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Abstract

Amphibian populations have been experiencing declines globally for decades due to
factors such as habitat loss, invasive species, climate change, overexploitation, pollution, and
disease. Skin is an important immune organ in amphibians, employing physical, chemical,
microbiological, and immunological defences to prevent infection. Amphibian skin also
undergoes dramatic morphological changes during metamorphosis. Therefore, it is important
to gain a deeper understanding of the biological changes that amphibian skin undergoes
during metamorphosis and whether these tightly regulated processes can be disrupted by

environmental contaminants.

Microplastics are a persistent, ubiquitous environmental contaminant of increasing
concern with a wide range of effects on exposed organisms. Previous studies have reported
mortality, reduced growth, behavioural changes, and hepatotoxicity in amphibians exposed to
microplastics. However, few studies have evaluated sub-organismal effects of microplastic
exposure on amphibians, particularly in relation to the immune system. Furthermore, few
studies have chronically exposed amphibians to an environmentally realistic microplastics

mixture.

To address these gaps, an outdoor mesocosm experiment was performed where
developing North American wood frogs (Rana sylvatica) were exposed from embryos
throughout metamorphosis to a microplastics mixture consisting of an equal number of
particles by count of polypropylene, polystyrene, and polyethylene terephthalate
microplastics. Developing wood frogs were exposed to one of three concentrations: a 0%
negative control of 0 g/L, a 1x treatment of 0.069 g/L, or a 10x treatment of 0.691 g/L of the
microplastics mixture. This thesis reports on the transcriptomic analysis of dorsal skin of
wood frogs from three different developmental timepoints: (1) after 50 days of exposure,
average Gosner stage (GS) 34; (2) after 74 days of exposure, average GS 42; and (3) GS 45,
74 — 82 days of exposure.



The first analysis performed compared the dorsal skin transcriptome in the 0%
unexposed wood frogs at different timepoints to evaluate changes in dorsal skin gene
expression during development. Trends corresponding to known developmental phenomena
such as keratinization of the skin and active ion transport nearing the end of metamorphosis
were observed in the data. Downregulation of immune genes was also seen in the skin after
the first timepoint, and is in line with the systemic immunosuppression metamorphosing
amphibians undergo leading up to and during metamorphic climax. This result demonstrates
that the systemic immunosuppression is paired with suppression of immune function in skin

tissues.

The second analysis evaluated the effects of microplastic exposure on the dorsal
skin transcriptome at each of the three selected developmental stages. Concentration- and
timepoint-dependent effects were observed, with the greatest number of differentially
expressed genes found in the 1x treatment at the first timepoint (GS ~34). Clusters of
differentially expressed genes involved in mitochondrial function, protein synthesis,
transmembrane transport, and immunity were found in at least one timepoint/treatment
group. Developmental plasticity, morphological and behavioural changes during
development, and a potential nonmonotonic dose response to microplastics in the wood frog
are ideas proposed to account for the differences in response seen to different microplastic
concentrations and at different developmental timepoints. Downregulation of immune genes
was seen at the first developmental timepoint in response to the 1x microplastic treatment,
suggesting that microplastics could cause developmental stage-specific immunosuppression
in developing wood frogs. Because amphibian populations are already experiencing declines
due to infectious diseases, it is important for future studies to continue to evaluate the

potential for microplastics to act as a stressor and predispose amphibians to infection.
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Chapter 1

Introduction

1.1 General Information on Amphibians

Amphibians are a vertebrate taxon encompassing the orders Anura (frogs), Urodela
(salamanders), and Gymnophiona (caecilians). As of December 4, 2023, there are 8,698
described amphibian species (7,662 frogs, 815 salamanders, and 221 caecilians) with over
100 new species discovered each year (AmphibiaWeb, n.d.). Amphibians are dispersed
globally, with species found on every continent except Antarctica (AmphibiaWeb, n.d.). They
act as both a predator and prey species and can move between aquatic and terrestrial
environments, contributing numerous ecosystem services (reviewed by Hocking & Babbitt,

2014).

Many amphibians have a biphasic lifecycle, beginning life with an aquatic larval
stage and transitioning to a terrestrial adult stage through a process termed metamorphosis.
However, there is diversity in their lifecycle, with some species remaining fully aquatic, or
having evolved direct development or vivipary (reviewed by Liedtke et al., 2022). For those
species of amphibian that undergo metamorphosis, they undergo a process of dramatic
morphological rearrangements to prepare aquatic larvae for terrestrial adulthood. In anurans
(frogs), the process of metamorphosis is divided into three phases: premetamorphosis,
prometamorphosis, and metamorphic climax. Premetamorphosis is the life stage from
hatching to the onset of growth of the hindlegs, prometamorphosis follows until the
breakthrough of the forelegs, which marks the onset of metