive understanding of
concentrations, cycling and fate of plastics in subsurface waters, these deep pelagic waters being
the largest ecosystems on Earth. In their study of the protected marine area of Monterey Bay, they
conclude that a large pool of nPs can be found throughout the water column, in some case match-
ing and exceeding those found in other areas. Considering the enormous spatial (both horizontal
and vertical) and ecological scale of the problem [34], new sampling technologies are necessary to
tackle the problem.

The vertical transport of plastic through various pathways eventually ends at the sea floor. Al-
though studies on a global scale are lacking, regional studies find a ubiquitous distribution of nPs
in marine sediments [104]. This study found that hydrological/sediment-matrix properties are im-
portant for deposition/retention (positive correlations between pP filaments and wave exposure,
and pP particles with finer sediments). They further found that there is no higher concentration
of pnPs associated with any other pollutants (heavy metals/sewage). They conclude that the “im-
pacts of marine pPs at the individual, population, and community levels of sea floor flora and
fauna need to be assessed through broader surveys and mechanistic studies involving laboratory
and, ultimately, field settings.”

Coral reefs are productive, biologically diverse ecosystems [105, 106]. They cover less than 1%
of the ocean floor, while containing around one third of all described marine species [107]. Mil-
lions of people along the ocean’s coast depend on coral reefs for food and livelihood [108]. Anthro-
pological effects, on local and global scales, threaten coral reefs, including increased sedimentation
by runoft from rivers originating in agricultural and industrial removal of soil cover, increasing tem-
peratures from global climate change, and changes in sea water chemistry [109, 110, 111]. Meso-
and macroplastics such as fishing nets and buoys are a known source of coral degradation [112],
and pPs contaminate reefs around the world [92, 113, 114]. Negative effects on coral health (i.c.
bleaching and tissue necrosis) from the exposure to pPs have been reported [115]. Lingetal. [104]
do not find that neighboring reef biota have any impact on amounts of nPs found in sediments.

As Okinawa is surrounded by fringing reef, understanding how the magnitude of plastic pol-
lution found in coastal waters can impact the reef-building community is important. Our knowl-
edge of the biological impact of pP/nP/MF pollution on coral is limited and risk assessments do
not exist.

1.4 From Habitats to Risk Assessment

Risk assessments of ecosystems involves different concepts and metrics. While the study of the
resilience, vulnerability and reorganization of ecosystems has been ongoing since the 1970s, risk
assessments in the field of marine plastic pollution is less than a decade old [50, 116, 30]. To un-
derstand how resilient the different marine ecosystems are to this new pollution, more data on
how plastic influences biodiversity and the resulting ecosystem functions is needed. The potential
of pP/nP to influence the plankton communities that drive the oceanic carbon pump gives this
pollution an immense importance in the global oceanic ecosystem. To correctly assess these poten-
tially adverse effects, complex ecological studies in combination with exact laboratory studies are
needed. These can give data input for models but also show if there are any risks from pP/nP to
individual species. Resilience to plastic pollution can operate at different scales and times [117].
The ability for reorganization and renewal of a desired ecosystem state after disturbance and the
degree of change will strongly depend on  “past exposure to perturbations” [118]. Exposure is
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not a part of resilience itself [119], but a history of past similar disturbances may be important to
build resilience [120, 121]. There have been no past exposures to pP/nP to develop resilience, but
other marine algae communities are exposed to floating inorganic particles (minerals such as clay,
sand, silt, silica and oil) and organic particles (cellulose, chitin, amber, etc.[122]) on a regular ba-
sis. It stands to reason, but has to be explored in more detail, that plankton communities could
also adapt to pP/nP presence, and reorganize depending on the extent of the effects to continue
to provide the essential ecosystem services we depend on (e.g., oxygen production and carbon se-
questration as well as the basis of the marine food web). Such cross-scale aspects of resilience are
captured in the notion of a panarchy, a set of dynamic systems nested across scales [120]. Human
actors can also manage cross-scale interactions to avoid or instigate loss of resilience at larger and
more catastrophic scales [120]. Managing resilience of the plankton communities would reduce
the risk of nP/nP as a potential planetary boundary threat [16]. Being present throughout the wa-
ter column, on beaches and in surface waters, and within the benthos [123, 86, 45, 34], pP/nPs
have invaded the most remote marine ecosystems [124]. On Okinawa, sources of marine pollution
have increased in the last 30 years [125, 126] leading to more calls for marine protection [127].
Increasing knowledge on nP/nP distribution, abundance and influence on the Okinawan marine
environment can help take into better consideration all the different stakeholders in this problem
and lead to more efficient creation of marine protection [128]. A Choice Experiment [129] con-
ducted on Okinawa about marine protection in 2014/2015 revealed that residents of Okinawa
are supportive of increasing the coral coverage and marine biodiversity while restricting coastal
development [130]. As in many coastal communities, Okinawans have an interdependence with
the marine ecosystem. Understanding the specific vulnerabilities of the reef ecosystem to pnP/nP
comes from a synergy between laboratory experiments on specific reef community species as well
as a knowledge of the environmental conditions presently found on the reef. Conducting more
detailed risk analysis will help us understand the resilience ecosystems have to nP/nP/MF and the
vulnerability they express towards this pollution.

1.5 Conclusions and Objectives

In conclusion, the yearly increasing plastic production, combined with the decrease in average par-
ticle size and the missing micro- and nano-sized plastic particle fractions indicate an immediate
need to investigate marine plastic pollution. The risk and challenge that the presence of micro-
and nano-particles and -fibers pose to the various marine ecosystems are diverse and largely un-
quantified. There is a clear need to research the topic of marine pP/nP pollution so that we can
understand, predict, and potentially mitigate its effect on the marine environment. As this is such
a complex problem, building on available methods and techniques used by the community is essen-
tial to close the knowledge gaps. In addition, the Okinawan Prefectural Government has signaled
that input about pP/nP pollution will be helpful to their policy making as they want to preserve
the marine ecosystem

Given the potentially substantial threat to Pacific Island communities, who often depend on
the ocean as a direct or indirect source of income, this thesis aims to answer two of the problems
raised above - nano fragmentation and biofouling - in the context of Okinawa. The unique location
along the Kuroshio Current with mainly fringing reefs will create an entirely new data set for the
questions concerning emission, transport, and fate in the environment. This study aims to increase
the knowledge about the interactions of these particles with microalgae of two different ecosystems,
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the plankton communities of the open oceans and fringing reef habitats. In addition, an initial
assessment of the presence and distribution of pP/nPs around Okinawa is given.

To build on the available data and extend the knowledge in several different directions, the
main foci of this thesis will be (I) micro- and nanoplastics effects on microalgae and (II) micro- and
nanoplastics abundance and distribution around Okinawa. The layout of the thesis is as follows:

Chapter 2

This chapter investigates the aggregate formation processes between pP/nPs/MF with marine plank-
tonic primary producers which leads to the potential introduction of plastics into the carbon

pump.

* How does the presence of plastic particles affect aggregation and sedimentation of key phy-
toplankton species (physical effects)?

* Are biological carbon pump pathways infiltrated by nP/nPs/MF through incorporation

into aggregates (connection to environmental data)?

Chapter 3

In this chapter the results of a field study around Okinawa are presented. An initial assessment
of abundance, type and pollution status of micro- and nano-sized plastic particles in the coastal
environment of Okinawa is given to evaluate the local emission, transport, and fate of pP/nPs.

* How many plastic particles are found in the surface waters around Okinawa and does this
reflect human population and industrial distribution?

What type of plastic particles can be found?

What kind of heavy metals can be found on the plastic particles?

* Is there a potential risk posed by pP/nP?

Chapter 4

Chapter 4 investigates the effects of polystyrene nanoplastic (nanoPS,3) on endosymbiotic di-
noflagellates isolated from Okinawa reef environment and relates to potential effects on the symbiont-
host dynamic and for the fringing reefs of Okinawa.

* Does the presence of nanoPSys inhibit Symbiodinium tridacnidorum and Cladocopium sp.
ability to do photosynthesis and reduce its growth rates?

* Which genes show a change in expression patterns?

Chapter 5

The last chapter of this thesis gives an overview of the results and conclusions. The outlook dis-
cusses which further research could build onto the work presented in this thesis.



Chapter 2

Micro- and Nanoplastic Particles in Marine
Snow Formation'

2.1 The Carbon Cycle and Marine Snow

Between 50% and 80% of the photosynthetic oxygen produced on Earth each year comes from the
ocean, and 90% of that is generated by phytoplankton through photosynthesis [131]. By the same
process, phytoplankton are a major contributor to the oceanic carbon cycle. They assimilate dis-
solved carbon dioxide into organic matter, forming the basis of the marine food web. A wide range
of physico-chemical and biological processes contribute to the oceanic carbon cycle, connecting
different carbon reservoirs in the atmosphere and ocean.

One hundred gigatons of carbon (GtC) in the form of CO, are exchanged between the ocean
and atmosphere reservoir each year, while our oceans also retain and store CO, through carbon
sequestration”. Organically fixed carbon from the atmosphere and, as such, from anthropogenic
origins, can be sequestrated into the ocean’s depth. If buried in sediments, the carbon can remain
there for millions of years, a major mechanism to lower atmospheric carbon levels. This process
depends on the biological side of the carbon cycle. When phytoplankton, or other living organ-
isms in the oceanic food web, die, their organic matter sinks downward in the water column (see
Figure 2.1). The export of carbon in the form of biomass from the light-filled upper ocean to lower
levels where it gets sequestrated and removed from the present-day carbon cycle is called the biolog-
tcal carbon pump. This pump has a direct effect on climate stability as the oceans absorb around
2.6 GtC, amounting to 30% of anthropogenic output [132, 133], with the biological carbon pump
sequestrating ~0.2 GtC/year out of the present day cycle.

Anthropogenic actions, including fossil fuel burning, deforestation, and increase in agricul-
tural land and urban areas, have led to an increase in the amount of COs released into the atmo-
sphere and the increase keeps growing year by year. Atmospheric COs increased from below 300

I'The work presented in this chapter was conducted at the University of California, Santa Barbara, in the labora-
tory of Professor Uta Passsow. It was financed in part by the Passow Lab (UCSB Marine Science Institute) and the
Marine Biophysics Unit of OIST Graduate University.

2The oceans contain 38,000 gigatons of carbon (GtC), 16 times more than the terrestrial biosphere, and 50 times
that of the atmospheric reservoir.
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ppm to more than 400 ppm, in the last 200 years [134]°. Without the oceans as carbon sink, this
increase would have been even larger. The absorption of this greenhouse gas considerably con-
tributes to slowing down anthropogenic climate change.

Interestingly, the plankton communities performing the primary production, which extract
CO; from the atmosphere into organic matter, only represent a small organic carbon pool (~3
GtC), but they are capable of generating large amounts of dissolved organic carbon (~700 GtC)
[133]. This fuels the marine food web, as phytoplankton turnover is high.

So-called marine snow particles (see Figure 2.1), consisting of organic and inorganic matter,
aggregate and sink, sometimes for days, to the bottom of the ocean. Various types of marine snow
exist, being in part determined by the plankton community they originate from. These particles
have different sinking velocities and carbon content. As these aggregates descend, the particulate
organic matter gets biodegraded by bacteria, reaching the deep sea and forming the basis of the
food web in many of those areas.

3While it has been shown that COs levels fluctuate over time, the highest level of CO3 over the last 800,000 years
was around 300 ppm
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Figure 2.1: Biological oceanic carbon pump transports organic carbon to the ocean floor.
Phytoplankton communities in the upper, light-filled ocean absorb dissolved CO, and fix it in
organic carbon through photosynthesis. Zooplankton are always there to graze on these tiny or-
ganisms. Plankton detritus and extracellular polymeric substances (EPS) coagulate with other par-
ticulate organic matter and each other to form marine snow. These aggregates travel through the
water column to the ocean floor. This process is called a gravitational settling pump because it is a
sun-fueled pump that works against the unequal spatial distribution of carbon in the ocean. Dis-
solved carbon levels are higher at depth than at the top of the ocean. In addition, ocean mixing and
active vertical migration by zooplankton are part of the oceanic carbon cycle.

Different marine snow aggregations have implications for the marine food web [135]. Dur-
ing aggregation, inorganic materials such as sand and silt (depending on geographical location and
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time of year) get trapped in marine snow particles. More recently, anthropogenic oil and plas-
tics floating in the water column have been found in marine snow. The incorporation (also called
hetero-aggregation®) of these particles changes marine snows aggregation and sedimentation be-
havior. Hetero-aggregation with potentially toxic micro- and nanoplastics (nP/nP), as well as plas-
tic microfibers (MF) is well-documented [97, 136, 137] and can lead to changes in the growth rates
of phytoplankton. Combined, this infiltration of the plankton communities and carbon pump has
implications for the marine food web well before the aggregates ever reach the ocean floor.

2.1.1 Hetero-aggregation and its Implications

Through the incorporation of plastics into marine snow, pP/nP/MF can become available to parts
of the food web that would not recognize them as food otherwise. Ingestion of pP/nP/MF, has
shown to be problematic in many marine vertebrates, especially fish species which become food for
other animals including mammals [138, 139, 140]. This facilitates the transport of plastic particles
and related toxins through the food web, leading to bio-accumulation and increased effects at each
stage [139].

More direct implications resulting from incorporation of nP/nP/MF are eftects on the phy-
toplankton communities themselves. Natural plankton communities are very diverse; more than
most models can account for [141]. Biochemical cycling and the marine food web crucially depend
on this diversity. Plankton communities in the open ocean are oligotrophic due to their spatial
distance from terrestrial runoff. Resource limitation leads to vulnerability of these communities,
which might be counteracted by high levels of ecological diversity with large degrees of overlap and
redundancy. However, the introduction of pP/nP/MF into this ecosystem could lead to drastic
changes in the plankton communities, potentially getting the whole system out of balance. It has
been discovered that the microorganism found in the “plastisphere” of pP is markedly different
from the microorganisms communities in the surrounding seawater [64] attached via EPS [65]. In
the same way, the incorporation of pP/nP/MF could lead to a shift in the plankton communities.

Our society depends on the stable ecosystem services the oceans provide [142]. Especially the
carbon cycle and carbon sequestration is a major ecosystem service provided by the plankton com-
munities and contributes strongly to natural climate change mitigation. Carbon sequestration is
achieved in the ocean ecosystem in large parts through aggregation and subsequent sedimentation
of marine snow. While part of the cycle involves mineralization of carbon, e.g. by microbial activ-
ity, and a subsequent return into the cycle through up-welling of water and biological processes,
most marine snow particles reach the sea floor where they either serve as food or get sedimented.
Changes in sedimentation of plankton have led to the reorganization of plankton communities
and oxygenated zones in the oceans in the history of our planet well before human involvement
[143]. This reorganization involves changes in marine element cycles, such as carbon and sulphur
[143]. Presently, pP/nP/MF induced shifts in sedimentation could well prove to be catastrophic
[144].

Changing sedimentation of marine snow, through incorporation of pP/nP/MF, can be due
to several factors. One factor is the mere presence of pP/nP/MF in marine snow which increases
the aggregates’ physical density (see Figure 2.2). Difterent plastic polymers have different densities

4e.g. marine snow aggregates that have inorganic particles incorporated.
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(see Section 1.1, Table 1.1), some being more buoyant and others less which makes them distribute
differently in seawater (see Figure 2.2) and potentially influencing the buoyancy of marine snow.
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Figure 2.2: Buoyancy of different polymer types. Most plastic found at the surface of the oceans
are the more buoyant ones — PE, PP and PS. These polymers have recently been reported through-
out the water column [94]. Other polymers are also found in the upper oceans, but material density
of the polymers plays a role in where they are found within the water column.

The majority of nPs found around Okinawa were embedded into aggregates (see Chapter 3).
Since this hetero-aggregation leads to a wider availability of pP/nP/MF in the marine food web and
a wider spatial distribution of the pP/nP/MF [94], increasing our understanding of aggregation
effects is very important to understand future implications of this marine pollutant.

To this day, little is known about the effects of pP/nP/MF on plankton communities. A critical
review of the topic by Prata et al. [145] showed the effects of different sizes of pP/nP/MF on
multiple food web levels. Most notable among these effects on microalgae are growth inhibition
[51, 146, 147, 148, 149, 150, 151, 152, 137] and decrease in photosynthesis rates and chlorophyll
content [153, 150, 51, 154, 137, 145]. Aftecting growth and photosynthetic ability would directly
influence the atmospheric O content and the basis of the marine food web. Potentially changing
the sedimentation would affect the carbon cycle and climate change mitigation.
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2.1.2  Micro- and Nanoplastic in the Open Ocean Ecosystem

The yearly increasing plastic production [155], combined with the decrease in mean plastic particle
size sampled in the ocean [59] and missing micro- and nano-sized plastic particle fractions [47]
from the upper oceans samplings and an undersampling of ocean surface and subsurface waters
[156], indicate an urgent need to investigate the fate of pP/nP/MF in the open ocean ecosystem.
A recent study show that much of the pnP/nP/MF is found at intermediate (50 — 170 m below sea
surface) and mesopelagic depths (100 — 270 m below sea surface) [94]. Incorporation into marine
snow particles is one way for buoyant plastic types to get to those depths.

The proposed sinks for pP are shore deposition, (nano) fragmentation, biofouling, and inges-
tion (see Figure 2.3). The relevant literature explores the possibility of nPs infiltrating the ocean
carbon pump through incorporation into sinking marine snow particles [97, 103], but the ultimate
fate of nP/nP/MF in the water column of the open ocean is not as well studied as in the shallow wa-
ters near the continents [94]. Exposure of deep-sea organisms to the pollution [157] and changes
to the water column ecosystem [17] are just the most notable problems caused by pPs.
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Figure 2.3: Oceanic carbon pump infiltration by pP/nP/MF. The results of our study show ef-
fects on aggregation, sedimentation, transparent exopolymer particles (TEP) and potentially pho-

tophysiology, all to varying extends.

The work in this Chapter investigates the aggregate formation processes between pnP/nP/MF
and three marine planktonic microalgae spiecies, two diatoms Skeletonema grethae and Odontella
aurita and one cyanobacterium Synechococcus elongatus. The formation process, with a special fo-
cus on transparent exopolymer particles (TEP), and resulting changes to sinking velocities of the
hetero-aggregates, were studied over a 6-day period in the dark, mimicking the fall of marine snow
particles through the water column. Observed effects can give information about the possible path-
ways through which the biological carbon pump might be infiltrated and altered extensively due to
the particles’ presence. The question of how shape, size, amount of particles, and surface area play a
role is also addressed. “Do pP/nP/MF all have the same potential impact?” is an important part of
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this research field, as the fragmentation of plastic particles to nano-size through photo-oxidation,
mechanical action, and bio-degradation is a well-established fact [76, 45, 38, 158].

2.2  Materials and Methods’

To address the question of the incorporation of nP/nP/MF into phytoplankton aggregates, a series
of 9 roller tank experiments were conducted for an average of 6 days in the dark. There were five
different densities of plastics used (see Figures 2.4 and 2.2), with between 2 and 4 used for each of
the five different plastic types.

2.2.1 Roller Tanks

Roller tables [159] and roller tanks (see Figure 2.4) were used to simulate the natural environment
in which marine snow formation occurs [160]. Rolling tanks are commonly used to promote ag-
gregation since Shanks and Edmondson’s work [159, 97]. In addition, the tanks ensured that no
plastic particles were lost during the experiments [161], and exposure levels remained constant
throughout. The rotation speed varied for different species to ensure continued aggregate suspen-
sion and collision of particles with different sinking velocities [160] (see Table 2.1). The tanks were
closed without bubbles to simulate the marine environment in which this aggregation process takes
place [97].

Some methods are explained in greater detail than traditionally done within the methods section. Especially
methods that were developed, failed or could not be conducted (although they were included in the thesis proposal)
are elucidated to give a better overview of the work done. The author feels this is better presented in the respective
method sections than under results.
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Figure 2.4: Images of tank series used for different microalgae experiments. (a) 9 tanks used for
Synechococcus elongatus. (b) 15 tanks used for Skeletonema grethae. (c) 8 tanks used for Odontella
aurita. Pictures taken by T. Jenarewong.

Exact measurements of height and volume for all tanks used are found in Table 2.1. As ex-
periments were run simultaneously, different rolling tables were used as well (see Figure 2.20 for
Synechococcus elongatus set-up and Figure 2.14 for Skeletonema grethae set-up).
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Table 2.1: Measurements of the tanks used. Two tanks were measured per tank series. The ap-
proximate volume is included for the tank series derived from V' = 772 h. The rotating speed of the
tanks varied for different species to ensure continuous aggregate suspension and collision of par-
ticles with different sinking velocities, mimicking the continued fall of the marine snow particles
through the water column to the ocean floor. [rpm] stands for revolutions per minute. Measure-
ments taken by T. Jenarewong.

\ Tank measurements \ cm \ volume \ rpm
‘ Synechococcus elongatus tanks (Tank (a) in Figure 2.4) ‘ ‘ 1154 mL ‘ 6.6
Tank 3: | inner (outer) diameter 14(15)
wall thickness when measuring diameter from above or bottom 0.5
inside (outside) height 7.5(8.6)
wall thickness when measuring height from the side 0.5
Tank 8: | inner (outer) diameter 14.1(15.1)
wall thickness when measuring diameter from above or bottom 0.5
inside (outside) height 7.5(8.5)
wall thickness when measuring height from the side 0.5
‘ Skeletonema grethae tanks (Tank (b) in Figure 2.4) ‘ ‘ 1057mL | 3.0
Tank 1: | inner (outer) diameter (same as the lid) 13.4(15.2)
wall thickness 0.9
inside (outside) height 7.5(9.3)
Tank 7: | inner (outer) diameter (same as the lid) 13.4(15.2)
wall thickness 0.9
inside (outside) height 7.5(9.3)
‘ Odontella anrita tanks (Tank (c) in Figure 2.4) ‘ ‘ 5000 mL | 2.0
For the bottom portion of the cylinder:
inner (outer) diameter 21.9(22.9)
wall thickness 0.5
For the top portion of the cylinder and the lid:
inner (outer) diameter 17.8(22.9)
Heights:
Total height of bottom portion 12.8
Total height of Top portion 2.2
Total height of whole cylinder+lid 15.05

2.2.2 Biological Materials

Three phytoplankton cultures were used in the experiments, the diatoms Skeletonema grethae CCMP
776 and Odontella anrita CCMP 816, as well as the cyanobacteria Synechococcus elongatus. All were
grown in 1x Guillard” s (F/2) marine-water enrichment solution (Sigma-Aldrich) made from 0.2
nm filtered and autoclaved natural seawater. Skeletonema grethae was cultivated at 13°C under

a 12h /12h photoperiod (80 pmol photons m™ sec™) and Synechococcus elongatus and Odontella
anrita were cultivated at 22°C under a 12h/12h photoperiod (120 pmol photons m™ sec™). All
cultivation took place in 2.5 L covered glass flasks. For the experiments, phytoplankton cultures
were at the end of the stationary growth phase.
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2.2.3 Plastic Fibers and Beads characterization

In the experiments, three different types of plastics were used, consisting of two fibers and three dif-
ferent sized beads. Characterizing the nP/nP/MF is important, as the surface properties, size, sur-
face area and shape play a direct role in the observed interactions between pP/nP/MF and microal-
gae. The potential ecological impacts depend on these properties [17]. As Bhattacharjee notes in
22016 review [162], adequate characterization of nP (and by extension pP and MF) is paramount
to understanding interactions of these particles with their surroundings. Many studies have been
done on how different particle sizes and surfaces charge affect microalgae [151, 51, 163, 164, 165,
166] and even smaller organisms like marine bacteria [167, 168, 169, 170]. The physico-chemical
properties of the bead determine their behavior in the enviroment, in this case (artificial) seawater
with growth medium. In order to correctly interpret results from these exposure experiments, cer-
tain characteristics need to be known. In addition to the physico-chemical properties, weathering
and organic matter precipitation will also change the surface properties [171, 172]. When virgin
plastic enters the marine environment, photooxidation and mechanical abrasion modifies its sur-
face. This enhances the acquisition of charged ions and organic matter [173, 174], leading to the
formation of an ecocorona [17]. Some of the components found in the ecocorona could influence
the behavior of the nP - such as stabilizing and dispersing particles [17].

Beads -

Three different sizes, 42 nm (nanoPS,), 194 nm (nanoPS;g4) and 2 pm =+ 0.15 pm (microPSs),
of pristine fluorescent polystyrene beads (in 0.1% Tween 20 solution) from Bang Labs (catalogue
number FSDGO001) were used (see Figure 2.5 for optical image). Fluorescent “Dragon Green”
color was selected to give contrast in 3D imaging. The polystyrene has a material density of 1.03
rng/ch, making it practically neutrally buoyant in seawater. Different particle concentrations of
each bead size were used in different experiments (see Section 2.3 Table 2.4). For surface area per
L see Table 2.2.

20 um

Figure 2.5: Optical images of polystyrene beads. (a) shows the microPSy beads. The white
arrow points to a single bead. The nanoPS;94 and nanoPSys are too small to be seen in these images.
(b) shows the milky fluid of the nanoPS;94 beads displacing the water.
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Table 2.2: Relationship between mass concentration, particle concentration and surface area
of used PS beads in solution. The mass concentration will be referred to as ‘concentration’

through the thesis.

‘ Concentration (mg/L) ‘ Particle Concentration (n/L) ‘ Surface Area (nm?/L)

microPSs ‘
10 mg/L 2.05 x10° 2.76 x 107
1 mg/L 2.05 x10° 2.76 x10°
0.1 mg/L 2.05 x10% 2.76 x10°
0.01 mg/L 2.05 x10° 2.76 x10*
nanoPSlg4
10 mg/L 2.54 x10° 2.95 x10°
1 mg/L 2.54 x10° 2.95 x107
0.1 mg/L 2.54 x107 2.95 x10°
0.01 mg/L 2.54 x10° 2.95 x10°
nanoPS,s
10 mg/L 2.46 x101! 1.36 x10”
1 mg/L 2.46 x10™ 1.36 x10°
0.1 mg/L 2.46 x 107 1.36 x107
0.01 mg/L 2.46 x10° 1.36 x10°

Particle concentrations between different sizes were adjusted by mass per volume (mg/L). This
led to an introduction of up to five orders of magnitude difference in particle concentration and
two orders of magnitude difference in surface area between treatments of the same concentration
with different particle sizes (see Figure 2.4). At the time of the experiment design, this was the
method used (and still often today) to set-up these experiments [175]. This leads to the problem
that the particle concentration and surface area across experiments are only directly comparable
between the same plastics, but it becomes more complicated between particle concentration of
different bead sizes. It has been reported that changes in the phytoplankton exposed to pP/nP are
based on nutrient deficiencies [151]. The theory is that nutrients and multivalent metals, which the
microalgae need to grow and function, attach to the surface of the plastics [151]. A higher surface
area would automatically lead to a larger impact, regardless of size. In this case, basing used parti-
cle concentrations on the surface area would lead to more accurately comparable results. While in
a lab setting, nutrients are often supplied in overflow to not add nutrient deficiency stress to the
plastic exposure, the natural environment of plankton is oligotrophic [176]. Through trace ele-
ment depletion, plastic toxicity may be found even at low particle concentrations, as trace element
concentrations are low and association constants with plastics high [151]. The highest particle
concentration of microPS, beads was matched to the dilution phase of Long et al. [97] of 2000
beads/mL, making the results comparable. In addition to knowing the available surface area for
interactions (see Table 2.2), the potential of that surface determines the behaviour of the particle
in the media. Smaller particles have lower binding energy per surface atom, due to lower number
of surrounding surface atoms per atom.

Surface Charge and Zeta Potential - While beads without surface functionalization were bought,

suspension in seawater leads to a negative surface potential [79]. The negative surface potential will
adsorb positively charged ions present in the water, forming what is called the Stern layer. A sec-
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ond diffuse layer of both positive and negative ions will form around the Stern. The boundaries
of this double layer, called the slipping plane, leads to the particle having an eftective potential, the
¢-potential (see Figure 2.6). The zeta (¢) potential is influenced by different properties, including
pH, ionic strength, and concentration [162, 177]. Our media has a pH of ~ 8 and according to the
literature this would lead to a negative (-potential [178, 177, 179] for polystyrene nano-particles.

Since the (-potential could not be measured with the available resources, values for each bead
size were estimated from the literature and behavior observed in the media (see Table 2.3).

Table 2.3: (-potential of the beads.

(-potential (mV) Source

microPS, } —15to =5 } [179,177]
| |
| |

nanoPS;g4 —40 to —20 [179,178, 162]
nanoPS,s —40 to —20 [179,178, 162]
e .
© ©o —+) Slipping Plane

Stern Layer

Diffuse Layer

e © o
Polystyrene Particle with e o
Negative Surface Charge

Surface Potential
Stern Potential

Zeta Potential

Distance from Particle Surface

Figure 2.6: (-potential is a measure of the “effective” electric charge on the nanoparticle
surface. A layer of oppositely charged ions surrounds the polystyrene particle. The ions are ad-
sorbed on the surface via chemical interactions. This layer moves with the particle, the effective
electric potential at the boundary of this layer is the Stern Potential. A second diffuse layer with
mixed charges gets attracted to the particle via a Coulomb interaction, and it screens the first layer.
The ions in this second layer are more loosely associated with the polystyrene particle, so the layer
is called diffuse. Both the Stern and diffuse layers are referred to as the electrical double layer. The
(-potential is a measure of the difference in potential between the media and the layer containing
the oppositely charged ions associated with the nanoparticle surface. The (-potential determines
if the particle will bind positive or negative nutrient ions from the media.
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It is essential to know the (-potential of the beads in the medium to understand the observed
interactions and effects on the microalgae. Note that the (-potential is not the surface charge, but
results from the surface charge interactions with the surrounding medium.

Agglomerates of nanoPS;94 and nanoPS,, were observed. Figure 2.7 shows a plastic-only ag-
glomerate at 10 mg/L bead concentration. These agglomerates have been reported in literature
[179].

Figure 2.7: 3D image of nanoPS$,y, agglomerate. This agglomerate of nanoPS;94 polystyrene
beads was formed in a negative control tank, ze. without any cells. There are 8.75 x 10 beads in
the agglomerate. Each bead hasa volume of 3.8 pm? leading to a total plastic volume of 334.5 pm?.
With the agglomerate volume of 2.13 x 10° pm? (height 76.8 pnm, width 70.2 pm, depth 75.5
nm and equivalent spherical diameter (ESD) 74.11 pim), the ratio of the plastic in the agglomerate
is 0.16%.

Microfibers -

Microfibers (MF) were obtained by washing and drying fabrics. Polyester and acrylic (Poly-
methyl methacrylate) fabrics (see Figures 2.8 and 2.9 for optical images) were washed in two cycles
with detergent and two without to remove any surface dyes and surfactants from the MF. After
washing, the fabrics were dried, and the lint was collected for the experiments. The plastic lint was
disentangled in 0.1 % Tween 20 solution and diluted to the following densities: 0.01 mg/L, 0.1
mg/L, 1 mg/L, 10 mg/L (see Figure 2.8 and Figure 2.9 for Raman spectra). The fibers were left in
their original state, not cut into smaller sizes as proposed by Cole [180]. The reasoning was that
these are the fibers that would enter the Okinawan environment, should it not be removed by the
decentralized wastewater treatments used on the island. Polyester MF (pMF) had an average diam-
eter of 8 & 2 pnm and lengths of 4 mm to 16 mm, while acrylic MF (aMF) had an average diameter
of 20 & 2 ym and a length range of 2 mm to 12 mm (see Figures 2.8 and 2.9). This corresponds
well to sampled MF found around the world [180, 181, 182] and isolated from wastewater [183]
and washing experiments [31]. Both MFs are none buoyant in our experiments, as they settle in
0.1 % Tween 20 solution as well as in the culture media.
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Figure 2.8: Raman spectrum and optical images of acrylic fibers used. This fiber is made from
polyacrylonitrile and polymethyl methacrylate, with possibly more than 85% polyacrylonnitrile
(see nitril stretch peak at 2240 nm) [184]. Exposure time was 25 sec (5 X 5 sec) with a 523 nm
laser.
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Figure 2.9: Raman spectra and optical images of polyester fibers used in the experiment.
Polyester refers to a wide group of polymers used primarily for clothing and fiber production which
all contain a function ester group on the polymer backbone. The different colors of the fibers show
slightly different spectra due to the dyes used, but the functional ester groups are visible in all three
spectra (red box). Exposure time was 25 sec (5 X 5 sec) with a 523 nm laser.

Leachates — Although not pre-prepared in this experiment, the assumption is that the sur-
rounding seawater in the tanks will contain leachates. Literature calls ‘leachates’ the is leached
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from the plastics, monomers and additives, often toxic [81]. Leachates of the MF will be discussed
in the relevant result sections [185].

2.2.4 Exposure

Plastic and phytoplankton inoculation were done simultaneously after filling roller tanks to 50%
with filtered (0.2 pm) and autoclaved natural seawater. By filling the rest of the tanks with the cell
culture, cell concentrations at inoculation were equal in all treatment and control tanks. We filled
the tanks bubble-free to minimize turbulence, mimicking the fall through the water column.

In addition to treatment tanks (plankton culture + plastic) and control tanks (plankton cul-
ture), negative control tanks of just plastic in seawater were run. Tanks were rotated for S to 7 days
in the dark under the respective cultivation temperatures.

2.2.5 Aggregate Characterization: Sampling and Analysis

For the harvest of the aggregates, the tanks were placed on their sides and carefully opened. Aggre-
gates ( > 1mm, by visual observation) were manually collected and labeled as Aggregate fraction
(Agg), while the rest was surrounding seawater fraction (SSW). When relevant, samples of both
fractions were collected for individual measurements. Aggregates were picked up one by one for the
different measurements with a cut-off pipette. When no clear aggregates could be distinguished,
SSW and slurry (the settled portion of aggregated material not forming collectible aggregates) were
collected instead. This is stated in the introduction to each experiment. It has to be noted that
sampling of the aggregates leads to the unintentional collection of SSW. For logistical reasons, the
biological replica were harvested on consecutive days, as indicated in the introduction of each ex-
periment. In order to have a full overview of how pP/nP/MPFaftect aggregate formation, different
parameters were measured at the end of each experiment. The following measurements were taken
on collection day, in order of tasks:

* Total aggregate count

* Samples for photosystem efficiency measurements (both fractions)
* Samples for plastic and cell concentrations ratio (both fractions)

* Aggregate sample 3D imagining

* Aggregate sinking velocity measurements

* Aggregate size measurements

* Samples for transparent exopolymer particles (TEP) analysis (both fractions)

To quantify the exposure effects of the different plastics on microalgae, different measurements
were taken. As growth inhibition is qualified as a less sensitive endpoint [175], photosynthesis was
measured in addition. Aggregate sinking velocity tied back to the incorporation of plastics into the
carbon pump and was not used as a measure of plastic effects on the algae, but on the ecosystem at
large. The measurements are explained in detail below.
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Total aggregate count Enumerating of the total number of aggregates in each tank, counted
clockwise. As the determining triggers of aggregate formation are still opaque, it is important to
have controls in each individual experiment [99]. Counting and describing the physical appear-
ances of the aggregates and their number within each tank adds to understand if the measured
effects are caused by the plastic exposure of the cell culture itself.

Sinking velocity Three aggregates per size class were measured for their sinking velocity over
29.3 cmina 100 mL glass graduated cylinder. The sinking velocity of aggregates of each tank were
measured at the same temperature as the experiment was conducted. Water to fill the cylinder came
from the same seawater batch that was used to fill the tanks and was stored in the dark in the same
room to keep salinity and temperature constant.

Figure 2.10: Images of glass cylinder with
sinking aggregate of Odontella anrita. The
sinking distance was measured in the same water
that was used for the experiments and at the same
temperature.

Size Aggregate size (diameter and height) was measured using an Carson eFlex 75x/300x mi-
croscope in a petri dish. This data is not included in the thesis and will be analyzed at a later date.
Although the size of all aggregates is not included, the aggregates that were imaged in 3D have
size measurements (height, depth, width), and the equivalent spherical diameter (ESD) is given for
those aggregates. If possible, the ratio between cell volume and aggregate volume is given for those
aggregates.

Growth rates The original method planned was described in the proposal to this experiment.
The plastic to cell ratio was to be measured via filtration and subsequent counting to use available
resources and established methods. The samples were vortexed before filtration. White polycar-
bonate filters (Millipore, GTTP02500, 0.22 jim) were stained to make the cells more visible on the
filters. Stained filters were checked on Zeiss Axio Imager Z1 microscope (Zeiss, Jena, Germany).
The problem with this method was that through the aggregation process, cells lumped together
unevenly, and a cell count could not be established (see Figure 2.11).
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Figure 2.11: Optical images of filters prepared for cell counting. Through the aggregation
in the rolling tanks, this method was unsuitable for cell counting to identify the per mL count or
growth rates. (a) Synechococcus elongatus was too dense in places and no cells in others, (b) Odon-
tella aurita and (c) Skeletonema grethae stayed in aggregates and did not separate after vortexing.
The same was observed in Symbiodinium tridacnidorum and Cladocopium sp. (see Section 4.3.4).
Images were taken with Zeiss Axio Imager Z1 microscope.

To still use the obtained samples for cell counts, cell counting via flow cytometry was tried. The
Flow Cytometer Accuri C6 4523 had problems counting the cells correctly for Skeletonema grethae
and Odontella aurita, most likely due to the same problem as with the aggregates not breaking up
correctly. This was also observed in Symbiodinium tridacnidorum and Cladocopium sp. (see Sec-
tion 4.3.4). For Synechococcus elongatus, the flow cytometry worked well for the Ty measurements,
and the Agg and SSW fraction showed significant differences in cell counts (Kruskal-Wallis, p <
0.001), but variances were too high to use the data for any growth rate analysis. Overall, a recount
by hand in a hemocytometer will be needed for all three species to establish growth rates. In this
thesis’s time frame, it was not possible to recount by hand, but, where possible, the plastic/cell ratio
was calculated for the 3D imaged aggregates.

Transparent exopolymer particles (TEP) TEP can be defined as particles rich in acidic polysac-
charides [186], although they are a chemically heterogenic substance group [187]. They are a sub-
group of extracellular polymeric substances (EPS) and are used as a proxy for stickiness [99]. Ag-
gregate formation in diatoms [188] and cyanobacteria [189] is a function of collision frequency,
cell concentration, and stickiness, which can be measured via TEP. Measuring the TEP in Agg and
SSW fractions will give a better understanding of the origin of potential changes in aggregation
induced by the exposure to pP/nP. Triplicates of the Agg and SSW fractions were taken from each
treatment for the TEP analysis using the colorimetric method with Alcian blue [186]. Following

the samples’ filtration over 0.4 pm polycarbonate (Poretics) filters, Alcian blue was used to stain the
filters. The spectra of the filters were measured with a UV-vis spectrophotometer. The results were
expressed in gum xanthan equivalents (GX,,) in pg/L and were determined from the absorption
of the sample.

TEP dynamics are variable, depending on the microalgae culture and interactions with bacte-
ria, inorganic substances (oil, plastic, minerals), and nutrient and light availability [190]. The role
that TEP plays in aggregate formation makes it important to measure the concentration changes
caused by plastic exposure [191].

Internal structure through 3D fluorescent microscopy To check the distribution of plastic in

the aggregates and to get some insight into the cell packaging differences at different concentra-
tions, 3D images were obtained using Zeiss Lightsheet Z.1. The fluorescent polystyrene beads were
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observed with band pass filter (excitation: 405 nm; emission: 505-545 nm), and chloroplasts were
visible using a long pass red filter (excitation: 488 nm, emission: 660 nm). Z-stacks were analyzed
using Imaris software (see Figures 2.12). For a detailed method, see Appendix D.

Figure 2.12: Imaris spot tool. The image displays a Skeletonema grethae aggregate with microPS,
at a concentration of 0.01 mg/L. The outside shows how the laser lights up the cell (red) and
microPS; (green). The “spot tool” displays cells in pink and the microPS; in green. The com-
parison between the pink spots and the red laser ellipsoids shows that this technique stretches the
image of the cells in the z-direction. The spot tool allows in addition to counting cells and plastic
to remove this stretching. Spot diameter can be adjusted to match the cells or plastics diameter; in
this image, the microPS; is displayed with a 6 nm diameter for better visualization. The inner circle
of the image shows the image without the laser created volume for better analysis of the plastics’
location within the aggregate. Not all red laser cells in this image have a complimentary spot, as
spots are generated per laser and in this image only two laser channels are displayed for illustrative
purposes, making the image better suited for 2D representation.

Pulse amplitude modulation chlorophyll fluorometer measurement (PAM)  Changes in the
efficiency of the photosystem were measured using a handheld pulse amplitude modulated fluo-
rometer (AquaPen-C AP-C 100°). A light curve was measured after 30 min of dark adaptation
(see Figure 2.13). This included measurements for changes in the effective quantum yield QY ux,
or F,/F,,, maximum quantum yield of Photosystem II (PSII) in the dark-adapted state and the
proxy of 7z-vivo chlorophyll autofluorescence Fy, the minimum fluorescence in the dark-adapted
state. This was done using the reprogrammed light curve 3 (LC3) program of the AquaPen 2.13.
Blue light (455 nm) was used as actinic light for Skeletonema grethae and Odontella anrita, while
red light (630 nm) was used as actinic light for cyanobacteria Synechococcus elongatus [192].

¢PSI (Photon Systems Instruments), spol. s r.0. Drasov 470, 664 24 Drasov, Czech Republic, http://www.psi.cz
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Figure 2.13: Light Curve (LC) protocol designed to acquire QY n,x and Fy. Picture taken from
AquaPen Manual.

The LC3 protocol has 7 phases, with each phase lasting 60 s. The actinic illumination (Ac-
tinic Light Intensity or A-pulse) intensities increase in the following steps: 10; 20; 50; 100; 300;
500; 1000 (pmol(photons)/(m?s)). This method is based on the successive measurement of the
sample exposed to a stepwise increase of light intensity and can relate the rate of photosynthesis
to photon flux density. Displayed in Figure 2.13 is the LC1 protocol, missing the 1000 pimol
photons/ m™2s step. Measuring illumination (Measure Pulse or f-pulse) intensity was at 0.03
nmol(photons)/(m?s), while a saturating (Super Pulse or F-pulse) illumination of 2100 pmol(photons)/(m?s)
was used.

Testing the functionality of the photosystem as well as the efficiency of the electron transport
between photosystem I and II (PSI and PSII) will give an indication of the damage done to the
cell by plastic exposure. Potentially, a reduction in chlorophyll-a and growth rate could be better
explained.

2.3 Overview of the Experiments

The incorporation of pP/nP/MF into phytoplankton aggregates was studied in a series of 9 roller
tank experiments. There were five different densities of plastics used, with between 2 and 4 treat-
ments for each of the five different plastic types (see Figure 2.4).
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Table 2.4: Overview of experiments with different plankton species. The experiments were
done on 2 or 3 types of microalgae. 5 different plastic particle concentrations were used, with not
every particle concentration present in each experiments. Tanks represent biological replica for
each experiment. From Figure 2.4, Tank (a), (b) and (c) are ®, O and (O respectively.

E . Speci Tanks
xperiment pecies 10 mg/L ‘ 1 mg/L ‘ 0.1 mg/L ‘ 0.01 mg/L ‘ control
croPS Skeletonema grethae OO0 000) - OO0 OO0
MICEOES2 Odontella anrita - - - @) Q0
Synechococcus elongatus - ®® - ®® ®®
nanoPS;g4 Skeletonema grethae OO0 | OO0 - OO0 OO0
Odontella anrita - - - @) OO0
Synechococcus elongatus - ®® - ®©® ®©®
nanoPS,s Skeletonema grethae OO0 00O - OO0 OO0
Odontella anrita - - - OO0 Q0
Synechococcus elongatus - ®® ®@ - ®©®
Polyester ME Skeletonema grethae OO0 | OO0 - 00O OO0
. Synechococcus elongatus - ®® ®® - ®©®
Acrylic MF Odontella aurita - - OO0 - OO0

Skeletonema grethae Experiments

Four roller tank experiments were performed (see Figure

2.14), with two polymer types: polystyrene of the sizes 42 nm (nanoPS,3), 194 nm (nanoPS;g4)
and 2 pm (microPS,), and polyester fibers. Temperature varied between experiments (15°and 20°).
Within each experiment, replication was achieved through having three tanks per different plastic
particle concentration (low, medium, and high: 0.01 mg/L, 1 mg/L, 10 mg/L, respectively). The
four experiments thus provide insight into the aggregation process under three particle concentra-
tions plus controls.

MicroPS; Experiment on Skeletonema grethae —

This experiment was conducted from the 8th to 22nd of June 2018, at 15°C in the dark. At
filling, the control and treatment tanks all had 200,000 cells/mL. Since no aggregate formation was
observed for seven days, the cell count was increased to 400,000 cells/mL, and aggregate formation
started the same day. The tanks were allowed to rotate for another six days, and tank harvest of
the biological replica was done on three consecutive days (20th, 21st and 22nd of June). Sinking

velocities and PAM measurements were taken on the same day, 3D imaging was done on 23rd and
24th of June, and TEP was filtered on 1st of August.

NanoPS;94 Experiment on Skeletonema grethae —

This experiment was conducted from the 22nd to 29th of June 2018, at 15°C in the dark. At
filling, the control and treatment tanks all had 400,000 cells/mL. Aggregate formation started after
two days. The tanks were allowed to rotate for six days, and tank harvest of the biological replica
was done on three consecutive days (June 27/28/29). Sinking velocities and PAM measurements
were taken on the same day, and 3D imaging was done on 30th of June and 1st of July.
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Figure 2.14: Rolling table for Skeletonema grethae in the climate chamber at 15°C in the dark.
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NanoPSys Experiment on Skeletonema grethae -

This experiment was conducted from the 29th of June to Sth of July 2018, at 15°C in the dark
until the 3rd of July. Due to a breakdown in the climate chamber, the temperature was higher
than in the other experiments, reaching up to 23°C. Unfortunately, the duration of the tempera-
ture stress could not be determined. Only one biological replica of each treatment was obtained
from this experiment. The photochemistry data were likely affected by this change in temperature.
At filling the control and treatment tanks, all had 400,000 cells/mL. Aggregate formation started
on the first day and the tanks were allowed to rotate for six days. Sinking velocities and PAM mea-
surements were taken on the same day and 3D imaging was done on the following weekend. Tank
2(0.01 mg/L) was kept rolling at 15°C after the climate chamber was restored until 20th of July
and the aggregate number did not change during that time.

Polyester MF Experiment on Skeletonema grethae -

This experiment was conducted from the 20th to 26th of July 2018, at 15°C in the dark. At
filling the control and treatment tanks, all had 400,000 cells/mL. Aggregate formation started after
two days, and overall there were fewer aggregates than in previous experiments with Skeletonema
grethae. The tanks were allowed to rotate for another six days, and tank harvest of two biological
replicas was done on 26th of July. One set of tanks of each concentration was allowed to continue
rolling until the 31st of July. No additional aggregation was observed, making the aggregate forma-
tion more likely a function of the culture and the plastic rather than time. Sinking velocities and
PAM measurements were taken on the harvesting days, and 3D imaging was done on the following
weekend.

Odontella aurita Experiments  Odontella aunrita, a centric planktonic bloom-forming diatom,
is found along the northern coast of Japan and the European Atlantic coast [193]. In addition to
being part of the plankton communities, and thus part of the oceanic carbon cycle, it is now widely
cultivated in open ponds for human nutrition and pharmaceutical formulations [194]. As open
cultivation ponds have the potential of atmospheric pP/nP/MF pollution input, understanding
the implications of this kind of pollution can also help prevent production losses. As Odontella
aurita is a slow-growing diatom and as 5 L rolling tanks had to be used, only one experiment was
performed. There were eight treatment tanks in total (see Table 2.5), and the negative control
was taken from the third Synechococcus elongatus experiment (see Section 2.3). This was possible
since they were run at the same time under the same conditions. One-third of the cultures had
an infection with a highly mobile ciliate (see Figures 2.15 and D.27), and the differences between
those (one control tank and two treatment tanks) and the uninfected treatments (one control tank
and four treatment tanks) are discussed.
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Table 2.5: Distribution of treatments in the Odontella aurita experiments.

Tank | Concentration | Plastic Type | Infection

1 0.01 mg/L microPS, no
2 0.01 mg/L nanoPSig4 no
3 0.01 mg/L nanoPS4s no
4 1 mg/L Acrylic fibers no
5 Pos. Control none no
6 Pos. Control none yes
7 1 mg/L Acrylic fibers yes
8 0.01 mg/L nanoPSys yes
9 Neg. Control none no

The experiment was run from 23rd to 30th of July, 2018, at 20°C in the dark with 2 rpm.
Aggregates formed on the first day. Sinking velocities, TEP, and PAM measurements were taken on
the sampling day, and 3D imaging was done on 1stand 2nd of August. The data shows preliminary
results, as no biological replicas were performed.

Figure 2.15: Infection of the Odontella aurita culture. (a) Odontella aunrita cells in the Agg
fraction of the control tank. When focusing on the lower plane (b), the ciliate infection becomes
visible. The cells are much smaller than the Odontella anrita chains on top. While the Odon-
tella aurita chains are entangled, staying in some form of aggregate even after homogenization
and filtration, the infection does not stick together. Images were taken with Zeiss Axio Imager Z1
microscope.

Some visual differences between aggregates of different treatments could be observed on har-
vest day (see Figure 2.16).
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Tank 1 microPS, Tank 2 nanoPS, g,

Tank 3 nanoPS,, Tank 4 Acrylic MF
St SR

Figure 2.16: Visual differences in Odontella aurita aggregates on harvesting day. One square
is 5 times S mm. Pictures were taken with Carson eFlex microscope under experimental temper-
ature conditions and in SSW from corresponding tanks.

The visual differences include the density of infected aggregates (Tank 6, 7, and 8) in contrast to
uninfected aggregates (Tank 1 — 5). The uninfected control (Tank 5) had many aggregates smaller
than one mm and the uninfected treatments looked similar, even for the aMF.

Synechococcus elongatus Experiments  Four experiments were run on the cyanobacteria Syzne-
chococcus elongatus, with two different nano polystyrene (nanoPS) plastic sizes (42 nm (nanoPSy2)
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and 194 nm (nanoPSg4)), two different fiber types (polyester and acrylic) and a trial with 2 pm
polystyrene (microPS,) (data not displayed). All experiments were run in the same climate cham-
ber at 20°C in the dark. Within each experiment, replication was achieved through having two
tanks for each of the concentrations (control with 0 mg/L, low plastic at 0.01 mg/L in beads and
0.1 mg/L in fibers, high plastic at 1 mg/L). The four experiments thus provide insight into aggre-
gation processes under four different conditions. For the set up, see Figure 2.20.

NanoPS94 Experiment in Synechococcus elongatus —

This experiment was conducted from June 23rd to 28the of June 2018. It was run at 20°C in
the dark. Aggregate formation started the same day. On 26th of June, the tanks were transferred
to a faster rotation table because the formed aggregates kept hitting the bottom of the tank. The
revolutions per min were increased from 3 rpm to 6.6 rpm. The tanks were allowed to rotate for a
total of 6 days, and tank harvest of the biological replica was done on 6th of July. Sinking velocities
and PAM measurements were taken the same day, and 3D imaging was done on 30th of June and
Lst of July. Cell count at T was about 22.65 x 10° cells/mL. The analysis of the photometer data
for this experiment did not show any differences between the treatment and the control. How-
ever, not all data were taken with the same Aquapen and the same settings, which is important for
comparison of the data. This makes the results inconclusive. Data is not displayed.

NanoPSys Experiment on Synechococcus elongatus —

This experiment was conducted from 29th of June to 6th of July 2018. It was run at 20°C in
the dark. Aggregate formation started the same day. The tanks were allowed to rotate for another
six days, and harvest of the biological replica was done on 6th of July. Sinking velocities and PAM
measurements were taken the same day, and 3D imaging was done on 7th and 8th of July. Cell
count at Ty was about 24.84 x 100 cells/mL.

h G|

Figure 2.17: Bubbles found in Tank 5 and
Tank 2. In comparison to the other tanks, bub-
bles present in Tank S and Tank 2 could have
caused missing aggregation of cells in those tanks.
There was not even a slurry fraction to sample
after settling time. All cells remained freely sus-

pended.

Bubbles formed within two tanks (see Figure 2.17) and could have caused missing cell aggre-
gation. As exposure to nanoP$ has recently been shown to increase hetero-aggregation [169] in
Synechococcus elongatus PCC 7002 and the lack of even a settling slurry fraction could likely be
due to increased turbulence caused by the formed bubbles. This bubble formation in two of the
treatment tanks introduced unevenness into the statistical analysis of the sinking velocities, TEP
concentration, and photosystem measurements.

Polyester MF Experiment on Synechococcus elongatus —
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This experiment was conducted from 20th to 27th of July, 2018. It was run at 20°C in the
dark. The tanks were allowed to rotate for six days, and harvest of the biological replica was done
on 27th of July. There was no aggregation during the experiment time, but a fine dust was ob-
served in the high plastic treatment (1 mg/L) (see Figure 2.18 (c)). This will be referred to as “dust
aggregation” from here on, referring to the fine cell aggregates < 1 mm that settled at the bottom
of the tank. None of them included fibers. Due to the lack of traditional aggregates, a different
sampling technique was applied. The tanks were laid on their side and were allowed to settle for
1.5 hours (see Figure 2.18 (a)). After, the bottom part was deemed to be slurry, as all cell aggregates
not buoyant accumulated on the bottom of the tank. The SSW fraction was taking 2.5 cm below
the top. While the control and 0.1 mg/L treatment did not show any accumulation of cell dust on
the tank bottom (see Figure 2.18 (b)), the 1 mg/L plastic treatment did (see Figure 2.18 (c)). Cell
count at T was about 39.08 x 10° cells/mL.

(a) g
25 cm-[ 2

b Top Sample

—

Bottom Sample

Figure 2.18: The MF treatments in Synechococcus elongatus did not lead to any aggregation,
as in the other experiments. (a) Location of the samples in the treatment without aggregation.
Tanks were laid on the side and after 1.5 h were sampled for TEP and Aquapen measurements. (b)
No aggregation in Tank 5 (control) and (c) dust aggregation in Tank 4 (1 mg/L treatment).

TEP and PAM measurements were taken the same day, but no 3D imaging samples were taken.
No sinking velocities could be measured due to only dust aggregation. So far, there are no studies
on Synechococcus elongatus and plastic MF. These are the first reports on changes in Syrechococcus
elongatus due to the exposure to such anthropogenic stressors. As no aggregation was observed in
the controls of this experiment, it is clear that the lack of aggregates is not due to the presence of
plastic. In fact, the dust aggregation seen in the 1 mg/L treatment tanks supports the theory that
if Synechococcus elongatus does not aggregate, the presence of plastic leads to increased aggregation,
forming dust aggregates that sink faster then unaggregated cells. To better understand the reason
for this, we compared TEP and PAM measurements between the fractions.

Acrylic MF Experiment on Synechococcus elongatus —

This experiment was conducted from 27th of July to 3rd of August 2018. It was run at 20°C
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in the dark. The tanks were allowed to rotate for six days, and tank harvest of the biological replica
was done during one day (3rd of August). Again, there was no aggregation during that time, but
a fine dust was observed in all tanks. This dust aggregation was different in color and size from the
previous experiment (compare Figure 2.18 to Figure 2.19). Sampling was done in top and bottom
fractions, as explained in the previous section (see Figure 2.19). The low plastic treatment was at
0.1 mg/L. Cell count at Ty was about 32.75 x 10° cells/mL.

A qu—
25 cm—[ p o~

b Top Sample

—

Bottom Sample

Figure 2.19: The aMF treatments in Synechococcus elongatus only yielded dust aggregation.
(a) Location of the samples in the treatment without aggregation. Tanks were laid on the side, and
after 1.5 h were sampled for TEP and Aquapen measurements. (b) Dust aggregation in treatment
Tank 2 (0.1 mg/L) and (c) in control Tank 5.

TEP and PAM measurements were taken the same day, and 3D imaging was done on the fol-
lowing weekend. No sinking velocities could be measured due to only dust aggregation.

As mentioned above, besides this study, no other aggregation studies with Synechococcus elon-
gatus and plastic MF are reported. The results of this aMF experiment were to be compared to
the pMF experiment. Again, only a dust aggregation was observed in all tanks (see Figure 2.19)
irrespective of treatment. Aggregation in this experiment was different from the pMF, where dust
aggregation of different color and size was only observed in the highest plastic concentration.
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Figure 2.20: Rolling table setup for Synechococcus elongatus. To avoid artifacts in the data due
to placement, one tank of each treatment was placed on the top and bottom levels.

2.4 Results and Discussion

Results and discussion are presented together, divided into sections about sinking velocity (Sec-
tion 2.4.1), transparent exopolymer particles (TEP) concentration (Section 2.4.2), photophysiol-
ogy (Section 2.4.3), and 3D images (Section 2.4.4). Each section is divided to address species sepa-
rately. For easy comparison, the same color coding for the different treatments are used throughout
the section (see Figure 2.6).
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Table 2.6: Color coding in the different sections is consistent to make figures and graphs compa-
rable:
Fraction | Omg/L | 0.01mg/L | 0.1mg/L | 10mg/L

Aggregate (Agg) fraction I N N
Seawater (SSW) fraction | NN | T | R | RN

2.4.1 Sinking Velocities

Three aggregates per size class were measured for their sinking velocity over 29.3 cm in a 100 mL
glass graduated cylinder (see Section 2.2.5 for details). In a comparison between all species, Odon-
tella anrita has by far the fastest sinking velocities with 1234 meters per day (14.29 mm/s) (see Fig-
ure 2.26). The slowest sinking velocities were found in the Skeletonema grethae, where nanoPS4o
incorporation led to neutrally buoyant aggregates (see Figure 2.4.1).

From the direct comparison of all sinking velocities and aggregate size distributions (see Figure
2.21) the direct and indirect (via aggregate size distribution) effect of pP/nP/MF on aggregation
and sedimentation becomes evident.
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Figure 2.21: Comparison of sinking velocities over all experiments. The y axis was scaled to
the fastest sinking Odontella anrita, to make a direct comparison possible. The error bars display
confidence intervals.

Overall, sinking velocities varied between the species and treatments. Decreasing bead size
(from microPS; to nanoPS,s) led to a decrease in sinking velocity to the point of neutral buoy-
ancy in Skeletonema grethae (ANOVA, p < 0.001), but not in the other two species.

Incorporation of MF also led to different results depending on the species. In Skeletonema
grethae, sinking velocities of the pMF let to increased sinking velocities, while in Odontella aurita
to a reduction in sinking velocities. The presence of MF increased aggregation in Synechococcus
elongatus as the control cultures in those experiments did not aggregate well. As the MF have a
higher density than water, the incorporation was expected to lead to higher sinking velocities, but
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the increased aggregation was unexpected.

Skeletonema grethae -

Sinking velocities were highest in the pMF experiment, with medium aggregates in the 10 mg/L
treatment sinking with up to 960 meters per day (11.11 mm/s). The lowest measured sinking ve-
locity was zero, which means that aggregates were neutrally buoyant over hours. This was observed
in the 10 mg/L treatment in the nanoPS,, experiment. Control aggregates in all experiments sank
between 27 and 345 meters per day (0.3125 and 3.99 mm/s), depending on their size.
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Figure 2.22: Sinking velocities between Skeletonema grethae experiments. Not all experi-
ments displayed all size classes of aggregates, and not all aggregates could be sampled due to in-
creased fragility (nanoPS42). Zeros in nanoPS,, indicate neutral buoyancy in the treatment. Same
data is displayed as in Figure 2.21, with different scaling to make the differences within the experi-
ments more visible. The bars display confidence intervals.

In the microPS; experiment in Skeletonema grethae, differences between the control and the
0.01 mg/L treatment for the huge and large aggregates were significant (Kruskal-Wallis, p < 0.001;
Holm-Sidak, p = 0.05). Sinking velocity increased in these aggregates from 65 &+ 11 meters per
day in the control to 100 = 3 meters per day (0.0347 mm/s) in the treatment. Similarly, incor-
poration of oil into aggregates leads to an increase in sinking velocities as well [160]. Still, since
sedimentation velocities are very heterogeneous, to begin with, depending on many factors within
the plankton community, the effects are hard to determine [195]. In Long et al. [97], who also
used microPS; at a similar highest concentration, changes in sinking velocities depended on the
phytoplankton species. In the diatom Chaetoceros neogracile, sinking velocities reduced and in the
cryptophyte Rhodomonas salina they increased [97]. The interplay between the added oil and the
increased exudate (TEP) production has been observed to change the sinking behavior [99] as well.
The vertical transport of nP within phytoplankton aggregates has been proposed as a sink of pP,
explaining the low surface pP concentrations found compared to expected values (calculated and
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modeled) [97, 47]. The deep sea as a pP sink [103] becomes more likely with the increasing sinking
velocities measured in our experiment and other recent publications [97, 169].

Moving to the next smaller bead size, the aggregate size distribution of aggregates was dif-
ferent, and much smaller aggregates formed in the nanoPS,g4 experiment in Skeletonema grethae
than with the microPS; beads. For the nanoPS,g4, significant reductions can be seen between
control and the 1 and 10 mg/L treatments (Kruskal-Wallis, p < 0.001). This is in contrast to the
microPS; experiment, and more in line with reports from the literature [97, 169]. Control aggre-
gates sank as fast as 345 meters per day or 3.99 mm/s (mean 280 £ 65 meters per day, or 3.24 £
0.752 mm/s) while aggregates of the same size in the 10 mg/L treatment only sank an average of
22 meters per day £ 5 meters per day (0.255 & 0.0579 mm/s). Especially dense aggregates were
observed in the 10 mg/L treatment of this experiment, and their sinking velocity measured as an
additional class with up to 360 meters per day or 4.17 mm/s (average 303 meters per day &= 40 me-
ters per day, or 3.51 & 0.463 mm/s). This was equal to the controls of the same size aggregates (see
Figure 2.23). No such aggregates were observed in any of the other experiments or treatments.

Figure 2.23: Images showing dense aggregates
from the 10 mg/L treatment (top row, a and b)
compared to control treatments (bottom row, ¢
and d) of the same size in the NanoPS,g4 exper-
iments. The same sized aggregates (a/c and b/d)
sunk equally fast. The large aggregates of the 10
| mg/L treatment (a and b) are a very dense ver-
sion with smooth edges of the controls (¢ and
d). However, the control treatment aggregates
appear darker and less uniform. While other sim-
ilarly sized but less dense aggregates (not shown
here) of the 10 mg/L treatment did not sink as
fast, the increased density (a and b) could be
explained by a change in cell packaging. One
square is 5 times 5 mm. Pictures were taken
with Carson eFlex microscope under experimen-
tal temperature conditions and in SSW from cor-
responding tanks.

Sedimentation in the nanoPSys experiment in Skeletonema grethae was even lower than in the

previous two experiments and, for some aggregates, it was as low as zero, i.e., aggregates were neu-
trally buoyant without any sinking movement observed. Although all treatments had at least one
aggregate of neutral buoyancy, the 10 mg/L treatment aggregates did not move at all within 3 hours
(see Figure 2.24). The zeros indicate this in Figure 2.22. The 10 mg/L treatment is significantly dif-
ferent from the control (Kruskal-Wallis, p = 0.005). Sinking velocities between the treatments only
varied significantly for the medium-sized aggregates (Kruskal-Wallis, p = 0.032). Sinking Velocities
in all treatments and aggregate sizes of the nanoPS,, varied significantly from those of microPS,
(ANOVA, p = 0.001). Decreased sinking velocities in the presence of pPs have been reported for
diatoms before [97]. A stronger effect is expected with decreasing particle size [175], as the particle
number has increased by more than four orders of magnitude in the same treatment between the
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microPS, and nanoPS,,.

Figure 2.24: Comparison of (a) Tank 7 (10 mg/L) to (b) Tank 3 (0.01 mg/L). Aggregates that
formed in Tank 7 did not sink over a period of 3 hours while aggregates in Tank 3 settled within
S min. The color difference between tanks did not lead to a difference in Fy measurements (see
Section 2.4.3). This indicates that chlorophyll concentration differences, not cell concentration
difterences are responsible.

Especially at lower plastic concentrations, where the increase in particle number between plas-
tic sizes is small, a particularly interesting pattern with higher sinking velocities in the presences
of microPSy compared controls was observed in contrast to the decreased sinking velocities under
nanoPSs exposure. As these results show, there remains much to be understood about microal-
gac’s reactions to different sized pP/nP. Exposure comparison of natural to synthetic particles has
been proposed as important [122], especially since polymers found in the deep sea are not only
plastic but also other man-made, non-plastic materials (e.g. Rayon) [103]. Koegel et al. [175]
discusses the different impacts of difterent concentrations and sizes of pP/nP/MF on microalgae.
It is important to understand the natural environment in which the respective microalgae occur
and which particles (natural or otherwise) studied species might be exposed to. The dinoflagel-
lates studied in Chapter 4 of this thesis are found in reef environments, which naturally has more
suspended particles in the water column with which the cell can interact. The environment simu-
lated for Skeletonema grethae — the open ocean and water column — does not have many naturally-
occurring suspended particles of abiotic origin; hence exposure to plastic particles is a stress the
algae have little pre-adaptations for. Introducing abiotic stressors in the form of pP/nP/MF could
lead to a shift in plankton communities, favoring those species that deal better with plastic. This is
mirrored in the microorganisms found in the “plastisphere” of nP. The attached communities are
markedly different from the microorganism communities in the surrounding seawater [64]. Mi-
croorganisms, including diatoms attached via EPS [65] to the pP. The incorporation of pP/nP/MF
could lead to a similar change of interacting plankton communities.

The presence of pMF in Skeletonema grethae had significant impact on sinking velocity at the
highest plastic concentration for all aggregate sizes (Kruskal-Wallis, p < 0.001). As the control did
not aggregate well, it can be said that the presence of pMF increased aggregate formation in a di-
atom culture that otherwise displays poor aggregation. While control aggregates showed an average
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sedimentation of 162 + 42 meters per day (1.88 £ 0.486 mm/s), those in the 10 mg/L treatment
sank at to 200 meters per day (2.31 mm/s) faster in the same aggregate size classes. Small aggre-
gates also sank faster in the 1 mg/L treatment compared to controls. Since pMF are not buoyant
themselves, incorporation leads to faster sinking velocities of the aggregates, increasing sedimen-
tation (see Figures 2.25 and D.23, D.24). Changes in aggregate size distribution were also seen in
this experiment; the control cells aggregated very little (see Section 2.4.2 Figure 2.31). This hints
at unfavorable aggregation conditions within the culture, demonstrating that when conditions are
not optimal for forming aggregates, the presence of pMF will lead to more aggregates. Potentially,
this result has a stronger impact on plankton communities, as aggregates would be formed under
conditions that usually do not lead to these diatoms’ aggregation.

Figure 2.25: pMF in aggregates of different treatments. The left aggregate is from the 10mg/L
treatment, and tangled MF can be seen in the center while cells form an aggregate around them.
The middle image is of the 1 mg/L treatment, much fewer MF are visible, and they are not tan-
gled at the center. For reference, a control aggregate is displayed on the right. All MF started out
disentangled and collisions in the rolling tank over time formed them into these little knots. One
square is 5 tzmes S mm. Pictures were taken with Carson eFlex microscope under experimental
temperature conditions and in SSW from corresponding tanks.

Although all pPs found in the deep sea study by Taylor et al. [157] were MF and with the
majority of NP in the ocean being MF [183], no literature has been published on the transport of
MF from the surface to the deep sea. These fibers were found to be ingested by organisms with
difterent feeding mechanisms. Other expeditions have found MF at varying depths on the seafloor
[196] and at a similar concentration as found in other marine habitats (between 3 to 40 MF in
50 mL of sediment from North Atlantic and Mediterranean seafloor and SW Indian ocean) [103].
As most deep-sea organisms rely on marine snow input for sustenance, either directly or indirectly,
the incorporation of MF into these aggregates should be studied to evaluate the impact on marine
ecosystems. Incorporation of MF yields a very different result to the incorporation of either beads
in this experiment or of oil in other experiments. Both, oil and beads are spherical and, depending
on the size, can directly attach to the cell surface. MF, with a markedly bigger diameter of 6 pm
and above, are more likely to have cell aggregates form around them (see Figure 2.25). The result-
ing aggregates sink faster, allowing for less time spent within the water column. While this ensures
removal from the water column and deposition into the sediment, the bigger size combined with
less time spent in the water column will also lead to less biofouling of MF, making them arrive
in the deep sea largely unchanged [157]. Currently, there is a knowledge gap on the effects of
MF on phytoplankton aggregates, as no study has been published to match those done with mi-
crobeads. There is a 2019 work [185] on the effects of MF on the microalgae Isochrysis galbana,
but no aggregates were studied. As 70 to 100 % of pP found on the deep seafloor are MF [197,
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157], the question of the fate of fragments (in these experiments represented as beads) remains. If,
as seen in the nanoPS,, and nanoPS;g4 experiments, sinking velocities are reduced, it is possible
that hetero-aggregates are dispersed through the water column, thereby never reaching the ocean
floor. Similarly possible is the bio-fouling by the smaller nP on the way to the seafloor, resulting in

chemically changed aggregates.

A first look at the changes in cell packaging was done through measurements of the 3D images
aggregates. As only one aggregate per treatment has been measured so far, this is not statistically
relevant, buta firstlook at possible explanations for sinking velocity changes though cell packaging.

Table 2.7: Aggregate Volume Comparison for Skeletonema grethae. The total bio-volume is
compared to the estimate of the aggregate volume to get the ratio. For the bio-volume we con-
sider the cells to be spherical and of 6 pm diameter whereas the aggregate is roughly an ellipsoid.

Equivalent spherical diameter (ESD).

Treatment ‘ Cell Count ‘ Biovol. (pm?) ‘ Agg. Vol. (nm?) ‘ Agg. ESD ‘ Ratio
microPS; @ Control 513 58,019 9.76 x 10° 265.18 0.594%
microPS; @ 0.01 mg/L 5538 626, 333 5.85 x 10% 1037.64 | 0.107%
microPS; @ 1 mg/L 2600 294,053 1.71 x 108 688.9 0.0339%
microPS; @ 10 mg/L 7469 844,724 6.9 x 10° 1096.29 | 0.122%
nanoPS;94 @ Control 10,400 1.18 x 10° 2.22 x 107 348.6 5.3%
nanoPS;gs @ 0.01 mg/L 6885 778,675 3.44 x 10® 869.13 0.227%
nanoPS;gs @ 1 mg/L 6006 679,263 6.39 x 108 1068.6 0.106%
nanoPS;94 @ 10 mg/L 356 40, 263 1.06 x 10° 126.5 3.8%
nanoPS,, @ Control 4540 513,462 3.91 x 10% 907.26 0.131%
nanoPSy @ 0.01 mg/L 14 1583 698, 199 110.07 0.227%
nanoPS;; @ 1 mg/L 14 1583 2639 17.15 60%

Odontella aurita -

Thessinking velocity of aggregates in this experiment was not separated into size classes. Twenty-
five aggregates distributed in three sets were measured in each tank (see Figure 2.26). Sinking ve-
locities varied between 131 meters per day (1.52 mm/s) in the aMF treatment to 1234 meters per
day (14.29 mm/s) in the infected control and infected aMF treatment.

Nevertheless, statistical differences have to be viewed with care, as no biological replicas were
performed. No statistical difference in the sinking velocities could be observed between the control
and infected control tanks (independent t-test, p = 0.492). This leads to the conclusion that the
infection does not affect aggregation and sedimentation when the competing infection is the only
stressor of the Odontella aurita. The average sinking velocity in controls was 957 meters per day
(11.08 mm/s). The sinking velocities are comparable to reported values of aggregation experiments
conducted with Odontella anrita in the presence of oil (average 980 meters per day) [99].
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Figure 2.26: Comparison of sinking velocities in Odontella anrita. Same data is displayed as
in Figure 2.21, with different scaling to make the differences within the experiments more visible.
The error bars display confidence intervals.
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However, the incorporation of different plastics had a significantly negative effect, resulting in
decreased sinking velocity decreased for all plastic types and concentrations in the clean treatments
in comparison to the controls (Kruskal-Wallis, control vs. plastic treatments, p < 0.001). The aver-
age sinking velocity in the clean treatments was only 653 meters per day (7.56 mm/s). In contrast,
the infected treatment aggregates sank just as fast as the controls at 860 meters per day (9.96 mm/s).
The incorporation of the lighter microPSs, nanoPS;94 and nanoPSys could explain the decrease in
sinking velocities.

Incorporation of aMF led to a reduction in sinking velocities. As this fiber has a higher density
than water, the incorporation was expected to lead to higher sinking velocities, as seen in Skele-
tonema grethae under pMF exposure (see Figure 2.4.1). The cell to volume ratio calculated for the
3D imaged aggregates (see Appendix D) shows that the infected aMF aggregate has a higher cell
packaging density (2.12% to 5.10%, see Table 2.8), corresponding to the increased sinking velocity.
More testing is needed to draw definitive conclusions.

Table 2.8: Aggregate volume comparison in Odontella aurita. Total bio-volume is compared
to the estimate of the aggregate volume in the ratio. For the bio-volume we consider the cells to
be ellipsoid of 20 pm X 20 pm X 50 pm and the aggregate is roughly an ellipsoid. Equivalent
spherical diameter (ESD).

Treatment ‘ Cell Count ‘ Biovol. (pm?) ‘ Agg. Vol. (pm?) ‘ Agg. ESD (nm) ‘ Ratio

Control 1158 9.7 x 10° 3.76 x 10° 895.21 2.58%
Infected Control 182 1.52 x 10° 1.06 x 107 272.96 14%
nPS, | 569 | 477x10° | 3.69x107 [ 41295 | 12.9%
nPSyy [ 1237 [ 1.04x10" | 4.63x10° |  959.63 | 2.24%
nPSy, | 445 | 373 x10° | 1.09x10° | 5935 [ 3.4%
InfectednPSy; | 1158 | 9.7x10° | 6.08x10° | 1051.21 | 1.6%
aMF 674 5.65 x 10° 2.66 x 10° 798.24 2.12%
Infected aMF 432 3.62 x 10° 7.1 x 107 513.85 5.1%

In the treatment tanks, the infection apparently played a role in changing sedimentation, as
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it led to faster sinking aggregates, both in the nanoPS,; treatment (independent t-test, one-tailed
p-value = 5.52 x 107?) and the aMF treatment (independent t-test, p < 107?). This is different
from the control, pointing towards an interaction between the two stressors. Especially on popu-
lation levels, this interplay of stressors becomes interesting, as it could lead to changes in plankton
communities. More investigations with multi-stressor experiments are needed to understand the
dynamics between the plastics and plankton.

Synechococcus elongatus -

Sinking velocities ranged from ~11 mm/sin the 0.01 mg/L treatment of the nanoPS;94 exper-
iment to less than ~1 mm/s in the same treatment of the nanoPS,, experiment (see Figure 2.27).
No sinking velocities were measured in the pMF and aMF experiments, due to limited dust aggre-
gation. While the controls of both experiments did not differ (t-test, p = 0.879), the two treatments
did (1 mg/L: t-test, one-tailed p = 0.00350; 0.01 mg/L: t-test, p < 0.001) (see Figure 2.27). This
can be linked to a difference in aggregate size distribution (see Figure 2.33).

Sinking velocity and aggregate size distribution in the 0.01 mg/L treatment were higher and
bigger, respectively, in the nanoPS194 Synechococcus elongatus experiment, than in the 1 mg/L treat-
ments, while the opposite is true for nanoPS,,, where the 1 mg/L treatment showed bigger sized
and faster sinking aggregates. While there is no difference in the sinking velocities of aggregates in
each size class between control and treatments, the size of aggregates is affected (see Section 2.4.2
Figures 2.32 and 2.33). The 1 mg/L treatment only yielded small and tiny aggregates. While not
significantly different, there is the potential for a 200 meters per day increase in sinking distance

with the measured velocities, between the control and 0.01 mg/L treatment in the large aggregates.
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Figure 2.27: Comparison between sinking velocities for Synechococcus elongatus experiments
between nanoPS;94 and nanoPS,,. Sinking velocity is displayed for both Syrechococcus elongatus
that yielded aggregates. Where possible, three aggregates per size class were measured. Absence of a
column indicates no aggregates of that size were found in the treatments. Same data is displayed as
in Figure 2.21, with different scaling to make the differences within the experiments more visible.
No 10 mg/L treatments were run for Synechococcus elongatus. The error bars display confidence
intervals.

The incorporation of nanoPSyy in Synechococcus elongatus led to significantly increased sink-
ing velocities in Synechococcus elongatus in medium and small aggregates of the 1 mg/L treatment
(Holm-Sidak, p = 0.047). The 0.01 mg/L treatment produces smaller aggregates, but sinking ve-
locities are in the same range as controls. Sinking velocities ranged from 5 mm/s in the 1 mg/L
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treatment to less than one mm/s in the 0.1 mg/L treatment. Sinking velocities in the nanoPSy,
experiment were significantly lower than seen in the nanoPS;94 experiment overall and specifically
different between treatments. Also, sinking velocities within this experiment differed between the
control and the treatments.

Changes in sinking velocities have been reported for Synechococcus elongatus PCC 7002, in-
duced by incorporation of nanoPS [169]. In our study, the 1 mg/L treatment aggregates in size
classes medium and small sank significantly faster (Holm-Sidak, p = 0.047), which could be due
to higher cell packaging within these aggregates. The results in the study by de Oliveira [169] also
suggests an increased effect with smaller sizes of nanoP$§ which was in line with our results. While
the nanoPS;g4 treatments did not show changes in sinking velocities, the ones with the smaller
nanoPS,s did.

Incorporation of nanoPS in marine cyanobacteria aggregates increases the speed of settling of
these hetero-aggregates. The lower 0.01 mg/L treatment resulted in a reduced sinking velocity
overall in this experiment but when compared by aggregate size, no difference to controls could
be seen. This was the same result as was observed in the nanoPS;g4 experiment for the 0.01 mg/L
treatment, suggesting the amount of nanoP$ was not high enough to induce an increase in sinking
velocity. From similar experiments with oil incorporation into diatom aggregates [99], it is known
that this incorporation of a similarly hydrophobic, fossil carbon derived, and less dense than sea-
water substance leads to an increase in sinking velocity. As both nanoPS and oil incorporation lead
to higher sinking velocities compared to controls, a similar mechanism might be at play. In Passow
et al. [99] higher cell packaging was proposed to explain the higher sinking velocities. This is sup-
ported by our ratios in the nanoPS4y experiment but not in the nanoPS;94 experiment (see Table
2.9). Changes in aggregation could be aided by nutrient depletion within the Synechococcus elon-
gatus culture, as nutrient depletion has been linked to changes in aggregation [189]. This nutrient
depletion has been suggested by Nolte et al. [151] to be caused by pP/nP presence.

While not statistically relevant, the first look at changes in the cell to aggregate volume ratio
is presented in Table 2.9. Just as with sinking velocities, the cell to aggregates volume ratio in the
nanoPS,s experiment was different between controls and treatment, while the nanoPS;94 was not
different. The five times higher cell volume in the 10 mg/L treatment could account for higher
sinking velocities, but more data needs to be collected to draw any conclusions. The ratio corre-
spond to Figures in Appendix D: nanoPS;94 D.6, D.7 and D.8; nanoPS,5 D.9, 2.39 and D.10.
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Table 2.9: Aggregate volume comparison in Synechococcus elongatus. Ratio: total bio-volume
was compared to the estimate of the aggregate volume. For the bio-volume we consider the cells to
be spheres of 1ppm diameter whereas the aggregate was roughly an ellipsoid. Equivalent spherical

diameter (ESD).

Treatment ‘ Cell Count ‘ Biovol. (pm?) ‘ Agg. Vol. (nm?) ‘ Agg. ESD (jpm) ‘ Ratio
nPS;94 @ Control 200, 000 104,720 4.25 x 107 433.059 0.246%
nPSi9s @ 0.01 mg/L | 68,000 35,605 2.77 x 107 375.42 0.129%
nPS;94 @ 1 mg/L 64, 000 33,510 1.87 x 107 329.14 0.18%
nPS,s @ Control 17,000 8901 8.26 x 10° 250.81 0.108%
nPS; @ 0.01 mg/L 2333 1222 343,484 86.7 0.356%
nPS;; @ 1 mg/L 80, 000 41, 888 7.026 x 107 511.96 0.596%
aMF @ Control 126 66 12,425 28.74 0.531%
aMF @ 0.1 mg/L 58,700 30,735 4.91 x 107 454.26 0.626%
aMF @ 1 mg/L 1025 536.69 366, 833 88.8 0.146%

Sedimentation was affected by the incorporation of nanoPS in both sizes into Synechococcus
elongatus aggregates, both directly via changes in sinking velocities as well as changes in the ag-
gregate size distribution of the aggregates, which in turn leads to changes in sinking velocities, as
different sized aggregates sink at different speeds.

2.4.2 Transparent exopolymer particles (TEP) concentration

Transparent exopolymer particles (TEP) are a subgroup of extracellular polymeric substances (EPS),
produced to make the microalgae environment more suitable. TEP are used as a proxy for sticki-
ness, which plays a big part in the aggregate formation, together with collision frequency and cell
concentration. TEP results are presented individually for each species below. TEP is usually not
visible in either brightfield nor 3D laser imaging, but the trapped pP/nP/MF can be imaged and
can give an idea about the spread of TEP within and around the imaged aggregates (see Section
2.4.4 and Appendix D).

Skeletonema grethae -

As cell concentrations at T (starting conditions, unaggregated cell culture) were always around
400,000 cells/mL and the TEP concentration was low and stable, the aggregate formation can be
linked to the amount of TEP as an important variable in these experiments. TEP concentration
was measured separately in the Agg fraction and SSW fraction. The values for each experiment
and treatment are displayed in Figure 2.28.

The SSW fractions for all treatments and experiments did not differ significantly from each
other (Kruskal-Wallis, p = 0.871) in TEP concentrations. The Agg fractions, on the other hand,
displayed a wide range of TEP concentrations between treatments and also experiments, with the
nanoPS,, displaying the narrowest values (mean 2599 & 1759 GX,, ng/L) and nanoPS;g4 the
widest range (mean 13086 %= 8033 GX,, ng/L). These results indicate that most effects of plastic
exposure on TEP production in Skeletonema grethae were limited to the Agg fraction. We will
discuss the effects of each plastic type on the Agg fraction in the next paragraphs.
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To make sure that the plastic did not interfere with the measurements, negative control tanks
were analysed. The negative control tanks (data not displayed) varied significantly between each
other (mean: Sea Water (SW) + 0.01 mg/L: 53 £ 27 GX,, png/L, SW + 10 mg/L: 195 £ 126 GX,,
ng/L). Just SW (mean 36 & 22 GX,, ng/L) correlated well with the low plastic negative control
(Mann-Whitney, p = 0.003). The high plastic negative control was still one order of magnitude
lower on average than the SSW fraction in all treatment experiments (Kruskal-Wallis, p = 0.001).
Therefore, the plastic is assumed to not interfere with this method.
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Figure 2.28: TEP concentration in different experiments with Skeletonema grethae in GX,,
(ng/L). Different plastic types and sizes have varying eftects on TEP concentration. The biggest in-
crease in TEP concentration between fractions appears for microPS, and nanoPS;g4 plastics while
the TEP concentration in pMF is lower and the SSW fraction has a wider range than the SSW
fraction of the other experiments. The TEP concentration in the Agg fraction of the nanoPSy,
experiment is lowest. Tj is the TEP value at the time of starting the experiments.

MicroPS; exposure did not induce significant differences in TEP concentration of the treat-
ments (ANOVA, p = 0.649). The Agg fraction had significantly higher TEP concentrations com-
pared to the SSW fraction and Ty (t-test, p = 0.011), while the SSW fraction and T, did not differ
(t-test, p = 0.112). Higher values in the Agg fraction are expected, as TEP helps aggregation and
is thus found therein [99]. The difference to T in the Agg Fraction can be explained by light-
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limitation stress-induced TEP production [97, 99], as controls and treatment tanks did not differ.
More aggregates formed in the 0.01 mg/L treatment than in the other treatments and the control
(see Figure 2.29), but increased aggregation was not due to increased TEP.

H contro 001mgt [l 1mg [ romer | Figure 2.29: Aggregate numbers in MicroPS,

110 Skeletonema grethae experiment. The 0.01
, 100 mg/L treatment had the highest aggregate counts
‘;;;;, :g with up to 35 aggregates per tank, while the con-
5 70 trol had the lowest with less than 10 aggregates
% :g per tank. Control aggregates were less solid than
é 40 — treatment aggregates, and fell apart when han-
2 ;g : dled. Aggregates in the 10 mg/L treatment were
10 ] more fluffy with a milky edge.
0

NanoPS;94 exposure significantly increased TEP concentration in the treatments’ Agg frac-
tion (ANOVA, p = 0.041) compared to the control. The treatment fractions also differed sig-
nificantly from each other (t-test, p = 0.004), with the 0.01 mg/L treatment having lower TEP
concentrations than the 1 mg/L and 10 mg/L treatments. One possible reason for increased TEP
concentration compared to controls could be that nanoPS;94 induced nutrient limitation [151].
While not linked to plastic, nutrient limitation has been shown to increase TEP concentration
[198] as well as to cause stickier TEP [199]. The increase in TEP in the 1 and 10 mg/L treatments
corresponds to fewer aggregates overall (see Figure 2.30) and these also sank significantly slower
(see Section 2.4.1). One possible explanation is that the increased TEP amount might have led to
increased incorporation of nanoPS;g4 into the aggregates, with both TEP (naturally more buoy-
ant than sea water [200] and nanoPS;94 making them more buoyant and leading to slower sinking
velocities.

Figure 2.30: Aggregate numbers in nanoP$S; 94

W ool ootmg [l 1mor W OmaL | Skeletonema grethae experiment. The control
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2 133 . decreasing with increasing plastic concentration.
% 80 ) Control aggregates had a difterent color from the
g Z-,g 1 and 10 mg/L treatments (see Figure 2.23). The
2 ig . edges of the control and the 0.01 mg/L treat-
g 30 ment aggregates were sharp and distinct, while
= fg the higher plastic concentration had flufty edges
0 and the aggregates did not separate well.

The nanoPS,, had only four tanks that could be harvested, so only technical replicates of TEP
were sampled rather than biological replicates. Due to the temperature variation between 15 °C and
23 °C during the experiment, stress on the microalgae was two-fold, that is increased temperature
and nanoPS,, exposure. Although the TEP amount is notably smaller in the SSW fraction (see
Figure 2.28), due to the limited sample number (one tank of each treatment) no significance could
be found. No aggregates were observed in the 10 mg/L treatment, but neutrally buoyant slurry



60 Micro- and Nanoplastic Particles in Marine Snow Formation

was present. Since there is no increase in TEP, neutral buoyancy most likely comes form nanoPSy,
incorporation. All tanks contained neutrally buoyant aggregates and the aggregate count decreased
continuously with increasing nanoPS,, concentration:

¢ 0 mg/L control: 25 aggregates
e 0.01 mg/ L treatment: 15 aggregates
e 1 mg/L treatment: S aggregates

e 10 mg/L treatment: 0 aggregates

pMFs treatments show a wider range of TEP concentration within the SSW fraction. This can
also be seen in the control, but not in the T value. The higher TEP variation in the SSW fraction
in this experiment might be due to cells being at a sightly earlier stage in their growth cycle and
thus higher amount of unaggregated cells were seen in the SSW fraction. All treatments varied
from the control (Kruskal-Wallis, p = 0.018), with the 0.01 mg/L treatment having a significantly
higher TEP concentrations than the other treatments (ANOVA, p = 0.002) in the Agg fraction.
The two highest concentrations, 1 and 10 mg/L, even show a decrease in their TEP concentra-
tion compared to the control, while the 0.01 mg/L treatment demonstrates an increase. These
results mirror the Fy results (see Section 2.4.3 Figure 2.37), where the 0.01 mg/L treatment had
significantly higher cell concentration in the Agg fraction. As the SSW fraction in treatments had
significantly decreased TEP compared to controls (Kruskal-Wallis, p = 0.006), one hypothesis is
that leachates from the pMFs might have influenced their TEP concentration. TEP has not been
measured before in combination with MF exposure, so comparisons to literature are not possible.
We exposed diatom Odontella aurita to aMF (see Section 2.4.2), but TEP values were inconclusive.
Cyanobacteria Synecochoccus elongatus were exposed to pMF, and TEP values were lower overall.
Without further studies, it is not possible to conclude the effect of pMF on the TEP concentration.
Overall, the cells in this experiment aggregated significantly more in the presence of higher pMF
concentration (see Figure 2.31 and Section 2.4.1 Figure 2.25).

Figure 2.31: Number of aggregates in pMF
Skeletonema grethae experiment. Number of
aggregates increased with increasing pMF con-
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E 30 show the increased cell concentration in the SSW
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13 — Figure 2.37, corresponding to the TEP concen-

tration measured).

Odontella aurita -

Cells in the Agg fraction produced more TEP than the SSW fraction (Mann-Whitney, p <
0.001). Neither the Agg fraction nor the SSW fraction shows any differences between the plas-
tic treatment and controls. Also, there was no differences between the infected and clean control
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(Mann-Whitney, p = 0.180). Further testing is needed to see if plastic exposure really does not have
any eftect, as with no biological replica, it is hard to give any definitive answers to this question.

Synechococcus elongatus -

Transparent Exopolymer Particles were measured in the Agg and SSW fraction in the nanoPS94
and nanoPS4s experiments (as seen in Section 2.4.2 for Skeletonema grethae), while the MF exper-
iments were separated into bottom and top fractions as described in Section 2.3, due to the lack of
normal aggregation in these two experiments. Comparing the TEP content of the fractions within
an experiment and between experiments can add some insight into the mechanisms as to how the
aggregation and sedimentation in Synechococcus elongatus were affected by the plastics.

The nanoPSig4 experiment in Synechococcus elongatus showed no difterence in sinking veloci-
ties, but there was a significant difference in aggregate size distribution. The aggregates in the 0.01
mg/L treatment had similar aggregate size distribution to the control and had smoother edges than
the higher plastic treatment. There were no medium, large or huge aggregates found in the 1 mg/L
treatment (see Figure 2.32).

Figure 2.32: Images showing aggregate size differences for different concentrations of
nanoP$S;9s. While sinking velocity was not directly affected by the incorporation of nanoPS;g4,
aggregate size is. (a) Only small and tiny aggregates are found in the 1 mg/L treatment. (b) Aggre-
gates in the 0.01 mg/L treatment range over all size classes. (c) The aggregates in the control ranged
over all size classes, like the low plastic treatment, but the aggregates were not as smooth around
the edges. One square is 5 times S mm. Pictures were taken with Carson eFlex microscope under
experimental temperature conditions and in SSW from corresponding tanks.

There was a significantly higher TEP concentration in the Agg fraction of the 1 mg/L treat-
ment compared to controls (independent t-test, one-tailed p = 0.01), while the 0.01 mg/L was
not different from the control in terms of TEP concentration (independent t-test, one-tailed p =
0.0659). This higher TEP concentration in the higher plastic treatment might be caused by irrita-
tion of the Synechococcus elongatus cells. A recent study of Synechococcus sp. PCC 7002 exposed to
nano polyethylene (200-9900 nm) reported a significant degradation of stable RNA in these ma-
rine bacteria [201], which shows that Synechococcus sp. perceives nP as a stressor and synthesizing
additional TEP to protect the cells against this external threat is one reasonable hypothesis. This
was also found in another marine bacterium Halomonas alkaliphila [167] with nanoPS (~ 50
nm, different surface properties). Although TEP concentration was not measured by Lagarde et
al. [149], they hypothesize that TEP concentration under pP/nP exposure is linked to a change
in cell physiology due to nutrient depletion, which was one possible effect of nP/nP exposure sug-
gested by Nolte et al. [151, 169].
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The combination of increased TEP concentration (due to the presence of the nanoPS;94) with
the nanoPS;g4 incorporation itself into the aggregates (see Figures D.7 and D.8), led to the forma-
tion of only small and tiny aggregates. Increased TEP has not been associated with smaller aggre-
gates in the literature, so it is unclear why exposure to 1 mg/L caused significantly higher TEP
amounts while only leading to small and tiny aggregates (see Figure 2.32). One possible hypothesis
is that the nanoPS94 may have been responsible via collision and mechanical stress, breaking up
aggregates so bigger ones could not form.

Although sinking velocities and aggregate size distribution are different between the treatments
and the control, nanoPS,, exposure in Synechococcus elongarus did not significantly change the
TEP concentration. This could be an artifact from the missing data of two treatment tanks. Since
two tanks did not show any cell aggregation (see Figure 2.17), possibly due to bubble formation
within the tanks and subsequent induced turbulence breaking up any aggregates forming, this ex-
periment should be repeated to draw conclusions. Because the bigger nanoPS;9, plastics did in-
duce a change in TEP concentration, smaller particles could have a more severe effect (due to more
surface area to interact). Indeed, more severe effects have been reported for nanosized plastics in
plankton [175] and also specifically in cyanobacteria [201]. An increased surface to volume ratio
allows for more interactions with the cell membrane, which has been shown to lead to cell mem-
brane destruction in cyanobacteria exposed to nanoPS (changed surface properties, 50 nm) [168].

Figure 2.33: Images showing aggregate size differences for different concentrations in
nanoP$S,, experiment. Aggregate size distribution was affected in addition to sinking velocities
by incorporation of nanoPS,. (a) All sizes of aggregates are found in the 1 mg/L treatment, (b)
while there were no big or large aggregates in the 0.01 mg/L treatment. (c) depicts the control.
While the aggregates appear to be more dense and compact than in the 1 mg/L treatment of the
same size, their sinking velocity was lower than those in the 1 mg/l treatment. One square is 5
times 5 mm. Pictures were taken with Carson eFlex microscope under experimental temperature
conditions and in SSW from corresponding tanks.

Significant differences in TEP content were found between top and bottom fractions in treat-
ments as well as controls (see Table 2.10) in the pMF experiment of Synechococcus elongatus , but

there was no difference between the treatment and the controls within one fraction (see Figure
2.34).
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Table 2.10: TEP analysis in the pMF experiment. T-tests between the fractions in each treat-
ment in Synechococcus elongatus.

Plastic concentration Fraction Average TEP in t-test
(mg/L) Gxan equiv (ug/L) and SD | top vs. bottom

0 Top 1,163 + 45 p=0.002
0 Bottom 4505 +519

0.1 Top 1,314+ 118 p = 0.002
0.1 Bottom 4,939 £ 1861

1 Top 1,125 & 391 p <0.001
Bottom 3,621+ 1171

When comparing the TEP concentration between experiments, there was no difference be-
tween nanoPSye and pMF, which could be due to the inclusiveness of the nanoPS,, experiment
concerning the TEP concentration (see Figure 2.34). The Agg fraction of the nanoPS;g4 exper-
iment had significantly higher TEP values than the corresponding bottom fraction of the pMF
experiment (t-test, p = 0.001). Only the 1 mg/L treatment of the pMF experiment showed dust
aggregation. This lack of aggregation is reflected in the lower TEP values, and could explain the
lack of aggregation as the pMF experiment never reached the values seen in the nanoPS;94 and
nanoPS,s experiments (see Figure 2.34).
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Figure 2.34: Comparison of TEP concentrations between pMF and both nanoPS$ experi-
ments. The average for Agg fraction in the nanoPS94 1 mg/L treatment was 10206 £ 5752 pg/L
and 0.1 mg/L treatment was 12352 £ 4560 pg/L. The nanoPS,, 1 mg/L treatment was at 8112 +
2704 pg/L and 0.1 mg/L treatment was 7404 ng/L. The pMF experiments averages were: top frac-
tion 1200 £ 81 pg/L and the bottom fraction was 4355 £ 548 png/L. Error bars display standard
error.

Comparing the TEP within each fraction did not show any differences, the average in the 1
mg/L treatment (which showed dust aggregation) was even slightly lower than the ones of the 0.1
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mg/l treatment and the control (see Figure 2.34). Thus, the observed dust aggregation in the pMF
experiment could not be explained via the TEP content.

In the aMF experiment in Syrechococcus elongatus , as seen in the pMF experiment, the TEP
concentration was significantly higher in the bottom vs. the top fraction (see Table 2.11). In addi-
tion, the 0.1 mg/L treatment showed significantly higher TEP concentration compared to controls
(Holm-Sidak, p = 0.013). The effect of the higher TEP concentration was also visible in slightly
bigger dust aggregation in this treatment (see Figure 2.19).

Figure 2.35: Dust aggregation in the acrylic fiber experiment, optical images (a-c) and 3 D
images (d-f) in Synechococcus elongatus. (a) Dust aggregation 1 mg/L treatment with visible
acrylic fiber. (b) Slightly bigger dust can be seen in the 0.01 mg/L treatment. This corresponds
to significantly higher TEP concentration in the bottom fraction of this treatment compared to
controls and the 1 mg/L treatment (see Table 2.11). (c) Dust aggregation in control. (d) Dust
aggregation 1 mg/L treatment with about 40,900 cells. (e) Slightly bigger dust can be seen in the
0.01 mg/L treatment, with about 23,300 cells. (f) The dust aggregation in the control resembles
the dust aggregation in 1 mg/L treatment visually in (a), but there are fewer cells counted in the
same sized 3 D image (19,500 cells). The aggregates are smaller and less dense than the ones found
in the plastic beads experiments.One square is 5 times S mm the optical images. Optical images
were taken with Carson eFlex microscope under experimental temperature conditions and in SSW
from corresponding tanks. For single aggregates, please see Figure D.11.

In the top fraction, the 1 mg/L treatment had a significantly lower TEP concentration than
the control which was not visible as a difference in aggregate sizes (Holm-Sidak, p = 0.014). There
was no difference between the 1 mg/L treatment and the control, neither in TEP nor the dust
aggregation sizes, while the 0.1 mg/L treatment shows slightly bigger aggregates (see Figure 2.19)
and significantly higher TEP concentration in the bottom fraction.
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Table 2.11: TEP analysis in the aMF experiment. T-tests between the fractions in each treat-
ment in Synechococcus elongatus.

Plastic concentration Fraction Average TEP in t-test
(mg/L) Gxan equiv (ug/L) and SD | top vs. bottom

0 Top 1042 £ 73 p = 0.002
0 Bottom 6403 £ 1183

0.1 Top 950 + 86 p = 0.002

0.1 Bottom 10906 + 3094
1 Top 883 & 80 p = 0.002

Bottom 8923 £+ 2038

When comparing the TEP concentrations between the two MF experiments, the top fractions
are very similar, but the bottom fractions have a higher TEP content in all treatments and in the
control (t-test, control: p=0.008, 0.1 mg/L: p=0.004, 1 mg/L: p <0.001) (see Figure 2.36). Figure
2.36 also shows the before-mentioned higher TEP in the 0.1 mg/L treatment compared to 1 mg/L
and controls (ANOVA, p = 0.013). This can be seen in the bigger dust aggregation (see Figure
2.19). As higher TEP content was associated via stickiness with more aggregation [99, 189]. It is
understandable that the aMF experiment shows more dust aggregation than the pMF experiment,
but it is unclear why the TEP content in this experiment was similar to the NanoPS$ experiments
yet, but the aggregates are so different in size.
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Figure 2.36: Comparison between nanoP$ and aMF TEP content. The averages for the Agg
fraction: nanoPS;94 1 mg/L treatment was 10206 £ 5752 and 0.1 mg/L treatment was 12352 +
4560. The nanoPSys 1 mg/L treatment was 8112 & 2704 and the 0.1 mg/L treatment was 7404.
The lack of real aggregates in this experiment cannot be explained by TEP values alone. * indicate
significance.
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2.4.3 Photophysiology

The ecological environment simulated in these experiments was without light, as marine snow
particles sink through the water column to the bottom of the ocean and photo-active sun light only
reaches down to about 200 m. Cells in marine snow particles are usually not photosynthetically
active after they have left that top layer. On rare occasions, through water up-welling, cells may
re-enter the photic zone, but this is not simulated in the experiments. We established in trials that
the cells were still photo-active, as photo-measurements were not taken from aggregates before.
In subsequent experiments in Chapter 4, a different environment was simulated that did involve
photo-active cells. This approach was based on the results found in this chapter (see Section 4.4.2).

The two measured photophysiology parameters (effective quantum yield QY ., and Fy, a proxy
for cell concentration in photochemistry) are discussed separately below. For a detailed method de-
scription see Section 2.2.5.

To establish that plastics did not interfere with measurements, negative control values were
compared. The negative controls had no cells added and thus contained no photosynthetically
active cells. Measuring Fy in the samples show if the plastic does not ‘produces’ a signal that the
Aquapen could pick up. Table 2.12 presents the measured Fy values in the negative control.
There is no statistical difference between the different plastics or their concentrations. Hence, we
can assume the plastic did not interfere with the measurements.

Table 2.12: Measurements of F, in a negative control in relative units. Note that the bottom
row, the negative control without cells or plastic shows no statistically difference to the values mea-
sured in the presence of either MF, nP or pP. There are no statistical differences between the plastic

types (ANOVA, p = 0.886) nor between concentrations (ANOVA, p = 0.514). This shows that
the presence of the plastic does not influence Aquapen measurements.

Plastic concentration ‘ Fibers ‘ nanoPS,» ‘ microPS, ‘ mean
0.01 mg/L 2 65 80 9
10 mg/L 61 - 61 61
Seawater (no cells, no plastic) | 72 72 60 68

Further analysis of the Fy data from the Aquapen measurements shows that the Agg fraction
and the SSW fraction always had significantly higher Fy across all species and plastics (see Table
2.13 for statistical data). This leads to the conclusion that the Agg fraction contained significantly
higher numbers of cells. This measurement refers to the fractions, not individual aggregates.

Table 2.13: Statistical difference for F, between fractions.

| Species ‘ Test | p-Value |
Skeletonema grethae Kruskal-Wallis | p <0.001
Odontella anrita Mann-Whitney | p <0.001
Synechococcus elongatus t-test p =0.001

After establishing that, in all experiments, Fy was higher in the Agg fraction than in the SSW
fraction, as expected, a more detailed comparison of the F between the experiments in Skeletonema
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grethae is presented (see Figure 2.37). F in the Agg fraction varied between treatments and experi-
ments (see Figure 2.37 for Skeletonema grethae) and, while great care was taken to sample aggregates
of the same size, small variations could lead to differences in cell counts. Moreover, cell packaging
between treatments can vary in aggregates of the same size, as seen in the sinking velocities (see
Section 2.4.1) and reported from other studies on the incorporation of oil [99].
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Figure 2.37: F( between Skeletonema grethae experiments. F is a measure for cell concentra-
tion in photophysiology and it can be seen that the Agg fraction holds most of the cells. There is no
discernible pattern between the treatments, but a higher percentage of cells remains unaggregated
in the pMF experiment. There is no discernible pattern between treatments in either fraction, but
itis noticeable that the pMF experiment in the SSW fraction has significantly higher F( values than
the rest of the experiments (Kruskal-Wallis, p = 0.004). This difference to the other experiments
is not reflected in the Agg fraction. As the difference is also seen in the control, it is likely a be-
haviour of the Skeletonema grethae culture. Overall, the pMF experiment showed less aggregation
(see Section 2.4.1 Figure 2.25) and less TEP concentration (see Section 2.4.2 Figure 2.28). This led
to more unaggregated cells and thus higher cell concentration in the SSW fraction compared to the
other experiments. Dark green represents the Agg fraction, light green the SSW fraction.

The light-curve derived parameter effective quantum yield QY (or F,/Fy,) is generally seen
as an important indicator for PSII activity and health [150]. An analysis of the QY,,.x between
experiments and fractions is therefore presented below, sub-sectioned by species.

QYpmax changes in Skeletonema grethae  Overall, the QY is lower than for healthy diatoms (~
0.6), due to the cells being at the end of the exponential growth phase to promote aggregating (see
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Figure 2.38). Itis also noticeable that aggregates did not display a markedly higher QY ,,x compared
to the SSW fraction. It has been reported that aggregated diatom cells have a higher photosynthe-
sis rate due to the micro-environment they create within the aggregate [202]. The difference in
this thesis to other published literature [202] could be due to the fact that the inclusion of plas-
tics within the aggregates prevents a favorable micro-environment from being formed because of
plastic-induced nutrient limitation, as suggested in [151].
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Figure 2.38: QY .« between Skeletonema grethae experiments. Top is Agg fraction. Bottom
is SSW fraction. The QY. varied widely in the control, but was consistent between fractions of

the same experiment (t-test, p = 0.886). Detailed explanations for each experiment are found in
the main text below.

MicroPSy exposure in Skeletonema grethae reveals a statistically significant difference in the
Agg fraction between the control and the low plastic treatment (Dunn’s Method, p = 0.029), while
the medium and high plastic treatments did not show any differences to controls (p = 0.063 and p
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= 0.096, respectively). The SSW fraction did not show any significant QY ,, differences between
treatments (Kruskal-Wallis, (p = 0.145). MicroPS exposure (1 pm at up to 100 mg/L) has been
reported to lead to a reduction in the QY in diatoms [150]. This is thought to happen via an
interplay of processes, most notably by affecting PSII. A reduction in the electron transport rate
(ETR) through the PSII and a reduction of the activity of the reaction centers of PSII are proposed
through effects on the cell wall. While this decrease is reported as an initial reaction to the expo-
sure, Mao etal. [150] also find that the diatoms recover. This recovery might have led to the higher
QY max Scen in treatments compared to the controls. It is possible that during our microPS; exper-
iment, only the second phase of this two-stage response was measured, the recovery, that is due to
a thickening of the cell wall in combination with the increased homo-aggregation [150]. Cell wall
thickening has also been observed in aluminum oxide nanoparticle exposure [203]. This limits the
possibility of microPS; to interact with the cell wall and cause damage. Since the increase in QY
was observed in both the Agg fraction as well as the SSW fraction, it is likely that microPS; expo-
sure led to a similar positive adaptation to the stress as observed in other studies [150, 203]. Other
studies have also observed that the pP induced photosystem inhibition weakens over time, with
values recovering [137].

NanoPS$,g4 exposure in Skeletonema grethae shows an interesting pattern of significantly higher
QY oy values in the SSW fraction compared to the Agg fraction (t-test, p < 0.001). An explanation
for this shift could be found in the previously described adaptation to 1P stress of increased stability
in the cell walls [150]. One other mechanism of the stress adaptation proposed in that study, is the
removal of pP from the water column via hetero-aggregation and an increase in homo-aggregation.
When the 3D images of this experiment are viewed (see Figures D.16 and D.17) it becomes clear
that nanoPS; g, is trapped within the hetero-aggregates. The Agg fraction measurements are from
cells that were trapped within these hetero-aggregates, and the increased particle number compared
to the microPS; treatment could explain the reduction in QY,.x. The amount of nanoPS;94 might
have led to such increased stress on the diatom cells. In contrast, the cells in the SSW were exposed
to a much lower concentration, leading to the same adaption and increase in QY as observed in
the microPS; experiment.

The nanoPS, experiment in Skeletonema grethae shows no statistical differences between con-
trols and treatments (see Figure 2.38). As changes in the photochemistry have been reported under
changing temperature in combination with nanoparticle exposure in other microalgae [204], the
change in temperature during this experiment would most likely affect the photophysiology of
Skeletonema grethae in a similar way. As the duration and exact increase in temperature are un-
known, it would be hard to distinguish any effects.

pMEF exposure of Skeletonema grethae — led to a gradual decline in QY .« values with increas-
ing concentration of pMF (see Figure 2.38). The direct effects of the pMF in the Agg fraction were
similar to those of pMF leachates in the SSW. Leachates are chemicals that leach from the fibers.
Similar experiments have shown no effect in Lsochrysis galbana [185], but the authors argued that

this could be due to reduced sensitivity in the microalgae species studied. As exposure to leachates
did lead to some significant effects similar to the actual exposure to MF used in that study, it is
assumed that Skeletonema grethae is more sensitive than Isochrysis galbana to the leachates. Also,
the pMF in the rolling tank constantly leaches into the tank, steadily increasing the chemical con-
centration of leachates over the duration of the experiment, whereas Rogstad [185] conducted a
study with a constant, pre-prepared exposure value.
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QY.,nax changes in Odontella aurita The Agg fraction and the SSW fraction of Odontella an-
rita show significant differences in the QY (independent t-test, one-tailed p-value =2.12 x 10710),
This is not surprising, as chain-forming diatoms, such as Odontella anrita, have been reported to
have higher photosynthetic activity within aggregates than their freely suspended cell counterparts
[202]. As Odontella aurita cells create a micro-environment within the aggregate, nutrients are
available in a preferred form for uptake, affecting their photosynthesis rates positively [202], both
in situ as well as under laboratory conditions. QYy,.x is within the range of reported values for
centric diatoms (QYmax from 0.36 to 0.42 [205]). Under the limited preliminary results, neither
the infection not the plastic exposure lead to photo-damage and photo-inhibition of PSII which
becomes apparent in the unchanged QY. in Odontella aunrita. Evaluating the differences caused
by plastic exposure in the photochemistry poses more of a challenge due to the lack of biological
replica. There are no significant differences in photochemistry based on plastic exposure. The
photosystem appears to be functioning normally.

QY max changes in Synechococcus elongatus — The Synechococcus elongatus nanoPS;g4 experiment
did not show any differences between the treatmentand the control, but not all data was taken with

the same Aquapen and the same settings, so this was inconclusive.

In the Synechococcus elongatus nanoPS 4 experiment, photochemistry was effected. QYo was
significantly different between the Aggand the SSW fraction (t-test, p = 0.001). This is interesting,
showing that the cells within the aggregates, while more numerous, also have better photochem-
istry indicated by the higher yield of the PS II. This has been shown to be true for marine diatoms
[202], possibly due to better nutrient availability within the aggregates. As not enough tanks could
be sampled, no differences could be found between the treatments and controls. Unfortunately,
there is no comparison possible with the bigger nanoPS,4, as there was no data from that experi-
ment available on photochemistry. Data is not displayed.

The Synechococcus elongatus pMF experiment compared the photochemistry between the bot-
tom and the top fraction. Just as with the TEP concentration (see Section 2.4.2), F, was signifi-
cantly different between the top and the bottom fraction (t-test, p = 0.041). This shows that the
cell concentration is higher in the bottom fraction and cells did indeed settle in the dust at the bot-
tom of the tanks (see Section 2.3 Figure 2.18). On the other hand, QY. did not differ between
the fractions. So, although the cell concentration was higher in the bottom fraction, the cells did
not display that increase in QY. found in the aggregates of the nanoPS4s experiment. The dust
aggregates could be too small to change the micro-environment that would have made more nu-
trients available and increased the QY [202].

In the Synechococcus elongatus aMF experiment, Fy difters significantly (t-test, p = 0.002) be-
tween the top and bottom fractions, as for the pMF experiment. This shows that more Synechococ-
cus elongatus cells are found in the dust aggregation than in the SSW fraction. In addition, the
quantum yield, QY ., also differed between the top and the bottom fraction (t-test, one-tailed
p = 0.00175). The QY. values being higher in the bottom fraction compared to the top frac-
tion could indicate that the dust aggregation created big enough aggregates to change the micro-
environment and make nutrients more available in the bottom fraction [202] (see Section 2.3 Fig-
ure 2.19).
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2.4.4 3D images reveal internal structure of aggregates

To check the distribution of plastic in the aggregates and to get some insight into the cell packag-
ing differences at different concentrations, 3D images were obtained using Zeiss Lightsheet Z.1.
(see Section 2.2.5 for detailed method). Replacing the cells in the aggregates with spots of similar
size reduces the z-direction artificial stretching of the cells by the laser sheets and reveals the space
between the cells. In these laser images, the plastic is green, and the cells are red. Transparent extra-
cellular polymers (TEP) are not visible in either the brightfield or 3D images but can show up due
to the trapped particles. One aggregate is displayed here, the rest can be found in Appendix D.1.
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Figure 2.39: 3D images for the nanoPS,; experiments in Synechococcus elongatus from the 0.01 mg/L treatment. The images display an aggre-
gate with 103 pm height, 77.2 pm width and 82.5 pm depth (total volume of 343, 484 pm?). (a) There are about 2333 cells found in this aggregate
leading to a total bio-volume of 1222 pm?®. This means that the bio-volume represents only 0.356% of the total aggregate volume. Individual plastic
particles could not be counted due to their small size, but there are 404 agglomerates of plastic in sizes between 0.4 pm and 1.4 pum. (b) displays the
cell count with the laser overlay while (c) is just the laser. The progression of images shows that the dense wall of cells seen in the laser image (c) are
actually cells held together by TEP (not visible). That is why the cells in (a) seem to be disconnected but still hold together.
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Figure 2.41: Images of Odontella aurita infection with acrylic fiber incorporated into the aggregate. The fiber is visible in both the bright
field and the 3D image due to the overexposure in the band pass filter (Excitation: 405 nm; Emission: 505-545 nm), a green reflection is also visible
on the Odontella anrita cells because of this. Along the fiber, the infection is visible (white arrow). The image displays an aggregate with 566 pm
height, 454 pm width, and 528 pm depth (total volume of 7.1 x 107 pm?). There are about 432 cells found in this aggregate leading to a total
bio-volume of 3.62 x 10° pm?®. This means that the bio-volume represents 5.1% of the total aggregate volume.
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2.5 Conclusions

The overall aim of this study was to provide insights into aggregate formation of phytoplankton
— nP/nP/MF hetero-aggregates and possible negative effects on the oceanic carbon pump. While
much remains to be understood about pP/nP/MF and their interaction with the oceanic phyto-
plankton communities, my results clearly show that all types of nP/nP/MF have some effect on
the three different species studied. The different plastics led to vastly different changes in aggre-
gate formation, sinking velocities and TEP content.

Changes in aggregation and aggregate size distribution result in altered predator types and sizes
that graze on cyanobacterium Synechococcus elongatus [206], having potential implications for the
structure of the oceanic food web. For the photosynthetic cyanobacterium Synechococcus elongatus
itis currently believed that it has to deal with high predator pressure and grazing rates. The differ-
ent food web levels are usually separated by the predators’ limitation in food size, so unaggregated
Synechococcus elongatus will not be grazed upon by bigger zooplankton[207]. But aggregation as
seen in aMF and pMF experiments changes the range of possible predators, possibly leading to
structural changes within the lowest levels of the marine food web. Incidentally, changing cell size
is a grazing avoidance strategy of these cyanobacteria [208, 209], which could be impaired in the
presence of MF.

As in Synechococcus elongatus, under poor aggregation conditions pMF exposure also increased
aggregation in the diatom Skeletonema grethae while at the same time increasing sinking velocities
significantly. Although increased sinking velocity results in a swift plastic particle removal from
the water column, the transport of these pollutants to the seafloor creates subsequent problems
for deep-sea organisms. A decrease of this sedimentation on a large scale on the other hand would
have disastrous consequences on our planet’s carbon cycle at large. Neutrally buoyant aggregates,
as found in experiments on Skeletonema grethae even at the lowest plastic particle concentration,
is particularly problematic. This scenario has potentially far-reaching implications for the oceanic
carbon pump, as the ultimate result of non-sinking aggregates would be a return of this organic
matter into the carbon cycle of the upper ocean and thus a limitation of nutrients and carbon
influx into the deep sea.

Many effects of plastics on sedimentation are hard to extrapolate from laboratory experiments,
as the sinking velocity of aggregates is very heterogeneous to begin with. Mesocosm experiments
are needed to discern the potential of hetero-aggregates to remove beads and fibers alike from the
water column and investigate the their individual fate. In my own research, presented in Chapter
3, we observed that, generally, most 1P particles are embedded in organic matter (68.75%) while
only 31.25% are free-floating in the ocean around Okinawa. A recent study found even positively
buoyant pPS within the water column [94]. The observed interplay between infection in the Odon-
tella anrita experiment and nP/MF shows the need for mesocosm experiments to understand the
interactions between pP/nP/MF on a bigger scale with multiple factors.

While all plastic types significantly reduced sedimentation in Odontella aurita, the effect was
reversed when an additional species was present. This may indicate complex inter-species interac-
tions, in which pP/nP/MF intervene. The reduced sinking velocities — or, at the extreme, neutral
buoyancy — could lead to changes in the carbon pump and carbon distribution in the ocean water
column, limited carbon sequestration and nutrient input into the deep sea.

For future experiments, investigation of the impact of plastic exposure on the chain length
of Odontella aurita should be considered. Such a reduction in chain length has been reported in
other diatoms [164], and, as shorter chains are generally more buoyant, this could explain some
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of the effects on sinking velocities [210]. Based on aggregation and sedimentation results from
our studies, pP/nP/MF could lead to a shift in plankton communities, favoring those species that
deal best with plastic. It has been discovered that the microorganisms found in the “plastisphere”
of 1P attached via EPS [65] are markedly different from the microorganism communities in the
surrounding seawater [64]. In the same way, the incorporation of nP/nP/MF could lead to a shift
in the interacting plankton communities.



Chapter 3

Micro- and Nanoplastic around Okinawa!

3.1 Environmental Risk Assessments of Micro- and Nanoplas-
tic in Okinawa

Risk assessments and risk analysis are systematic procedures for predicting potential risks to hu-
mans or the environment. Although different organizations use several frameworks, there are three
general steps: 1) Identify the hazard, 2 ) Estimate the risk it poses, and 3) Consider possible steps
to mitigate that risk. In the case of marine micro- and nanoplastics (nP/nP), environmental risk
assessments are based, to a great extent, on laboratory analysis of the interaction between these
contaminating particles and a specific component in the environment. Koelmans et al. [50] sug-
gested a general environmental risk assessment framework for pP/nP, quantifying exposure and
effect assessment. Effect assessment quantifies how a specific contaminant and a specific dose af-
fect organisms and ecosystems. It is conducted using laboratory studies for the most part. In this
thesis, Chapter 2 (general planktonic micro-algae species) and Chapter 4 (specific Okinawa reef
micro-algae species) attempt to give some quantification to the effects of pP/nP on micro-algae,
shedding light on the interactions at small scales. The current chapter focuses on exposure as-
sessment, which relates to the quantification of nP/nP found in the environment. This can give
insight into the question of how likely it is for animals, plants, and humans to actually get exposed
to relevant pP/nP doses under normal circumstances.

Multiple studies have been done on marine plastic pollution [211, 39, 42, 40, 41, 43] with
increasing focus recently on pP/nP [20, 22]. Despite the first report on the emergence of small
plastic particles in the oceans being 50 years ago [46] and the issue becoming globally recognized
and even discussed as a planetary boundary threat [16], our understanding of this issue is still in its
infancy. As our knowledge and understanding of the issue is not deep enough, many possible im-
pacts are predicated on the mere presence of the plastic in the environment. This physical presence
of plastics in the environment is indubitably undesirable for multiple reasons — aesthetic, ethical,
economic, and ecological [50] — but actual risks to humans and the environment remain uncertain.
Nonstandardized methods and terminology, in combination with preliminary results both on the

I'This work is based on “In-situ analysis of small microplastics in coastal surface water samples of the subtropical
island of Okinawa, Japan” by Christina Ripken, Domna G. Kotsifaki and Sile Nic Chormaic See Appendix A for
manuscript and arXiv 2008.08259.
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effect as well as the exposure assessment, do not improve the uncertainty of the situation. A sus-
tained interest of the general public will lead policy-makers to focus attention and money on the
topic, thus enabling scientists to increase quality and quantity of exposure and effect assessment.
Our study of the pP/nP presence around Okinawa aims to quantify the possible exposure risk of
both the pP/nP (in abundance and polymer type) themselves as well as associated trace metals.
Monitoring studies of this kind are a snapshot in space and time [50], but it is important to have
this reference point to assess the increase or decrease of the pP/nP around Okinawa.
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Figure 3.1: Map of Okinawa (within the Ryukyu Islands) and the Kuroshio Current.
Schematic diagram of currents in the western north Pacific Ocean showing the Kuroshio.
The westward-flowing North Equatorial Current runs into the Philippines and splits into the

northward-flowing Kuroshio and the southward-flowing Mindanao current [212].

Okinawa is situated on the western edge of the continental shelf of the Eurasian Plate and the
eastern edge of the Philippine Plate (see Figure 3.1). pP/nP found in the waters around Okinawa
originate primarily from land: these small plastic particles find their way into the ocean via point
sources such as river outlets, sewage outfalls, and runoff after heavy rainfall, but also via atmo-
spheric input such as wind and rain. The other source of pP/nP around Okinawa is from the
currents passing along the island. Notable is the Kuroshio Current that passes Okinawa on the
western side through the East China Sea. Available data points to a current, wind-independent
transport of nP/nP around the world, so pP/nPs found around Okinawa will be coming from
the North Pacific Gyre (334 pieces/m® pP in the Northeast Pacific Gyre [86]), traveling with the
Kuroshio Current past Taiwan to Okinawa. The Kuroshio Current tested for plastics north of
Okinawa carries magnitudes lower of nP pollution compared to the gyre (0.0176 pieces/m? [93]).
This makes a shore deposition on the islands along the current seem more likely. Another rea-
son for the lower plastic pollution sampled could be fragmentation and subsequent sinking of the
particles to be found within the water column, not the surface waters [94] as well as fragmenta-
tion to, at present, unsampled nano sizes. As plastic pollution input into the marine environment
rises [27], the mean marine plastic debris pieces sampled are getting smaller [59]. This is both due
to increased primary input of smaller plastic particles — pP/nP can originate from medical and
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cosmetic products, nanofibers from clothes and carpets, 3D printing, Styrofoam byproducts, and
removal of paints from buildings and ships — as well as secondary sources due to photochemical
and mechanical degradation of larger plastic debris leading to fragmentation [66, 20, 70]. Pri-
mary pP/nP from China are less likely to be found around Okinawa, as marine pollution from
China is surface wave- and wind-driven, not current-driven [213]. The Kuroshio Current pass-
ing between Okinawa and China makes it more likely that pP/nP from China would be directed
northwards. Wind-driven macroplastic and mesoplastic (maP/meP) pollution from China is often
found on Okinawan Beaches as well as current driven maP/meP from Taiwan, both recognizable by
the writing on the debris [214]. Secondary pP/nP found from Chinese debris, fragmented within
the Okinawan coastal waters and washed onto beaches, could be found on Okinawan beaches, if
the fragmentation took place after the maP travel via wind across the Kuroshio Current.

Currently, there is no standardized way of reporting pP/nP in environmental studies and avail-
able methods are not capable of identifying all plastics within an environmental sample [66, 50].
While large pP are relatively easy to spot and identify, small pP and especially nP pose a serious
challenge.

There is a need for reliable and precise identification of pP/nP without separating them from
the matrices in which they were collected. The current protocols for quantification and charac-
terization of environmental pP/nP contamination are hampered by a lack of sensitive yet high-
throughput methods. Commonly applied methods for the analysis of nPs include visual inspec-
tion or stiffness test, spectroscopy [215, 70, 158], transmission or scanning electron microscopy,
and fluorescence imaging [181]. However, the chemical characterization of single nanoparticles in
aliquid sample is still limited. Therefore, techniques with selectivity and precision that enable the
analysis of single particles 77-sit« and in real-time are essential.
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This study aims to give (1) an overview of the current nP pollution around Okinawa and (2)
assess the risk these pPs pose to the Okinawan marine environment (see Figure 3.2). Including
nP in the exposure assessment and risk analysis of the marine plastic pollution issue requires using
new techniques [164]. The risk assessment is based on the hazard score of plastic polymers created
by Lithner et al. [71] combined with the pollution load index (PLI) [116] while factoring in the
heavy metals found on the plastic particles. This initial assessment of the Okinawan coastal surface
waters aims to assist policy-making for the marine pP pollution in this region. We use the same size
classification as described in the introduction:

* Microplastic (pP): large (S — 1 mm), small (1 mm - 20 pm), sub-20 pm (20 pm - 1 pm)
* Nanoplastic (nP): large ( 1 pm — 100 nm), small (100 nm — 1 nm).

Three main analysis methods are used to process the field work samples, each one being modi-
fied to suit the needs of the particle size analyzed. One method is micro-Raman, the second one is
X-ray fluorescence (XRF) spectroscopy and the last is the optical tweezers micro-Raman. All three
are explained below in detail.

3.2 Materials and Methods”

10 limit contamination of the samples from clothing or air, all samples were filtered, sorted, and
prepared in a positive pressure chamber which draws its air supply through a HEPA filter (AS ONE
Corporation, 3-1423-01,  Pure Space 01,  PS01-AD), and stored in airtight sample boxes after
preparation. Only cotton clothing was worn during sampling and preparation.

3.2.1 Study Region

The island of Okinawa (26.2124° N, 127.6809° E) is part of the Ryukyu Island Arc (Figure 3.3)
and consists of uplifted coral reefs and, especially the northern half, igneous rock (solidified magma
or lava). It is surrounded by fringing reefs, making the water intake that reaches the beaches more
reliant on surface waves and wind [216]. Land-based pollution originating on Okinawa is more
likely to be found in the bigger bays of the island. The six sampling regions were chosen to give an
overview of the geographical distribution of pollution around Okinawa. Sites differ in population
density and industry in and around the respective bays.

3.2.2 Field Sampling’

To quantify pP/nP abundance in the surface waters around Okinawa, water samples were collected
in September of 2018. Sampling was performed within 24 h (19th -20th September, detailed con-

“Some methods are explained in greater detail than traditionally done within the methods section. Especially
methods that were developed, failed or could not be conducted (although they were included in the thesis proposal)
are elucidated to give a better overview of the work done. The author feels this is better presented in the respective
method sections than under results.

3Originally, cruises were planned monthly over the course of a year to better understand pP/nP abundance sea-
sonality and weather dependence on typhoons. However, due to shifts in the main research focus of the original
research unit (Marine Biophysics Unit), only the first cruise could be realized. Subsequently, the methods used for
identification could be established but a meaningful risk analysis could not be realized.
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Figure 3.3: Map of field study area. The insert shows a map of the Ryukyu Islands Arch with a
red box around Okinawa [217]; Big map of Okinawa with the 11 (S1-S11) towing sites in 6 regions
[218]:

South East: Nakagusku Bay (51, S2) | North West: Cape Hedo (56, S7)
Center East: Kinbu Bay (53, S4) Center West: Nago Bay (S8, §9)
North East: Oura Bay (S5) South West: (510, S11)
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ditions in Table 3.1) on the Okinawa Prefectural Fisheries and Ocean Research Center ship, Tonan
Maru. Sampling was done using a Manta trawl (Hydro-Bios, 300 pm net, net opening is 15 cm X
30 cm, with Hydro-Bios Mechanical Flow Meter No.: 438 110). This cruise was designed to give
an overview snapshot of the nP/nP pollution around Okinawa.

The Manta net was deployed off the starboard side of the boat and trawled for 15 min at 2-3
knots covering an average distance of 1 km, filtering an average volume of 856.8 L. After trawling,
the nets were washed down twice with 0.2 pm filtered seawater brought onto the boat, before
transferring the content into 450 mL glasses. Eleven nets were trawled, two for each location -
— except in Oura Bay. At that location only one site could be sampled as a second site had to
be given up due to the US military construction of a new base. All 11 samples were stored in a
climatized environment at 15°C until processing the next day. Between each sample, the Manta net
was backwashed with seawater, and the collector at the end of the Manta net was washed separately
to limit cross-contamination between sampling locations.

For the collection of potential nPs, an additional water column sample was taken at each station
with a Niskin bottle at 2 m below the surface. After washing the 450 mL glass jars twice with the
first water out of the Niskin bottle, the jar was filled up and stored in a climatized environment at
15 ° C until processing. These samples ended up not being used, as the particle content was too
low to be detected with the method used for analysis.

3.2.3 Laboratory Analysis

The 11 Manta trawl samples were each filtered over a 300 pm sieve to collect the pPs in the range
of 300 pm to 5 mm (note that for fibers the diameter was used rather than total length of the fiber).
The filtration over 300 pm resulted in organic and inorganic particles being collected, which were
then sorted by hand. The meso- and pPs contained within were picked up with forceps and pre-
pared on carbon tape on glass slides. After that each pP particle was photographed and examined
under an optical light microscope (Zeiss Axio Imager Z1 microscope) to determine source, type,
shape, erosion and color (see Appendix C, after [66]). In order to determine the particle area, Im-
age] was used with the functions: Analyze Particles (values can be found in Appendix C).

3.2.4 X-ray fluorescence (XRF) spectroscopy for trace metal detection

The particles were scanned for trace metal pollution using X-ray fluorescence (XRF) spectroscopy
(Horiba, model XGT-7000.) This is a qualitative analytical method to determine the presence of
elements above the atomic weight of Na up to Rd. The non-destructive nature of the method
gives the advantage that the pP can be used for polymer identification afterwards. The location
of the elements on the pP was visualized using the Horiba XGT 7000 software. Since particles
were not cleaned before scanning, trace metal contamination located within the biota growing on
the particles can be found as well. Distribution patterns and signal strength were compared using
MATLAB image analysis. The focus was on the following elements which are considered most
toxic and having the most potential impact when bio accumulated on pnPs [219, 37]: Arsenic (As),
Mercury (Hg) Copper (Cu), Zinc (Zn), Lead (Pb), Cadmium (Cd). These elements are called

‘trace metals” within the thesis. As this method does not only display trace metals sorbed onto
the particle, but also distributed within, as part of dyes and flame retardants (commonly using
elements CI, Br, P), the location and distribution pattern is important to examine.
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3.2.5 Micro-Raman Raman Spectroscopy

To identify the polymer type of the particles contained within the field samples, Optical micro-
Raman Spectroscopy (Nanofinder 30, 532 nm laser), attached to an electron-multiplying charge-
coupled device (EMCCD) camera as a detector and objectives with magnifications of 20, S0,
100 x was used. Slightly different setups were used for various particle sizes. All pP particles above
300 pm were measured using a 20X or a 50x objective. Great care was taken to avoid the illumi-
nation of the attached biota with the laser and to focus on a clear plastic area (see Figure 3.4).

Figure 3.4: Biota found on pP particle 73 at Naha station 2 (S2). The green box shows the
region on the pP which will provide a clear Raman spectrum. The red box and insert indicates a
region that should be avoided, as too much biota is on the surface.

Polymers were identified from the spectra using online databases [220], literature [24, 221] and
known polymer reference samples.

Originally, for polymertype analysis of the nP, the water samples were filtered over polycar-
bonate (PCTE) membrane filters (pore size 20 pm and subsequently 100 nm, Sterlitech) in a filter
cascade (Vacuum Filtration system from Advantec). The filters were mounted onto glass slides.
Identifying the particles on the filter was not possible, because the particles got embedded into the
filter itself. So, while visible with the 50x and 100X magnification, the micro-Raman spectrome-
ter could not pick up the signal.

The second method we used to try to identify small pP/nP was optical tweezers micro-Raman
spectroscopy by integrated an optical tweezers (see Figure 3.5) on the Nanofinder 30. Optical
tweezers micro-Raman spectroscopy (OTRS) has recently shown promising results for z7-situ anal-
ysis of pP, sub-20 pm and nPs [24].

The optical tweezers micro-Raman spectroscopy (OTRS) used to get quantitative data on
small plastic particles in the liquid environmental samples builds on the principles of the field of
optical trapping. Since the first demonstration of particle optical trapping in 1986 [222], optical
tweezers have emerged as a powerful tool for trapping and manipulating particles in fluids [222,
223]. They employ highly focused laser beams to trap and hold dielectric particles from 10 nm to
100 pm in diameter. The particle has to be trapped near the focal spot because of the emergence
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of scattering and gradient optical forces [224, 225]: the scattering forces are due to radiation pres-
sure of the light beam along the direction of propagation of the beam, and the gradient forces pull
the particle towards the high-intensity focal spot. The total optical force exerted on a particle is in
the range between 100 fN to 100 pN depending on the difference between the refractive indices
of the particle and the liquid medium. The ability to measure such small forces has opened the
way for many new experiments in physics, chemistry, biophysics, and nanotechnology. Important
examples include the development of holographic optical tweezers [226], a variety of biophysics
measurements on single biomolecules [227], cell-sorting applications [228], the development of
techniques for optical rotation of particles [229], optical binding of particles [230], and trapping
in sub-wavelength fields created by plasmonic nanostructures [225].

As aresult, the combination of optical tweezers with a range of different optical read-out tech-
niques, for example Raman spectroscopy, has enabled various types of single-particle investiga-
tions. The first combination of micro-Raman spectroscopy and optical tweezers was presented in
1994, when Urlaub et al. [231] investigated a polymerization reaction in optically trapped emul-
sion particles, while Raman tweezers entered the field of biophysics in 2002 with studies of sin-
gle cells and organelles [232, 233]. Recently, the OTRS technique has been used for qualitative
chemical analysis of a variety of plastic particles with sizes in the sub-20 pm regime in seawater en-
vironment [24]. The authors achieved to discriminate between plastics and mineral sediments at
the single-particle level overcoming the capacities of conventional Raman spectroscopy in a liquid
environment. Therefore, such a OTRS system was used for 7z-szt« analysis of sub-20 pm and nP
fraction of our samples. This setup was used for all particles below 300 pm.
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Figure 3.5: A schematic illustration of the micro-Raman optical tweezers setup used for
chemical identification of material type. The same setup was used, adjusting the lenses to
lower magnification, for the chemical identification of pPs. Inset: A characteristic spectrum of
a Polyethylene particle of 15 pm diameter.

Our OTRS system consists of a Nd:YAG laser beam (A = 532 nm with laser power on sample
plane at 17 mW) focused using a high Numerical Aperture (NA) oil Immersion Objective Lens
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Figure 3.6: Optical image of micro particle trapping process. Single particle trapping using a
laser of 532 nm. Particle is ~ 1 pm diameter. The left image shows the optical image of various
plastics/particles in the environmental sea water sample. The middle image shows the laser turned
on, focused on seawater. Under illumination conditions, the particles will be moving towards the

focus of the laser due to the influence of optical forces exerted on it. The right image presents the
scattering of the laser beam when a particle with arbitrary shape is trapped.

(Plan-Neofluar 100, NA 1.30, Carl Zeiss) onto the seawater sample as shown in Figure 3.5. The
trapping laser beam is integrated into a Raman spectrometer (3D Laser Raman Microspectrometer
Nanofinder 30). The high NA of the lens ensures the trapping of the nanoparticles and provides
the necessary laser intensity needed to maximize their Raman signal. Using adhesive microscope
spacers, a microwell was formed on the glass slide, trapping the 20 pL sample solution under a
cover glass. The microwell contained particles in seawater from the sampled regions. As control, a
microwell with 10 pL milli-Q water aqua was prepared on the same microscope slide. The micro-
scope slide was mounted and fixed on top of the translation stage. Therefore, the OTRS technique
allows us to chemically identify small nP/nP fragments (see Figure 3.6).

3.2.6 Risk Assessment”

The Okinawa Prefectural Government has, in recent years, become concerned about this problem
and has adopted the policy of (a) having to pay for usage of plastic bags in supermarkets and (b)
the reduction of plastic trash through recycling programs. It has also funded a report concerning
marine trash around Okinawa and the neighboring islands. Having additional information about
the potential risks of pP/nP in the coastal waters can lead to more targeted policies protecting Ok-
inawa’ s fringing coral reefs and mangrove habitats. The Okinawan Prefectural Government has
indicated interest in this data as well as implementing more targeted policy changes fighting nP/nP
pollution around Okinawa.

Besseling et al. [30] stress the importance of separating the different components of risk posed
by pP, using different ecological relevant metrics for each component. Evaluating the potential risk
of pP should take into consideration multiple factors, and in this thesis the focus was to be on:

* concentration of uP (in 7/100L and per m?, polymer risk index after [116])

#Originally a risk assessment was planned in this thesis to comprise the risk of the nP themselves and the trace
metal sorbed onto them. Due to the reduction of the original 12 cruises to one, using the following methodology on
the data is not feasible as there are not enough data points. The method is presented here to illustrate a possible further
evaluation of pP and associated trace metal data. Individual risk as well as combinatorial risk was to be addressed, as
nP and trace metals can interact and the risk of each is influenced (increases toxicity vs. diminished impact) by the
other.
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* chemical composition (hazard score by [71])

* pollution load index for pP (P LI, after [234])

For the assessment of the potential risk of the trace metal load found on the pP, a similar com-
bination of multiple factors was to be used:

* detection and abundance of trace metals on the pP,

* pollution load index for trace metals (PLI, after [234])

Itisimportant to note that the L1 softens the effects and differences of each individual pP or
trace metal at each sampling station. The benefit of using the P L1 is that it makes comparison of
different stations possible. To compensate for this smoothing of the data, individual pP, polymer
types or trace metals can be singled out for further discussion in detail due to the high impact these
might have.

As previous studies do not consistently use the same expression for risk assessment levels and
no combination risk assessments are given in the literature, here Xu et al.’s [116] method is used
for creating risk levels (see Table 3.2) to combine the effects together. Polymer index, pP pollution
load index, heavy metal pollution load index and if applicable the nP pollution load index should
be combined to give risk categories. As the indices have never been calculated for Okinawa, the
thresholds given in Table 3.2 are preliminary and have to be adjusted to the actually found values.

Table 3.2: Risk level Categories for microplastic, nanoplastic and trace metal pollution.

Polymer Index <10 | 10-100 | 1000 - 1000 | > 1000
1P Pollution Load Index <10 | 10-20 20 -30 > 30
nP Pollution Load Index <10 | 10-20 20-30 > 30
Heavy Metal Pollution Load Index | <10 | 10-20 20-30 > 30
Risk Categories 1| o | m | IV

A meaningful analysis could not be done with the data of just one cruise. The PLI for Ok-
inawa in comparison to Japan was calculated and is reported below, but this needs to be viewed
with caution and does not allow any detailed risk analysis.

Microplastic concentration and polymer risk’

Evaluating the chemical toxicity of the nP using the hazard score of [71] and following [116], re-
sults in the polymer risk index. This formula takes into consideration the concentration of each
polymer at each respective sample station (after [116]):

H=Y P,S, (3.1)

>Both the PLI and the polymer risk should also be calculated for the sub-20 pm and nP fraction of the collected
particles using the equations (3.1) and (3.3). This evaluation remains to be done when more information is available
from Okinawa.
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H = Calculated polymer risk of pP

* P, = percentage of a certain pP polymer type collected at each sampling station

Sy, = hazard score taken from [71] (see Table 3.3 for reference)

* n = polymer types present in the study (see Table 3.3)

Microplastic pollution load index

To evaluate and compare different sampling stations with each other as well as with the surround-
ing region, the pollution load index was calculated following [234]:

PLI = \/C;/Cy (3.3)

PLI. = Y/PLLPLI,..PLI, (3.4)

* (; = P concentration at each station
* CF; = Concentration Factor for pnP

* C); = minimal average nP concentration

The PLI is obtained as Concentration Factor (C'F) of each pP. This C'F' is the resulting quo-
tient of dividing the concentration of each pP by the minimal average concentration of pP as-
sumed. Once the C'F'is calculated, the P L[s of the station are calculated by taking the square root
[116]. With the P LI obtained from each station, the P LI for larger geographical areas (zone) was
to be calculated by obtaining the n™ — root from the n — PL1 s [234]. The zones were to be South
(S1-S4, S10, S11), North (S5-S9), East (S1-S6), West (S7-S9) and Naha (510, S11) (see Table 3.4).

Trace metal on microplastic pollution load index

The pollution load index for trace metals on pP (P LIj;g) is related to the presence of each trace
metal at each station. As the qualitative nature of the detection method only gives the possibility to
determine presence via graphical analysis, three categories (low, medium, high) were assigned and
compared to the overall presence of the trace metal. This way different stations can be compared
to each other regarding their trace metal PL1:
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PLI.one = V/PLIygPLIyo - PLIy, (3.7)

* M; = Trace metal presence per station

* My; = minimal trace metal presence at all stations

This pollution load index is calculated using the root of the quotient of the trace metal presence
at each station (M;) and the minimal average trace metal presence (Mp;). Once the C'F' is calcu-
lated, the P L1 of the stations are calculated by obtaining the n — root from the n — C'F's [234].
With the P LI obtained from each station, the P LI for the zones is calculated. Zones correspond
to the ones picked for the nPs (see Table 3.4). Evaluating the inherent risk of the trace metal found
on the pP has not been done in this fashion. Munier and Bendell [37] evaluated pP as a sink and
source for trace metals, but their focus was on a quantitative analysis. Rochmen et al. [75] and
Wang et al. [85] both also studied trace metals on pP but did not analyze the ecological risk using
indices. This index should have been used to compare the trace metal pollution around Okinawa
and is not intended to be comparable to previous studies of trace metals and their ecotoxicity in
sediments or seawater.

3.3 Results and Discussion

3.3.1 Distribution and Abundance on Microplastics

From the 11 sample sites a total of 78 particles were recovered, 73 of which were plastics. The
average concentration of plastic particles per 100 L was 0.76.

Table 3.3: Polymer types found as pP/nP around Okinawa: Detailed information for polymers
identified in this study, including monomer, density, and hazard score [27, 71].

Polymer Abb | Monomer Density | Hazard

(g/cm®) | score
Polyethylene PE Ethylene 0.91-0.96 11
Polypropylene PP Propylene 0.85-0.94 1

Polyvinyl chloride PVC | Vinyl chloride 1.41 10551
Polyamide (Nylon) PA Adipicacid | 1.14-1.15 47
Polystyrene PS Styrene 1.05 30
Expanded Polystyrene | ESP Styrene 0.05 44

No previous studies of the ocean around Okinawa have looked for pP/nP pollution, so the re-
ported values are a first glance at this kind of pollution in these coastal waters. Polymer types found
in the study are summarized in Table 3.3. We found a significant variation in the pP distribution
around Okinawa, when looking at the particle numbers per station. In order to determine the
underlying causes for this variation, we split the sampling stations in accordance with population
density (North and South, see Table 3.4, and industrial distribution (East, West, Naha, see Table
3.4).
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Table 3.4: Micro- and nanoplastic particles found around Okinawa: Top Table displays geographic data, stations partitionings for analysis and
trawling data in combination with how many particles were found in which size class. Lower Table goes into detail on the sub-20 pim particles found.

Name Station split for analysis Manta trawl geo information (1km, 300 m?) Microplastic data
Area Station Population Population Industry StartLat | Start Long End Lat End Long Volume Particles Particles | Particles
Name Names | Density [n/ km?] distribution | distribution (North) (East) (North) East) Filtered (L) perstation | per 100L | per m?
Nakagusku 1 S1 1433.0 Sthl E1l 26-11.969 127-47.212 26-12.407 127-47.554 833 9 1.08 0.03
Nakagusku 2 S2 2838.0 Sth2 E2 26-17.471 127-52.255 26-17.471 127-52.289 855 8 0.94 0.03
Kin1 S3 1386.0 Sth3 E3 26-23.302 127-57.707 | 26-22.931 127-57.296 793 6 0.76 0.02
Kin2 S4 1386.0 Sth4 E4 26-24.839 127-51.647 | 26-25.189 127-52.047 779 S 0.64 0.02
Oura S5 110.8 N1 Es 26-32.194 | 128-04.648 | 26-31.771 128-05.500 841 2 0.24 0.01
Cape Hedo 1 S6 110.8 N2 E6 26-52.285 128-16.807 | 26-52.585 128-16.274 747 4 0.54 0.01
Cape Hedo 2 S7 110.8 N3 W1 26-52.173 | 128-14.398 | 26-51.801 128-14.167 860 0 0.00 0.00
Nago 1 S8 295.7 N4 w2 26-34.933 127-56.869 26-34.817 127-57.450 955 2 0.21 0.01
Nago 2 S9 295.7 N5 W3 26-32.936 | 127-55.259 | 26-32.688 | 127-54.781 741 6 0.81 0.02
Naha 1 S10 8043.0 Sths Nahal 26-12.186 127-36.052 26-11.717 127-35.910 964 24 2.49 0.08
Naha 2 S11 1289.0 Sthé Naha2 26-07.439 127-37.047 | 26-07.074 127-37.495 1056 7 0.66 0.02
Name Nanoplastic data Raman Analysis
Area Station total volume | Particles | % w_»mao. of % mewsmw of PE | PA | PP | PS | PVC | Plastics | Minerals | Cellulose Organic | unknown no
Name Names checked [pL] found total Particles | total Particles Matter spectra spectra
Nakagusku 1 S1 40 22
Nakagusku 2 S2 40 44 22.7 56.8 8 1 1 10 S 25 1 3
Kin 1 S3 not checked
Kin 2 S4 60 56 17.9 66.1 8 1 1 10 1 37 8
Oura S5 not checked
Cape Hedo 1 S6 60 60 13.3 66.7 3 4 1 8 2 40 4 6
Cape Hedo 2 S7 60 13 15.4 61.5 1 1 2 2 8 1
Nago 1 S8 60 S8 13.8 65.5 8 8 4 1 38 2 S
Nago 2 S9 not checked
Naha 1 S10 40 51 19.6 58.8 8 2 10 7 30 4
Naha 2 S11 40 25
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One major problem for policy-makers and stake holder evaluations of the pP/nP pollution
threat is the difference in reporting of pollution data, in addition to the uncertainty of which levels
of nP/nP pollution are actually problematic for the different habitats. There is no consistency in
the literature for normalizing pP pollution and no reported particle numbers for nP. Two different
normalization metrics are found for pP:

* to volume [235, 46, 236, 45, 237]

* toarea [46, 49,238, 86, 93, 66]

In this study, we provide both a normalization to area and to volume. The differences are
noticeable, showing significant differences only in one case. Reporting both values helps policy-
makers and other stakeholders arrive at the correct conclusion with the information provided,
where hiding one would be misleading [50].

The population distribution on Okinawa follows a north-south gradient. The highest popula-
tion densities are in the capital city Naha with over 8,043 people/km? (see Figure 3.7, [239]); whilst
the density falls to SO people/km? and below in the northern part. The pP distribution has been
shown to follow the population density in other parts of Japan [240] and our data demonstrates
the same relationship. We observe significantly lower nP concentrations in the north of the island
compared to the south (Kruskal-Wallis, per volume: p = 0.030; per area: p = 0.009) (see Figure
3.7).

In contrast, the partitioning in East, West and Naha in accordance with the distribution of
industry on the island does not show the concentration of 1P following the distribution (Kruskal-
Wallis, per volume: p = 0.262; per area: p = 0.121) (see Figure 3.7).

The east side of the island is highly industrialized, while the west side is kept largely untouched
for tourism. Naha is the capital of the Okinawa Prefecture and the sample location was next to the
industrial port and commercial airport. Despite being a heavily commercialized area, Naha has an
estimated population of 318, 270 inhabitants, representing almost 30% of the total population of
Okinawa. The population density of this area is 8, 043 people/km?. On the opposite side of the
capital of Okinawa sits the big bay of Nakagusku, with the cities of Nanjo (2.98 % of Okinawa Pop-
ulation), Urasoe (7.90 % of Okinawa Population), Ginowan (6.71% of Okinawa Population) and
Okinawa City (9.74 % of Okinawa Population). The likely reason for no significant differences in
the median differences in the East West splitting is that pP pollution is caused primarily by human
population, not the local industry [241, 242]. Point sources such as sewage outfall and run off
after heavy rainfall are the cause of high pP pollution in the southern coastal waters around Oki-
nawa, while the hydrodynamic processes and tidal forces around the island prevent the transport
to northern sampling areas. Optical images of the some nP particles found are presented in Fig-
ures 3.8 and 3.9(with matching Raman spectra (Figure 3.10) and heavy metal analysis via XRF (see
Section 3.3.2). The sub-20 pm and nP distribution follows that of the pP found around Okinawa
along the population gradient (see Section 3.3.3).
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Figure 3.7: Map of correlating population density to uP distribution. (a)(c) The correlation
between the population density and the amount of nP found is clearly visible in the North-South
partitioning, (b)(d) while the partitioning of the sampling stations into East-West-Naha along the

industrial gradient does not yield any significance. pP abundance in particles per station (see Table
3.4). Maps from [239].
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Figure 3.8: Three uP found at station $10 in front of Naha, optical images with correspond-
ing Raman spectrum. The purple line shows a PP Raman spectrum of a blue color pP with biota
attached. The Raman spectrum of PP is clearly observable although the laser beam is positioned
between the visible attached cells. The green line shows the Raman spectrum of a PE film, although
the film is thin, when focused properly on the surface of the film, a clear spectrum is displayed. The
blue line shows the Raman spectrum of a PE fiber.
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Figure 3.9:

Particle 31

Optical images of the pP particles.

Particle 24

Particle 26

The Raman spectra and XRF analysis are displayed in Figure 3.10.

Particle 69
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3.3.2 Trace Metal Distribution and Abundance on Microplastic

While the original trace metal analysis could not be realized, some particles and the distribution of
trace metals on them are given and discussed below.

Figure 3.11: Trace metal distribution on PP pP particle 46. While this optical image and XRF
image does not contain enough vacuum space for the MATLAB code to properly confirm the
presence of the Ca, it is interesting to see the distribution pattern of CA on this particle, which do
not follow the discoloration of the particle. It is possible that a biofilm with calcifying organisms is
present that is does not produce any discoloration. This particle was collected in Naha (S10). All
displayed elements were confirmed with MATLAB image analysis.
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Figure 3.12: Trace metal distribution on PE pP particle 24. Calcium (Ca) and Titanium (Ti)
were found in the this particle. It is clearly visible that neither element is located in the attached
biota on the right side of the particle but distributed over the surface of the polymer. This particle
was collected in Kin (§4). All displayed elements were confirmed with MATLAB image analysis.
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Figure 3.13: Trace metal distribution on PE pP particle 12. This white pP only shows a pattern
for Silicon (Si) while the other elements are evenly distributed over the surface. The insert shows
that the plastic itself is not as weathered as Particle 4. This particle was collected in Nakagusku (S2).
All displayed elements were confirmed with MATLAB image analysis.
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Figure 3.14: Trace metal distribution on PE pP particle 4. As can be seen in the optical image,
this pP particle is prone to further fragmentation and the trace metal pollution shows different
distribution patterns along the fragmentation cracks. While Iron (Fe) is found primarily within
the crack, Chromium (Cr), Arsenic (As) and Lead (Pb) are attached to the top surface, not the
visible crack. Mercury (Hg) and Zinc (Zn) seem to have no affinity for either the weather crack or
the top surface, as they are more evenly distributed on the entire pP. This particle was collected in

Nakagusku (S1). All displayed elements were confirmed with MATLAB image analysis.
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Figure 3.15: Trace metal distribution on pP particle 21. Two optical images are displayed along
with the distribution of the elements on them. No pattern can be seen in any of the elements. This
particle was collected in Kin (S3). All displayed elements were confirmed with MATLAB image
analysis.
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Figure 3.16: Trace metal distribution on PE pP particle 69. This yellow pP particle collected
in Naha shows a high presence of toxic trace metals, the formerly mentioned As, Pb, Cr, Hg, Cu
and Zn. When this figure is compared to the particles collected in Nago (Figure 3.18), it is clearly
visible that more of these trace metals are found in this location. This can be due to different
polymer affinity to trace metals, but also because the waters around Naha are potentially more
contaminated due to high population and industrial presence. This particle was collected in Naha
(S11). The image for the distribution of Ca was also included and the pattern aligns with the
weathering grooves in the surface, indicating that there may be a bio-film with calcifying organisms.
All displayed elements were confirmed with MATLAB image analysis.
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Figure 3.17: Trace metal distribution on PS pP particle 31. This PS pP shows a distribution
pattern for Chloride (Cl). The pattern does not correlate with the discoloration or the cracks seen
in the optical images. In addition the distribution of Potassium (K) is displayed, this element was
only found on 4 other particles. This particle was collected in Cape Hedo (S6). All displayed
elements were confirmed with MATLAB image analysis.
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Figure 3.18: Trace metal distribution on pP particle 35 of unknown polymer type. This small
green NP shows a distribution pattern for Ti and Fe but the trace metals Copper (Cu), Pb and As
are distributed evenly across the particle. The distribution pattern follows the weathering of the
particle, as the mold in the upper part of the particle does not have any Ti or Fe. This particle was
collected in Nago (S8). All displayed elements were confirmed with MATLAB image analysis.

From the limited analysis above, it can be said that different particles have various distribu-
tion patterns and quantities of trace metals attached. Besides being located in the biota or bio-film
attached to the particle (see Figure 3.11 for possible bio-film location), there are two possible pri-
mary sources for the metal found with the analysis. For one, as seen in Figures 3.12 and 3.13 with
Ti, the trace metal can be inherently present within the polymer matrix, as modern plastics are in-
creasingly a mix of the actual polymer (residual monomers) and different chemical additives [17],
which often contain trace metals [10]. The other possibility is adsorption to the surface from the
surrounding seawater [243, 37, 244, 171, 245, 246, 247, 172] (see Figure 3.14; Fe is found primar-
ily within the crack, Cr, As and Pb on the surface). Either way, pP/nP can be considered a source of
trace metal contamination into the water column and food web. The trace metals adsorbed onto
the surface pose a greater risk to marine organisms, as they potentially detach easier than matrix
locked trace metals [37, 248]. The potentially toxic effects of plastic associated trace metals are still
poorly understood [15], but adsorption of trace metal ions depends mainly on the physical and
chemical properties of the polymers [249]. As explained in Section 2.2.3, the plastic surface po-
tential and with it, the possibility for adsorption of ions, is changed in seawater. Weathering and
organic matter ecocorona [17] are responsible for this. Weathered pnP adsorb up to one order of
magnitude higher trace metal content then virgin pP pellets [250]. Also, increasing pH leads to
increased adsorption of divalent cations to the negatively charged polymer surface, such as Cd, Ni,
and Pb [250]. Besides direct attachment to the surface, trace metals’ trapping into bio-films is also
an increasingly confirmed assumption, as the adsorption of trace metals itself is not significantly
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linked to polymer type [173, 64, 251]. Overall, complex processes lead to the formation of active
binding sites for differently charged trace metal ions [252]. The chief anthropogenic sources of
trace metals in the marine environment are ports and marines (Naha has an industrial port and
many local and private marinas are found for fishing and tourism), coatings of ships, agricultural
runoft, and waste-water. A more detailed analysis of more particles is needed to see if the trace
metal distribution follows the island’s population and industrial distribution. The primary quali-
tative analysis seems to support this, as more trace metals and more toxic trace metals are found on
the southern stations, see Figures 3.15 and 3.16, than in the northern stations, see Figures 3.17 and
3.18. Since pP and trace metals interact and the risk of each is influenced (increased vs. diminished)
by the other, any risk assessment needs to address the individual risk as well as the combinatorial

risk [30].

3.3.3 Distribution and Abundance of sub-20 ym and Nanoplastic

Ocean surface water samples from several bays around Okinawa have been analyzed. For the sub-
20 pm and nP analysis only samples from S2, §4, S6, S7, S8 and S10 were analyzed. The chemical
identification of optically trapped particles in seawater was demonstrated by employing OTRS
after background subtraction. Notably, the majority of the found plastics are quasi-spherical. An-
alyzed plastic particles ranged from 1.38 jim to 47.83 pm (see Figure 3.19 (c)). As such, none can
be defined as nP, only pP and sub-20 pm plastic particles. In total, 329 particles were imaged, but
the analysis could only be run on 282 of them, as the other data was corrupted during the saving
process on the Raman system computer. Data from two stations were lost (see empty columns
“Particles Plastic (%)” and “Particles Organic (%)” in Table 3.20). The composition of the 282
remaining particles is given in Figure 3.19 (a) and the partitioning of the plastics in Figure 3.19 (b).
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Figure 3.19: Plastic particle composition. (a) Percentage composition of all particles. (b) Poly-
mer types of sub-20 pm plastics collected in seawater around the main Okinawa island. (c) Average
diameter of sub-20 pm plastics where 7 indicates the number of microplastic polymers.

Although the OTRS provides the ability to identify nP, we did not find any nP in our seawater
samples. From here on out, particles will be referenced as sub-20 pim, even though three particles
were above 20 pm and one had an unknown size due to the corruption of the optical image file.

Our analysis confirmed that 17% of particles were identified as plastic around Okinawa Island,
in which PE, PP, PVC, PA and PS are among the most abundant polymer types in aquatic environ-
ments (Figure 3.19 (a) and (b)). Polyethylene (PE) was the most common plastic type, comprising
75% of all the sub-20 pm plastics polymers analyzed (Figure 3.19 (b)). The order of numerical
dominance of sub-20 nm plastic polymers was PE > PA > PS > PP = PVC. Generally, these poly-
mers accounted for 74% of global plastic production and are commonly used in short life-cycle
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products [28]. Moreover, factors such as hydraulic conditions, salinity, temperature, wind, bio-
fouling, as well as changes in surface to volume ratio may aftect the distribution of sub-20 pm
plastics around Okinawa.

The source of sub-20 pum plastics is related to anthropogenic activities on the seawater, beaches,
and in the trading centers in the area around Okinawa. In the fishing communities at the fish
landing beaches, woven polymer sacks are used for storage and transport of a variety of products
including fishes. Over 75% of the sub-20 jim plastics are made of polyethylene and these may origi-
nate from broken fishing nets, lines or ropes, water bottle caps, household utensils, consumer carry
bags, containers/packaging, etc. Recently, a study of the abundance of microplastics in road dust
samples collected from several areas in Okinawa shows a high concentration of them in urban areas
in which daily vehicle traffic, industrial activity, and high population density are dominant [253].
In the road dust of Okinawa, PE was 29% of the total microplastics [253], while in seawater it is
75% of the total sub-20 pm plastics. At the end, some of the road dust may be found in the oceans
surrounding Okinawa, correlating the two findings via common high concentration areas.

Sub-20 pm plastics were also classified based on their size as products of degradation of large
plastic materials (see optical images in Figures 3.21, 3.23 and 3.24). The average size of all col-
lected sub-20 pm plastics is shown in Figure 3.19 (c). The majority of sub-20 pnm plastics range
from 1.4 pm to 18.7 pm, although we identified three microplastics with sizes of 27.2, 30.5, and
47.8 pm. The smallest average size of 2.53 £ 0.85 pm is identified for PS polymers while the
largest average size of 28.4 £ 9.4 pm is identified for PVC polymers. Likewise, the sampled sub-20
nm plastics showed a wide range of sizes in various areas of Okinawa with the highest around Naha
(510). A shift of the Raman peaks or alteration of the bands can be expected due to their crystalline
structure and level of degradation. Table 3.5 list the polymer types and abundances of sub-20 pm
plastics found and identified in seawater around Okinawa.

Table 3.5: Nanoparticle distribution around Okinawa. Split for population and industry

around Okinawa following the respective gradients. (For more Geo-information and pP data, see
Table 3.4)

Area Station  Population Industry volume Particles Particles Particles

Name Names distribution distribution checked [pL] plastic (%) Organic (%)
Nakagusku 1 S1 Sth1 El 40 44 25.0 56.8
Nakagusku 2 S2 Sth2 E2 40 22
Kin 2 S4 Sth4 E4 60 56 17.9 66.1
Cape Hedo 1 S6 N2 E6 60 60 13.3 66.7
CapeHedo2  §7 N3 W1 60 13 15.4 61.5
Nago 1 S8 N4 w2 60 58 13.8 65.5
Nahal S10 Sths Nahal 40 51 19.6 58.8
Naha 2 S11 Sthé6 Naha2 40 25

The plastic pollution observed for sub-20 pnm plastics follows the population gradient of the
island. There is a clear distinction between the northern, less populated part of Okinawa, and
the southern part with high population density. With draining rivers and waste water treatment
plants into the big bays, there is a significantly higher sub-20 pm particle % found in the southern
half of the island (two tailed t-test, P = 0.0147) (for station partitioning see Table 3.5, and 3.20).
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This mirrors results from Kataoka et al. [240], who found sub-20 im and nP concentrations are
significantly correlated with population density (and urbanization). In contrast, the partitioning of

the stations in to east and west, according to industrial density, does not yield a significant difference
(P=0.7).
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3,000 - 4,000 people/km? .
2,000 - 3,000 people/km?

1,000 - 2,000 people/km? 1 5 4 %
500 - 1,000 people/km?
250 - 500 people/km?
100 - 250 people/km?

50 - 100 people/km? -

50 people/km? and below

4

196 % @

Figure 3.20: Map correlating population density to sub-20 pum plastics distribution. While
total number of sub-20 pm plastics found is evenly distributed, the numbers displayed next to the
stations show the percentage of plastic in these particles. These follow the indicated partitioning
into North-South along the population gradient, as seen with the nP (see Table 3.4). Map from
[239].

The abundance of sub-20 nm plastics in each station displayed a difference between the num-
ber of plastics collected in urban and less populated areas. The heterogeneity of the plastics at the
sampling stations may be caused by several factors, predominately the closeness of point sources
such as sewage outfalls, river outlets and run-off after heavy rain fall. Atmosphericinputof pP/sub-
20 pm plastic from domestic activities such as traffic should also be taken into consideration.

In Figure 3.21, we have identified the characteristic Raman peaks of polyvinyl chloride (PVC)
(Table 3.6). Additionally, we investigated the Raman signal of the optically trapped microplastic
for various positions on its surface. We note that the intensity of the Raman signal changes. This
could be due to the difference in weathering of the material at various places. In total, 51 particles
were analyzed from station $10. Out of these particles, 11 were plastic which amounts to 19.6% of
the particles found. The plastics belong to two different polymer types: polyethylene, PE, (n=9)
and polyvinyl chloride, PVC, (n=2). This is the second-highest percentage of plastics that we have
found in seawater around Okinawa. This result correlates well with a recent study by Kitahara
et al. [253], finding small plastics in road dust on Okinawa. Although the population density is
highest in Naha and most land use is urban [254, 255], plastic particles in the road dust were lower
in front of our station S10 [253]. Another reason for finding the second-highest plastic pollution
at this station is the location outside of a bay. Although many rivers discharge on this side of Naha
city [256], the pollution will not be trapped on this side of the island.
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Figure 3.21: Raman spectrum of a polyvinyl chloride (PVC) quasi-spherical microplastic of
47.8 pm diameter found at station $10, near Naha. Each spectrum relates to a different region on
the trapped particle. Inset: microscope image of the plastic in which different spectral regions are
labeled. The intensity of the Raman signal may indicate the difference in weathering.

Table 3.6: Raman modes of polyvinyl chloride (PVC). PCV has a hazard score of 10, 551 [71],
making it one of the most toxic plastics based on hazard classification of monomers. PVC is mostly
used for cables, pipes & fittings, window frames, and flexible films for water proofing.

v(ecm™1) ‘ Vibration

1,724 Ester CO stretching

14,345 CH,; symmetric deformation
1,325 CHy; twisting

610 Crystalline C-Cl stretching

Plasticizers, dyes, and weathering can change the Raman spectrum, adding additional peaks to
the spectrum of the different polymers as well as changing relative intensities and accuracy. These
additives are often harmful and can leach from the polymer matrix [257]. In addition, the particles
are often embedded in organic material, which can also add peaks to the actual polymer spectrum.
In Figure 3.22, we show the Raman spectrum of the microscope slide that we used in our exper-
imental process and the organic matter found in the plastics. Based on these reference spectrum
we can distinguish the plastics from organic matter and identify their Raman peaks. Generally,
we observed that most sub-20 jum plastics are embedded into organic matter (68.75%) while only
31.25% are free-floating. No data is published on this ratio, as the methods for polymer identifica-
tion used most often add a step of digesting the organic material in the sample first, to get a better
Raman signal. This ratio is important to investigate further, as it can shed some light on the fate
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of the pP/ sub-20 pm plastic within the water column.

Intensity (arb. units)

500 750 1000 1250 1500 1750
Raman shift (cm™)

Figure 3.22: Additional Raman spectrum peaks that typically appear in the signals from the
trapped particles in our samples. Purple (upper) curve: spectrum from the microscope slide.
It displays the glass solid-state structure with long-range translational symmetry — the peaks are
very broad with widths up to several hundred wave numbers. Green (lower) curve: spectrum from
organic matter found in the samples with CCO stretching (around 1000 cm ') and CHj and
CH,, deformations (1250 cm ™! to 1750 cm ') in the Raman spectrum. The individual peaks vary
depending on the organic matter of the trapped particles.

Figure 3.23(a) shows the Raman peaks of PE sub-20 nm plastics which were found in several
areas around Okinawa. In Table 3.7 we present the modes attributed to PE, all the particles have
the characteristic PE peaks spanning from 1000 cm ™! to 1500 cm ™! [24]. Figure 3.23(b) shows the
Raman spectrum for polystyrene (PS) and polypropylene (PP) particles which are not embedded
in organic matter.

The most common plastic that was found in the seawater of Okinawa is PE with a percentage
of 10.94% of the total particles analyzed (see Table 3.3). The reason for the high percentage of PE
could be its structural characteristics and lower density compared with the other polymer types
found (see Table 3.3). It has more porous structures than other plastics and, as such, it may be
more easily broken down into microscopic debris by sunlight, wind, and current erosion [258]. We
notice surrounding organic matter overlays the PE Raman spectrum in a microparticle of 5 pm in
diameter (red line in Figure 3.23(a)), which was collected from the Naha (S10) area. Additionally,
an overlay of dyes or additives is observed in the Raman spectrum of a sub-20 pm plastic with
S pm diameter (purple line in Figure 3.23(a)) which was collected from the Kin (S4) area. The
characteristic peaks of polystyrene (PS) (black line in Figure 3.23(b)) and polypropylene (PP) (blue
line in Figure 3.23(b)) were identified at Nago (S8) and Nakagusku (S2) areas, respectively. PS is
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Table 3.7: Raman peaks of polyethylene (PE). the most common plastic used today. Primarily
used for packaging, resulting in air trapping items such as bottles and plastic bags. Combined with
its low density this leads to a majority of the PE floating at the oceans surface [23].

v(ecm™1) ‘ Vibration

1058 CC symmetric stretching
11,235 CH; CC anti-sym stretching
1286 CH, twisting vibration

1408 CH,; bending

1429 CHj symmetric deformation
1450 CH, scissor vibration

frequently found in the environment as a material from diverse uses such as packaging foams and
disposable cups. Since it is mainly used for manufacturing single-use products, a large portion of
post-consumer production ends up in oceans [259], and remains there for several hundred years
due to their resistance to degradation (Table 3.3). PP is used in the manufacturing of, for example,
flip-top bottles, piping systems, and food containers, amongst others.
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Figure 3.23: Raman spectra of optically trapped pP/nPs dispersed in seawater with their
optical images. (a) Polyethylene (PE) spectra from different particles found in different locations.
The red line has an organic matter overlay, while the purple and blue lines have additional peaks
most likely from dies or additives to the PE. (b) The black line indicates a Raman spectrum of
Polystyrene (PS) and the blue line of Polypropylene (PP) found at Nago (S8) and Nakagusku (52)

areas, respectively.

Together with the plastics, trapped sediment micrometric and nanometric particles can also
be detected (see Figure 3.24). Specifically, we note that some particles have peaks at 512 cm™!
and 472 cm ™! [260], indicating trapped quartz particles (blue curve-S10 in Figure 3.24). Parti-
cles of polymorphous CaCO3 with one peak at 706 cm ™ followed by a larger peak at 1088 cm™!
indicate that they are most likely calcite and not aragonite or vaterite [261]. The origin of these
particles is probably related to trace calcite-based contaminants. Finally, we find particles that dis-
play the spectral fingerprint of rutile (green curve-S8 in Figure 3.24) with microscope slide signal
overlay [262]. Rutile is a mineral composed primarily of titanium dioxide (TiO2) and is the most
common natural form of TiO,. These sediment-derived particles are likely found because of high

river input [256].
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Figure 3.24: Raman spectra of trapped sentiment particles suspended in seawater with their
optical images. In the purple line the calcite peaks are overlaid with organic matter, as observed
on the optical image. The green line shows a rutile particle. The Raman spectrum is overlaid by
the characteristic microscope slide Raman peaks. The integration time is 20 sec (4 acquisitions).

The plastic pollution observed for sub-20 pnm plastics follows the population gradient of the
island [255, 254]. There is a clear distinction between the northern (Figure 3.3), less populated
part of Okinawa, and the southern part with high population density. While the south west side
with the capital Naha has the highest population density, there is no bay on that side of the island.
The south east side of Okinawa, as mentioned before, is home to the big bay of Nakagusku (S2-
Figure 3.3), with many population dense cities surrounding it. While only a handful of rivers drain
into this bay, these rivers have been found to have the highest levels of inorganic nutrients [256] on
Okinawa. We analyzed 44 particles from that bay and we calculated that 25% are plastics (8 of PE, 1
of PP, 1 of PSand 1 of PVC). We conclude that this is the area with the highest percentage of plastics
due to the high population density (2,838 people/km?). The southern part of the island has a high
proportion of urban land use [255], which, in combination with high traffic density [253], leads to
high anthropogenic pressure on the coastal ecosystem [263]. This results in a significantincrease of
sub-20 pm plastic percentage in the southern half of the island (t-test, two tailed p = 0.0147). This
is in reasonable agreement with studies showing microplastic abundance in areas with an increase of
intensive anthropogenic activities such as: urban areas with high population density [240], tourist
beaches with high density of tourists [264], areas of intensive agriculture [265], as well as fishing
and shipping activities [266].

In the central part of the island, the land use shifts from urban areas to more forest cover [255,
254]. Traftic density goes down by between one third to about one half that found in the southern
part of the island [253]. On the east side, we have a station at Kin (S4), while Nago (58) is located
on the west side. Kin has a surrounding population of up to 1,386 people/ km? while at Nago the
population density is lower at 296 people/km?. The anthropogenic pressure on the Kin station
is predicted to be high [263]. This difference in the population density is reflected in the plastic
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distribution, 17.9% (S4) and 13.8% (S8), respectively, while the percentage of organic particles is
reasonably stable (66.1% (S4) and 65.5% (S8)). At Nago, we analyzed 58 particles. PE was the only
plastic type found there. In Kin (S4) we characterised a similar number of particles (n = 56) but
found a wider variety of plastic polymer types (8 PE, one PS, and one PP sub-20 pm plastics). The
particles in Nago Bay ranged in size from 1.4 pm to 27.2 pm. According to industrial density,
which is higher on the east side of the island, the partitioning of the stations into east (52, S4, S6)
and west (510, S8, S7)) does not yield a significant difference (t-test, p = 0.7) in sub-20 pm plastic
distribution, as most plastic is correlated with domestic activity, not industrial, on Okinawa.

Finally, in the north of Okinawa, we have Cape Hedo (Figure 3.3) with a low anthropogenic
pressure prediction [263]. We collected particles from two stations (S6 and S7) located on both
sides of the cape. In total, 60 particles were identified at station S6, of which 8 are plastics (3 PE,
4 polyamide (PA) and 1 PS) while at station S7 we identified 13 particles with two of them being
plastics (1 PE and 1 PA). S6 is located on the east side of the cape, which has rivers draining into
the ocean. Because of that, particulate organic matter content is comparable to the station located
further south [267]. Polyamide is a family of polymers named Nylon. It is a ductile and strong
polymer, permitting the fabrication of textile fibers and cordage. Based on Figure 3.19(b), PA is
the second most common plastic identified in the sea waters of Okinawa with 1.52% of all particles
analyzed.

3.3.4 Risk Analysis

By themselves these numbers do not say much about the pP/nP problem in Okinawa. The distinct
pattern that can be observed shows the influence of population density on the nP/nP population
and the implication for the marine ecosystem, but a more detailed risk evaluation is needed based
on more data with seasonality to show the true impact of the problem.

PLI = \/C;/Cy; (3.8)

Using the P L1 to smooth out any irregularities in the small data set, the C; around Okinawa
itself is assumed to be 107% n/100 L as S7 did not present any pP. Once Okinawa was compared
to the greater region the Cj; was set to 0.05 n/100L, reflecting the pP concentration in the Japan
Sea [268]. While using this index, the southern stations all score high (between 800 — 1500), the
northern most station S6 on the east side of Cape Hedo scores almost as high with 700, while the
other northern station score much lower at 400 — 500. This is due to the small data set. It can be
seen that when the PLI of Okinawa is compared with the Japan Sea, Okinawa scores in their lowest
risk category with a PLI of below 10 for all stations [116] see Table 3.8.

Only 73 pP particles were found in the stations around Okinawa. This can be compared with
the smaller sub-20 pm fraction for which 48 particles were found. While not being more abun-
dant, these were also found to be more ubiquitous, as the nP were not present at every station.
The smaller plastics were, in addition, embedded in organic matter to a higher percentage (68.75%
vs. 31.25% free-floating), making them easy to be ingested accidentally. PE is the most abundant
polymer found, both in nP (45%) as well as in sub-20 pm fraction (75%) (see Figure 3.25).
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Table 3.8: Pollution load index for the stations around Okinawa for pP in comparison to
Okinawa, displaying the most polluted zones to be in the south. The PLI compared to Japan Sea
shows that the overall pollution levels around Okinawa are low. PLI is based on volumes, hence
this analysis could not be done for the sub-20 pm particles.

Town Name ‘ Station Names ‘ PLI Okinawa ‘ PLI Japan Sea

Nakagusku 1 S1 980.02 4.38
Nakagusku 2 S2 1025.98 4.59
Kin1 S3 869.77 3.89
Kin 2 S4 800.95 3.58
Oura SS 487.58 2.18
Cape Hedo 1 S6 731.54 3.27
Cape Hedo 2 S7 0.00 0.00
Nago 1 S8 457.71 2.05
Nago 2 S9 900.02 4.03
Nahal S10 1577.75 7.06
Naha 2 S11 814.29 3.64

(a) b
Unkn;wn ( ) Unknown

12
Organic Matter 17%
45% No spectra 7%
PVC 4%

n =355

Plastics 31%

Minerals
5%

Figure 3.25: Comparison of particles analysed. (a) In total 355 particles were analysed from
all stations around Okinawa. 121 of those were plastics, all smaller then 5 mm. Most (179) were
organic matter particles smaller then 500 pm and 27 did not yield a spectra. 46 spectra could not
be identified and are listed under ‘unknown’. (b) 73 nP were found, in 10 of the 11 stations. (c) 48
plastic particles were sub-20 pnm and were identified by the Optical tweezers micro-Raman spec-
troscopy.

3.4 Conclusion

In recent years, much progress has been made in understanding the sources, transport, fate, and bi-
ological implications of the smallest plastic pollution particles. The public interest in plastic marine
pollution and its ecological impact have increased during the same time. Our results contribute to
the knowledge about in — situ analysis and identification of microplastics and demonstrate that
the seawater around Okinawa is polluted with micro and sub-20 pm plastics. They were ubiqui-
tously detected at all sites we tested, with the higher concentration in areas of the island charac-
terized by human activities. All the sub-20 pm plastics were fragments of plastic materials used
by the community, with the major polymers being polyethylene and polyamide materials. Being
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predominately found embedded into organic matter, the resulting interactions between marine
planktonic organisms and the plastic particles are inevitable. One potential fate could be the even-
tual sedimentation with the rest of the organic matter particle.

As shown in previous studies of other locations across the planet [269, 270, 240], the pP pol-
lution around Okinawa follows the population distribution. A total of 73 pP particles from 11
stations were collected with one station having 0 nP (see Figure 3.4). The abundance of sub-20
nm (detected particles down to 1.38 pm) also showed the evident difference between the number
of plastics found in the samples collected in the urban area and those from less populated areas.
The heterogeneity of the plastics at the sampling stations may be caused by several factors, such as
proximity to the wastewater treatment plant, ship traffic for tourism and fishing, research activities
in the coastal area, transportation by means of ocean currents, and other human activities. While
some particles might have originated and been transported over large distances, the correlation with
the population densities points to land-based sources of the plastic particles found, indicating that
abetter treatment of wastewater and bigger penalties for littering could remove much of the plastic
pollution found around the island.

The incorporation of these smaller plastics within marine aggregates also contributes to the
inclusion into the food web, as well as making it likely that these particles will be deposited to the
seafloor if not ingested as marine snow.

Polyolefins (i.e. polyethylene, polypropylene) are the most abundantly produced plastics [271],
and along with PA, used commonly in fishing gear [272], also make up the biggest share of our
plastic particles . We assume that these materials may be more prevalent in this particular coastal
environment due to fishing and seaweed farming being a major source of income on the Okinawa
main island as well as the surrounding islands belonging to the Okinawa Archipelago. Wave action
and photo-chemical degradation as well as bio-fouling will lead to the fragment sizes we found,
often integrated in organic matter particles.

Overall a relatively low pollution of pP/nP was found compared to other regions. This can be
used as the first recorded snap shot of pP/nP around the island. The method used for detecting
sub-20 pm plastics in the environmental liquid samples worked, but cannot be used to calculate
particles per L yet. A higher percentage of the total sample volume needs to be checked for this,
preferably in ways of a through-put system. Also, if coupled with a higher magnification, nP would
be easier to find within the marine snow aggregates observed. As the majority of plastic particles
observed were found within marine snow aggregates, it is likely that much of the pP/nP are found
within the water column [94].
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Chapter 4

Nanoplastic Toxicity in Endosymbiotic
Dinoﬂagellates1

4.1 Nanoplastic Pollution in Coral Reef Environments

Since the start of plastic mass production in the middle of the last century, marine plastic pol-
lution has been steadily increasing. Due to hydrological processes and ocean currents acting as a
major force for transport, plastic gets transported across ecological boundaries and entire oceans,
often ending up in the coral reef environment. Coral reefs provide habitat for marine invertebrate
and vertebrate species alike, sustaining the highest biodiversity among marine ecosystems [273].
Formed primarily by coralline algae and scleractinian corals, coral reefs are complex and vulnera-
ble ecosystems. This biogenic structure can form an atoll, barrier, bank, or fringing reef (as in the
case of Okinawa). Moreover, this ecosystem provides services to millions of people [274]: food
provisioning (e.g., fishing), regulation (e.g., coastline protection), cultural and supporting func-
tions [275]. Stressors, such as physical damage from human activities, weather events, ocean acid-
ification, over-fishing, marine heatwaves, and marine pollution, interact and select for different
responses within the reef-building community [274, 276]. As a result, structural complexity, and
by extension, the ecosystem’s capability to sustain biodiversity often declines.

Nanoplastic particles (nP) are a part of marine plastic pollution, and have been reported in
ocean surface water samples [60], but have not received much attention until recently. Initially
only found as secondary particles, broken down 7z situ from larger plastic objects through photo-
chemical and mechanical degradation leading to fragmentation, there are now primary sources of
plastic nanoparticles (medical and cosmetic applications, nanofibers from clothes and carpets, 3D
printing and styrofoaming by-products). Although an estimate about the numbers of nP in the
different marine ecosystems is currently not available, yearly microplastic (pP) input into the ma-
rine ecosystem is estimated to have reached over 200,000 tons. As both primary and secondary pPs
are found in the coral reef environment [92], it stands to reason that both primary and secondary
nP particles can be found in this ecosystem. They may find their way there via point sources such

"This work presented in this chapter is based on “Response of coral reef dinoflagellates to nanoplastics under
experimental conditions” by Christina Ripken, Eiichi Shoguchi and Konstantin Khalturin. See Appendix A for
manuscript. C.R. designed the study and performed the experiment, contributed to RNAseq mapping and cluster
analyses, and drafted the text.
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as river outlets, sewage outfalls, and runoft after heavy rainfall, as well as via atmospheric input. In
addition, plastic particles of all sizes pose an increased risk of chemical contamination exposure, as
the latter is found at raised levels attached to the hydrophobic surface of the particles [277, 26].

Recently, the investigation into the effects of pPs on different inhabitants of coral reef ecosys-
tems has become of great interest, especially as small plastic particles (< 1 mm, including pP) have
been reported from coral islands at densities of more than 1000 items/m? [278]. More recently,
studies have been conducted to compare different coral reef habitats (fringing reefs vs. atoll islands)
[279]. Abundance was dependent on the water exchange rate in these uninhabited islands, leading
to the conclusion that in addition to the land-based sources of pP pollution of coral reef habitats
long-range transport can also be counted, entering the reef with the water [280]. pPs have been
detected in seawater samples of the outer reef slopes, the reef flats and the lagoons with increasing
abundance of up to 45 items/L [281], leading to the conclusion that the plastic entering the coral
reef will accumulate and be deposited out of the open ocean ecosystem [280]. This correlates with
the hypothesis that coral reef habitats are a potential sink for pP pollution [282]. While the plastics
reported from the coral islands and reef environments have a higher percentage of the smaller nPs
[281], no studies have been conducted on nPs. Due to the wave action on the outer reef, there
likely will be further fragmentation to nPs within the reef environment.

1Ps have also been detected inside and attached to the corals sampled from the reef environ-
ment [281, 282]. However, pnP effect studies in corals have focused firstly on the uptake by and
effects of pP on adult individuals and secondly on the symbiont-host relationship in the lab; not
on the effects of pP/nPs on the isolated symbiont itself. pP leads to stress responses in sclerac-
tinian corals as well as suppressed detoxification and immune capacity [283]. These corals have
been shown to ingest pPs of various sizes [114], and the presence of micro-sized plastic particles
has been shown to disrupt the anthozoan-algae symbiotic relationship [284]. Moreover, pPs have
also been linked to potential adverse effects on calcification [285]. However, the exact process of
Symbiodinium spp. infection in anthozoans is unknown, and the reported experiments show that
the presence of plastic microspheres in the corresponding size leads to a reduction of Symbiodinium
spp. infection. One other study shows that corallimorpha ingest pPs as well [92]. The study of
Reichert et al. [115] showed that corals exhibit different responses to pP exposure: attachment
of nP particles to tentacles or mesenterial filaments, ingestion of pP particles, mucus production,
and overgrowth. In a 2020 study, Su et al. [166] exposed just the coral symbiont Cladocopinm
goreaui to 1 pm polystyrene spheres, leading to a declined detoxification activity, nutrient uptake,
and photosynthesis decrease as well as raised oxidative stress, apoptosis levels, and ion transport.

The aforementioned studies clearly show that pPs have negative impacts on the fundamental
relationship between corals and their symbionts and with this on the entire coral reef ecosystem.
Increasing the insight we have into the effects of nPs on symbiotic dinoflagellates before entering a
symbiont-host relationship will complete the emerging picture of this environmental pollutant as
a problem in this ecosystem. From other studies, we know that small plastic particles have a nega-
tive effect on different algae groups, symbiotic dinoflagellates of the Clade C (Cladopium goreaus)
among them [154].

In order to understand the effects of nPs, Bellingeri et al. [164] studied the effects of polystyrene
nP particles on the planktonic microalgae Skeletonema marinoi. They found that these nP particles
increase intra- and extracellular oxidative stress and reduce the length of the microalgae Skeletonema
marinoi chains from 8-cell chains to 2-cell chains, by adhering to their cell surfaces. This shows that
plastic nanoparticles seem to impact symbiotic relationships between corals and their microalgae
negatively, thereby degrading the entire coral reef ecosystem, but this has not been systematically
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investigated.

4.2 Coral Reef Environments - Not Just Corals

The foundation of the trophic and structural integrity of this nutrient-deficient ecosystem is the
photosymbiotic association between photosynthetic microalgae and heterotrophic animal hosts
[286, 287]. Providing photosynthetic products to their various hosts, microalgae obtain shel-
ter and inorganic nutrients -enabling both partners to thrive in these oligotrophic waters. This
symbiosis has evolved separately in a high number of marine lineages, most notably Foraminifera
(planktonic, same as Radiolaria, but in reef, they are benthic and often have a very heat resistant
photosymbiosis), Porifera (sea sponges, often the ones in intertidal zones [288]), Cnidaria (Scler-
actinian corals, main reef components due to their bioconstructing abilities, and sea anemones as
well), and Mollusca. Obligate association is only found in two mixotrophic marine bivalve sub-
families, Tridacninae (giant clams) and Fraginae (heart cockles) [177].

While the symbiosis with photosynthetic dinoflagellates, zooxanthellae belonging to the family
Symbiodiniaceae [289], has been known in Tridacna since 1888 [290] it has only been confirmed
in 1983 for Fragum [291]. The majority of host animals obtain their indispensable symbiotic di-
noflagellates from coral reef sand and the water column [292, 293, 294], where Symbiodinium spp.
is found there in their free-living vegetative cell state [295]. Different lineages of Symbiodinium
spp. may vary extremely in their geographical distributions [296, 297], physiological tolerance
[298], and host specificity [299, 300, 301]. There are generalistic lineages (e.g., Clades A and C)
with a diverse array of hosts from different phyla and relatively host-specific lineages (e.g., Clade
H) [300].

Tridacninae have been part of the coral reef ecosystem since the late Eocene [302]. Secondary
production in tridacninae strongly relies on the uptake rate of ambient dissolved carbon [303].
This combination of filter-feeding with photosymbiosis allows the tridacnids to grow to be the
largest living bivalves [304]. Somewhat surprisingly, tridacnids have considerable mobility — lar-
vae swim and glide while juveniles and adults can crawl [305]. They are ecologically important in
the coral reef ecosystem. Aiding in the creation of the calcium carbonate reef structure and acting
as substrates for epibionts (barnacles, polychaetes, and sponges), they contribute to the overall reef
productivity. Net primary production of giant clams can exceed that of corals by two thirds [303].
Their presence (big shells) acts as fish nurseries, changing the coral reef topography in such a way
that fish communities are replenished [306]. They act as natural biofilters for dissolved nutrients,
as well as providing expelled organic material (gametes faeces and pseudofaeces) to opportunistic
feeders [307] and biomass for predators and scavengers. Ecosystem services from giant clams in-
clude food and materials [308]. They are also flagship taxa, drawing attention to coral reef habitat
degradation. These iconic invertebrates are prominent inhabitants of coral reefs, being very visible
with the intricately patterned and pigmented mantel tissue, visible often from the water surface.
Zooxanthellae are not inherited, and symbiosis is only permanently established after metamorpho-
sis to juvenile [290], while larvae still benefit from the association with zooxanthellae [292]. Filter
feeding is present in all life stages. Within two weeks of spawning, they settle as early juveniles [309].
Their hypertrophied dorsal siphonal mantel is directed upwards. This adaptation exposes the zoox-
anthellae contained within tubular networks to the sunlight and orients the byssus downwards for
attaching to the hard coral reef substrate [310]. Tridacnid-associated zooxanthellae symbionts are
relatively well-studied, being placed into Symbiodinium spp. Clade A, C, and occasionally D [311]
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and more than 42% of individuals had multiple symbiont lineages [312].

Fragum, on the other hand, is far less well understood and, at the same time, the most species-
rich group of photosymbiotic fragines [313]. They create and modify coral reef ecosystems for
other organisms across vast spatial and temporal scales, dating back to the late Triassic [314]. Col-
lectively, Fragum aggregations can affect the ecosystem via their influence on hydrodynamics, light
penetration/availability, physical stability, and C/nutrient fluxes. Individuals host biofilms and in-
vertebrates on their shell surface, and shell accumulations can affect secondary production [315].
Compared to the Tridacnids, much less is known about Fra gum’ sroll in the coral reef ecosystem,
but using bivalves for ecotoxicological purposes has long been done and could prove advantageous
in this context. Assessing stress and immune responses via hemolymph is a nonlethal way to mon-
itor biomarkers such as heat shock proteins, antioxidant enzymes, and stress hormones [316]. Just
as the Tridacnids, Fragum shelters extracellular symbionts within the lumen of their tertiary tubu-
lar network, which originates from the digestive system and extends into the mantle and differently
from Tridacnids, also into the gill tissues [317]. As with their ecology, the diversity of Fraginae-
associated symbiont communities are under-explored [311]. Existing literature on zooxanthellae
is most comprehensive for coral-associated photosymbioses. Most freshly isolated symbionts are
from Symbiodinium Clade C while culturing from host tissues leads to Clade A [318]. This di-
vergence may arise from the fact that certain Symbiodinium spp. strains grow better in culture
medium, although they are not the dominant strains within the host [319]. Hence, freshly iso-
lated symbionts reflect more accurately the symbiont diversity in Fraginae.

Should growth rates be affected by exposure to 1P, as is the case in other algae groups, this will
enhance the effects of the reported disruption of symbiotic relationship, as in addition to being ex-
pelled at a higher rate ([284], Symbiodinium spp.) will also be available in fewer numbers in the reef
environment. Effects on the photosynthetic activity should be of utmost importance, especially
since it is possible that subsequent generations grown in clean media will also be affected. This
could lead to hosts being affected through a decreased photosynthetic activity of Symbiodininm
spp.. The last remaining question would be if the pP changes gene expression patterns in Symbio-
dinium spp. It was not investigated if the unsuccessful infection of Symbiodinium spp. was due
to a change within the gene expression of Symbiodinium spp. or just the previous over-infection
with nP, so shedding light on this aspect would complete the picture.
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Figure 4.1: Endosymbiontic dinoflagellates species and experimental set up. Understanding
the reaction of photosymbionts to nano-sized plastic pollution can help efforts to protect the reef.
QY oy is the effective quantum yield, rETR is relative Electron Transport Rate.

In this study, we focused on the symbionts of a different group of invertebrates, Mollusca,
inhabitants of the fringing coral reefs of Okinawa. Three main questions addressed in the exper-
iments shed light on effects of nP (42 nm polystyrene spheres) on the growth rate and cell aggre-
gation, photosynthetic activity and the gene expression changes of the symbionts of Tridacninae
(giant clams) and Fraginae (heart cockles), Cladocopium sp. (formally, Symbiodinium clade C)
and Symbiodinium tridacnidorum (formally, Symbiodinium clade A 3) respectively. Knowledge
of the effects of nP on the symbionts of Tridacninae (giant clams) and Fraginae (heart cockles) will
benefit conservation and restocking efforts, as both are obligate photosymbiotic. Previous studies
have been conducted on the effects of micro- and nP on the members of the mollusc family [320,
321, 322, 323], specifically focusing on the giant clam Tridacna maxima for active retention in-
side the animal and passive adherence to the shell [324]. These studies found diverse adverse effects
of the plastic pollution on the bivalves. In combination, these potentially adverse effects for the
obligatory photosymbiotic members of the Mollusca, in terms of direct effects [324] but also indi-
rectly via the endosymbionts, should be critically investigated to understand the potential risks to
the coral reef ecosystem.

4.3 Materials and Methods’

15 roller tanks were used to investigate how nP incorporation into Symbiodinium tridacnidorum
and Cladocopium sp. aggregates. Changes in gene expression patterns and growth rates, sinking

2Some methods are explained in greater detail than traditionally done within the methods section. Especially
methods that were developed, failed or could not be conducted (although they were included in the thesis proposal)
are elucidated to give a better overview of the work done. The author feels this is better presented in the respective
method sections than under results.
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velocity of aggregates, and photosystem activity were measured. Three different treatments of 42
nm polystyrene nP (nanoPS,2) were used in triplicates with the exposure lasting for ten days.

4.3.1 Roller tanks’

15 roller tanks were employed. Roller tanks and tables were used to simulate the natural envi-
ronment of the dinoflagellate vegetative cells in their free-living state [159, 295], as the majority
of host animals obtain their indispensable symbiotic dinoflagellates from coral reef sand and the
water column [292, 293]. This method consequently ensured that microalgae are exposed to the
nanoPSys in a way that mimics their natural habitat and that exposure levels remained constant
throughout the experiment [161]. Once rotation commenced, continuous aggregate formation
and suspension were ensured [99] as well as continuous exposure to nanoPS,s. Rolling tanks have
commonly been used to promote aggregation since the late 1980s [159, 97]. The tanks are closed
for the entire duration of the experiment so that exposure levels of the nanoPS,, remain constant
throughout. Moreover, the tanks were closed without bubbles so as not to disturb the aggrega-
tion process with turbulence. The rotation was set to 6 rounds per min, leading to a continuous
aggregate suspension and collision of particles with different sinking rates [160].

4.3.2 Biological materials

Both dinoflagellate cultures used in this experiment were isolated in Okinawa, Japan. Using ster-
ilized seawater and micropipettes, isolation of these Symbiodiniaceae was first performed by Prof.
Terufumi Yamasu in the 1980s at the University of the Ryukyus [325]. Since then, they have been
maintained in the laboratory of Prof. Michio Hidaka, at the University of the Ryukyus. In that
laboratory, Symbiodinium tridacnidorum (Clade A3 strain, ID: NIES-4076) and Cladocopinm sp.
(Clade C strain, ID: NIES-4077) are labeled as strains “Y106~ and “Y103,” respectively. Symbio-
dinium tridacnidorum and Cladocopium sp. are endosymbionts of Tridacna crocea and Fragum
sp., respectively [326] (see Figure 4.2). In regard to host habitats, Tridacna crocea is epifaunal and
Fragum sp. is infaunal [313]. In 2009, isoclonal lines were established for each culture at the Ma-
rine Genomics Unit of Okinawa Institute of Science and Technology Graduate University. This
was achieved by isolating single cells under a microscope using a glass micropipette [327]. From
then on, repetitive subculture in 250-mL flasks has continued for eight years [327].

3The roller tanks used in this experiment were made in Okinawa, fashioned after the design of the tanks used at
the University of California, Santa Barbara. The volume (V=7 r2 h= 1 6.7 7.5 = 1057 mL) was matched, and the
opening mechanism is the same for comparability. The rolling tanks are made of acrylic and were incubated in seawater
(sand filtered, 25 pm filter, plus UV sterilization; changed every seven days) for a month before use to minimize any
leaching of additives and outgassing during the experiment—manufacturing company: HOKUCHO KOGYO CO.,
LID.
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Tridacna crocea Fragum sp.
el -

Symbiodinium tridacnidorum (NIES-4076) Cladocopium sp. (NIES-4077)

Figure 4.2: Pictures of host animal Tridacna crocea, Fragum sp., symbionts Symbiodinium
tridacnidorum and Cladocopium sp., from left to right and top to bottom. Scale bar is 10 pm.
Pictures by E. Shoguchi. Images were taken with Zeiss Axio Imager Z1 microscope.

Cultures were maintained at 25 °C on a 12 h-light/12 h-dark cycle at about 20 pmol/(m? s) illu-
mination with white fluorescent lamps (incubator: CLE-303, TOMY). Artificial seawater (ASW)
containing 1x Guillard” s (F/2) marine-water enrichment solution (Sigma-Aldrich) in combina-
tion with three antibiotics, ampicillin (100 pg/mL), kanamycin (50 pg/mL), and streptomycin (50
ng/mL) was used as a culture solution [327, 326]. In the Marine Genomics Unit similar growth
rates are reported for the same culturing conditions in Symbiodinium tridacnidorum and Clado-
copium sp.[326], although culturing difficulties for some Cladocopium sp. have been reported
[328]. Both cultures were transferred to glass flasks seven months prior to the start of the experi-
ment. In the experiment itself, no antibiotics were used.

4.3.3 Exposure

As particles, 42 nm pristine fluorescent polystyrene beads (density 1.05 mg/L in 0.1% Tween 20 so-
lution) from Bang Labs (catalogue number FSDGO001) were used (see Figure 2.5 for optical image).
Fluorescent "Dragon Green” color was selected to give a contrast in 3D imaging. Three densities
(10 mg/L, 0.1 mg/L, 0.01 mg/L, see Table 2.2) were used. See Chapter 2.2.3 for more details on
the nanoPS 5 beads.

Treatment tanks as well as control tanks (no nanoPS,2) were established in triplicate. Two
different controls were run with the treatment tanks:

* positive controls, non-exposed microalgae - tanks without addition of nanoPSy,

* negative controls, nanoPS; in clean medium without any algae, at 10 mg/L, 0.01 mg/L
and 0 mg/L.

Every treatment tank was filled with
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* 500 mL culture (680,000 cells/mL, stationary growth phase),

* 100 mL F/2 (Sigma-Aldrich) (to avoid any nutrient deficiency effects in RNA expression
patterns) and

* 400 mL ASW.

NanoPSys inoculation was done after half the tank was filled to promote mixing before the
tank was closed. All tanks were rotated under the same light cycle and temperature conditions as
the culturing conditions (25 °C on a 12 h-light/12-dark cycle).

4.3.4 Aggregate characterization: sampling and analysis

Tanks were sampled as biological replicates on three consecutive days (day 9, 10 and 11; see Table
4.1).

Table 4.1: Sampling schedule for all tanks. Tanks of same treatment were sampled at the same
time, creating biological replicas.

‘ Bio. Replica 9 days ‘ Bio. Replica 10 days ‘ Bio. Replica 11 days

Pos. Control 12 11 10
0.01 mg/L 1 2
0.1 mg/L 4 6 5
10 mg/L 7 8 9
Neg. Control 13 14 15

Tanks of the same treatment were always sampled at the same time of day; controls were sam-
pled first, then in increasing nanoPS,, treatment order. As cell division takes 24 h [329], these are
three subsequent generations that are sampled. In order to have a full overview of how nanoPSs,
affects aggregate formation, different parameters were measured at the end of the experiment.

The harvest included separate sampling of the aggregate fraction (aggregates > 0.5 mm, Agg),
and the surrounding seawater fraction (aggregates < 0.5 mm and unaggregated cells, SSW) [99].
Tanks were imaged before sampling. Material was collected for:

* Total aggregate count: enumerate the total number of aggregates, counted clockwise.

* Collection of 1/2 of all aggregates for RNA analysis. 2 min spin down at 12,000 rpm and
discarding the supernatant, freezing in liquid nitrogen and storage at -80°C.

* Samples for photosystem efficiency measurements.
* Aggregate sample 3D imagining.

* Cell counts.

* Aggregate size measurements.

. Aggregate sinking velocity measurements.
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* Collection of remaining aggregates for RNA analysis, 2 min spin down at 12,000 rpm and
discarding the supernatant, freezing in liquid nitrogen and storage at -80°C.

A detailed description of the methods used can be found below.

Total aggregate count  See Section 2.2.5.

Sinking velocity  Sinking rates of three aggregates per size class (huge, large, medium, small,
tiny). Measured in a 100 mL glass graduated cylinder (water to fill the cylinder came from the
same ASW batch that was used to fill the tanks and was stored in the same conditions as the rolling
tanks). The time was measured for the aggregate to sink 11.5 cm.

For more detailed description, see Section 2.2.5.

Size Aggregates were categorized into five size classes: huge: > 3.5 mm; large: 2.5 -3.5 mmy;
medium: 1 -2.5 mm; small: 0.5 -1 mm; and tiny: < 0.5 mm in the longest dimension (see Figure
43).

Figure 4.3: Size classes in control Tank 12. Pic-
ture of Control Tank 12 after 9 days of exposure.
Due to different collision rates over the time of
the experiment, aggregates vary in size and shape.
Five size classes - huge: > 3.5 mmy; large: 2.5 -3.5
mm; medium: 1 -2.5 mm;small: 0.5 -1 mm; and
tiny: < 0.5 mm - were used to reflect these difter-
ences.

Cell counts  Cells were originally counted with via Flow Cytometer Accuri C6 4523. The ma-
chine had problems counting the cells correctly, due to aggregation. The same problem was ob-
served before for the microalgae from Section 2.2.5. Cells were then counted by hand with a hemo-
cytometer (C-Chip DHC-NO1) on a Zeiss Axio Imager Z1 microscope (Zeiss, Jena, Germany). At
least two subsamples and 200 cells were counted per sample.

Internal structure through 3D fluorescent microscopy =~ Oneaggregatein 1% agaroseinalmL
syringe for 3D imaging (z-stacks in the Zeiss Lightsheet Z.1 (stored at 4°C). To show if the plastics
were directly attached to the algae and where they were located within the aggregates, microscope
observations were conducted with the Zeiss Lightsheet Z.1. Fluorescent polystyrene beads were
observed with BP filter (Excitation: 405 nm; Emission: 505-545 nm), and chloroplasts were vis-
ible using a long pass red filter (Excitation: 488 nm, Emission: 660 nm). Z-stacks were analyzed
using Imaris software to determine the location of the plastics and cells within each aggregate.
For more detailed description, see Section 2.2.5.
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Photophysiology A Pulse Amplitude Modulated fluorometer (PAM, PHYTO-PAM-II, Heinz
Walz GmbH, Effeltrich, Germany) was used to measure indicators of changes in the efficiency of
the photosystem. These included QY ., Fo and relative Electron Transport Rate (rETR). Mea-
suring the light energy emitted from light-harvesting pigments associated with the process of pho-
tosynthesis [330], this non-invasive technique tests the operating efficiency of the photosystem
IT (PSII) in the dark-adapted state [331]. QY .y, and rETR were derived from measuring a light
curve (LC) (see Figure 4.4). The QY also referred to as F,,/F,,, is the maximum quantum yield
of PSII in the dark-adapted state. Together with the rETR, the functionality of the photosystem
can be tested. The Fy is the in-vivo chlorophyll autofluorescence, a proxy for cell density in pho-
tophysiology. Understanding the damage done by the exposure to nanoPS,; to the photosystem,
especially in combination with RNA expression data, can give a clearer picture of the reasons for
the reported reduction in chlorophyll a and growth rate [51].

11 pmol(photons)/m2s
22 pmol(photons)/m2s
27 pmol(photons)/m2s
38 pmol(photons)/m2s
48 pmol(photons)/m2s
62 pmol(photons)/m2s
77 pmol(photons)/m2s
95 pmol(photons)/m2s
110 umol(photons)/m?2s
160 pmol(photons)/m?s
203 pmol(photons)/m?2s
257 pmol(photons)/m?2s
307 pmol(photons)/m2s
354 pmol(photons)/m?2s
401 pmol(photons)/m2s
505 pmol(photons)/m?2s
556 pmol(photons)/m2s
670 pmol(photons)/m32s
742 pmol(photons)/m?2s
851 pmol(photons)/m?2s
924 pmol(photons)/m?s
994 pmol(photons)/m?2s
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Figure 4.4: Light Curve (LC) protocol created via the PHYTO-PAM-II software to measure
QYmax and Fy. The LC3 protocol has 20 phases, with each phase lasting 60s. The actinic illu-
mination (Actinic Light Intensity or A-pulse) intensities [in tmol photons/(m?s)] increase in the
following steps: 11, 22, 27, 38, 48, 62, 77, 95, 110, 160, 203, 257, 307, 354, 401, 505, 556, 670,
742,851, 924 and 994. Saturation pulses (F-pulses) of 2000 pmol photons/(m?s) were given at the
end of each illumination step. This method is based on the successive measurement of the sample
exposed to a stepwise increase of light intensity and can relate the rate of photosynthesis to photon
flux density. Displayed is the protocol created using the PHY TO-PAM-II software, extending the
LC 3 used in Chapter 1.

The PHYTO-PAM-II software allows for the creation of a custom rapid-response light curve,
used to derive these measurements (see Figure 4.4). These settings were picked so as to enable
determination of QY ., Fo, and rETR. Samples were measured after 30 min of dark adaptation at
the same temperatures as experiments were run. The created LC measured instantaneous (Ft) and
maximal (Fm) fluorescence over 20 60-seconds phases between 11 and 994 pmol photons/(m?s).
As can be seen from Figure 4.5 the steps are closer together at the beginning of the light curve to
give a more detailed picture of increasing phase (initial slope of the corresponding photosynthesis
efficiency curve) and the steps become wider at the end in the photodamage phase of the light curve.
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This distribution of steps was chosen because we are interested in seeing if the plastic exposure
changes the ability to ramp up initial photosynthesis rates and, at which point the photodamage
becomes apparent, not the behavior of the photosystem under photo damaging conditions. In that
case, an even distribution of the steps would have been better suited.
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o o
5 92
(3, N (3,
o
o
]

o
hEN
[

0.05

° o
0
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

PAR (umol(photons)/(m3s))

Figure 4.5: QY. curve created with the 20 step measurement protocol seen in Figure 4.4.
It it visible from the spacing of the measuring point that the focus is on initial reactions of the
photosystem seen in the yellow ellipse. For this example a QY. curve of unstressed culture is

displayed.

The PHYTO-PAM-II software also allows for the creation of custom reference excitation spec-
tra (see Figure 4.6), set up in correspondence to the light intensity list with 20 steps, termed "PAR
list” (see Figure 4.4 for 20 steps and sequence of the intensity increases). The PAR list was used in
combination with the software’s function of creating a custom script to produce measurements

that are comparable to the LC3 light curve, which was measured via the AquaPen in the experi-
ments of Chapter 2.
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Figure 4.6: Image of 5-point fluorescence excitation spectrum created as reference for this
specific Symbiodinium culture. F and F,,,-Fy values of unstressed cultures are recorded in this
software as a reference when measuring the experimental samples.

The QY max, Fo, and rETR were measured after 30 min dark adaptation for every tank for the
SSW and AGG fraction separately. All three values were plotted against the PAR and compared
between exposure length and treatments. QY. and rETR were compared to complete the pic-
ture.

RNA extraction, library construction, and sequencing Frozen cells were broken mechanically
using a polytron (KINEMATICA Inc.) in tubes chilled with liquid nitrogen. RNAs were ex-
tracted using Trizol reagent (Invitrogen) according to the manufacturer’ s protocol. The quantity
and quality of total RNA were checked using a Qubit fluorometer (ThermoFisher) and a TapeS-
tation (Agilent), respectively. Libraries for RNA-seq were constructed using the NEBNext Ultra-
IIDirectional RNA Library Prep Kit for Illumina (#E7760, NEB). Sequencing was performed on
a NovaSeq6000 SP platform. RNA from frozen cells (Electronic Supplementary Material, Table
S2) was extracted using Trizol reagent (Invitrogen) according to the manufacturer’ s protocol.
Libraries for RNA-seq were constructed using NEBNext Ultra II Directional RNA Library Prep
Kits for Illumina (#E7760, NEB). Sequencing was performed on a NovaSeq6000 SP (Illumina)
platform.

Gene annotations — Annotations were performed using BLAST2GO and Pfam databases [327]
and are available at the genome browser site (https://marinegenomics.oist.jp). The best hits to
proteins encoded by differentially expressed genes were searched against the database at NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) using Blastp. The majority comprised hypothetical pro-
teins of Symbiodinium microadriaticum.

RNA-seq data mapping and clustering analysis — Raw sequencing data obtained from the No-

vaSeq6000 were quality trimmed with Trimmomatic (v0.32) in order to remove adapter sequences
and low-quality reads. Paired reads that survived the trimming step (on average 92%) were mapped
against reference transcripts of Symbiodinium, Clades A3 and C. For each gene in the genomes of
Clade A3 or C a *.t1 transcript form was used as a reference sequence. Mapping was performed
using RSEM (Li and Dewet, 2011) with bowtie (v1.1.2) as an alignment tool. Expression values
across all samples were normalized by the TMM method (see perl scriptabundance_estimates_to_matrix.pl
in Trinity-v2.3.2 /udil folder) [332]. Genes with difterential expression (2-fold or 4-fold difterent)
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were identified with edgeR Bioconductor, based on the matrix of TMM normalized TPM val-
ues. Experimental samples were clustered according to their gene expression characteristics using

edgeR.

4.4 Results and Discussion

In this study, we focused on the microalgal symbionts of mollusks that inhabit fringing coral reefs
of Okinawa. Knowledge of the effects of nP on the symbionts of Tridacninae (giant clams) and
Fraginae (heart cockles) will benefit conservation and restocking efforts, as both are obligatory
photo-symbionts and important contributors to coral reef ecosystems. No previous studies have
been conducted on these specific parts of the host-symbiont relationship and the influence of nP
on it. This study specifically investigated effects of nP (nanoPS42) on the growth rates, aggrega-
tions, and gene expression changes in Symbiodinium tridacnidorum (symbionts of the Tridacna
crocea) and Cladocopium sp. (symbionts of the Fragum sp.).

Sinking velocity of aggregates changes with nanoPS,, exposure

Sinking velocities of five size classes of aggregates were evaluated in every treatment. NanoPSy,
impacted sinking velocities of aggregates when treatments were compared. The sinking velocity
ranged from just below 10 mm/s in the 0.01 mg/L treatment to less than 2 mm/s in the 10 mg/L
treatment.

Significant differences in sinking velocities are evident between control and the nanoPSy; plas-
tic treatments (Mann-Whitney, p = 0.010 and p = 0.041, respectively). Aggregates under low and
intermediate nanoPS,o exposure had significantly increased sinking velocities, by 34% and 19%
respectively, when compared to controls (see Figure 4.7). These changes are most likely due to
hetero-aggregates of algaec and nanoPS,; (see Figure 4.8) similarly to what has been previously
reported in microalgae Chaetoceros neogracile and Rhodomonas salina [97] under pP exposure.
In the diatom Chaetoceros neogracile sinking velocities reduced and increased in the cryptophyte
Rhodomonas salina [97]. Lagarde et al. [149] notice different aggregate formation under different
plastic treatment and sizes, corresponding to our results.

Changes in aggregation and resulting sedimentation were observed under nanoPS, exposure.
It is interesting to see that the biggest changes in sinking velocity correspond to increases in aggre-
gation and are observed in the lowest plastic treatment at 0.01 mg/L. On the other hand, the 10
mg/L treatment did not have any significant effect on the sinking rates but did affect sedimentation
indirectly through changes in the aggregate size distribution (see Figure 4.9). These changes, both
sinking velocities and aggregate size distribution, are most likely due to hetero-aggregation between
algae and nanoPS,; (see Figure 4.8). Under different treatments, the size distribution of aggregates
was significantly different (see Figure 4.9). In combination, it is likely that the same effect that led
to that difference in aggregation is also responsible for the difference in sinking velocities. Changes
in extracellular polymeric substances (EPS) (a subgroup of EPS, transparent exopolymer particles
(TEP) were used to characterize nanoPS-hetero-aggregates in Chapter 2, see Section 2.2.5) pro-
duction and stickiness will lead to different cell packaging within the aggregates, possibly creating
tighter packed aggregates in the lowest and intermediate treatment. This effect might be coun-
teracted under the highest nanoPS,, exposure, by the sheer volume of EPS, which is lighter than
seawater [333]. The nP itself trapped in these could also add to the sinking velocity returning back
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huge large medium small

Figure 4.7: Sinking velocity change with nanoPS,, exposure. Sinking velocities decrease with
aggregate size, from more than 7 mm/s (huge) to less than 2 mm/s (tiny). In all size classes, the
control (black blue) was similar in sinking velocity to the highest nanoPSy, treatment (dark blue,
10 mg/L). The low nanoPS,, treatment (light blue, 0.01 mg/L) differed significantly from both
controls (t-test, two-tailed p = 5.56 x 10~*) and the highest nanoPS,; treatment (t-test, two-tailed
p=9.03 x 10~%). This was also true for the intermediate nanoPSs treatment (darker blue, 0.1
mg/L). Error bars are 95% confidence intervals. Only one huge aggregate was measured in the high-
est nanoPSys treatment. No differences in sinking velocity were observed in relation to exposure

length.
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to control levels in the high plastic treatments (see Figure 4.8 for nanoPSys trapped in EPS). As
these symbionts are paired with the mobile larvae of the host animals, a higher sinking velocity
could remove the potential symbiont from the pelagic area and reduce the chance of a match.

4.4.1 NanoPS,; exposure influences the size and number of cell aggregates

To understand the impact of nanoPS,, on aggregation in these two Symbiodiniaceae cultures, the
total number of algal aggregates per tank and in five aggregate size classes was recorded (see Fig-
ure 4.9). All tanks showed aggregation, which was expected, as self-aggregation of Symbiodiniaceae
has been observed previously [166].
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Figure 4.8: 3D images of aggregates under high nanoP$ exposure (10 mg/L). Algal cells are
shown in red (long pass red filter; excitation: 488 nm, emission: 660 nm), while nanoPS,s is green
(BP filter; excitation: 405 nm; emission: 505-545 nm). Individual nanoPS,s cannot be seen, due
to their small size. EPS, usually not visible with this technique, is seen here because nanoPSys is
trapped inside. Cells were counted with Imaris software, there are approximately 663 cells. The
aggregate has a diameter of 353.8 pm and a volume of 0.00277 mm?.
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Figure 4.9: NanoPS,, exposure changes aggregation behavior, reduces cell numbers, and al-
ters aggregate size distributions. The figure shows the total aggregate count (Total) and how the
aggregates are distributed in size (see Figure 4.3 for size classes): H for Huge; L for Large; M for
Medium; S for Small; T for Tiny. The lowest nanoPSys treatment (light blue, 0.01 mg/L) show a
significant 10% reduction in the total aggregate count (Holm-Sidak, p = 0.002). While there was
also a reduction of 3% in the intermediate nanoPS,s treatment (darker blue, 0.1 mg/L), this was
not significant (t-test, p = 0.496). The highest treatment shows an increase in total aggregate count.
However, this was not significant (Holm-Sidak, p = 0.367). The observed changes in aggregation
patterns could be due to higher production of extracellular polymeric substances (EPS) with sticky
properties, trapping more cells in each aggregate, and keeping aggregates closer together. Nutrient
depletion, which has been linked to the presence of pP in algae cultures [137], is associated with
increased stickiness of the EPS [199]. Differences in EPS production and its stickiness due to the
presence of nP likely contribute to the observed difterences in aggregation. In addition, in Symbio-
dinium tridacnidorum, genes encoding a protein with a TIG domain were upregulated. As this
protein is found in surface cell receptors, it may influence changes in hetero-aggregation. No dif-
ferences are observed when the exposure length is compared. Error bars show standard deviations.

The majority of aggregates exhibited an ovoid form. A significant difference can be observed
when aggregate numbers are compared over all size classes and all treatments, showing that the
nanoPS,s influences the aggregation process. The lowest nanoPSys treatments (0.01 mg/L) shows
significant reduction in the total aggregates count by 10% (Holm-Sidak, p = 0.003). While there is
also a reduction of 3% in the intermediate nanoPS,, treatment (0.1 mg/L), this is not significant.
The different aggregate sizes classes show significantly different distributions in all three treatments
and the control (ANOVA, p < 0.001) (see Figure 4.9). In the control, the self-aggregation led to
a specific distribution pattern of aggregate sizes, which was not repeated in the treatments. Self-
aggregation was also observed in the pP experiments of Su et al. [166]. The fact that the presence
of nanoPS4, changes the aggregation between the cells and leads to more aggregates in the bigger
size classes is possibly due to the higher production of EPS with sticky properties, trapping more
cells in one aggregate and keeping aggregates closer together. Such self-aggregation also leads to
biofilms, which have been reported in Symbiodiniaceae [334]. Nutrient depletion, which has been



4.4 Results and Discussion 131

linked to the presence of 1P in algae cultures [137], is associated with increased stickiness of the
EPS [199, 198, 335]. Differences in EPS production due to the presence of nanoPSys is a likely
factor contributing to the differences in aggregation seen in the study. EPS production was not
measured, so further studies are needed to confirm this hypothesis linking the aggregation process
and EPS production in Symbiodiniaceae under nP influence. Lagarde et al. [149] notice different
aggregate formation under different plastic treatment and sizes, which matches with our results.

Significant differences are evident when aggregate numbers are compared over size classes and
treatments, showing that nanoPS,, influences aggregation. Aggregate size classes show signifi-
cantly different distributions in all three treatments vs. controls (ANOVA, p < 0.001) (see Fig-
ure 4.10). These differences in aggregation could be due to changes of the cell surface receptors, as
nanoPS,s increases genes related to those two-fold (see Section 4.4.5).
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Figure 4.10: NanoPS,, exposure leads to change in aggregation. Aggregates sorted by size
class show a significant change in distribution pattern under nanoPS4s exposure (Holm-Sidak, p
= 0.05). The number of aggregates is reduced by 10% in the 0.01 mg/L treatment (Holm-Sidak,
p=0.003), but aggregation was enhanced overall in that treatment to have a higher percentage of
huge aggregates than in the control treatment (Holm-Sidak, p = 0.001). In the higher plastic treat-
ment at 10 mg/L this is reversed, leading to more aggregates overall and more of those being of
smaller sizes. No differences are observed when the exposure length is compared.

Due to nanoPSss exposure, aggregation and sinking velocities are impacted, which in turn
leads to change in sedimentation. As the majority of the host animals obtain their symbiotic di-
noflagellates from the sand and water column [293], these changes in dinoflagellate sedimentation
might lead to problems in the acquisition of symbionts for the host animals. The lowest plastic
treatment used, which is environmentally possible, already induces changes to the sedimentation.
This lowest treatment led to bigger aggregates, which at the same time sank faster, possibly remov-
ing the symbionts from the water column faster than required from the host animals and reducing
changes of encountering symbionts before settling.
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4.4.2 Photophysiology

In addition to seeing how sedimentation is aftected, it is vital to know about changes in the pho-
tosystem of Symbiodinium tridacnidorum and Cladocopium sp., as they are symbionts of host
animals that are obligatory photosymbiotic.

In Chapter 2, ecologically photo-inactive plankton cells were exposed to pP/nP. While the ex-
periments simulated an environment that does not include the plankton photosynthesising, we
took the opportunity after harvesting to see if these cells were still photo active. After establish-
ing this during preliminary trails, these measurements were included into the experimental setup.
They yielded different results in the different species used, but overall it was clear that the pnP/nP
used did affect the photophysiology of the cell as controls and exposed cells reacted differently to
the light stimulus. For further explanation about the different species response, see Sections 2.4.3,
2.4.3and 2.4.3.

In this chapter, the simulated environment is flooded with light during the day and the species
used are photosymbionts, to determine if exposure to NanoPS4s will lead to a change in any part

of the photophysiology.

After 30 min of dark adaptation, photosystem efficiency changes were measured in terms of
changes in the effective quantum yield (QY . or F,,/F,,) and the relative Electron Transport Rate
(rETR). NanoPSys exposure already had a negative effect on the microalgae (see Figure 4.11) at the
lowest treatment dose. Only day 9 and day 11 are discussed, as there was a measurement error in
Tank 11 on day 10, and as these are relative measurements without a control, the values cannot be
used without a control as reference. The results presented here are only from the seawater fraction.
The Agg fraction results cannot be compared to each other due to a variation in the gain settings
of the PHYTO-PAM-II instrument used. When cell levels are too high, the instrument does not
record accurately. In future experiments, the cell concentration has to be lowered within the Agg
fraction through dilution before dark incubation to avoid this problem. At low light levels, QY
in treatment tanks did not differ significantly from controls. However, a two-fold difference was
seen as light exposure increased to about 150 pmol(photons)/(m?s). As light exposure increased
further to about 500 pmol(photons)/(m?s), the difference between the treatments and controls
decreased, with the treatments consistently showing lower QY. values. Significant reductions
in QYpmu and the rETR were observed following 11 days of nanoPS,, exposure (see Figure 4.12
and Figure 4.13). With increasing light intensity past 500 pmol/(?s), photo-damage and photo-
inhibition of PSII becomes apparent in significantly lower QY ,,, and rETR values in all treatment
tanks. Between 150 pmol(photons)/(m?s) - 350 pmol(photons)/(m?s), the range in which the
PSII is working efficiently, the rETR of the control tanks ramps up while the treatment tanks never
go over half the rETR of the control tanks. These results show that nanoPS, impairs PSIT and the
rETR, leading to the overall photosystem efficiency going down compared to controls.
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Figure 4.11: The direct comparison of the rETR to the QY .« reveals the effects of nanoPS,
exposure on the PSII. At low light levels, QY in the treatment tanks did not differ signifi-
cantly from controls. However, a two-fold decrease was seen as light exposure increased to ~150
pmol(photons)/(m?s) in the treatment tanks (see red box). As the light intensity increased further
to about 500 pmol(photons)/(m?s), the difference between the treatments and controls decreased,
even though the treatments consistently showed lower QY,,, values. The red box indicates the
Photosynthetic Active Radiation (PAR) range at which the photosystem is working optimally (see
control values of QY 4, (a) and (b)) and the rETR is peaking in the controls (see (c) and (d)), but
all treatment tanks show lower QY. and rETR. With increasing light intensity, photo-damage
and photo-inhibition of PSII becomes apparent in lower QY ,,x and rETR in all treatment tanks.
No treatment-dependent differences among the treatment tanks were observed.

Interestingly, no treatment-dependent differences among the treatment tanks were observed.
There have been no reports of rETR measured under nanoPSy, exposure, so we cannot compare
our results with those of other studies. A study by Mao et al. [150] theorizes that the reduction
in the photosystem efficiency under plastic exposure is caused by an interplay of processes, most
notably the reduction of the ETR, corresponding to our findings. It would be interesting to inves-
tigate the effects of even lower concentrations to see what is the minimal nanoPS,; level required
to start disrupting the photosystem.
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Figure 4.12: NanoPS,, impairs PSII, seen as reduction in the effective quantum yield (QY max
or F,/F,,). In the presence of nanoPS,, there is an observable difference in QY .y over all light
intensities between control and treatment tanks. (A) This trend is seen at 9 days (Kruskal-Wallis,
p = 0.075) and (B) becomes significant at 11 days (Kruskal-Wallis, p = 0.018). Already at low light
intensities, the photosystem of the control has a higher QY. (Holm-Sidak: day 9, p = 0.05; day
11, p < 0.001) then the treatment tanks and an increase in this difference can be seen over time.
The reduction of the QY,.x with increasing light intensity follows the same pattern in control and
treatment tanks.
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Figure 4.13: nanoPS,, exposure lowers photosynthetic activity of coral reef dinoflagellates
under experimental conditions. The increase of the rETR with increasing light intensity results
in significantly higher values in the control (ANOVA, p < 0.001) over the treatment tanks in the
seawater fraction. In contrast to the QYy,.x, which was only significantly impacted after 11 days of
exposure, the rETR presented in this graph was also significantly reduced after 9 days of exposure
(ANOVA, p = 0.001). While under low light intensities there is no observable difference in the
rERT of the control and treatment tanks, the rETR of the control quickly rises above that of the
treatment tanks.

The combination of QY. and rETR values serves as an overall indicator of the health of PSII,
photosynthetic performance, and light saturation in these cultures, leading to the conclusion that
nanoPS,s negatively influences the photosynthetic capacity of the microalgae studied. Photoinhi-
bition has been reported in the presence of nanoPSys (<70 nm) for freshwater algae, Scenedesmus
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sp. at 1 g/L [51] and Chlorella sp. at 1.8 mg/L [153] and for pP in Symbiodiniaceae Cladocopium
goreauni [166]. This PSII inhibition might be due to interactions between the nanoPS,, and the
cell membrane, inducing shading, and blocking of the gas exchange [153]. A molecular simulation
study [336] predicted a permeation of the lipid membranes by polystyrene nanoparticles. If this
holds true, the activity of membrane proteins could be affected by the nanoPSy, particles, which
could lead to the seen inhibitions of the photosystem, growth rates, and changes in aggregation.
As photosymbionts, both Symbiodinium tridacnidorum and Cladocopinm sp. photosystem’ sin-
hibition in the presence of even low, environmentally possible concentrations on nanoPS42 would
have a significant impact on the overall health of the reef community. Further studies are necessary
to show the correct relationship between the inhibition and the presence of nanoPS4e. As there
are changes to multiple genes in the RNA expression patterns of the photosystem related genes
in Cladocopium sp. but only one gene is affected in Symbiodinium tridacnidorum, it becomes
clear that nanoPSys affects the photosynthetic ability on a genetic level (see Section 4.4.5, Figures
4.21 and 4.20). Cladocopinm sp. seems to be more susceptible to nanoPS4, than Symbiodinium
tridacnidornm which is seen in more affected genes (see Section 4.4.5, Tables B.3 and B.4). One
remaining question for future experiments is, if the observed change in the photophysiology of
the symbionts is reversibly after the nP is removed as well as if an adaption can be observed to this
stress, as in [150].

4.4.3 Suppression of Algal Growth under nanoPS,, Exposure

Exposure to nanoPSss decreases the mean growth rate of photosymbiotic algae (see Figure 4.14
and Figure 4.15). The greatest reduction in growth rate was seen at the lowest nanoPSys treat-
ment (0.01 mg/L), with cell densities reduced from starting values by -0.062 + 0.02 (Holm-Sidak,
p = 0.002); followed by the highest nanoPSss treatment (10 mg/L) with -0.013 * 0.05 (Holm-
Sidak, p=0.026). In the 0.1 mg/L treatment, cell densities increased slightly by 0.028 + 0.04. Thus,
nanoPSy; either inhibited algal growth in a non-linear manner or had a limited effect [145]. Reduc-
tions in growth rates have also been reported in the pP study of [166] in Cladocopinm goreaui and
in other microalgae exposed to WP (Chlamydomonas reinhardtii, [149] and Skeletonema costatum
[137]).
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Figure 4.14: Cell abundance in treatment and control tanks. Treatment and control tanks were
sampled after 9, 10, and 11 days. Experiments started with 680,000 cells/mL in all tanks. There
are differences between the growth rate in the different treatments, but the ratio stays the same over
all three sampling days. Bars display confidence interval.

In addition, Su et al. [166] reported a reduction in cell size in Cladocopium sp., turther in-
vestigations are needed to see if this is the case under nP exposure. Interesting to note is that the
biggest growth rate reduction observed was at 0.01 mg/L nanoPSy, far below the 5 mg/L used
by Su et al. [166]. They propose “apoptosis promoting or proliferation and nutrient uptake in-
hibiting effects of 1Ps” for their observation, stating that this “is consistent with the results of
our transcriptomic analysis” . The nutrient deficiency is also a reason discussed in [136] which
could explain the larger effects on growth rates at lower concentrations. The reason for nutrient
limitation induced by plastic is proposed to be interactions of the nutrients with the surface of
the plastics [151]. NanoPSy self aggregation could account for the higher nanoPSys treatments
having less effect on the growth rates.
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Figure 4.15: Cell abundance in treatment and control tanks, and outside controls. Treat-
ment and control tanks were sampled after 9, 10, and 11 days. Experiments started with 680,000
cells/mL in all tanks. To control for the effect of the rolling tanks, an outside control (in a glass
cylinder in the incubator under the same growth conditions as the cultures were raised) was also
measured. The outside control and control tanks did not differ significantly, with growth rates of
12.45% and 15.01%, respectively (Holm-Sidak, p = 0.244). The higher growth rate in the control
tank compared to the outside control may be an artefact from counting in the hemocytometer, as
the cells clump in aggregates. It was not possible to break the aggregates for counting in the cell
counter. The cell density in the control was 9.83 £ 0.39 x 10 cells per mL, while treatment tanks
were significantly lower: 0.01 mg/mL: 5.69 + 0.12 x 10° cells per mL; 0.1 mg/mL: 7.51 + 0.34 x
10° cells per mL; 10 mg/mL: 6.96 £ 0.40 x 10° cells per mL. Dotted lines show a linear regression
trendline.

4.4.4 Composition, 3D imaging for Internal Structure

To check the distribution of plastic in the aggregates and to get some insight into the cell packag-
ing differences at different treatments, 3D images were obtained using Zeiss Lightsheet Z.1. The
nanoPS,s was observed with a band-pass filter (excitation: 405 nm; emission: 505-545 nm) and
chloroplasts were visible using a long-pass red filter (excitation: 488 nm, emission: 660 nm). In



138 Nanoplastic Toxicity in Endosymbiotic Dinoflagellates

these laser images, the plastic is green, and the cells are red. Individual nanoPS,, cannot be seen,
due to their small size, but clusters are visible. EPS, usually not visible with this technique can
be seen because of the nanoPSys trapped inside. The bright green clusters of nanoPS,, were ob-
served only at the highest treatment. In the captions of the aggregates, the aggregate volume and
bio-volume are given and compared. The bio-volume of an aggregate is the part of the aggregate
volume that is taken by live cells. Most of the volume of aggregates is made up of water and EPS.
This volume is calculated by counting the cells with the spot tool in Imaris. Table 4.2 gives a com-
parison of these measures over all treatments. The aggregates measured are smaller than the lowest
size class measured for sinking velocities and thus cannot be compared to results of the sinking
velocity.

Table 4.2: Composition comparison in aggregates of all treatments. The total estimated bio-
volume is compared to the estimated aggregate volume and a ratio is presented. The total number
of cells in the aggregate is given. For the bio-volume we consider the cells to be spherical with 10
nm in diameter whereas the aggregate is roughly an ellipsoid. The equivalent spherical diameter
(ESD) of the aggregate is also calculated. All of these aggregates are smaller than the tiny size class.

Treatment ‘ Cells ‘ Biovol. (um?) ‘ Agg. Vol. (nm?) ‘ Agg. ESD (pm) ‘ Ratio
nPS,2 @ control 611 319,919 3.39 x 10° 186.31 9.45%
nPS, @ 0.01 mg/L | 1439 753,459 1.14 x 107 279 6.62%
nPSs; @ 0.1 mg/L | 510 267,035 5 x 10° 212 5.34%
nPSs; @ 10mg/L | 663 347,146 2.77 x 10° 174.3 12.5%
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Figure 4.16: 3D images of aggregate in the control. Algal cells are shown in red. The aggregate
is 249 pm in height, 302 pm in width and 86 pm in depth. There are about 611 cells found in this
aggregate and it has a volume of 3.39 x 10° pm?®. The bio-volume is 3.2 x 10° pm?.

The control aggregate in Figure 4.16 displays a tiny aggregate with a diameter of 302 pm in its
longest dimension. The cell volumeis 3.2 x 10° pm?® while the aggregate volume is 3.39 x 10° pm?.
This indicates that large parts of the aggregate are made up of water or EPS, which is the same as
for previously described aggregates of other micro-algae species [189, 335] and corresponds to our
results found in Chapter 3. Although the aggregate displayed here for the 0.01 mg/L treatment is
slightly bigger than the control aggregate (see Figure 4.17), it still < 0.5 mm in its longest dimension,
placing it below the tiny size class. Disproportionately more cells are found in this aggregate (see

Table 4.2).



Nanoplastic Toxicity in Endosymbiotic Dinoflagellates

Figure 4.17: 3D images of aggregates under low nanoPS,, exposure. Algal cells are shown in
red, while nanoPS,s is green. The aggregate is 457 pm in height, 299 pm in width, and 159 pm in
depth. There are about 1439 cells found in this aggregate. Only four small patches of nanoPS,,
are observed in the aggregate, but more could be located within, too small to be visible with this

magnification. The total aggregate volume is 1.14 x 107 pm?® with a bio-volume of 7.53 x 10°
3

pm
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With 1439 cells in an aggregate volume of 1.14 x 107 pm?, it is not denser in cells than the
aggregate found in the control treatment. As the aggregates measured do not belong to the size
classes measured for sinking velocity, the theory of higher sinking velocities through higher cell
packaging could still explain the observations. An increase in gene expression of genes related to
various cell surface receptors (see Section 4.4.5, Figures 4.21 and 4.20) could be responsible for
increased cell packaging. Increased amounts of the sticky fraction (TEP) of the EPS, and increased
stickiness of that fraction [199] have been linked to nutrient deficiency, which in turn has been
linked to pnP exposure [151, 51]. This effect could be enhanced even more through the nanoPSys,
which has a much higher surface area to cause these nutrient deficiencies.

Figure 4.18: 3D images of aggregate under medium nanoPS,,exposure. Algal cells are shown
in red, while nanoPS,5 is green. The clouds of nanoPS,s are visible at the top of the aggregate, and
at the bottom. The aggregate is 357 pnm in height, 250 pm in width, and 107 pm in depth. There
are about 510 cells found in this aggregate. This aggregate has a total volume of 5 x 10° pm? with
a bio-volume of 2.67 x 10° pm?3.
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The 0.1 mg/L nanoPS4s exposure also led to faster sinking aggregates than the control (see
Figure 4.18), while cell volume (2.67 x 10° pm?) to aggregate volume (5 x 10 pm?®) ratio is not
as dense as the lower plastic treatment. The aggregates of the highest nanoPS,; treatment showed
no changes in cell volume or aggregate volume to controls (see Figure 4.19).

Figure 4.19: 3D images of aggregates under high nanoPS,; exposure. Algal cells are shown in
red, Clouds of nanoPS can be seen brightly in the left aggregate, while the right one has much less
nanoPSys. Theleft aggregate is 232 pm in height, 123 pm in width, and 32 pm in depth. There are
about 223 cells found in this aggregate. The bio-volume of this aggregate is 1.17 x 10° pm?, while
the total volume amounts to 4.78 x 10° pm?®. The right one is smaller, 137 pm in height, 115 pm
in width, and 38 pm in depth, with fewer cells, ~ 110 cells. This aggregate is smaller, having a total
volume of 3.13 x 10 pm? with a bio-volume of 84.28 pm?.

Many differences have been observed between the treatment and the controls, in aggregation,
sedimentation and photosystem efficiency. These can be linked to changes in the RNA expression
patterns, discussed below.

4.4.5 NanoPS,; Effects on Gene Expression

Nine mRNA-seq libraries from nanoPS,s-exposed photosymbiotic algae were sequenced (3 treat-
ments X 3 exposure times) plus three controls. Using edgeR analysis, we identified differentially
expressed genes (DEGs) between nanoPSs-exposed cells and controls. In Symbiodinium tridac-
nidorum algae, 14 genes were upregulated, and 34 were downregulated relative to controls (see
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Figure 4.20).
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Figure 4.20: Heatmap and clustering of differentially expressed genes (2-fold changes) be-
tween dinoflagellates exposed to nPs and controls manifest cell responses in gene regulation
level. DEGs in Symbiodinium tridacnidorum. Values indicate the relative gene expression level,
with purple and yellow showing downregulation and upregulation, respectively. The yellow bar
shows a cluster of upregulated genes. Annotations by Blast2GO show the presence of microtubule-
or photosynthesis-related genes among DEGs.

In Cladocopinm sp., 75 genes were upregulated, and 169 genes were downregulated (see Fig-
ure 4.21). Cladocopium sp. seems more sensitive to nanoPS49 exposure, as more genes responded
than in Symbiodinium tridacnidorum.
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Figure 4.21: Heatmap and clustering of differentially expressed genes (two-fold changes)
between dinoflagellates exposed to nPs and controls manifest cell responses in gene regu-
lation level. DEGs in Cladocopinm sp.. Values indicate the relative gene expression level, with
purple and yellow showing downregulation and upregulation, respectively. The yellow bar shows
a cluster of upregulated genes. Annotations by Blast2GO show the presence of microtubule- or
photosynthesis-related genes among DEGs.

DEGs were annotated using the Pfam database, a large collection of protein families [337],
and BLAST2GO [338]. Since Pfam analysis had more annotations than BLAST2GO in DEGs
of Cladocopinm sp., we list the major domains encoded by the DEGs of Cladocopium sp. (see Ap-
pendix B.2 and Appendix B.4).

The largest group of upregulated genes was a subfamily of dynein-related proteins having an
AAA_S domain (see Table 4.3). Dynein is a microtubule-associated motor protein [339]. Ten
genes for dynein-related proteins with AAA (ATPase family associated with various cellular ac-
tivities) and/or DHC (Dynein heavy chain) were upregulated in Cladocopium sp. by nanoPSy,
exposure (see Figure 4.3 and Appendix B.2). It has been shown that pP exposure induces produc-
tion of reactive oxygen species (ROS) in microalgae [166, 145] and dynein upregulation, therefore,
it might be needed to balance cytoskeletal dynamics as microtubule polymerization is impaired by
oxidative stress [340]. Interestingly, dynein light chain genes were also shown to be upregulated in
gill cells of zebra mussels exposed to polystyrene nP [341].
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Table 4.3: Domains encoded by more than three upregulated genes in Cladocopium sp.

Domain name ‘ Summary from Pfam database ‘ Gene number
AAA S5 AAA domain (dynein-related subfamily) 6
DHC N2 Dynein heavy chain, N-terminal region 2 5
AAA ATPase family associated with various cellular activities 4
AAA 6 Hydrolytic ATP binding site of dynein motor region 4
TIG IPT/TIG domain 4

Additionally, only one gene (symbA_s5819_g6) for dynein heavy chain was upregulated in
Symbiodinium tridacnidorum (Appendix B.1 and Appendix B.3), which seems to indicate lower
sensitivity to nanoPS,, exposure. It also suggests that nanoPSs exposure in the Symbiodiniaceae
has a similar effect to upregulation of dynein light chain in gill cells of zebra mussels by polystyrene
1P exposures [341]. As dynein is also a flagellum-associated protein in dinoflagellates [342], exam-
ining the effect of nanoPS4» on motile activity will be the subject of a future study.

Four upregulated genes in Cladocopium sp. (see Figure 4.3 and Appendix B.4) encoded pro-
teins with TIG domains that have an immunoglobulin-like fold and are found in cell surface re-
ceptors that control cell dissociation [343, 344]. In Symbiodinium tridacnidorum, only one gene
(symbA_5216_g2) for TIG was upregulated. This might contribute to adhesion between neigh-
boring cells and to extracellular matrix composition, and explain some of the changes observed in
cell aggregations.

There were more downregulated genes than upregulated ones in both Symbiodinium tridac-
nidorum and Cladocopium sp. (see Appendix B.1 and Appendix B.2 ). Expression of Ankyrin
(ANK) repeat domain-containing protein was downregulated (see Figure 4.4) and is likely to re-
sult in reduced protein-protein interactions [345]. It is known that PPR (pentatricopeptide re-
peat) protein is involved in RNA editing [346] and extensive RNA editing has been reported in
organelles of symbiotic dinoflagellates [347, 348]. The chloroplast precursor (s250_g32) that is
likely involved in the photosynthetic electron transport chain (GO:0009767) and PSI subunit VII
(s2581_g5) were downregulated in Cladocopium sp.. The gene (symbA_s4902_g5) for chlorophyll
A-B-binding protein was also downregulated in Symbiodinium tridacnidorum (see Appendix B.1).
These changes may explain our observed reductions in photosystem efficiency, as observed in Clado-
copium goreaui [166].
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Table 4.4: Domains encoded by more than three downregulated genes in Cladocopium sp.

Domain name ‘ Summary from Pfam database ‘ Gene number
Ank Ankyrin repeat 10
Ank 2 Ankyrin repeats (3 copies) 10
Ank 3 Ankyrin repeat 10
Ank 4 Ankyrin repeats (many copies) 10
Ank 5 Ankyrin repeats (many copies) 10
PPR_2 PPR repeat family 6
RCC1 2 Regulator of chromosome condensation (RCC1) repeat 6
ANAPC3 (Apc3) | Anaphase-promoting complex, cyclosome, subunit 3 5
Pkinase Protein kinase domain 5
PPR PPR repeat S
PPR_3 Pentatricopeptide repeat domain 5
Abhydrolase_5 Alpha/beta hydrolase family 4
Abhydrolase_6 Alpha/beta hydrolase family 4
Lipase_3 Lipase (class 3) 4
PPR 1 PPR repeat 4
TPR_14 Tetratricopeptide repeat 4
YukD WXG100 protein secretion system (Wss), protein YukD 4

Other downregulated gene groups were related to intracellular degradation processes, includ-
ing hydrolase and lipase, and to subunit 3 of the anaphase-promoting complex/cyclosome [349].
When the gene, s576_g21, for cell division control protein 2 is also downregulated, mitosis may be
reduced in Cladocopinm sp.. downregulation of six genes with RCC1 (regulator of chromosome
condensation) and three genes with CDC (cell division control) domains also support that possi-
bility. The downregulated gene (s3282_g2) with abhydrolase and chlorophyllase domains is likely
related to chlorophyll degradation [350].

In summary, several possible negative effects on symbiotic dinoflagellates by nanoPS are doc-
umented and negative consequences are suggested by DEGs (see Figure 4.22). The major gene
groups that are modulated by nanoPS,, exposure are dynein-related genes, photosynthesis-related
genes, and mitosis-related genes with likely consequences for motility, aggregation, metabolism,
and reproduction of algal symbionts.

4.5 Conclusion

Previous studies have shown that nP leads to adverse effects in different algae groups [51, 151, 164],
and a recent study shows that nP has a similar effect on an endosymbiotic dinoflagellate Clado-
copium goreaui [166]. No previous studies have been conducted on nP effects on Symbiodini-
aceae. We found significant changes in aggregation, sinking velocity, and photosystem efficiency
of Symbiodinium tridacnidorum and Cladocopium sp., coupled with variations in gene expression
patterns after exposure to nanoPSy, (see Figure 4.22). This suggests that nP in coral reef ecosys-
tems have the potential to influence the acquisition of symbionts by mollusks and corals, likely
damaging these symbiotic relationships. Since both are the architects of reef structure, nanoPSy,
pollution has the potential to lead to structural changes in reef ecosystem dynamics.
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Figure 4.22: Exposure to nanoPS,, changes gene expression levels in symbiotic dinoflag-
ellates.  Yellow and purple arrows show upregulation and downregulation of gene expression,
respectively.

In Symbiodinium tridacnidorum, 14 genes were upregulated, and 34 were downregulated rel-
ative to controls. In Cladocopium sp., 75 genes were upregulated, and 169 genes were downregu-
lated. Cladocopium sp. seems more sensitive to nanoPS,, exposure, as more genes responded than
in Symbiodinium tridacnidorum.
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Chapter 5

Conclusion and Outlook

In isolation, pP/nP/MF are certainly not the most toxic - neither lethal nor sublethal - environmen-
tal pollutants. Nevertheless, pnP/nP/MF are now near-permanent constituents of natural marine
environments globally. The continuous addition of new plastics and subsequent fragmentation
will ensure pP/nP/MF will remain a long-term problem. As even the smallest plastics ( <1 pm)
have been found in the surface waters of the oceans [351] and pP in and throughout the water
column [94] with MF in the deep sea [157], the potential for exposure of open ocean plankton
communities has been established.

5.1 Open Ocean - Plankton Communities Under Change

Net primary production by plankton communities in the oligotrophic open oceans is comparable
to terrestrial rain forests [352], making these communities responsible for extracting and convert-
ing vast amounts of atmospheric carbon into biomass.

The results of Chapter 2 of this thesis work detail how pP/nP/MF affect aggregation and sedi-
mentation along with TEP production and photosynthesis of different fractions of plankton com-
munities. Aggregation of otherwise spread out phytoplankton cells makes them available for dif-
ferent predators [206] (see Figure 2.1) which has potential implications for the marine food web
as it would shift the plankton community to bigger grazers. Sedimentation affects the carbon cy-
cle and the length of time that pP/nP/MF are retained within the water column, with potential
disruptions of the deep-sea food web. Moreover, TEP production in the different species in this
study was affected, often resulting in changes in aggregation and sedimentation. Last but not least,
reduction of the photosynthesis process has negative implications for the yearly O, production and
carbon fixation, but research on this topic is still in its early phase.

Based on widely varying responses by the diatoms Skeletonema grethae and Odontella anrita,
and the cyanobaterium Synechococcus elongatus to different pP/nP/MF, a shift in plankton com-
munities favoring those species that deal best with plastic is possible. A similar shift has been found
in the community members on the plastisphere, which differs from surrounding seawater commu-
nities [64]. In the same way, the incorporation of pP/nP/MF could lead to a shiftin the interacting
plankton communities.

To understand the intricacies and interactions of pP/nP/MF with the plankton communities,
effect studies on a large scale in mesocosms are needed. These should include environmentally rel-
evant and future projected pP/nP/MF concentrations [353] but also naturally occurring particles
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as controls [122].

Physical effects on the planktonic species used were found, thereby answering the first ques-
tion posed in the Introduction. Differing from species to species and between plastic types and
concentrations, effects were measured in aggregation and TEP production, leading to different
sedimentation. Photophysiology was affected too, but those results need to be viewed with care, as
their ecological transferability is uncertain. The second question about the carbon pump’s infiltra-
tion via aggregation with phytoplankton should be answered with yes, especially the gravitational
settling of biomass will be affected with the growing abundance of these tiny pollutants.

5.2 Coastal Waters - Plastics around Okinawa

Since, for logistic reasons, it was not possible to perform a long-term / repeated inventory of mi-
croplastics in Okinawan coastal waters, this project remains a snapshot on temporal and spatial
scales. Integrating typhoons and rainy seasons into a more comprehensive study would vastly con-
tribute to the understanding of pP/nP/MF pollution under different weather conditions. Increas-
ing the spatial aspect by sampling different depths of the water column would allow for more in-
formed conclusions about the fate and distribution of microplastics around Okinawa.

Chapter 3 presents a snapshot of marine pP pollution around Okinawa. It follows the human
population density, with the most abundant polymer type being PE (45%). Our study is consistent
with Japanese [253, 240] and global [264, 265, 266] studies. pP were found at 10 out of 11 stations,
while smaller sub-20 pm particles were found to be ubiquitous. In addition, the smaller plastics
were embedded in organic matter at a higher percentage (68.75% vs. 31.25% free-floating), making
them easy to be ingested accidentally. The incorporation of these smaller plastics within marine
aggregates also contributes to their inclusion into the food web, as well as making it more likely that
these particles will be deposited on the seafloor if not ingested as marine snow. This connection to
the infiltration of the carbon pump introduced Chapter 2.

Trace metals have been found on many of the analysed pP, including toxic ones such as Chromium
(Cr), Arsenic (As) and Lead (Pb) following weathering patterns on the grooves of pP and Mer-
cury (Hg) and Zinc (Zn) evenly distributed. These nP and MF embedded into organic matter
and contaminated with trace metals from the near-shore coastal waters poses clearly pose a risk
to neighboring ecosystems. As marine ecosystems are interconnected through wind and currents,
characterizing one system will contribute to the knowledge of the surrounding systems — in this
case subtropical reefs, stressed by tourism, fishery, and climate change.

5.3 Inside the Reef -Impacts on Endosymbionts

Coral reef environments have been shown to carry high loads of pnP/nP/MF at various locations
within the reef [280, 92, 279, 278].

Laboratory experiments presented in Chapter 4 show that nanoPS,, exposure of the endosym-
biotic dinoflagellates Symbiodinium tridacnidorum and Cladocopium sp. leads to differentially ex-
pressed genes which could be causing the observed changes in growth rates, photosynthesis, aggre-
gation, and subsequent sedimentation. The major gene groups thatare modulated by nanoPS,; ex-
posure are dynein-related genes, photosynthesis-related genes, and mitosis-related genes with likely
consequences for motility, aggregation, metabolism, and reproduction of algal symbionts. This
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correspondence between the results of the RNA analysis with the outcomes of the photophysiol-
ogy measurements, growth rates and aggregation leads to the conclusion that nanoPSys affects the
endosymbionts on a genetic level.

In the literature, similar negative results have been reported. Exposure of corals to pP of similar
size to endosymbionts has led to endosymbionts being expelled from the coral [284], and various
reef inhabitants have been shown to ingest pP [92, 114, 324]. Although the exact process of Sym-
biodininm spp. infection is unknown, affecting the endosymbiont before infections and reducing
the accessibility by increased sedimentation can well prove detrimental to an already gravely stressed
ecosystem.

In light of these results, more studies on the effects of nanoplastics on the reef environment
and the endosymbiont that fuels this oligotrophic environment are needed. Multi-stressor exper-
iments, combining increased temperature and ocean acidification with nanoplastic exposure and
allowing for control particles such as silt and sand, would be ideal for increasing insight into these
complex interactions.

In summary, several possible negative effects on symbiotic dinoflagellates by nanoPS are doc-
umented and negative consequences are suggested by DEGs (see Figure 4.22).
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Abstract: Plastic products contribute heavily to anthropogenic pollution of the oceans. Small plastic
particles in the microscale and nanoscale ranges have been found in all marine ecosystems, but little
is known about their effects upon marine organisms. In this study, we examine changes in cell
growth, aggregation, and gene expression of two symbiotic dinoflagellates of the family
Symbiodiniaceae, Symbiodinium tridacnidorum (clade A3), and Cladocopium sp. (clade C) under
exposure to 42-nm polystyrene beads. In laboratory experiments, the cell number and aggregation
were reduced after 10 days of nanoplastic exposure at 0.01, 0.1, and 10 mg/L concentrations, but no
clear correlation with plastic concentration was observed. Genes involved in dynein motor function
were upregulated when compared to control conditions, while genes related to photosynthesis,
mitosis, and intracellular degradation were downregulated. Overall, nanoplastic exposure led to
more genes being downregulated than upregulated and the number of genes with altered
expression was larger in Cladocopium sp. than in S. tridacnidorum, suggesting different sensitivity to
nano-plastics between species. Our data show that nano-plastic inhibits growth and alters
aggregation properties of microalgae, which may negatively affect the uptake of these indispensable
symbionts by coral reef organisms.

Keywords: nanoplastics; dinoflagellate; coral reef; Symbiodinium; Cladocopium; gene expression

1. Introduction

Coral reefs provide a habitat for marine invertebrate and vertebrate species alike, sustaining the
highest biodiversity among marine ecosystems [1]. Formed primarily by scleractinian corals and
coralline algae, coral reefs are complex and vulnerable ecosystems. Structural complexity of coral
reefs, and, by extension, the capability to sustain biodiversity often declines due to natural and
human-related stressors [2,3].

One important stressor for coral reef ecosystems is plastic pollution. Small plastic particles (>1
mm) have been reported from coral islands at more than 1000 items/m? [4]. Further fragmentation of
these particles leads to nano-plastics (<1 um) [5]. Microplastic particles induce stress responses in
scleractinian corals, and suppress their immune systems and capacity to cope with environmental
toxins [6]. When ingested by corals [7-9], microplastics disrupt the anthozoan-algal symbiotic
relationship [10]. They are also linked to potential adverse effects on calcification [11] with exposure
resulting in attachment of microplastic particles to tentacles or mesenterial filaments, ingestion of
microplastic particles, and increased mucus production [12]. Su et al. [13] exposed the coral symbiont,
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Cladocopium goreaui, to 1-um polystyrene spheres, leading to diminished detoxification activity,
nutrient uptake, and photosynthesis as well as increased oxidative stress, apoptosis levels, and ion
transport. Plastic particles seem to negatively impact symbiotic relationships between corals and their
microalgae, thereby degrading the entire coral reef ecosystem. However, this has not been
systematically investigated.

Nano-plastics can originate by fragmentation of larger plastic objects through photochemical
and mechanical degradation. There are also primary sources of nano-plastics. Medical and cosmetic
products, nanofibers from clothes and carpets, 3D printing, and Styrofoam byproducts find their way
into coral reef ecosystems via river drainages, sewage outfalls, and runoff after heavy rainfall, as well
as via atmospheric input and ocean currents. Nano-plastics have recently been reported in ocean
surface water samples [14]. Since the nanoplastic research is still in its infancy, many unanswered
questions remain, starting with the environmental concentrations in various ecosystems [15,16]. Since
detecting nano-plastics’ concentrations directly is still not possible [17], a better understanding of the
potential impacts is necessary to encompass a range of different concentrations. The miniature size
of these particles leads to higher surface area to volume ratios and enhanced reactivity of smaller
particles coupled with the ability to pass across biological barries and enter cells [18] when compared
to micro-plastics.

In this study, we focused on the microalgal symbionts of mollusks that inhabit fringing coral
reefs of Okinawa. Knowledge of the effects of nano-plastics on the symbionts of Tridacninae (giant
clams) and Fraginae (heart cockles) will benefit conservation and restocking efforts, since both are
obligatory photo-symbionts and important contributors to coral reef ecosystems. Approximately 30
Symbiodiniaceae phylotypes are economically important for fisheries [19]. This study specifically
investigated effects of nano-plastics (42-nm polystyrene spheres) on the growth rates, aggregations,
and gene expression changes in Symbiodinium tridacnidorum (symbionts of the Tridacninae) and
Cladocopium sp. (symbionts of the Fraginae).

2. Materials and Methods

2.1. Exposure to Nano-Plastics Using Roller Tanks

The majority of host animals obtain their indispensable symbiotic dinoflagellates from coral reef
sand and the water column [20,21]. Roller tanks and tables were used to simulate the natural
environment of the dinoflagellate vegetative cells in their free-living state [22,23]. Roller tanks have
commonly been used to promote aggregation since Shanks and Edmondson [23,24]. Fifteen roller
tanks of 13.4 cm in diameter and 7.5 cm in height with a capacity of 1057 mL were employed. In tanks,
aggregation can occur [23], ensuring that microalgae are exposed to the polystyrene nano-plastics
(nanoPS) in a way that mimics their natural habitat. Once rotation commenced, continuous aggregate
formation and suspension were ensured [24] as well as continuous exposure to nanoPS. Roller tanks
are closed for the entire duration of the experiment, so that exposure levels of the nanoPS remain
constant throughout. Tanks were closed without bubbles so as not to disturb the aggregation process
with turbulence. To compare differences between species, two dinoflagellates, Symbiodinium
tridacnidorum (clade A3 strain, ID: NIES-4076) and Cladocopium sp. (clade C strain, ID: NIES-4077)
were cultured in artificial seawater containing 0.2x Guillard’s (F/2) marine-water enrichment solution
(Sigma-Aldrich) in roller tanks [25,26]. S. tridacnidorum and Cladocopium sp. were isolated from
Tridacna crocea and Fragum sp. in Okinawa, Japan [25]. Using glass flasks, precultures for the stress
experiment were established, as previously described [26].

Microplastics (>1 mm) from a coral reef and the ingestion (53 to 500 um) by coral reef clams have
been reported and microplastic removal by giant clams has been proposed [4,27]. To simulate nano-
plastic accumulation in coral reefs and in the host organisms, three different concentrations (0.01
mg/L, 0.1 mg/L, and 10 mg/L) of nano-plastic (42-nm pristine polystyrene beads, nanoPSs, from
Bangs Laboratories Inc., catalog number FSDG001, polystyrene density 1.05 g/cm?3, nanoPS) were
added to the treatment tanks (Table S1). Preliminary tests were run to confirm no leaching of the
fluorescent dye (data not shown). Concentrations were chosen to span a range of possible
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environmental concentrations, starting at 0.01 mg/L with a surface area of 1.36 x 106 pm?/L and 2.46
x 108 particles per L. The next highest concentration is just one magnitude higher (0.1 mg/L, surface
area 1.36 x 107 um?/L and 2.46 x 10° particles per L). This middle range concentration corresponds to
actually observed lower concentrations of microplastic particles [28]. Just as microplastic
concentrations are highly variable, nanoplastic concentrations are assumed to change depending on
the proximity to human activity. To account for these variables, but not at the highest measured
microplastic concertation, we placed our highest concentration at 10 mg/L with a surface area of 1.36
x 10° um?/L and 2.46 x 10" particles per L (Table S1). Treatment tanks as well as control tanks (no
nanoPS) were established in triplicate. Three tanks without algae were prepared as negative controls
(at 10 mg/L, 0.01 mg/L, and 0 mg/L nano-plastic). In each culture tank, the final cell density of the two
strains was adjusted to ~7 x 10 cells/mL. Tanks were harvested after 9-11 days for logistical reasons,
making replicates a day apart (Table S2).

2.2. Measurements of Cell Density and Aggregation

Cells for growth rates were counted using hemocytometers (C-Chip DHC-NO1) under a Zeiss
Axio Imager Z1 microscope (Jena, Germany). At least two subsamples and 200 cells were counted
per sample.

Aggregates were imaged and counted in each tank and for five size classes, as follows: 0.2-0.5
mm, 0.5-1 mm, 1-2.5 mm, 2.5-3.5 mm, and >3.5 mm in the longest dimension. Tanks of the same
concentration were sampled at the same time of day. Controls were sampled first and then in order
of increasing nanoPSs: concentration to avoid nano-plastic carry over from higher concentrations to
lower. In order to examine how nanoPSx affects aggregate formation, aggregates were collected for
different measurements after the approximate total number of aggregates in each tank had been
determined. Aggregation of algae and plastic was confirmed with 3D imaging using a Zeiss
Lightsheet Z.1 and Imaris software. NanoPS« was observed with a BP (Band path) filter (excitation:
405 nm, emission: 505-545 nm) and chloroplasts were visualized using a long-pass red filter
(excitation: 488 nm, emission: 660 nm).

One fourth of all aggregates were collected for RNA analysis (2 min spin down at 12,000 rpm
and discarding the supernatant, freezing in liquid nitrogen, and storage at -80 °C). For all other
measured factors, harvest included separate sampling of the aggregate fraction (aggregates >0.5 mm,
Agg) and the surrounding sea water fraction (aggregates <0.5 mm and un-aggregated cells-SSW)
[29]. Aggregates for sinking velocity (three aggregates per size class for 11.5 cm in a 100-mL glass
graduated glassware cylinder) was collected in artificial seawater at the same temperature as
experiments were conducted.

2.3. RNA Extraction, Library Construction, and Sequencing

Frozen cells were broken mechanically using a polytron (KINEMATICA Inc., Luzern,
Switzerland) in tubes chilled with liquid nitrogen. RNAs were extracted using Trizol reagent
(Invitrogen) according to the manufacturer’s protocol. The quantity and quality of total RNA were
checked using a Qubit fluorometer (ThermoFisher, Waltham, MA) and a TapeStation (Agilent, Santa
Clara, CA), respectively. Libraries for RNA-seq were constructed using the NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina (#E7760, NEB). Sequencing was performed on a
NovaSeq6000 SP platform. Nine mRNA-seq libraries from nanoPS-exposed photosymbiotic algae
were sequenced (3 concentrations x 3 exposure times) plus three controls (Table S2).

2.4. RNA-Seq Data Mapping and Clustering Analysis

Raw sequencing data obtained from the NovaSeq6000 were quality trimmed with Trimmomatic
(v.0.32) in order to remove adapter sequences and low-quality reads. Paired reads that survived the
trimming step (on average 92%) were mapped against reference transcripts of Symbiodinium and
Cladocopium sp. For each gene in the genomes of Symbiodinium and Cladocopium sp. a *.t1 transcript
form was used as a reference sequence. Mapping was performed using RSEM (RNA-Seq by
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Expectation-Maximization) [30] with the bowtie (v. 1.1.2) as an alignment tool. Expression values
across all samples were normalized by the TMM (Trimmed Mean of M-values) method [31]. Genes
with differential expression (two-fold difference and p < 0.001) were identified with edgeR
Bioconductor, based on the matrix of TMM normalized TPM Transcripts Per Kilobase) values.
Experimental samples were clustered according to their gene expression characteristics using edgeR.
Annotations were performed using BLAST2GO and Pfam databases [25] and are available at the
genome browser site (https://marinegenomics.oist.jp).

3. Results and Discussion

3.1. Suppression of Algal Growth by Nano-Plastic Exposure

Exposure to nanoPS« decreased the mean growth rate of photosymbiotic algae (Figure 1 and
Figure S1). The greatest reduction in growth rate was seen at the lowest nanoPSs treatment (0.01
mg/L) with cell densities reduced from starting values by —0.062 + 0.02 (Holm-Sidak, p = 0.002), which
was followed by the highest nanoPSa treatment (10 mg/L) with —0.013 + 0.05 (Holm-Sidak, p = 0.026).
In the 0.1 mg/L treatment, cell densities increased slightly by 0.028 + 0.04. Thus, nanoPSu either
inhibited algal growth in a non-linear manner or had a limited effect [32]. Reductions in growth rates
have also been reported in the micro-plastic study of Reference [13] in Cladocopium goreaui and in
other microalgae exposed to micro-plastics (Chlamydomonas reinhardtii [33] and Skeletonema costatum
[34)).
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Figure 1. Treatment and control tanks were sampled after 9, 10, and 11 days. Experiments started
with ~680,000 cells/mL in all tanks. There are differences between the growth rate in the different
treatments, but the ratio stays the same over all three sampling days. The cell density in the control
was 9.83 +0.39 x 10° cells per mL, while treatment tanks were significantly lower: 0.01 mg/mL: 5.69 +
0.12 x 10° cells per mL, 0.1 mg/mL: 7.51 + 0.34 x 10° cells per mL, and 10 mg/mL: 6.96 + 0.40 x 10° cells
per mL. Bars display a confidence interval.

In addition, Su et al. [13] reported a reduction in cell size in Cladocopium goreaui. Further
investigations are needed to see if this is the case under nano-plastic exposure. The biggest growth
rate reduction observed was at 0.01 mg/L nanoPSs, which is far below the 5 mg/L used by Su et al.
[13]. The nutrient deficiency is also a reason discussed in Reference [23], which could explain the
larger effects on growth rates at lower concentrations. The reason for nutrient limitation induced by
plastic is proposed to be interactions of the nutrients with the surface of the plastics [35]. NanoPSs
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self-aggregation could account for the higher nanoPSs treatments having less of an effect on the
growth rates.

3.2. Nano-Plastic Exposure Influences the Number and Sinking Velocity of Cell Aggregates

To understand the impact of nanoPS« on aggregation in these two Symbiodiniaceae cultures,
the total number of algal aggregates per tank and in five aggregate class sizes was recorded (Figure
2 and Figure S2). All tanks showed aggregation, which was expected, as self-aggregation of
Symbiodiniaceae has been observed previously [13].

400

. Control 0.01 mg/L . 0.1 mg/L . 10 mg/L
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Number of Aggregates

Aggregate size classes

Figure 2. NanoPS exposure leads to a change in aggregation. Aggregates sorted by class size show a
significant change in the distribution pattern under nanoPSs exposure (Holm-Sidak, p = 0.05). No
differences are observed when exposure length is compared.

The majority of aggregates exhibited an ovoid form. A significant difference can be observed
when aggregate numbers are compared over all class sizes and all treatments, showing that the
nanoPS has an influence on the aggregation process. The lowest nanoPSs treatments (0.01 mg/L)
shows significant reduction in the total aggregates count by 10% (Holm-Sidak, p = 0.003), but
aggregation was enhanced overall in that treatment to have a higher percentage of huge aggregates
than in the control treatment (Holm-Sidak, p = 0.001). While there is also a reduction of 3% in the
intermediate nanoPSs treatment (0.1 mg/L), this is not significant (Holm-Sidak, p = 0.319). In the
highest plastic treatment at 10 mg/L, this is reversed, leading to more aggregates overall, and more
of those being of smaller sizes. The different aggregate class sizes show significantly different
distributions in all three treatments and the control (ANOVA, p < 0.001) (Figure S2). In the control,
the self-aggregation led to a specific distribution pattern of aggregate sizes, which was not repeated
in the treatments. Self-aggregation was also observed in the microplastic experiments of Su et al. [13].
The fact that the presence of nanoPS changes the aggregation between the cells and leads to more
aggregates in the bigger size classes is possible due to higher production of extracellular polymeric
substances (EPS) with sticky properties, trapping more cells in one aggregate and keeping aggregates
closer together. Nutrient depletion, which has been linked to the presence of micro-plastics in algae
cultures [35], is associated with increased stickiness of the EPS [36,37]. Differences in the EPS
production due to the presence of nanoPS is a likely factor contributing to the differences in
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aggregation seen in the study. EPS production was not measured, so further studies are needed to
confirm this hypothesis linking the aggregation process and EPS production in Symbiodiniaceae
under nanoPS influence. Lagarde et al. [33] notices different aggregate formation under different
plastic treatment and sizes, which matches with our results. In addition, in Symbiodinium
tridacnidorum, genes encoding a protein with a TIG (Transcription factor immunoglobulin) domain
were upregulated. Since this protein is found in surface cell receptors, it may influence changes in
hetero aggregation.

Significant differences are evident when aggregate numbers are compared over size classes and
treatments, showing that nanoPS influences aggregation. Aggregate size classes show significantly
different distributions in all three treatments vs. controls (ANOVA, p < 0.001) (see Figure 2). These
differences in aggregation could be due to changes of the cell surface receptors, as nanoPS increases
genes related to those two-fold (see Section 3.3. NanoPS effects on gene expression).

Due to nanoPS exposure, aggregation and sinking velocities are impacted, which, in turn, leads
to change in sedimentation. Since the majority of the host animals obtain their symbiotic
dinoflagellates from the sand and water column [20], these changes in dinoflagellate sedimentation
might lead to problems in acquisition of symbionts for the host animals. The lowest plastic treatment
used, which is environmentally possible, already induces changes to the sedimentation. This lowest
treatment led to bigger aggregates, which, at the same time, sank faster, possibly removing the
symbionts from the water column faster than required from the host animals and reducing chances
of encountering symbionts.

Changes in aggregation and resulting sedimentation were observed under nanoPS exposure
(Figure 3). The biggest changes in sinking velocity correspond to increases in aggregation and are
observed in the lowest plastic treatment at 0.01 mg/L. On the other hand, the 10 mg/L treatment did
not have any significant effect on the sinking rates but did affect sedimentation indirectly through
changes in the aggregate size distribution (Figure 3). These changes, including both sinking velocities
and aggregate size distribution, are most likely due to hetero-aggregation between algae and nanoPS.
Under different treatments, the size distribution of aggregates was significantly different (Figure 2).
In combination, it is likely that the same effect that led to that difference in aggregation is also
responsible for the difference in sinking velocities. Changes in EPS production and stickiness will
lead to different cell packaging within the aggregates, possibly creating tighter packed aggregates in
the lowest and intermediate treatment. This effect might be counteracted under the highest nanoPS
exposure by the sheer volume of EPS, which is lighter than seawater. The nano-plastic itself trapped
in these could also add to the sinking velocity returning back to control levels in the high plastic
treatments. Since these symbionts are paired with the mobile larvae of the host animals, a higher
sinking velocity would remove the potential symbiont from the pelagic area and reduce the chance
of a match.
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Figure 3. Sinking velocity change with nanoPS exposure. Sinking velocities decrease with aggregate
size from more than 7 mm/s (>3.5 mm) to less than 2 mm/s (<0.5 mm). In all class sizes, the control
was similar in sinking velocity to the highest nanoPS treatment (10 mg/L). The low nanoPS treatment
(0.01 mg/L) differed significantly from both controls (t-test, two-tailed p = 5.56 x 10 and the highest
nanoPS treatment (t-test, two-tailed p = 9.03 x 10#). This was also true for the intermediate nanoPS
treatment (darker blue, 0.1 mg/L). Error bars are 95% confidence intervals. Only one huge aggregate
was measured in the highest nanoPS treatment. No differences in sinking velocity were observed in
relation to exposure length.

3.3. NanoPS Effects on Gene Expression

Analysis of differential gene expression showed that, in Symbiodinium, 14 genes were
upregulated after nanoPSsx exposure, and 34 were downregulated relative to controls (Figure 4a). In
Cladocopium, 75 genes were upregulated, and 169 genes were downregulated (Figure 4b). Cladocopium
seems more sensitive to nanoPSs« exposure, as overall more genes responded than in Symbiodinium.
Since Pfam analysis had more annotations than BLAST2GO in DEGs of Cladocopium, we list the major
domains encoded by the differentially expressed genes (DEGs) of Cladocopium (Tables S3-S6).
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Figure 4. Heatmap and clustering of differentially expressed genes (2-fold changes, p <0.001) between
dinoflagellates exposed to nano-plastics and controls. (a) DEGs in Symbiodinium tridacnidorum. (b)
DEGs in Cladocopium sp. Values indicate the relative gene expression level with purple and yellow
showing downregulation and upregulation, respectively. The yellow bar shows a cluster of
upregulated genes. Annotations by Blast2GO show the presence of microtubule-related or
photosynthesis-related genes among DEGs.

The largest group of upregulated genes was a subfamily of dynein-related proteins having an
AAA_5 domain (Table 1). Dynein is a microtubule-associated motor protein. Ten genes for dynein-
related proteins with AAA and/or DHC (Dynein heavy chain) were upregulated in Cladocopium sp.
by nanoPS42 (Table 1 and Table S4). It has been shown that microplastic exposure induces production
of reactive oxygen species (ROS) in microalgae [13,33] and dynein upregulation. Therefore, it might
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be needed to balance cytoskeletal dynamics as microtubule polymerization is impaired by oxidative
stress [38]. Dynein light chain genes were also shown to be upregulated in gill cells of zebra mussels
exposed to polystyrene micro-plastic [39].

Table 1. Domains encoded by more than three up-regulated genes in Cladocopium sp.

Domain Name Summary from Pfam Database Gene Number

AAAS AAA domain (dynein-related subfamily) 6
DHC_N2 Dynein heavy chain, N-terminal region 2 5
AAA ATPase family associated with various cellular activities 4
AAA_6 Hydrolytic ATP binding site of dynein motor region 4
TIG IPT/TIG domain 4

Four upregulated genes in Cladocopium (Table 1) encoded proteins with TIG domains that have
an immunoglobulin-like fold and are found in cell surface receptors that control cell dissociation
[40,41]. This might contribute to adhesion between neighboring cells and to the extracellular matrix
composition and explain some of the changes observed in cell aggregations.

There were more downregulated genes than upregulated genes in both Symbiodinium and
Cladocopium (Figure 4). PPR (pentatricopeptide repeat) protein (Table 2) is involved in RNA editing
[42] and extensive RNA editing has been reported in organelles of Symbiodiniaceae [43,44]. Five
genes for photosynthesis were downregulated (Figure 4). These changes may explain observed
reductions in photosystem efficiency in C. goreaui [13].

Table 2. Domains encoded by more than three down-regulated genes in Cladocopium sp.

Domain Name Summary from Pfam Database Gene Number

Ank Ankyrin repeat 10
Ank_2 Ankyrin repeats (3 copies) 10
Ank_3 Ankyrin repeat 10
Ank_4 Ankyrin repeats (many copies) 10
Ank_5 Ankyrin repeats (many copies) 10
PPR_2 PPR repeat family 6
RCC1_2 Regulator of chromosome condensation (RCC1) repeat 6
ANAPC3 (Apc3)  Anaphase-promoting complex, cyclosome, subunit 3 5
Pkinase Protein kinase domain 5
PPR PPR repeat 5
PPR_3 Pentatricopeptide repeat domain 5
Abhydrolase_5 Alpha/beta hydrolase family 4
Abhydrolase_6 Alpha/beta hydrolase family 4
Lipase_3 Lipase (class 3) 4
PPR_1 PPR repeat 4
TPR_14 Tetratricopeptide repeat 4
YukD WXG100 protein secretion system (Wss), protein YukD 4

Other downregulated gene groups were related to intracellular degradation processes,

including hydrolase and lipase, and to subunit 3 of the anaphase-promoting complex/cyclosome [45].
The downregulated gene (s3282_g2) with abhydrolase and chlorophyllase domains is likely related
to chlorophyll degradation [46]. The gene, s576_g21, for cell division control (CDC) protein 2 is
downregulated in Cladocopium. Downregulation of six genes with RCC1 (regulator of chromosome
condensation) and three genes with CDC domains suggest some effect on cell division. Thus, several
negative consequences of nanoPS« exposure are suggested by DEGs (summarized in Figure 5).
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Figure 5. Exposure to nanoPSs« changes gene expression levels in symbiotic dinoflagellates. Yellow
and purple arrows show up-regulation and down-regulation of gene expression, respectively.

4. Conclusions

Previous studies have shown that nano-plastics have adverse effects on different algae groups
[32,34,35,47,48], and a recent study shows that micro-plastics have similarly negative effects on an
endosymbiotic dinoflagellate Cladocopium goreaui [13]. No previous studies have been conducted on
nanoPSx effects on Symbiodiniaceae. We found significant changes in aggregation, photosystem
efficiency, and aggregate sinking velocity of symbiotic dinoflagellates, which is coupled with
variations in gene expression patterns after exposure to nanoPSs. The reduction in photosystem
efficiency and photosystem gene expression patterns could have led to the observed reduced growth
rates and are especially problematic given the obligate photosymbiotic nature of the host animals of
the dinoflagellates.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1: Cell
abundance in treatment tanks, control tanks, and outside controls. Figure S2: NanoPS exposure changes
aggregation behaviour, reduces cell numbers, and alters size class distributions. Table S1: Relationship between
nanoPSs concentration and particles per tank. Table S2: Sampling days of each tank. Table S3: Genes that
responded to nano-plastic exposure in Symbiodinium tridacnidorum. Table S4: Genes that responded to nano-
plastic exposure in Cladocopium sp. Table S5: Differentially expressed genes with a two-fold difference between
the controls and nano-plastic exposure (Symbiodinium tridacnidorum cladeA, TMM FPKM values, p <0.001). Table
S6: Differentially expressed genes with a two-fold difference between the controls and nano-plastic exposure
(Cladocopium sp. cladeC, TMM FPKM values, p < 0.001).
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ARTICLE INFO ABSTRACT

Marine plastic debris is widely recognized as a global environmental issue. Small microplastic par-

Keywords: ticles, with an upper size limit of 20 ym, have been identified as having the highest potential for
causing damage to marine ecosystems. Having accurate methods for quantifying the abundance of
Microplastics such particles in a natural environment is essential for defining the extent of the problem they pose.
Using an optical micro-Raman tweezers setup, we have identified the composition of particles trapped
Surface water in marine aggregates collected from the coastal surface waters around the subtropical island of Oki-
nawa. Chemical composition analysis at the single-particle level indicates dominance by low-density
Micro-Raman Optical Tweezers polyethylene, which accounted for 75% of the small microplastics analysed. The smallest microplas-
tics identified were (2.53 + 0.85) ym polystyrene. Our results show the occurrence of plastics at
Environmental pollution all test sites, with the highest concentration in areas with high human activities. We also observed
additional Raman peaks on the plastics spectrum with decreasing debris size which could be related
Nanoparticles to structural modification due to weathering or embedding in organic matter. By identifying small
microplastics at the single-particle level, we obtain some indication on their dispersion in the ocean
Okinawa-Japan which could be useful for future studies on their potential impact on marine biodiversity.
1. Introduction to mammals [6]. Ingestion of marine plastic fragments and

. . . . fibres into the trophic chain may cause human health prob-
Plastic polymers are a versatile, widely used material

lems. Furthermore, field observations and oceanographic
fully integrated in our daily lives. In the environment, plas- £rap

. . . models show that five subtropical ocean gyres are hotspots
tics accumulate because of their recalcitrant nature [1]. Once

.. . . . for plastic debris accumulation [7]. Supporting this, it has
plastic items are discarded in the environment, they often p (7 pp g

. . been reported that the global microplastic distribution across
end up in waterways and are ultimately transported to the

the oceans is estimated to be 236 thousand metric tons [8].
ocean [2]. The first report on the emergence of small plas-

. . . . However, a discrepancy of orders of magnitude exists be-
tic particles in the oceans drew worldwide concern [3]. Be-

. . . . tween these observations and the expected mass of microplas-
cause most plastics undergo very slow chemical or biologi-

Lo . . L. tic in oceans, suggesting complicated export dynamics are at
cal degradation in the environment, the debris can remain in

lay.
the ocean for years, decades, or even longer [4]. Moreover, play

While mesoplastic (5 mm — 2.5 cm) and macroplastic
plastic debris can entrap marine fauna [5] and be ingested P ( ) P

. . . S (> 2.5 cm) marine pollution has been extensively studied
by a wide variety of animals, ranging in size from plankton

*Corresponding author: Domna G. Kotsifaki: for many oceanic regions and across different ecosystems [9,

domna.kotsifaki @oist jp 10], small microplastic pollution has been less of a focus [1,

C. Ripken et al.: Preprint submitted to Elsevier Page 1 of 16

a0

a1

a2



200

Articles under review

a3

aa

as

a6

a7

a8

a9

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

Small microplastics Okinawa

6]. As proposed by the National Oceanic and Atmospheric

Administration (NOAA), the term microplastics refers to very

small, ubiquitous plastic particles < 5 mm in diameter [11].

real-time are necessary.
Since the first demonstration of single microparticle op-

tical trapping in 1986 [19], optical tweezers have emerged

They have been separated into different fractions, large (1 -5 mm)as a powerful tool for controlling particles in fluids [19].

or small (I gm — 1 mm) microplastics [12] and the sub-20-
pum fraction (20 ym — 1 ym). Like large microplastics, small
microplastics can adsorb and carry hydrophobic chemicals
that have a potential biological and toxicological impact on
the environment [13]. Therefore, a clear understanding of
the interaction of small microplastics with the environment,
especially with living organisms, is essential to assess pos-
sible health hazards.

Currently, there is a need for reliable and precise iden-
tification of plastics without separating them from the ma-
trices in which they are collected. The current protocols for
quantification and characterisation of environmental plastic
contamination is hampered by a lack of sensitive yet high-
throughput methods. Commonly applied techniques for the
analysis of plastics include a visual inspection or stiffness
test [14], spectroscopy [15], transmission or scanning elec-
tron microscopy [16], and fluorescence imaging [17]. Very
recently, surface-enhanced Raman spectroscopy was used
to chemically identify commercial, standardised micro- and
nano-particles suspended in a NaCl liquid environment, as
a model system for plastics in seawater [18]. However, the
chemical characterisation of single, plastic particles in a lig-
uid environment is still limited. Therefore, techniques with
selectivity and precision that enable the analysis of single

particles in — situ in any collected seawater sample and in

Optical tweezers use a highly focussed laser beam to trap
and manipulate (typically) dielectric particles from 10 nm
to 100 um in diameter. The particle is trapped near the focal
spot due to scattering and gradient optical forces [20, 21]; the
scattering force is from radiation pressure of the light beam
along its direction of propagation and the gradient force pulls
the particle towards the high-intensity focal point. The total
optical force exerted on a particle is in the range of 100 N
to 100 pN depending on the difference between the refrac-
tive indices of the particle and the liquid medium, and the
intensity of the laser beam. The ability to measure such
small forces has opened the way for many new experiments
in physics, chemistry, biophysics, and nanotechnology. Im-
portant examples include the development of multiple par-
ticle trapping [22], a variety of biophysics measurements
on single biomolecules [23], and trapping in subwavelength
fields created by plasmonic nanostructures [21].

The combination of optical tweezers with a range of dif-
ferent optical read-out techniques has enabled various single-
particle investigations to be performed. With regard to in —
situ small microplastic analysis, optical tweezers micro-Raman
spectroscopy (OTRS) is a viable option. Raman spectroscopy
has already been used to analyse single cells and biomolecules
suspended in an aqueous environment. Recently, the com-

bined OTRS technique has been used for chemical qualita-
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tive analysis of different plastic particles with sizes in the
sub-20 ym regime in a seawater environment [24]. The au-
thors successfully discriminated between plastics and min-
eral sediments at the single-particle level, overcoming the
limitations of conventional Raman spectroscopy in a liquid
environment [24].

Compared to the rest of the world, there is limited infor-
mation on plastic pollution of seawater in a "blue zone" area,
regions of the world in which exceptional longevity has been
recorded [25]. In this work, we have collected environmen-
tal samples around the subtropical island of Okinawa and
analysed them using an OTRS technique, to determine the
occurrence, the average size and the polymer type of small
microplastic particles. Crucially, OTRS has the ability to un-
ambiguously chemically identify different microplastics in
real-time. This study improves our knowledge on the extent
and magnitude of small microplastics pollution in the ocean
around a blue zone region. It also gives an estimate on the
current state of pollution, as well as how the pollution cor-
relates with population and industrial densities on the island

of Okinawa.

2. Materials and Methods

The main island of Okinawa (26.2124° N, 127.6809° E)
is part of the Ryukyu Island Arc (inset in Figure 1) and con-
sists of uplifted coral reefs and, particularly in the north-
ern half, igneous rock (solidified magma or lava). It is sur-
rounded by fringing reefs, making the water intake that reaches

the beaches more reliant on surface waves and wind [26].

Figure 1: Map of field study area in Okinawa with the locations
of the six towing stations from which particles were collected
and analysed [28]. Inset: Geographical location of Okinawa in

the Ryukyu Island Ark [29].

Land-based pollution originating on Okinawa is more likely
to be found in the bigger bays of the island. The six sam-
pling sites were chosen to provide a road map of the pol-
lution distribution of Okinawa (Figure 1). Sites differ in
population density and industry in and around the respec-
tive bay regions. Additionally, Okinawa has been previously
deemed as a "blue zone" [27]. Therefore, it is crucial to mon-
itor ocean pollution as it may adversely affect the residents’

longevity in such a region.

2.1. Study Region

To quantify small microplastic abundance in the surface
waters around Okinawa, the water samples were collected
over 24 hours in September 2018 with the Okinawa Pre-

fectural Fisheries (OPF) and Ocean Research Center (ORC)

C. Ripken et al.: Preprint submitted to Elsevier
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ship, Tonan Maru. The cruise was designed to obtain an
overview of the small microplastic pollution around Oki-

nawa.

2.2. Field Sampling

The sampling was performed using a manta trawl (Hydro-
Bios Manta, 300 ym net, net opening of 15 cmx 30 cm, with
a Hydro-Bios Mechanical Flow Meter No.: 438 110). The
manta net was deployed off the starboard side of the boat to
the surface and trawled for 15 min at 2 - 3 knots covering an
average distance of 1 km and filtering an average volume of
856.8 L. Itis worth noting that, during the collection process,
we did not observe any seaweed or woody debris floating in
the seawater which may have been scooped up in the manta
trawl. After trawling, the nets were washed down twice be-
fore transferring the contents into 450 mL glasses. All sam-
ples were stored in a climatised environment until processing
the next day. Between each sample, the Manta net was back-
washed with seawater and the collector at the end of the net
was washed separately to limit cross-contamination between

sampling locations.

2.3. Laboratory Analysis

Each of the stored sample solutions was filtered over a
300 pm sieve to remove large agglomerates and microplas-
tics. No additional digestion steps were added to remove the
organic matter. The remaining seawater solutions after the
filtering process were stored in new, clean glasses bottles.
After one hour, we collected a small volume of liquid from

the top of each of these remaining seawater solutions and

we carefully examined them using an optical microscope.
It was evident that small microplastics (less than 300 ym)
were contained in this small volume and these samples were
used for the studies reported herein. Therefore, the small
microplastics are analysed within the agglomerate matrix in
which they were trapped in this study.

To limit contamination of the samples via clothing or air,
all samples were filtered, sorted, and prepared onto the mi-
croscope slides in a positive pressure chamber. Only cotton
clothing was worn during sampling and preparation. For the
experiments, a blank control sample of Milli-Q water was
prepared simultaneously in order to detect any possible con-
tamination during sample processing in the laboratory envi-

ronment.

2.4. Optical micro-Raman Tweezers Spectroscopy
The OTRS system we used consists of a Nd:YAG laser
beam (4 =532 nm with 17 mW of power at the sample plane)
focussed using a high numerical aperture (NA = 1.3) oil
immersion objective lens (Plan-Neofluar 100x, Carl Zeiss)
onto the seawater sample, as shown in Figure 2. We use a
trapping laser at 532 nm which provides better Raman effi-
ciency compared to longer wavelengths. The trapping laser
beam is integrated into a Raman spectrometer (3D Laser Ra-
man Microspectrometer Nanofinder 30). The high NA of the
lens ensures trapping of the small microparticle and provides
the necessary laser intensity needed to maximise its Raman
signal. Using adhesive microscope spacers, a microwell was

formed on the microscope glass slide, and trapping occurs
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in the 20 uL sample solution under a glass cover slide. The
sample of water in the microwell was taken from the small
volumes collected from the top of the seawater solutions, as
mentioned in Section 2.3. Therefore, the microwell contains
small microplastics and nanoparticles in seawater from the
sampled regions around Okinawa. As a control, a microw-
ell with 10 ul milli-Q water aqua was prepared on the same
microscope slide. The microscope slide was mounted and
fixed on top of a translation stage. A CCD camera is used
to image the trapped microplastic during the trapping pro-
cess. The optical images are analysed using ImageJ software
to identify the shape and the size of the trapped microplas-
tic as well as to confirm that the analysis is performed on a
newly trapped particle in the same sample solution. Using
this setup, the OTRS technique allows us to identify small

microplastic fragments trapped by the laser.

. White light

Spectrometer
\
N
Notch
filter @
Mirror
S
/e Dichroic
expander Mirror
Nd:YAG
|
Laser
Sample N

Intensity (arb.units)

1000 1500 2000 2500 3000

Raman shift (cm!)

Figure 2: A schematic illustration of the optical tweezers
micro-Raman setup used in our experiments. Inset: charac-
teristic spectrum of a polyethylene (PE) particle of 15 um

diameter in a seawater environment.

3. Results and Discussion

Ocean surface water samples from several bays around
Okinawa have been collected (see Figure 1) and analysed,
as shown in Figure 2. The chemical identification of opti-
cally trapped particles within the seawater sample was ac-
complished by employing OTRS after background subtrac-
tion. Notably, the majority of the small microplastics are
quasispherical. A shift of the Raman peaks or alteration of
the bands can be expected due to their crystalline structure
and level of degradation.

Table 1 lists the most dominant types of plastics which
we have identified in our samples that contain seawater col-
lected around Okinawa. Moreover, we include their hazard
score [30] in order to indicate their potential impact on the
environment and human health.

Figure 3(a) shows Raman spectra for a quasispherical,
optically trapped microplastic diluted in seawater from a sam-
ple collected near the Naha region (S10 in Figure 1). Naha
is the capital of the Okinawa Prefecture and the sample loca-
tion was next to the industrial port and commercial airport.
Despite being a heavily commercialised area, Naha has an
estimated population of 318,270 inhabitants, representing
almost 30% of the total population of Okinawa island and a
population density of 8,043 people/km?. In Figure 3(a), we
have identified the characteristic Raman peaks of polyvinyl
chloride (PVC) (Table 2-left). Additionally, we investigated
the Raman signal of the optically trapped microplastic for
various positions on its surface. We note that the intensity

of the Raman signal changes. This could be due to the dif-
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Table 1

Polymer types found as nanoplastics around Okinawa: Detailed information for polymers

identified in this study, including monomer, hazard score [30], and plastic size range for

each polymer type.

Polymer Abb Monomer Hazard score % of total particles analysed  plastic size range (um)
Polyethylene PE Ethylene 11 10.94 1.40-30.5
Polypropylene PP Propylene 1 0.61 3.07-6.15
Polyvinyl chloride PVC  Vinyl chloride 10551 0.61 8.97-47.8
Polyamide (Nylon) PA Adipic acid 47 1.52 2.06-10.5
Polystyrene PS Styrene 30 0.91 1.38-4.18

ference in weathering of the material at various places. In
total, 51 particles were analysed from station S10, with ap-
proximately 19.6% being plastic such as polyethylene (PE)
or polyvinyl chloride (PVC). This is the second highest per-
centage of plastics that we have found contained within the
samples taken from seawater around Okinawa. This result
correlates well with a recent study by Kitahara et al. [31],
finding small plastics in road dust on Okinawa. Although
the population density is highest in Naha and most land use
is urban [32], plastic particles in the road dust were lower in
front of our station S10 [31]. One possible reason for find-
ing many small microplastics within the sampled volume,
although it was not the highest percentage measured, could
be due to its location outside of a bay. Although many rivers
discharge on this side of Naha city [33], pollution is not eas-
ily trapped this side of the island.

Plasticisers, dyes, and weathering can change the Ra-

man spectra, adding additional peaks to the spectra of the
different polymers as well as changing relative intensities
and accuracy. These additives are often harmful and can
leach from the polymer matrix [34]. In addition, the parti-
cles are often embedded in organic material, which can also
add peaks to the actual polymer spectra. In Figure 3(b), we
show the Raman spectra of the microscope slide that we used
in our experimental process and the organic matter found in
the plastics. Based on these reference spectra we can dis-
tinguish the plastics from organic matter and identify their
Raman peaks. Generally, we observed that most small mi-
croplastics are embedded in organic matter (68.75%) while
only 31.25% are free-floating. No data is published on this
ratio, as the methods for polymer identification used most of-
ten add a step of digesting the organic material in the sample
first, so as to get a better Raman signal. This ratio is impor-

tant to investigate further, as it could shed some light on the
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Table 2

Raman peaks of: (Left): Polyvinyl chloride (PCV) has a hazard score of 10551 [30],

making it one of the most toxic plastics based on hazard classification of monomers.

PVC is mostly used for cables, pipes & fittings, window frames, and flexible films for

water proofing. (Right): Polyethylene (PE) is the most common plastic used in daily life.

Primarily used for packaging, resulting in air trapping items such as bottles and plastic

bags. Combined with its low density this leads to a majority of the PE floating at the

ocean'’s surface [24].

PVC : v (cm™") | Vibration

1724 Ester CO stretching

1434 CH, symmetric deformation
1325 CH, twisting

610 Crystalline C-Cl stretching

fate of the (small) microplastics within the water column.

Figure 4(a) shows the Raman peaks of PE small microplas-
tics which were found in several areas around Okinawa, while
in Table 2 (right) we present the modes attributed to PE. We
note that all the particles have the characteristic PE peaks
spanning from 1000 cm™! to 1500 cm™! [24]. Figure 4(b)
shows the Raman spectra for polystyrene (PS) and polypropy-
lene (PP) particles which were not embedded in organic mat-
ter.

The most common plastic that was found in the samples
taken from seawater of Okinawa is PE with a percentage of
10.94% of the total particles analysed (see Table 1). The rea-
son for the high percentage of PE within the sampled volume

could be its structural characteristics and lower density com-

PE : v (cm™) | Vibration

1058 CC symmetric stretching
1123 CC anti-sym stretching
1286 CH, twisting vibration

1408 CH, bending

1429 CH, symmetric deformation
1450 CH, scissor vibration

pared with the other polymer types found (see Table 1). It
has more porous structures than other plastics and, as such,
it may be more easily broken down into microscopic debris
by sunlight, wind, and current erosion [35]. We notice sur-
rounding organic matter overlays the PE Raman spectra in
a microparticle of 5 ym diameter (red line in Figure 4(a)),
which was collected from the Naha (S10) area. Additionally,
an overlay of dyes or additives is observed in Raman spec-
tra of small microplastic with 5 ym diameter (purple line in
Figure 4(a)) which was collect from the Kin (S4) area. The
characteristic peaks of polystyrene (PS) (black line in Fig-
ure 4(b)) and polypropylene (PP) (blue line in Figure 4(b))
were identified at Nago (S8) and Nakagusku (S2) areas, re-

spectively. PS is frequently found in the environment as a
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Figure 3: (a) Raman spectra of a polyvinyl chloride (PVC)
quasispherical microplastic of 47.8 um diameter found at sta-
tion S10, near Naha. Each spectrum relates to a different
region on the trapped particle. Inset: microscope image of
the plastic in which different spectral regions are labelled. The
intensity of the Raman signal may indicate the difference in
weathering. (b) Additional Raman spectra peaks that typi-
cally appear in the signals from the trapped particles in our
samples. Purple (upper) curve: spectrum from the micro-
scope slide. It displays the glass solid-state structure with no
long range transnational symmetry manifesting — the peaks are
very broad with widths up to several hundred wavenumbers.
Green (lower) curve: spectrum from organic matter found in
the samples with CCO stretching (around 1000 cm~') and CH,
and CH, deformations (1250 cm~! to 1750cm™") in the Raman

spectrum. The individual peaks vary depending on the organic

matter of the trapped particles.

material from diverse uses such as packaging foams and dis-
posable cups. Since it is mainly used for manufacturing of
single-use products, a large portion of post-consumer pro-
duction ends up into oceans [2], and remains there for sev-
eral hundred years due to their resistance to degradation (Ta-
ble 1). PP is used in the manufacturing of, for example, flip-
top bottles, piping systems, and food containers, amongst

others.

Together with the plastics, trapped sediment micromet-
ric and nanometric particles can also be detected (see Fig-
ure 4(c)). Specifically, we note that some particles have peaks
at 512 cm™! and 472 cm™! [36], indicating trapped quartz
particles (blue curve-S10 in Figure 4(c)). Particles of poly-
morphous CaCO; with one peak at 706 cm™! followed by a
larger peak at 1088 cm™! indicate that they are most likely
calcite and not aragonite or vaterite [37]. The origin of these
particles is probably related to trace calcite-based contam-
inants. Finally, we find particles that display the spectral
fingerprint of rutile (green curve-S8 in Figure 4(c)) with mi-
croscope slide signal overlay [38]. Rutile is a mineral com-
posed primarily of titanium dioxide (TiO,) and is the most
common natural form of TiO,. These sediment-derived par-
ticles are likely found because of high river input [33].

The abundance of small microplastics in the sampled
volume taken from each station displayed a difference be-
tween those collected in urban and less populated areas. The
heterogeneity of the small microplastics in the volume at the
sampling stations may be caused by several factors, predomi-
nately the closeness of point sources such as sewage outfalls,
river outlets and run-off after heavy rain fall. Atmospheric
input of micro- and small microplastic from domestic ac-
tivities such as traffic should also be taken into considera-
tion. In Table 3, we summarise the plastic distribution of
small microplastics found within the sampled volumes col-
lected around Okinawa. In total we have identified 282 parti-
cles by employing the OTRS method, of which 48 are small

microplastics. The small microplastic pollution observed
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Figure 4: Raman spectra of optically trapped small microplastics dispersed in seawater with their optical images: (a) Polyethylene

(PE) spectra from different particles found in different locations. The red line (510) has an organic matter overlay, while the

purple (S4) and blue (S2) lines have additional peaks most likely from dyes or additives to the PE. (b) The black line indicates

the Raman spectrum of polystyrene (PS) and the blue line of polypropylene (PP) found at Nago (S8) and Nakagusku (S2) areas,

respectively.(c) Raman spectra of trapped sediment particles suspended in seawater with their optical images. In the purple line

(S8-up) the calcite peaks are overlayed with organic matter, as observed on the optical image. The green line (58-down) shows

a rutile nanoparticle in which the Raman spectra is overlayed by the characteristic microscope slide Raman peaks.

within the sampled volumes follows the population gradi-
ent of the island [32]. There is a clear distinction between
the northern (Figure 1), less populated part of Okinawa, and
the southern part with high population density. While the
south west side with the capital Naha has the highest popu-
lation density, there is no bay on that side of the island. On
the south east side of Okinawa, on the other hand, the big

bay of Nakagusku (S2-Figure 1) is located. The cities of

Nanj6 (2.98% of population), Urasoe (7.90% of population),
Ginowan (6.71% of population) and Okinawa city (9.74% of
population) are located along that bay. While only a handful
of rivers drain into this bay, these rivers have been found to
have the highest levels of inorganic nutrients [33] on Oki-
nawa. We analysed 44 particles in the sampled volume from
that bay and we calculated that 25.0% are plastics (8 of PE, 1

of PP, 1 of PS and 1 of PVC). We conclude that the samples
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Table 3

Small microplastic distribution around Okinawa: Station split for population and industry

around Okinawa following the respective gradients.

Area Station  Population Industry Volume Particles Particles
Particles

name names  distribution  distribution  checked [uL] plastic (%)  organic (%)
Nakagusku 2 S2 Sth2 E2 40 44 25.0 56.8
Kin 2 S4 Sth4 E4 60 56 17.9 66.1
Cape Hedo 1 S6 N2 E6 60 60 13.3 66.7
Cape Hedo 2 S7 N3 W1 60 13 15.4 61.5
Nago 1 S8 N4 W2 60 58 13.8 65.5
Naha 1 S10 Sth5 Nahal 40 51 19.6 58.8

coming from this area have the highest percentage of plas-
tics due to the high population density (2,838 people/km?)
found along the intake of the bay. The southern part of the
island has a high proportion of urban land use [32], which, in
combination with high traffic density [31], leads to high an-
thropogenic pressure on the coastal ecosystem [39]. This re-
sults in a significant increase of small microplastic particles
in sampled volumes from the southern half of the island (t-
test, two tailed p = 0.0147). This is in reasonable agreement
with studies showing microplastic abundance in areas with
an increase of intensive anthropogenic activities such as: ur-
ban areas with high population density [40], tourist beaches
with high density of tourists [41], areas of intensive agricul-
ture [42], as well as fishing and shipping activities [43].

In the central part of the island, the land use shifts from
urban areas to more forest cover [32, 44]. Traffic density

goes down by between one third to about one half that found

in the southern part of the island [31]. On the east side, we
have a station at Kin (S4), while Nago (S8) is located on the
west side. Kin has a surrounding population of up to 1,386
people/km? while at Nago the population density is lower
at 296 people/km?. The anthropogenic pressure on the Kin
station is predicted to be high [39]. This difference in the
population density is reflected in the small microplastics dis-
tribution within the sampled volume, 17.9% (S4) and 13.8%
(S8), respectively, while the percentage of organic particles
within the sampled volume is reasonably stable (66.1% (S4)
and 65.5% (S8)). At Nago, we analysed 58 particles from the
sampled volume. PE was the only plastic type found there.
In Kin (S4) we characterised a similar number of particles
(n = 56) but found a wider variety of plastic polymer types
(8 PE, one PS, and one PP small microplastic particle. The
particles in Nago bay ranged in size from 1.4 ymto 27.2 ym.

According to industrial density, which is higher on the east
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Figure 5: (a) Percentage composition of all particles. (b) Polymer types of small microplastics collected in seawater around the

main Okinawa island. (c) Average diameter of small microplastics where n indicates the number of polymers.

side of the island, the split of the stations into east (S2, S4,
S6) and west (S10, S8, S7)) does not yield a significant dif-
ference (t-test, p = 0.7) in small microplastic distribution
from within the sampled volume, as most plastic is corre-
lated with domestic activity, not industrial, on Okinawa.
Finally, in the north of Okinawa, Cape Hedo is located
(Figure 1), with alow anthropogenic pressure prediction [39].
We collected particles from two stations (S6 and S7) located
on both sides of the cape. In total, 60 particles were identi-
fied within the sampled volume at station S6, of which 8 are
plastics (3 PE, 4 polyamide (PA) and 1 PS) while at station
S7 we identified 13 particles within the sampled volume with
two of them being plastics (1 PE and 1 PA). S6 is located
on the east side of the cape, which has rivers draining into
the ocean. Because of that, particulate organic matter con-
tent is comparable to the station located further south [45].
Polyamide is a family of polymers named Nylon. It is a duc-
tile and strong polymer, permitting the fabrication of textile
fibers and cordage. Based on Table 1, PA is the second most

common plastic identified in the seawaters of Okinawa with

1.52% of all particles analysed.

Our analysis confirmed that 17% of particles were iden-
tified as small microplastic within the samples around Oki-
nawa island, in which PE, PP, PVC, PA and PS are among
the most abundant polymer types in aquatic environments
(Figure 5(a) and (b)). Polyethylene (PE) was the most com-
mon plastic type, comprising of 75% of all the small mi-
croplastics polymers analysed (Figure 5(b)). The order of
numerical dominance of small microplastic polymers was
PE > PA > PS > PP = PVC. Generally, these polymers ac-
counted for 74% of global plastic production and are com-
monly used in short life-cycle products [46]. Moreover, fac-
tors such as hydraulic conditions, salinity, temperature, wind,
bio-flouring, as well as changes in surface to volume ratio
may affect the distribution of small microplastics around Ok-
inawa.

The source of small microplastics is related to the anthro-
pogenic activities on the seawater, beaches, and in the trad-
ing centres in the area around Okinawa. In the fishing com-

munities at the fish landing beaches, woven polymer sacks
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are used for storage and transport of a variety of products
including fishes. Over 75% of the small microplastics are
made of polyethylene and these may originate from broken
fishing nets, lines or ropes, water bottle caps, household uten-
sils, consumer carry bags, containers/packaging, etc. Re-
cently, a study of the abundance of microplastics in road
dust samples collected from several areas in Okinawa shows
a high concentration of them in urban areas in which daily
vehicle traffic, industrial activity, and high population den-
sity are dominant [31]. In the road dust of Okinawa, PE was
29% of the total microplastics [31], while in seawater it is
75% of the total small microplastics. At the end, some of the
road dust may be found in the oceans surrounding Okinawa,
correlating the two findings via common high concentration
areas.

Small microplastics were also classified based on their
size as products of degradation of large plastic materials (op-
tical images of each figure). The average size of all collected
small microplastics is shown in Figure 5(c). The majority of
small microplastics range from 1.4 ym to 18.7 ym, although
we identified three microplastics with sizes of 27.2, 30.5,
and 47.8 ym. The smallest average size of 2.53 + 0.85 ym
is identified for PS polymers while the largest average size
of 28.4 + 9.4 is identified for PVC polymers. Likewise, the
sampled small microplastics showed a wide range of sizes
in various areas of Okinawa with the highest around Naha
(S10).

Finally, we have demonstrated that the OTRS technique

can be used for detecting small microparticles in a liquid en-

vironment; however, in order to use it to calculate the num-
ber of particles per L, and to estimate the environmental mi-
croplastic concentrations with high accuracy, some modifi-
cations would be needed and these are beyond the scope of
this study. As an example, a higher percentage of the to-
tal sample volume would need to be checked using some
form of through-put system. This technique has already been
verified using commercial particles with different particle
concentrations [24] , whereas our work is applied to seawa-
ter samples from around Okinawa and the small microplas-
tics contained therein. Summarising, the OTRS method pre-
sented in this work permits a first study into how these very
small particles are embedded within an organic matrix, while
simultaneously providing a means of identifying the poly-
mer type of the particle. No additional sample preparation is

needed, thereby reducing both chemical and material waste.

4. Summary

In recent years, much progress has been made in under-
standing the sources, transport, fate, and biological implica-
tions of the smallest plastic pollution particles. The public
interest in plastic marine pollution and their ecological im-
pacts have increased during the same time. Our results con-
tribute to the knowledge about in — situ analysis and iden-
tification of microplastics and demonstrate that the seawater
around Okinawa is polluted with micro and small microplas-
tics. They were ubiquitously detected at all sites we sam-
pled, present at different concentrations within each sampled

volume, with a higher concentration found in samples from
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areas characterised by human activities. All the small mi-
croplastics were fragments of plastic materials used by the
community, with the major polymers being polyethylene and
polyamide materials. While some particles may have origi-
nated from and been transported over large distances, corre-
lation with population densities points to land-based sources
of the plastic particles. Being predominately found embed-
ded into organic matter, the resulting interactions between
marine planktonic organisms and the plastic particles are in-
evitable. One potential fate could be eventual sedimenta-
tion with the rest of the organic matter particle. Conclud-
ing, the risks that microplastics pose to fish and their natural
foods especially invertebrates, and the possible link to hu-
man health, need to be better understood. Strategies such as
proper waste management, plastic recycling, and penalties
for illegal dumping in areas close to water resources should
be promoted and implemented in the communities, to reduce

the land-based microplastics found in coastal waters.
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Appendix B

Genes that responded to nanoplastic
exposure in Symbiodinium tridacnidorum
and Cladocopium sp.

Table B.1: Genes that responded to nanoplastic exposure in Symbiodinium tridacnidorum.
**Annotations are available at the genome browser. **”up” and "down” stand for “upregulated”

and "downregulated”, respectively.

Gene_IDs Pfam protein domain* Annotation by BLAST2GO* Gene Ontology (GO)* Response**
symbA_s719_g3 PARP down
symbA_s7731_g3 ketoacyl-synt, Ketoacyl-synt_C, PP-binding, Thiolase_N type i polyketide synthase GO:0008152, GO:0003824 down
symbA_s4902_g5 Chloroa_b-bind protein fucoxanthin chlorophylla ¢ G0:0009579, GO:0044425, down
protein G0:0015979
symbA_s2605_g4 YchF-GTPase_C down
symbA_s5873_g3 down
symbA_s236_g10 AAA,AAA_S,AAA_17, AAA_22, AAA_25,AAA_33, acetyl-coa carboxylase GO0:0003824 down
ACC_central, ATP-grasp_4, ATPgrasp_ST, ATPgrasp_Ter,
Biotin_carb_C, Biotin_lipoyl, Carboxyl_trans, CP-
Sase_L_chain, CPSase_L_D2, Dala_Dala_lig_C, IstB_IS21
symbA_s8212_g4 FA_desaturase, down
symbA_s5495_g5 3HCDH_N, DAO, FAD_binding_2, FAD_binding_3, geranylgeranyl diphosphate GO:0044249, GO:1901576, down
FAD_oxidored, GIDA, HI0933_like, Lycopene_cycl, chloroplastic G0:0044763, GO:0016491,
NAD_binding_7, NAD_binding_8, NAD_binding_9, GO0:0044711, GO:0016020,
Pyr_redox, Pyr_redox_2, Pyr_redox_3, Thi4, Trp_halogenase GO:0044434
symbA_s274_gl4 down
symbA_s611_g22 Aminotran_5, Cys_Met_Meta_PP, DegT_DnrJ_EryC1, cysteine desulfurase G0:0042221, GO:0009058, down
DUF883 GO0:0006790, GO:0006520,
GO:0016740
symbA_s9526_g3 CdCA1 down
symbA_s4600_g5 DNA_pol_A_exol down
symbA_s4045_g8 Fer4, RBBINT down
symbA_s2366_g6 down
symbA_s129_gl1 Ank, Ank_2, Ank_3, Ank_4, Ank_5, Cupin_4, Cupin_8, ankyrin repeat-containing G0:0003824 down
JmjC, Pkinase, Pkinase_Tyr
symbA_s7347_g2 Cortexin down
symbA_s7664_g2 DUF1748 down
symbA_s3431_g3 Abhydrolase_6, NCD1, Ribosomal_L35p down
symbA_s60_g36 down
symbA_s2301_g2 Ribosomal_L15e 60s ribosomal protein 115 GO:0005622 down
symbA_s2733_g13 Ank, Ank_2, Ank_3, Ank_4, Ank_S ankyrin repeat-containing protein GO:0003824 down
symbA_s2676_g10 Ank, Ank_2, Ank_3, Ank_4, Ank_5, Rad60-SLD, ubiquitin down
symbA_s6597_g4 DUF2946, Glyco_transf_18 down
symbA_s250_g9 down
symbA_s7962_g3 down
symbA_s128_g31 ArfGap, SET potential arf gap G0:0044763, GO:0008152 down
symbA_s72_gl4 Ank, Ank_2, Ank_3, Ank_4, Ank_5, DUF755 down
symbA_s1228_g15 DUF3584, Kinesin, V_ATPase_I down
symbA_s177_g4 GBP, Miro, MMR_HSR 1, Prok-RING_4 guanylate-binding protein 5 G0:0016021, GO:0007029, down
GO0:0051260, GO:0042802,
GO0:0003924, GO:0008152,
GO:0005783
symbA_s1596_g3 PDZ 1 down
symbA_s14930_gl Gp_dh_ N glyceraldehyde-3-phosphate GO0:0016620, GO:0044723, down
dehydrogenase G0:0050662, GO:0000166
symbA_s2386_g5 PUF down
symbA_s179_g4 DOMON, YHYH down
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Gene_IDs Pfam protein domain* Annotation by BLAST2GO* Gene Ontology (GO)* Response**
symbA_s4331_g2 TSP_1 thrombospondin-2 isoform x1 GO:0060089 down
symbA_s5216_g2 Filamin, fn3, PA14, TIG up
symbA_s5819_g3 up
symbA_s527_g5 3Beta_HSD, adh_short, ketoacyl-synt, Ketoacyl-synt_C, KR, polyketide synthase type i GO:0016747 up
Polysacc_synt_2, PP-binding, PS-DH, ThiF, Thiolase_N
symbA_s3252_g18 up
symbA_s3353_gl up
symbA_s5559_g1 up
symbA_s4107_gl DUF4381, Spexin, zf-C2H2_jaz, zf-met, zf-U1 up
symbA_s501_g13 up
symbA_s559_g9 AAA,AAA 5 serine threonine protein kinase GO:0016740 up
symbA_s5819_g6 AAA_6 dynein heavy G0:0006928, GO:0017111, up
GO0:0036156, GO:0000166
symbA_s2756_g2 PAN_2, PAN_4, TGFb_propeptide up
symbA_s5819_g4 up
symbA_s3643_g2 ADIP, APG6, ATP-synt_DE, DUF4201, Macoilin, Mnd1, up
PARP, Pil], TMF_DNA_bd, V_ATPase_I, WEMBL, WWE
symbA_s1181_gl4 2-CCHC up
s1738_g7 up
5148 _g4 Apolipoprotein up
s1791_g2 up
5122 _g22 Ank, Ank_2, Ank_3, Ank_4, Ank_5 up
51041_gl Enkurin, PAF-AH_p_II, Val_tRNA-synt_C up
51038_g6 up
$2434_g9 up
s421_g46 up
51286_g2 up
s4612_g2 up
s2533_g3 up
53069_g7 up
s497_g5 DNA_pol3_gamma3, F5_F8_type_C, Laminin_G_3, up
RicinB_lectin_2
$3793_g9 AAA,AAA 5, AAA 16, AAA_22, ABC_tran, NACHT, up
RNA_helicase
51020_gl DUF2861, FNIP, LRR _5, Med31 up
532_g20 HTH_psq up
$3386_g3 up
$90_g48 RVT_1 up
5206_g39 rve, rve_3 up
$659_g5 up
s154_g4l up
s2157_gl9 CotH, DUF2201, SecA_ DEAD, VWA, VWA_2, VWA_CoxE up
51323 gl Ypzl up
5575 823 OUT up
s758_g32 up
51290_gl19 DUF3439, DUF4589, LPP20, SecD_SecF up
42_gh FG-GAP, HD_5, TcdB_toxin_midN, UBA_4, VCBS up
s1255_g43 CtIP_N, DUF2497 up
s1738_g8 up
s1016_gl13 Flavi M up
51845 _gll AAA S up
$573_g6 DUF1769, FNIP, LRR _5 up
51429 g2 CMV_US, CobT, FAM176, SpollIAH, zf-DHHC up
51798_gl12 up
s1141_g23 AGTRAP, NMN_transporter up
s2515_g3 AhpC-TSA, DUF463, Redoxin, up
51066_g18 up
5467_g2 Fz up
$2736_g7 up
s3717_gl up
5288_g10 up
s884_g3 up
$5166_g8 Apc3, HAS, Lon_C, TPR_1, TPR_2, TPR_3, TPR_7, kinesin light chain 1 G0:0003676, GO:0003777, up
TPR_10, TPR_11, TPR_12, TPR_16, TPR_17, TraN GO:0005524, GO:0005871,
GO:0008152, GO:0043531,
GO:0046872
s608_gl6 DUF373 up
51255_g30 DUF4215, fn3, IGFBP up
52491 _gl DUF1769, DUF2861, FNIP, LRR_5 fnip repeat-containing protein GO:0016772 up
s172_g10 up
s4273_g7 DUF221 up
S1918_go DUF2087 up
$656_g13 up
s742_gl5 Claudin_3, Ion_trans voltage-gated ca2+ alpha subunit G0:0044707, GO:0044765 up
52564_g2 GTP_EFTU_D3 gtp-binding protein 1 G0O:0000166 up
54703 _g2 ATP13 up
$4897_g6 LRR_1,LRR_4,LRR_7,LRR_8, ShK clavatal receptor kinase family G0:0016740 up
protein
5634_g8 AAA_5, AAA_6, DHC_N2, Intein_splicing up
52207_g2 AAA, AAA 5, AAA_6,AAA_7,AAA_16,AAA 17, dynein heavy chain family protein GO0:0000166, GO:0007018, up
AAA_18, AAA_19, AAA_22, AAA_30, DEAD, DUF853, GO:0008152, GO:0017111,
FesK_SpollIE, IstB_IS21, Mg_chelatase, Peptidase_C78, G0:0030286, GO:0044444
ResIII, RNA_helicase, Sigma54_activat, T2SE, Zeta_toxin
52430_g6 DHC_N2, MRP-L27 up
s1254_g2 up
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Gene_IDs Pfam protein domain* Annotation by BLAST2GO* Gene Ontology (GO)* Response**
s1254_g3 AAA, AAA_S,AAA_6,AAA_17, DHC_N2, HMG_box, dynein heavy chain partial GO0:0000166, GO:0007018, up
Nodulin-like, PseudoU_synth_2 G0:0017111, GO:0030286,
GO:0043167
s1336_gl5 AAA, AAA_5,AAA_6,AAA_10, AAA_16,AAA 17, flagellar outer dynein arm heavy GO0:0003777, GO:0005524, up
AAA_18, AAA_19, AAA_22, AAA 24, AAA_28, AAA_30, | chainbeta GO:0007018, GO:0008152,
AAA_33, ABC_tran, DHC_N1, DHC_N2, Mg_chelatase, G0:0016887, GO:0030286
Peripla_BP_5, RNA_helicase
526_gl8 DHC_N1, DUF4455, IncA dynein heavy chain family protein GO0:0000166, GO:0017111 up
$634_g9 DHC_N2, DUF321, DUF1515, PAP_fibrillin up
$634_g12 DHC_N1 heavy chain 2 family protein G0:0005737, GO:0005929, up
GO:0044422
s38_g31 TIG up
s83_gl DUF3439, PAN_4, Sporozoite_P67, SRCR, SRCR_2 up
52065_g2 up
52358_g9 TIG up
52358_g5 TIG up
52358 _g7 TIG up
s1323_g2 up
54606_gl up
$3579_g5 up
$329_gl2 up
s293_g7 up
s4112_g7 DUF4418 up
51760_g18 down
520_g20 CytochromB561_N down
$592_gl2 down
5556_g10 Armet, MAS20 down
$3382_g4 DUF667 down
s2119_gl12 DUF4187, Noelin-1 down
s4797_g3 Lipocalin_7, Methyltransf_29, Nuc_N, RCC1_2, TPR_2, down
TPR_7, TPR_9, TPR_14, TPR_16, TPR_19
s4163_gl Ank, Ank_2, Ank_3, Ank_4, Ank_S, DUF1843 down
s70_gl7 PRKCSH-like down
s1434_g24 LRR_1,LRR_4,LRR_6,LRR_7,LRR_8 protein nlrc3 GO:0000166, GO:0016772, down
GO:0044238, GO:0044260,
GO:0044763, GO:0050794,
GO:0050896
51297 g5 down
s218_g4 down
s1348_g3 down
$912_gll DUF1180 down
s1038_g5 DUFG605 down
54022_gl PARP down
s157_gl5 PARP, Phage_integrase, PTS_2-RNA down
s2131_g2 down
$309_g20 Clathrin, NT-C2, PPR, PPR_1, PPR_2, PPR_3 down
s1128_g5 down
$2448_gl4 down
55480_gl down
s4414_g3 DUF4116, Pkinase protein GO:0004672, GO:0005524, down
GO:0006468, GO:0004672,
GO0:0016310, GO:0032550,
G0:0032555, GO:0035639
5203_g50 down
s1161_gll Apc3, Apc5, DSPn, Foie-gras_1, SMC_hinge, SNAP, down
TPR_12, TPR_14, TPR_15
s611_g26 rve, RVT_2, VWD down
s303_g34 PP-binding down
$5215_g3 CDC45, Dicty_REP, DUF3439 down
$630_g9 DENN down
51869_g2 PAT1 down
5365_g10 EzrA, Laminin_II, Seryl tRNA_N down
$982_gl4 Aldolase, LRR_1, LRR_4, LRR_S,LRR_6,LRR_7, down
LRR_8,LRR 9
s1162_g2 Crystall, DUF1914, Nuc_N, RCC1_2, YukD down
54916_g2 DUF2450, DUF4303, IncA down
s4117_gl LicD down
s440_g18 AMP-binding, AMP-binding_C down
s374_g51 DUF2614 down
$3619_g7 FMO-like, K_oxygenase, Pyr_redox, Pyr_redox_3, Shiki- down
mate_DH, Thi4
s1728_g9 Orbi_NS3 down
$347_g2 AAA_16, AAA_22, NACHT, T2SE origin recognition complex subunit 4 G0:0097159, GO:1901363 down
51823 gl1 BBIP10, Trypsin_2 down
$3374_g7 down
s840_g20 down
s4414_g5 AfsA, APH, DBD_Tnp_Mut, DUF3049, DUF4116, down
NTPase_1, Pkinase, Reo_P9
51495_g20 down
s399_g37 down
53456_gl UreD, UreF down
s3148_gl EGF_2, hEGF tenascin isoform x1 G0:0009987, GO:0044699 down
53282 g2 Abhydrolase_1, Abhydrolase_4, Abhydrolase_5, Chlorophyl- down
lase, Chlorophyllase2, DUF676, DUF915, PAF-AH_p_II
51496_gl down
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$3036_g2 Lgel, Methyltransf_11, Methyltransf_12, Methyltransf_18, down
Methyltransf_25, Methyltranst_26, Methyltranst_31, MTS,
PCMT
5428_g19 down
52458_g6 Crystall, Nuc_N, RCC1_2, YukD down
$839_g36 Apc3, DUF2576, TPR_2, TPR_11, TPR_16, TPR_17, down
TPR_19
52049_g7 Peptidase_C13 down
5628_g8 ADIP, Ax_dynein_light, HTH_Mga, Nsp1_C, down
Seryl_tRNA_N, SlyX, Tropomyosin_1, UCH
s112_g13 ALIX_LYPXL_bnd, Baculo_PEP_C,BLOCI1_2, BRCA- down
2_OB3, CCDC155, DUF1798, FlaC_arch, Leu_zip,
NPV_P10, Prefoldin, Spc7, Spectrin
s1471_gl1 down
s138_g26 DUF2462, EF-1_beta_acid, MAGE_N, Ribosomal_60s, down
RRM_1,RRM_3,RRM_S,RRM_6
$971_g10 FmrO, Met_10, Methyltranst_18, Methyltranst_23, Methyl- down
transf_26, MTS, PCMT, PrmA, PRM TS, Ubie_methyltran
s827_gl zf-DBF down
s5178_g3 FxsA down
5286_g20 Kdo, Pkinase, Pkinase_Tyr mitogen activated protein kinase G0:0004672, GO:0009628, down
kinase kinase mekk3 G0:0016310, GO:0031323,
GO0:0033554, GO:0035556,
GO:0044464, GO:0044710,
GO:0071704
s1276_g9 Abhydrolase_1, Abhydrolase_5, Abhydrolase_6, DUF2048, down
DUF2974, Lipase_3, Thioesterase, TMEM125
s723_gl Ank, Ank_2, Ank_3, Ank_4, Ank_5, PPR_2, Shigella_OspC down
s2342_g6 Ank, Ank_2, Ank_3, Ank_4, Ank_5, Cupin_2 down
s888_g8 APH, Kdo, Kinase-like, Pkinase, Pkinase_Tyr down
$373_g20 Alpha_kinase, Sell, zf-NF-X1 eukaryotic elongation factor-2 GO:0004686, GO:0005516, down
isoform cra_b G0:0005737, GO:0008135,
GO:0031952
52706_g2 down
$622_gl5 DUF563, PG_binding_3, Pox_L5 down
52256_g5 down
s1809_g7 Abhydrolase_5, Abhydrolase_6, AXE1, Esterase, Es- down
terase_phd, Lipase_3, Peptidase_S9
53095_g4 down
s1402_g26 DivIC, EF-hand_6, FUSC down
51005_g10 DUF4349 down
51904_g2 Peptidase_C1, Peptidase_C1_2,RVT_1 papain family cysteine protease GO:0016787 down
containing protein
5232_g2 Zip down
sS19_g3 Apc3, PPR, PPR_1, PPR_2, PPR_3 down
s587_gl0 down
5369_g22 DEAD down
$1980_g9 Apc3, Rab5-bind, TPR_1, TPR_2, TPR_5, TPR_7, down
TPR_10, TPR_11, TPR_12, TPR_14, TPR_16, TPR_17,
TPR_19
s507_g25 down
s186_g5 Bundlin down
s2316_gl7 Ank, Ank_2, Ank_3, Ank_4, Ank_5 down
s811_g5 down
51013_g21 GILT, Thioredoxin_4 down
2165 _g1 PDPR, PPR_1, PPR_2, PPR_3 down
5530_gl6 down
s3303_g7 down
s1702_gl1 His_Phos_2 down
s373_g3 down
51897 gil down
$3453_gl13 down
5250_g32 DHODB_Fe-S_bind, Fer2, IRF-2BP1_2, Prim_Zn_Ribbon chloroplast precursor GO0:0009536, GO:0009639, down
G0:0009767, GO:0051536
5243_g33 down
s165_g10 EF-hand_1, EF-hand_5, EF-hand_6, ScdA_N down
$3839_g6 ADIP, Allexi_40kDa, APG6, CDC37_N, Cob_adeno_trans, down
DUF4363, ERM, Exonuc_VII_L, FH2, Gtrl_RagA, IncA,
Macoilin, Mod_r, PG_binding_4, Phyto_Pns9_10, Prominin,
SPX, TBPIP, TMF_TATA_bd, TPR_MLP1_2, TraW_N,
V_ATPase_I
s2313_g5 down
5288_g40 F-box-like down
s756_gl4 HpcH_Hpal down
s1311_g9 BsuPL FNIP, LRR_5 down
s165_g7 Ank, Ank_2, Ank_3, Ank_4, Ank_S, DNA_methylase, down
Nepo_coat_C
s2707_g3 down
$557_g8 AA_permease_C, rve, RVT_2, YThO, ZZ down
s1099_g9 WD40 down
52161 _g4 down
53103_g2 DUF1469 down
s1464_g3 DUF2428, GCV_T,GCV_T_C down
51039_gl Ank, Ank_2, Ank_3, Ank_4, Ank_5 down
51645_gl1 Dna] down
s4133_gl down
s604_g13 DUF982, DUF2384, Nup54 down
51587_g4 down
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s607_g6 DUF4111 down
5267_g8 AAA_21, ABC_tran, ABC2_membrane_3, LON down
5253 _g2 CSD, OB_RNB, WW down
s1130_g27 FANCL_C, PHD, Prok-RING_1, RINGy, zf-Apcl1, down
#£-C3HC4, 2£-C3HC4 2, 2£-C3HC4 3, 2£:.C3HC4 4,
2f-HCSHC2H, zf-Nse, zf-rbx1, zf-RING_2, zf-RING_S5,
zf-RING_UBOX
s1313_gl Toxin-deaminase down
52581_g5 Fer4, Fer4_2, Fer4_3, Fer4_4, Fer4_6, Fer4_7, Fer4_8, Fer4_9, photosystem i subunit vii GO0:0009055, GO:0009522, down
Fer4_10, Fer4_11, Fer4_13, Fer4_15, Fer4_16, Fer4_17, GO:0009535, GO:0009773,
Fer4_18, Fer4_21 GO:0016491, GO:0046872,
GO:0051539
s141_g28 F_bP_aldolase fructose-bisphosphate aldolase G0:0004332, GO:0006096, down
GO:0008270
s1913_g7 Rotamase, Rotamase_2, Rotamase_3 down
52092_gl Glyco_transf_8, Glycos_transf_2 down
s3317_g8 PPR, PPR_2, PPR_3 down
51811 g7 down
s501_gl0 Phage_prot_Gp6, Syncollin down
s601_g6 down
5274_gl Lipase_3 down
s125_gl3 Cys_Met_Meta_PP o-succinylhomoserine sulfhydrylase GO:0003824 down
s4041_g2 Fun_ATP-synt_8, TetB probable sugar phosphate phosphate G0:0006810, GO:0044464 down
translocator at3g14410 isoform x2
s64_g4 down
$629_gl DUF937, LTXXQ, PPR, PPR_1, PPR_2,PPR_3, TPR_7, down
TPR_14
s403_g23 DUF3502, GRDA, Nuc_N, RCC1_2, YukD down
$991_g26 AA_kinase acetylglutamate chloroplastic-like G0:0000166, GO:0009084, down
GO0:0016301, GO:0016774
s85_gl4 down
$342_g5 ADH_zinc_N_2, RCCL, RCC1_2 down
52440_g8 down
s148_g7 down
s837_gl3 DUF1759, Methyltranst_11, Methyltranst_25, Methyl- down
transf_31, rve, UBN2_2, zf-CCHC, zf-CCHC_3, zf-
CCHC 5
s1404_g18 3HCDH_N, adh_short, adh_short_C2, Epimerase, KR, down
NAD_binding_10
s576_g21 APH, Kdo, Kinase-like, Pkinase, Pkinase_Tyr cell division control protein 2 G0:0004674, GO:0005515, down
homolog G0:0005524, GO:0006468
s1989_g8 G_glu_transpept down
52682_gl6 down
s188_g30 NifU iron-sulfur cluster scaffold protein GO:0005488 down
$3162_g8 AAA_16, AAA_17, AAA 21, AAA 22, AAA_23, AAA 25, down
AAA_29, ABC_membrane, ABC_tran, DUF258, SMC_N
s178_g6 down
s42_gl down
$392_g25 down
s1580_g9 CIAPIN1, EF-hand_1, EF-hand_5, EF-hand_6, EF-hand_7, cytokine induced apoptosis inhibitor G0:0005739, GO:0006915, down
EF-hand_8, Ion_trans, on_trans_2 1 family protein GO:0051536
5740_g25 Crystall, DUF155, DUF2237, RCC1_2, TES, down
TFIH_BTF_p62_N, YukD
51143 gl Dehydratase_MU, RAP down
$694_g29 down
5250_g19 Ank, Ank_2, Ank_3, Ank_4, Ank_S, HEM4 down
s1854_g21 Aminotran_1_2 down
5247_g40 down
s196_g33 down
$3333_g8 Abhydrolase_1, Abhydrolase_3, Abhydrolase_5, Abhy- down
drolase_6, DHquinase_I, DUF2974, Esterase, Lipase_3,
Peptidase_S9, PGAP1, Thioesterase
s1138_g9 FdsD, Viral_Rep down
s52_gl0 YuzL down
s30_g41 Ank, Ank_2, Ank_3, Ank_4, Ank_5 down
s1358_g8 adh_short, adh_short_C2, DUF1776, KR down
51070_g18 down
$834_g4 AIGI, SET down
s821_g24 Ank, Ank_2, Ank_3, Ank_4, Ank_5, Glyco_hydro_10 down
$3795_g2 Armet, DUF1192, SAP down
54629_g2 down
s1017_g7 Dispanin down
51599_g2 20G-Fell_Oxy, 20G-Fell_Oxy_3 prolyl 4-hydroxylase alpha subunit G0:0016705, GO:0046872, down
GO:0051213
5640_g18 down
52860_g19 down
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Table B.2: Genes that responded to nanoplastic exposure in Cladocopinm sp. *Annotations
are available at the genome browser. **”up” and "down” stand for "upregulated” and "downregu-
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s1738_g7 up
s148_g4 Apolipoprotein up
s1791_g2 up
5122 _g22 Ank, Ank_2, Ank_3, Ank_4, Ank_5 up
s1041_gl Enkurin, PAF-AH_p_II, Val_tRNA-synt_C up
s1038_g6 up
52434_g9 up
s421_g46 up
s1286_g2 up
54612_g2 up
52533_g3 up
$3069_g7 up
s497_g5 DNA_pol3_gamma3, F5_F8_type_C, Laminin_G_3, up
RicinB_lectin_2
$3793_g9 AAA, AAA_S, AAA_16, AAA 22, ABC_tran, NACHT, wp
RNA_helicase
51020_g1 DUF2861, FNIP, LRR _5, Med31 up
s32_g20 HTH_psq up
$3386_g3 up
$90_g48 RVT_1 up
5206_g39 rve, rve_3 up
$659_g5 up
s154_g4l up
s2157_gl19 CotH, DUF2201, SecA_DEAD, VWA, VWA _2, VWA_CoxE up
s1323_gl YpzI up
s575_g23 OuUT up
s758_g32 up
51290_g19 DUF3439, DUF4589, LPP20, SecD_SecF up
s42_g4 FG-GAP, HD_S, TedB_toxin_midN, UBA_4, VCBS up
51255_g43 CtIP_N, DUF2497 up
51738_g8 up
s1016_gl13 Flavi M up
s1845_gll AAA_S up
$573_g6 DUF1769, FNIP, LRR _5 up
51429 g2 CMV_US, CobT, FAM176, SpollTAH, zF- DHHC up
s1798_gl12 up
s1141_g23 AGTRAP, NMN_transporter up
52515_g3 AhpC-TSA, DUF463, Redoxin, up
$1066_g18 up
5467_g2 Fz up
s2736_g7 up
s3717_gl up
s288_g10 up
s884_g3 up
s5166_g8 Apc3, HAS, Lon_C, TPR_1, TPR_2, TPR_3, TPR_7, kinesin light chain 1 GO0:0003676, GO:0003777, up
TPR_10, TPR_11, TPR_12, TPR_16, TPR_17, TraN GO:0005524, GO:0005871,
GO:0008152, GO:0043531,
GO:0046872
5608 _g16 DUF373 up
s1255_g30 DUF4215, fn3, IGFBP up
52491 _gl DUF1769, DUF2861, FNIP, LRR _5 fnip repeat-containing protein G0:0016772 up
s172_g10 up
4273_g7 DUF221 up
s1918_g9 DUF2087 up
5656_g13 up
s742_gl5 Claudin_3, Ion_trans voltage-gated ca2+ alpha subunit G0O:0044707, GO:0044765 up
52564_g2 GTP_EFTU_D3 gtp-binding protein 1 GO:0000166 up
s4703_g2 ATP13 up
$4897_g6 LRR_1,LRR_4,LRR_7,LRR_38, ShK clavatal receptor kinase family GO:0016740 up
protein
5634_g8 AAA_5,AAA_6, DHC_N2, Intein_splicing up
52207_g2 AAA, AAA_S,AAA_6,AAA_7,AAA_16,AAA_17, dynein heavy chain family protein G0:0000166, GO:0007018, up
AAA_18, AAA_19, AAA_22, AAA_30, DEAD, DUF8$53, GO:0008152, GO:0017111,
FrsK_SpollIE, IstB_IS21, Mg_chelatase, Peptidase_C78, GO0:0030286, GO:0044444
ResIII, RNA_helicase, Sigma54_activat, T2SE, Zeta_toxin
$2430_g6 DHC_N2, MRP-L27 up
51254 g2 up
51254 _g3 AAA,AAA_5,AAA_6,AAA 17, DHC_N2, HMG_box, dynein heavy chain partial GO0:0000166, GO:0007018, up
Nodulin-like, PseudoU_synth_2 G0:0017111, GO:0030286,
GO:0043167
s1336_g15 AAA,AAA 5, AAA 6, AAA_10, AAA_16,AAA 17, flagellar outer dynein arm heavy G0:0003777, GO:0005524, up
AAA_18, AAA_19, AAA 22, AAA 24, AAA 28, AAA 30, | chainbeta GO:0007018, GO:0008152,
AAA_33, ABC_tran, DHC_N1, DHC_N2, Mg_chelatase, GO:0016887, GO:0030286
Peripla_BP_5, RNA_helicase
526_g18 DHC_N1, DUF4455, IncA dynein heavy chain family protein G0:0000166, GO:0017111 up
$634_g9 DHC_N2, DUF321, DUF1515, PAP_fibrillin up
$634_g12 DHC_N1 heavy chain 2 family protein G0:0005737, GO:0005929, up
GO:0044422
s38_g31 TIG up
s83_gl DUF3439, PAN_4, Sporozoite_P67, SRCR, SRCR_2 up
52065_g2 up
52358_g9 TIG up
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52358_g5 TIG up
52358 g7 TIG up
s1323_g2 up
54606_gl up
$3579_g5 up
$329_g12 up
$293_g7 up
4112_g/ DUF4418 up
51760_g18 down
520_g20 CytochromB561_N down
$592_gl2 down
5556_g10 Armet, MAS20 down
$3382_g4 DUF667 down
s2119_gl12 DUF4187, Noelin-1 down
$4797_g3 Lipocalin_7, Methyltranst_29, Nuc_N, RCC1_2, TPR _2, down
TPR_7, TPR_9, TPR_14, TPR_16, TPR_19
54163_gl Ank, Ank_2, Ank_3, Ank_4, Ank_5, DUF1843 down
70_g17 PRKCSH-like down
s1434_g24 LRR_1,LRR_4,LRR_6,LRR_7,LRR_8 protein nlrc3 G0:0000166, GO:0016772, down
GO:0044238, GO:0044260,
GO:0044763, GO:0050794,
GO:0050896
s1297_g5 down
s218_g4 down
51348 _g3 down
$912_gll DUF1180 down
s1038_g5 DUF605 down
54022_gl PARP down
s157_gl5 PARP, Phage_integrase, PTS_2-RNA down
s2131_g2 down
5309_g20 Clathrin, NT-C2, PPR, PPR_1, PPR_2, PPR_3 down
s1128_g5S down
$2448_gl4 down
55480_gl down
s4414_g3 DUF4116, Pkinase protein GO:0004672, GO:0005524, down
GO:0006468, GO:0004672,
GO0:0016310, GO:0032550,
G0:0032555, GO:0035639
5203_g50 down
s1161_gll Apc3, Apc5, DSPn, Foie-gras_1, SMC_hinge, SNAP, down
TDPR_12, TPR_14, TPR_15
s611_g26 rve, RVT_2, VWD down
s303_g34 PP-binding down
$5215_g3 CDC45, Dicty_REP, DUF3439 down
$630_g9 DENN down
51869_g2 PAT1 down
5365_g10 EzrA, Laminin_II, Seryl tRNA_N down
$982_gl4 Aldolase, LRR_1, LRR_4, LRR_S,LRR_6,LRR_7, down
LRR_8,LRR_9
s1162_g2 Crystall, DUF1914, Nuc_N, RCC1_2, YukD down
54916_g2 DUF2450, DUF4303, IncA down
54117 _gl LicD down
s440_g18 AMP-binding, AMP-binding_C down
s374_g51 DUF2614 down
$3619_g7 FMO-like, K_oxygenase, Pyr_redox, Pyr_redox_3, Shiki- down
mate_DH, Thi4
s1728_g9 Orbi_NS3 down
$347_g2 AAA_16, AAA_22, NACHT, T2SE origin recognition complex subunit 4 G0:0097159, GO:1901363 down
51823 gl BBIP10, Trypsin_2 down
$3374_g7 down
s840_g20 down
s4414_g5 AfsA, APH, DBD_Tnp_Mut, DUF3049, DUF4116, down
NTPase_1, Pkinase, Reo_P9
51495_g20 down
$399_g37 down
$3456_gl UreD, UreF down
s3148_gl EGF_2, hEGF tenascin isoform x1 G0:0009987, GO:0044699 down
53282 g2 Abhydrolase_1, Abhydrolase_4, Abhydrolase_S, Chlorophyl- down
lase, Chlorophyllase2, DUF676, DUF915, PAF-AH_p_II
51496_gl down
s3036_g2 Lgel, Methyltransf_11, Methyltransf_12, Methyltransf”_18, down
Methyltransf_25, Methyltransf_26, Methyltransf_31, MTS,
PCMT
s428_g19 down
52458_g6 Crystall, Nuc_N, RCC1_2, YukD down
$839_g36 Apc3, DUF2576, TPR_2, TPR_11, TPR_16, TPR_17, down
TPR_19
52049_g7 Peptidase_C13 down
$628_g8 ADIP, Ax_dynein_light, HTH_Mga, Nsp1_C, down
Seryl_tRNA_N, SlyX, Tropomyosin_1, UCH
S112_g13 ALIX_LYPXL_bnd, Baculo_PEP_C, BLOCI_2, BRCA- down
2_OB3, CCDC155, DUF1798, FlaC_arch, Leu_zip,
NPV _P10, Prefoldin, Spc7, Spectrin
s1471_gil down
s138_g26 DUF2462, EF-1_beta_acid, MAGE_N, Ribosomal_60s, down

RRM_1, RRM_3, RRM_S, RRM_6
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s971_g10 FmrO, Met_10, Methyltranst_18, Methyltranst_23, Methyl- down
transf_26, MTS, PCMT, PrmA, PRMTS, Ubie_methyltran
s827_gl zf-DBF down
s5178_g3 FxsA down
5286_g20 Kdo, Pkinase, Pkinase_Tyr mitogen activated protein kinase G0:0004672, GO:0009628, down
kinase kinase mekk3 G0:0016310, GO:0031323,
GO:0033554, GO:0035556,
GO:0044464, GO:0044710,
GO:0071704
s1276_g9 Abhydrolase_1, Abhydrolase_5, Abhydrolase_6, DUF2048, down
DUF2974, Lipase_3, Thioesterase, TMEM125
s723_gl Ank, Ank_2, Ank_3, Ank_4, Ank_S, PPR_2, Shigella_OspC down
52342_g6 Ank, Ank_2, Ank_3, Ank_4, Ank_5, Cupin_2 down
s888_g8 APH, Kdo, Kinase-like, Pkinase, Pkinase_Tyr down
$373_g20 Alpha_kinase, Sell, zf-NF-X1 eukaryotic elongation factor-2 G0:0004686, GO:0005516, down
isoform cra_b G0:0005737, GO:0008135,
GO:0031952
52706_g2 down
$622_g15 DUF563, PG_binding_3, Pox_L5 down
$2256_g5 down
s1809_g7 Abhydrolase_5, Abhydrolase_6, AXE1, Esterase, Es- down
terase_phd, Lipase_3, Peptidase_S9
53095_g4 down
s1402_g26 DivIC, EF-hand_6, FUSC down
51005_g10 DUF4349 down
s1904_g2 Peptidase_C1, Peptidase_C1_2, RVT_1 papain family cysteine protease GO:0016787 down
containing protein
5232_g2 Zip down
sS19_g3 Apc3, PPR, PPR_1, PPR_2, PPR_3 down
5587_g10 down
5369_g22 DEAD down
51980_g9 Apc3, Rabs-bind, TPR_1, TPR_2, TPR_S, TPR_7, down
TPR_10, TPR_11, TPR_12, TPR_14, TPR_16, TPR_17,
TPR_19
s507_g25 down
s186_g5 Bundlin down
s2316_gl7 Ank, Ank_2, Ank_3, Ank_4, Ank_5 down
s811_g5 down
s1013_g21 GILT, Thioredoxin_4 down
52165_gl PPR, PPR_1,PPR_2,PPR_3 down
5530_gl6 down
$3303_g7 down
s1702_gl1 His_Phos_2 down
s373_g3 down
51897 _gll down
$3453_gl13 down
5250_g32 DHODB_Fe-S_bind, Fer2, IRF-2BP1_2, Prim_Zn_Ribbon chloroplast precursor G0:0009536, GO:0009639, down
G0:0009767, GO:0051536
5243_g33 down
s165_g10 EF-hand_1, EF-hand_S, EF-hand_6, SedA_N down
s3839_g6 ADIP, Allexi_40kDa, APG6, CDC37_N, Cob_adeno_trans, down
DUF4363, ERM, Exonuc_VII_L, FH2, Gtrl_RagA, IncA,
Macoilin, Mod_r, PG_binding_4, Phyto_Pns9_10, Prominin,
SPX, TBPIP, TMF_TATA_bd, TPR_MLP1_2, TraW_N,
V_ATPase_I
s2313_g5 down
5288_g40 F-box-like down
s756_gl4 HpcH_Hpal down
s1311_g9 BsuPL FNIP, LRR_5 down
s165_g7 Ank, Ank_2, Ank_3, Ank_4, Ank_5, DNA_methylase, down
Nepo_coat_C
s2707_g3 down
$557_g8 AA_permease_C, rve, RVT_2, YThO, ZZ down
51099_g9 WD40 down
s2161_g4 down
53103_g2 DUF1469 down
$1464_g3 DUF2428, GCV_T,GCV_T_C down
s1039_gl Ank, Ank_2, Ank_3, Ank_4, Ank_5 down
s1645_gl1 Dna] down
s4133_gl down
s604_g13 DUF982, DUF2384, Nup54 down
s1587_g4 down
s607_g6 DUF4111 down
5267_g8 AAA_21, ABC_tran, ABC2_membrane_3, LON down
5253 _g2 CSD, OB_RNB, WW down
s1130_g27 FANCL_C, PHD, Prok-RING_1, RINGy, zf-Apcl1, down
zf-C3HC4, f-C3HC4_2, zf-C3HC4_3, 2-C3HC4_4,
2f-HCSHC2H, zf-Nise, zf-rbx1, zf-RING_2, zf-RING_5,
zf-RING_UBOX
s1313_gl Toxin-deaminase down
52581_gS Fer4, Fer4_2, Fer4_3, Fer4_4, Fer4_6, Fer4_7, Fer4_8, Fer4_9, photosystem i subunit vii G0:0009055, GO:0009522, down
Fer4_10, Fer4_11, Fer4 13, Fer4_15, Fer4_16, Fer4_17, GO:0009535, GO:0009773,
Fer4_18, Fer4 21 GO:0016491, GO:0046872,
GO:0051539
s141_g28 F_bP_aldolase fructose-bisphosphate aldolase G0:0004332, GO:0006096, down
GO:0008270
s1913_g7 Rotamase, Rotamase_2, Rotamase_3 down
52092_gl Glyco_transf_8, Glycos_transf_2 down
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s3317_g8 PPR, PPR_2, PPR_3 down
s1811_g7 down
s501_g10 Phage_prot_Gp6, Syncollin down
s601_g6 down
s274_gl Lipase_3 down
s125_gl3 Cys_Met_Meta_PP o-succinylhomoserine sulfhydrylase GO:0003824 down
s4041_g2 Fun_ATP-synt_8, TetB probable sugar phosphate phosphate G0:0006810, GO:0044464 down
translocator at3g14410 isoform x2
s64_g4 down
629_gl DUF937, LTXXQ, PPR, PPR_1, PPR_2, PPR_3, TPR_7, down
TPR_14
5403_g23 DUF3502, GRDA, Nuc_N, RCC1_2, YukD down
$991_g26 AA_kinase acetylglutamate chloroplastic-like G0:0000166, GO:0009084, down
G0:0016301, GO:0016774
s85_gl4 down
$342_g5 ADH zinc_N_2, RCCI, RCC1_2 down
52440_g8 down
s148_g7 down
s837_gl3 DUF1759, Methyltransf_11, Methyltransf_25, Methyl- down
transf_31, rve, UBN2_2, zf-CCHC, zf-CCHC_3, zf-
CCHC 5
s1404_g18 3HCDH_N, adh_short, adh_short_C2, Epimerase, KR, down
NAD_binding_10
$576_g21 APH, Kdo, Kinase-like, Pkinase, Pkinase_Tyr cell division control protein 2 GO:0004674, GO:0005515, down
homolog GO0:0005524, GO:0006468
s1989_g8 G_glu_transpept down
52682_gl6 down
s188_g30 NifU iron-sulfur cluster scaffold protein GO:0005488 down
$3162_g8 AAA_16, AAA_17, AAA 21, AAA 22, AAA_23, AAA 25, down
AAA_29, ABC_membrane, ABC_tran, DUF258, SMC_N
s178_g6 down
s42_gl down
$392_g25 down
$1580_g9 CIAPIN1, EF-hand_1, EF-hand_S, EF-hand_6, EF-hand_7, cytokine induced apoptosis inhibitor G0:0005739, GO:0006915, down
EF-hand_8, Ion_trans, [on_trans_2 1 family protein GO:0051536
s740_g25 Crystall, DUF155, DUF2237, RCC1_2, TES, down
TFIH_BTF_p62_N, YukD
s1143_gl Dehydratase_MU, RAP down
5694_g29 down
5250_g19 Ank, Ank_2, Ank_3, Ank_4, Ank_S, HEM4 down
s1854_g21 Aminotran_1_2 down
5247_g40 down
s196_g33 down
$3333_g8 Abhydrolase_1, Abhydrolase_3, Abhydrolase_5, Abhy- down
drolase_6, DHquinase_I, DUF2974, Esterase, Lipase_3,
Peptidase_S9, PGAP1, Thioesterase
s1138_g9 FdsD, Viral_Rep down
s52_gl0 YuzL down
s30_g41 Ank, Ank_2, Ank_3, Ank_4, Ank_5 down
51358_g8 adh_short, adh_short_C2, DUF1776, KR down
51070_g18 down
834_g4 AIGL, SET down
s821_g24 Ank, Ank_2, Ank_3, Ank_4, Ank_5, Glyco_hydro_10 down
s3795_g2 Armet, DUF1192, SAP down
54629_g2 down
s1017_g7 Dispanin down
s1599_g2 20G-Fell_Oxy, 20G-Fell_Oxy_3 prolyl 4-hydroxylase alpha subunit G0:0016705, GO:0046872, down
GO:0051213
5640_g18 down
52860_g19 down
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gene_ID % 10ug_repl % 10ug_rep2 % 10ug_rep3 % 10ug_mean % 100ug_repl % 100ug_rep2 % 100ug_rep3 % 100ug_mean % 10MG_repl % 10MG_rep2 % 10MG_rep3 % 10MG_mean % con_repl % con_rep2 % con_rep3 % con_mean
s719_g3 10.281 8.743 9.811 9.612 7.587 10.165 11.039 9.597 6.436 7.99%4 8.706 7.712 15.185 13.403 19.122 15.903
s7731_g3 19.112 20.230 17.347 18.896 13.772 21.005 24.863 19.880 10.054 15.591 13.244 12.963 26.641 22.492 35.478 28.204
$4902_g5 48.746 53.939 42.279 48.321 35.181 47.435 60.875 47.830 30.700 38.333 39.913 36.315 94.307 75.123 99.753 89.728
52605_g4 25.723 18.647 18.195 20.855 16.598 21.184 30.840 22.874 14.788 18.120 12.453 15.120 34.516 31.581 44.355 36.817
s5873_g3 4.811 5.438 4.941 5.063 3.067 5.167 8.831 5.688 2.412 2.946 3.416 2.925 6.420 7.324 10.255 8.000
$236_g10 21.433 17.776 23.475 20.895 14.012 26.896 19.314 20.074 14.382 10.771 15.949 13.701 28.867 24512 32.661 28.680
$8212_g4 37.385 39.468 51.133 42.662 40.303 54.863 53.744 49.637 27.346 42.370 20.277 29.998 69.289 57.593 71.567 66.150
$5495_g5 17.772 7.721 13.045 12.846 6.335 9.789 6.703 7.609 5.078 4.562 4.648 4.763 10.714 16.070 15.745 14.176
s274_gl4 6.181 5.839 6.058 6.026 4.671 5.484 4.446 4.867 6.487 4.096 6.732 5.772 12.119 8.471 13.912 11.501
s611_g22 12.262 9.254 10.410 10.642 7.247 10.572 8.722 8.847 10.429 7.210 7.854 8.498 16.105 17.443 19.578 17.709
$9526_g3 20.473 29.774 17.886 22.711 21.610 22.344 23.083 22.346 19.389 17.733 22.110 19.744 33.873 39.709 55.770 43.117
54600_g5 35.204 34.441 26.020 31.888 24.937 34.909 39.881 33.242 28.846 27.503 28.913 28.421 44.646 51.455 74.747 56.949
s4045_g8 3.830 2.704 2.415 2.983 1.253 3.501 2.904 2.553 1.642 1.765 2.454 1.954 6.935 7.844 11.094 8.624
$2366_g6 11.311 8.843 7.855 9.336 8.540 6.407 7.210 7.386 11.494 10.225 7.664 9.794 15.462 17.178 13.932 15.524
s129_gl1 3.270 2.894 2.665 2.943 2215 1.983 2.218 2.139 2.199 2.618 2.675 2.497 5.174 4.049 4.786 4.670
$7347_g2 17.762 13.800 16.069 15.877 10.073 12.992 13.108 12.058 19.815 16.692 13.996 16.834 19.736 24.316 29.625 24.559
$7664_g2 7.791 9.053 7.985 8.276 6.254 7.676 6.474 6.801 10.784 11.356 10.770 10.970 12.247 15.285 19.184 15.572
$3431_g3 29.694 33.519 22.238 28.484 15.045 19.597 16.728 17.123 28.805 29.377 30.235 29.472 39.700 35.316 49.462 41.493
s60_g36 13.362 17.315 8.484 13.054 10.564 8.856 9.498 9.639 16.024 13.647 20.517 16.729 19.053 18.717 22.778 20.183
s2301_g2 20.623 20.180 11.698 17.500 8.249 15.015 14.490 12.585 21.031 13.449 22.491 18.990 25.355 29.983 28.445 27.928
$2733_gl3 22.003 29.804 18.565 23.457 16.067 19.567 18.737 18.124 29.596 21.026 30.736 27.119 34.021 41.670 43.340 39.677
52676_g10 6.121 5.789 3.893 5.268 1.934 1.626 3.302 2.287 5.777 2.906 4.318 4.334 5.827 9.726 7.686 7.746
$6597_g4 26.463 36.213 17.746 26.807 14.293 10.810 25.281 16.795 29.738 24.547 21.449 25.245 39.235 42.935 55.491 45.887
$250_g9 55.957 53.859 34.614 48.143 30.420 33.789 42.128 35.446 39.680 42.826 57.795 46.767 68.329 51.955 101.348 73.877
$7962_g3 26.703 21.532 20.291 22.842 13.371 16.780 18.200 16.117 15.325 17.952 22.862 18.713 31.459 32.473 46.427 36.786
s128_g31 13.772 15.212 12.706 13.897 7.237 9.818 11.785 9.613 15.467 10.225 15.628 13.773 18.826 18.962 30.692 22.827
s72_gl4 9.571 16.374 9.013 11.653 3.588 6.843 5.341 5.257 8.037 7.528 8.986 8.184 16.590 11.560 14.978 14.376
$1228_gl15 3.040 2.153 2.276 2.490 2.466 3.134 3.013 2.871 1.976 2.708 2.094 2.259 5.857 5.638 4.775 5.423
s177_g4 3.630 2.754 3.942 3.442 3.167 4.374 7.280 4.940 4.277 7.042 3.767 5.029 7.617 8.442 7.210 7.756
s1596_g3 29.774 35.112 38.497 34.461 24.366 30.526 66.335 40.409 38.049 42.648 31.858 37.518 67.389 66.633 85.841 73.288
$14930_g1 30.634 44.966 31.221 35.607 34.530 28.790 68.225 43.848 47.535 51.425 44.621 47.860 62.186 69.025 94.770 75.327
52386_g5 8.441 7.631 8.813 8.295 7.227 14.668 23.123 15.006 6.872 13.975 8.926 9.924 20.577 16.992 17.972 18.514
s179_g4 5.151 5.879 8.244 6.425 4.861 11.415 19.910 12.062 5.463 11.287 5.700 7.483 14.018 13.050 12.254 13.107
s4331_g2 1.210 3.495 5.240 3.315 3.298 3.550 4.167 3.672 1.307 1.448 2.444 1.733 6.054 9.373 6.764 7.397
$5216_g2 10.031 9.324 9.861 9.739 15.005 12.794 16.837 14.879 7.237 10.126 10.048 9.137 7.924 6.550 5.304 6.593
s5819_g3 13.492 11.026 12.466 12.328 18.212 13.924 20.587 17.574 8.818 14.768 13.214 12.267 8.854 7.050 7.230 7.711
$527_g5 2.580 2.053 2.126 2.253 2.596 3.005 2.178 2.593 1.064 1.984 1.583 1.544 1.672 1.079 1.067 1.273
$3252_gl18 12.562 6.079 8.574 9.072 9.502 12.456 10.940 10.966 5.027 5.911 5.951 5.630 4.679 3.902 3.522 4.034
$3353_gl 14.382 7.962 8.554 10.299 13.832 11.822 12.203 12.619 5.605 7.339 8.195 7.046 5.767 4.412 4.910 5.030
$5559_gl 14.942 7.531 11.029 11.167 11.196 12.446 12.402 12.015 6.102 8.530 5.460 6.697 5.530 5.393 5.708 5.544
s4107_gl 7.261 6.199 7.047 6.836 13.240 11.544 14.600 13.128 8.970 7.389 5.811 7.390 3.828 5.814 6.847 5.496
s501_gl13 25.873 21.231 38.706 28.603 36.073 41.961 43.491 40.508 24.457 39.533 18.363 27.451 20.874 24.414 15.559 20.282
$559_g9 9.141 7.481 9.292 8.638 10.504 12.208 14.500 12.404 6.254 10.950 6.171 7.792 7.261 6.216 4.568 6.015
s5819_g6 15.832 14.251 21.080 17.054 26.371 23.961 35.435 28.589 18.213 20.848 14.957 18.006 12.346 14.933 8.981 12.087
$2756_g2 13.432 9.985 16.369 13.262 19.866 18.972 20.776 19.871 7.541 15.542 7.233 10.105 12.049 9.216 6.547 9.271
$5819_g4 31.544 21.482 52.041 35.022 37.286 37.181 45.361 39.943 28.420 38.244 36.817 34.494 22.684 15.570 18.117 18.790
$3643_g2 4.241 4.517 8.853 5.870 7.056 6.784 6.106 6.649 4.277 4.225 5.189 4.564 3.383 2.324 2.673 2.793
s1181_gl4 13.812 13.109 25.491 17.471 30.781 26.668 29.697 29.049 16.936 20.550 20.968 19.485 13.959 15.423 12.410 13.931
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Genes that responded to nanoplastic exposure in Symbiodinium tridacnidorum and
230 Cladocopium sp.




Appendix C

Tables of Microplastics found and analyzed,
with optical images

The table below shows all 73 nP found around Okinawa, with optical images and closes up at 50x
with the Raman microscopy system. The global and site numbering correspond to the plastics’
numbering among all found and specific to a given site, respectively (see Columns 1 and 2).

Column 3 displays one optical image of the pP, an image was taken before Raman spectroscopy
measurements at 50x with the Nanofinder 30. Columns 4 and 5 give the area and polymer type.
Columns 6 - 8 correspond to the XRF analysis. “XRF2’, XRF4’, and XRF6’ correspond to a
2-fold, 4-fold, and 6-fold increased value of the respective element compared to the surrounding.
While already a 2-fold increase shows the element’s presence, the other two values give some indi-
cation of the abundance of the element. Columns 9 - 11 describes the particle according to [66].
Empty columns indicate that further analysis of the collected data remains to be done.
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Appendix D

3D images for species in Chapter 2

In order to check the distribution of plastic in the aggregates and to get some insight into the cell
packaging differences at different concentrations, 3D images were obtained using Zeiss Lightsheet
Z.1 (Figure D.1). The lens movement in the z-direction artificially stretches the cells in this direc-
tion. This artifact is reduced by replacing the cells in the aggregates with spots of similar size which
reveals the space between the cells. In these laser images, the plastic is green and the cells are red.
Transparent extracellular polymers (TEP) are neither visible in the brightfield nor 3D images but
can show up due to the trapped particles.

The fluorescent polystyrene beads were observed with band-pass filter (excitation: 405 nm;
emission: 505-545 nm), and chloroplasts were visible using a long-pass red filter (excitation: 488
nm, emission: 660 nm). Z-stacks were analyzed using Imaris software (see Figures D.2 and D.3 ).

7Syringe with
Agarose and
aggregates

Microscope
lens

Figure D.1: Zeiss Lightsheet Z.1 internal view and schematic of the set-up of the light sheet.
The left images shows the internal view of the lightsheet chamber, filled with seawater. The sy-
ringe with agarose is visible at the top of the picture (blue arrow) and the microscope lens at the
back (purple arrow). The laser sheet direction is indicated with yellow arrows. The right image
shows n set-up, indicating the -, y- and z-directions. The movement of the lens in the z-direction
introduces an artifact in the laser images which can be removed with the “spot tool” (see Figure
D.4).
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246 3D images for species in Chapter 2

Figure D.2: Internal structure through 3D fluorescent microscopy. The images display a Syze-
chococcus elongatus aggregate. Through 3D rotation, the measuring points for height, depth and
width can be placed in the most suitable way. Aggregates were measured for size using the Imaris
tools “Measurement Points”. (a) shows a frontal images of the the aggregate, while (b) has a rota-
tion to see the back top view. Colors were chosen for maximum contrast and do not represent any
additional information.
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30um

Figure D.3: Cell counting through 3D fluorescent microscopy. The images display a cyanobac-
teria Synechococcus elongatus aggregate with no plastic from a control tank. (a) is the optical image.
The image shows that the aggregate is not dense, and as such, the laser can penetrate the entire
aggregate. (b) is the 3D image with both laser channels displayed. Individual cells cannot be seen,
due to the stretching of the cells in the z-direction and the consequent overlap of cells. The “spot
tool” needs to be applied to every laser channel individually. (c) shows the laser channels with the
“spot tool”. (d) shows the right laser in blue and the left laser in cyan, without the laser image over-
lay. Comparing images (c) and (d), it is interesting to see how much the overlap of thez-direction’s
artificial stretching of the cells by the laser sheets blurs up the aggregate, making it appear much
denser than it actually is (see Figure D.4). Colors were chosen for maximum contrast and do not
represent any additional information.
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Figure D.4: Imaris spot tool. The image displays a Skeleronema grethae aggregate with microPS,
at a concentration of 0.01 mg/L. The outside shows how the laser lights up the cell (red) and
microPS; (green). The “spot tool” displays cells in pink and the microPS; in green. The com-
parison between the pink spots and the red laser ellipsoids shows that this technique stretches the
image of the cells in the 2z-direction. The spot tool allows in addition to counting cells and plastic
to remove this stretching. Spot diameter can be adjusted to match the cells or plastics diameter; in
this image, the microPS; is displayed with a 6 nm diameter for better visualization. The inner circle
of the image shows the image without the laser created volume for better analysis of the plastics’
location within the aggregate. Not all red laser cells in this image have a complimentary spot, as
spots are generated per laser and in this image only two laser channels are displayed for illustrative
purposes, making the image better suited for 2D representation. Same images as shown in Section
2.2.5.
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Figure D.5: Imaris spot tool. The images display a Skeletonema grethae aggregate with microPS,
at a concentration of 0.01 mg/L, same as in D.3. (a) shows how the laser lights up the cell (red)
and microPS; (green). The “spot tool” displays cells in pink and the microPS; in green (b). While
the green microPS, in the laser image on the left appeared bigger, this is due to their high flores-
cence. In the size adjusted spot image on the right, some green spots representing the microPS; are
hardly visible next to the bigger Skeletonema grethae cells, presenting a more realistic appearance
of the aggregate. Colors were chosen for maximum contrast and do not represent any additional
information.

D.1 3D images in Synechococcus elongatus

The Synechococcus elongatus cells are notably smaller ( ~ 1 pm) than the diatoms (see D.2 and D.3)
and the dinoflagellates in Section 4.4.4. This makes aggregates look different in the 3D images.
Cells were counted with 1 pm in diameter.
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NanoPS,y, Experiment in Synechococcus elongatus

Figure D.6: 3D images of a Synechococcus elongatus control aggregate in the nanoPS;9, ex-
periment. The images display a control aggregate with the following dimensions: 469 nm height,
548 pm width, and 316 pm depth (total volume of 4.25 x 107pm?). There are about 200,000 cells
found in this dense aggregate leading to a total bio-volume of 104, 720 pm?. This means that the
bio-volume represents only 0.246% of the total aggregate volume. (a) Laser image of the control
aggregate, only, the green channel does not show up as there was no nanoPS;g4. (b) shows the right
laser being replaced by cell count (pink). (c) shows the cell counts with left and right laser counts
in different colors. The space between the cells becomes visible in this image, making the differ-
ence between bio-volume and aggregate volume apparent. The space is most likely filled with water
and extracellular polymeric substances (EPS). (d) shows the left laser being replaced by cell counts
(cyan). While the laser image (a) shows a very dense aggregate, this is due to the z-axis stretching
from the laser sheets. In the other three images ((b), (c) or (d)), where the laser has been replaced,
the aggregate is not as dense.
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D.1 3D images in Synechococcus elongatus
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s

Figure D.8: Optical and 3D images of Synechococcus elongatus aggregate with 1 mg/L nanoPS;9s. The images display an aggregate with the
following dimensions: 374 pm height, 321 pm width and 297 pm depth (total volume 1.87 x 107 pm?®). There are about 64,000 cells found in this
aggregate leading to a total bio-volume of 33, 510 pm?®. This means that the bio-volume represents only 0.18% of the total aggregate volume.. The

green spots show the nanoPS;94 and while individual beads can not be seen, agglomerates of beads are visible. In comparison to Figure D.7 of the
lower plastic treatment many more such agglomerates are visible.
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NanoPS,, Experiment in Synechococcus elongatus
€)) (b)
0y 40 um
)
40 pm 40 pm

Figure D.9: 3D images of a control aggregate in the nanoPS, experiments with Syzechococ-
cus elongatus. The images display an aggregate with 407 nm height, 219 nm width and 177 pm
depth with a total volume of 8.26 x 10% pm3. There are about 17,000 cells found in this aggre-
gate leading to a total bio-volume of 8901 pm?. This means that the bio-volume represents only
0.108% of the total aggregate volume. (a) displays the aggregate in the laser image, (b) shows the
right laser substituted by cell counts, (c) is the combination of the cell counts without the laser
image overlay and (d) shows the left laser substituted by cell count. In the comparison of (a) and
(c) the water and EPS filled space between the cells is becomes apparent, as (c) shows the much less
dense aggregate without the z direction overlap of the cells..
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@ BT e T ()

Figure D.10: 3D image collage for the nanoPS,, experiment in Synechococcus elongatus for
the 1 mg/L treatment. The image displays an aggregate with 523 um height, 608 pm width and
422 pnm depth (total volume 7 x 107 pm?®). There are about 80,000 cells found in this aggregate
leading to a total bio-volume of 41,888 pm3. This means that the bio-volume represents only
0.596% of the total aggregate volume. The plastic could not be counted due to its small size, but
there are 1330 agglomerates of plastic in sizes between 0.4 pm and 19.2 pm. (a) displays the laser
channel of the cells with the plastic as agglomerates replaced by green spots. (b) is just the laser,
making the individual agglomerates much less visible, while (c) has the laser with all overlay of spot
counts for cells in purple and plastics in green. In (d) the laser is removed and the gaps between the
cells becomes visible. (e) has the laser with an overlay of the plastic in green. When (e) is compared
to (a) and (b), it is much easier to see how the plastic is located within the aggregate: in (a), the
plastic laser channel was more removed than in the other two sections. Comparing (d) and (e)
directly, the blur in the laser due to the z stacking becomes apparent.
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Acrylic Microfiber Experiment in Synechococcus elongatus
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Figure D.11: 3D images for the dust aggregates in aMF experiments of Synechococcus elon-
gatus. The top row: 1 mg/L aMF aggregate ( 72.4 X 86.4 X 112 pm, total volume 366, 833 pm?®).
There are ~ 1025 cells found in this aggregate leading to a total bio-volume of 536.69 pm?. This
means that the bio-volume represents only 0.146% of the total aggregate volume. The middle row:
0.1 mg/L aMF aggregate ( 629 x 427 x 349 pum, total volume 4.91 x 107 pm?), with ~ 58,700
cells found in this aggregate leading to a total bio-volume of 30, 735 pm?®. This means that the
bio-volume represents only 0.626% of the total aggregate volume. The bottom row: control ag-
gregate (38.0 X 19.7 X 31.7 pm, total volume 12, 425 nm?®). There are ~ 126 cells found in this
aggregate leading to a total bio-volume of 66 pm®. This means that the bio-volume represents only
0.531% of the total aggregate volume. Fibers were not integrated into these aggregates. The dust
aggregates from the control and 1 mg/L treatment were smaller than those found in the 0.1 mg/L
treatment. This might have been due to the significantly more TEP found in the 0.1 mg/L treat-

ment (see Figure 2.35). The left column shows just the spot cells and the right column displays just
the laser image. The middle column is an overlay of both images. This comparison shows big EPS

filled space becoming apparent within the aggregate, especially visible in the bottom row. Colors
were chosen for maximum contrast and do not represent any additional information.
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D.2 3D images of Skeletonema grethae

MicroP$S, Experiment in Skeletonema grethae
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30 pm 30 ym

Figure D.12: 3D images of microP$S, aggregate in Skeletonema grethae in the control. The image displays an aggregate with 174 pm height,
417 pm width, and 257 pm depth (total volume of 9.76 x 10% pm?). There are about 513 cells found in this aggregate leading to a total bio-volume
of 58,019 pm?. This means that the bio-volume represents 0.594% of the total aggregate volume. (a) displays the laser channel of the cells with the
plastic. In (b) cells have been substituted with magenta spots. Big gaps between the cells are visible in both images,
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Figure D.14: 3D images of microPS, aggregate in Skeletonema grethae in 10 mg/L treatment. The image displays an aggregate with 1242 pm
height, 1023 pm width and 1037 pm depth (total volume of 6.9 x 10® pm?). There are about 7469 cells found in this aggregate leading to a total
bio-volume of 844, 724 ym3. This means that the bio-volume represents 0.122% of the total aggregate volume. There are 18,500 microPS; beads
in the aggregate, with 192 bigger agglomerates at 6 pm diameter, where the microPS, stuck together. (a) displays the laser channel of the cells with
the plastic. In (b) cells have been substituted for magenta spheres and only the bigger agglomerates of microPS, are shown in green. (c) shows the
single microPS, added back in. Comparing (b) and (c) it can be seen that the 18,500 single microPS; beads drown out the magenta cell spots ata 1
to 2.5 ratio.
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NanoPS,94 Experiment in Skeletonema grethae
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Figure D.15: 3D images of nanoPS,y, aggregate in Skeletonema grethae control. The image displays an aggregate with 173 nm height, 529
pm width and 463 pm depth (total volume of 2.22 x 107 pm?®). There are about 10,400 cells found in this aggregate leading to a total bio-volume
of 1.18 x 10° pm?. This means that the bio-volume represents 5.3% of the total aggregate volume. (a) shows the laser channel, (b) the laser channel
overlay with magenta cell spots and (c) just the cell spots. In comparing the images, the dense core of the aggregate is easier seen in (c), while in the
laser image the individual cells at the sides of the aggregate distract from that.
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Figure D.17: 3D images of nanoPS$,y, aggregate in Skeletonema grethae in the 1 mg/L treatment. The image displays an aggregate with 1424
pm height, 820 pm width and 1045 pum depth (total volume 6.39 x 10® pm?). There are about 6006 cells found in this aggregate leading to a total
bio-volume of 679, 263 pm®. This means that the bio-volume represents 0.106% of the total aggregate volume. (a) shows the laser image and in

(b) the cells are replaced by magenta spots. The core of the aggregate can be better seen in (b), as the magenta spots give a better contrast to the
overwhelming green nanoPS;94 beads.
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nanoPS,, Experiment in Skeletonema grethae

Figure D.19: 3D images of nanoPS,, aggregate in Skeletonema grethae control. The image
displays an aggregate with 1232 nm height, 805 pnm width and 753 pm depth (total volume 3.91 x
10® pm?). There are about 4540 cells found in this aggregate leading to a total bio-volume of
513,462 pm?®. This means that the bio-volume represents 0.131% of the total aggregate volume.
(a) is the original laser image, with overlapping 2-stretch leading to a visually dense aggregate. (b)
in bleu and cyan cells are replaced. This make the EPS filled space between the cells visible.
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Figure D.21: 3D images of nanoPS,, aggregate in Skeletonema grethae in 1 mg/L treatment. The image displays an aggregate with 21 pm
height, 20 pm width and 12 pm depth (total volume 2639 pm?). There are 14 cells found in this aggregate leading to a total bio-volume of 1583
nm?®. This means that the bio-volume represents a very high 60% of the total aggregate volume. While individual nanoPS4s cannot be seen, the green
spots correspond to agglomerates of nanoPSys. (a) is the laser image and in (b) the cells are overlaid with the spot tool (blue). The z-stretch is pretty
clear as the diameter of the spots fit in two dimensions with the red laser image and in the third (z-direction) the laser image is much longer. Two
cells at the lower left corner of the image are wider than the spots, while three cells at the upper right are smaller than the blue spot. This shows the
natural variation in cell size, demonstrating that the spot tool can identify both smaller and bigger cells correctly. (c) shows only the replaced cells and
the plastic. The cells are not closely linked. The bio-volume in the aggregate is higher compared to what is usually observed in the other aggregates
of this species and literature [99]. The small size of the aggregate could display an aggregate in the early stages of formation, with the hypothesis that
with addition of more cells, the total bio-volume would go down as the aggregates grows.
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Polyester Microfiber Experiment in Skeletonema grethae

As the MF are not visible in the 3D images without overexposure, no systematic imaging of the
aggregates was done. Below, two different aggregates are displayed to give some idea of the internal
structure. Aggregates are from the 0.01 mg/L treatment.
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Figure D.23: 3D images of pMF aggregate in Skeletonema grethae. Only 298 cells where found
in the aggregate, none where directly attached to the pMF. It is harder to image with the pMF, as
the same overexposure that makes the fiber visible also over counts the cells. (a) is the laser image,
(b) shows the brigthfield image of the aggregate and in (c) the cells have been counted and overlay
the laser image. The 61 spots seen within the fibers are subtracted from the original spot count. (c)
is not a 3D image, but a 3D image projected into a plane, making the spots appear different than
in the 3D image (see Figure D.24(c)).



272 3D images for species in Chapter 2

Figure D.24: 3D images of part of a pMF aggregate in Skeletonema grethae. (a) is the laser
image, (b) shows the brigthfield image of the aggregate and in (c) the cells have been counted and
overlay the laser image. More cells can be seen closer to the pMF. No definitive cell count can
be given, as not all fibers seen in the brightfield image could be clearly localized within the laser
images even under highest overexposure. Thus, spots might correspond to pMF rather than to
Skeletonema grethae cells.
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D.3 3D images in Odontella anrita

The replacement of cells in the Odontella anrita images was done by approximating them as spheres
with a 20 nm diameter, as Odontella aurita’s ellipsoid shape was not seen as individual cells by the
software. Rather the chloroplasts within the cells were recognized when sizes in the spot tool were
selected to be smaller (see Figure D.25). The cell count is thus not as accurate as for Skeletonema
grethae and Synechococcus elongatus.

Figure D.25: Method for cell counting in 3D
images in Odontella aurita. Blue and green
sphere represent the cell. While enough cells
where estimated, it is clear that the sphere is
smaller than the actual cell in depth.

Differences in the structure of the Odontella anrita aggregates compared to the other two
species is due to the chain that Odontella aurita forms. The control aggregate displayed in Fig-
ure D.26 shows how densely the chains are intermingled. In the infected control shown in Figure
D.27, small cells are visible in red, indicated between the two blue bars.
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Figure D.27: 3D Image of infected control aggregate of Odontella anrita. The small red cells
are faintly visible along the outer edge of the Odontella aurita aggregate (between the blue bars)
from the infected control tank.
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Figure D.28: Images of Odontella aurita with microPS, incorporated into the aggregate.
The image displays an aggregate with 854 jnm height, 266 nm width, and 310 pm depth (total
volume of 3.69 x 107 pm?). There are about 569 cells found in this aggregate leading to a total
bio-volume of 4.77 x 10% pm?®. This means that the bio-volume represents 12.9% of the total
aggregate volume. There are 26 microPS, trapped in this aggregate. From the close up it is visible
that microPS; does not directly attach to the cells but gets trapped in the TEP.
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Figure D.29: Images of Odontella aunrita with nanoPS;94 (top) and nanoPS,;, (bottom) in-
corporated into the aggregate. No individual particles can be seen, but nanoplastic agglomerates
are visible in green. Again, these clusters are not directly attached to cells but trapped in the TEP.
The direction of the aggregate is slightly rotated between the two images. Top image: The image
displays an aggregate with 1066 pnm height, 915 pm width, and 906 pm depth (total volume of
4.63 x 10® pm?®). There are about 1237 cells found in this aggregate leading to a total bio-volume
of 1.04 x 107 pm?. This means that the bio-volume represents 2.24% of the total aggregate vol-
ume. Bottom image: the white arrow points to dead Odontella aurita cells, which appear green in
the 3D image. The yellow circle shows nanoPS,; trapped in TEP. The image displays an aggregate
with 799 pm height, 511 pm width, and 512 pm depth (total volume of 1.09 x 10% nm?®). There
are about 445 cells found in this aggregate leading to a total bio-volume of 3.73 x 10° pm?®. This
means that the bio-volume represents 3.4% of the total aggregate volume.



278 3D images for species in Chapter 2

4

Figure D.30: Images of Odontella anrita with acrylic fibers incorporated into the aggregate.
The fibers are visible in the brightfield but not in the 3D image as they are not fluorescent. The
image displays an aggregate with 1321 pm height, 554 pm width, and 695 pm depth (total volume
of 2.66 x 10® pm?). There are about 674 cells found in this aggregate leading to a total bio-volume
of 5.65x 10% pm?®. This means that the bio-volume represents 2.12% of the total aggregate volume.
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Figure D.31: Images of infected Odontella anrita with nanoPS,; incorporated into the ag-
gregate. Individual nanoPS,s cannot be seen but the beads clump together and are trapped within
the TEP. No ciliate cells are visible in this image. The image displays an aggregate with 1192 pm
height, 899 pm width, and 1084 pm depth (total volume of 6.08 x 10® pm?®). There are about
1158 cells found in this aggregate leading to a total bio-volume of 9.7 x 10% pm?. This means that

the bio-volume represents 1.6% of the total aggregate volume.
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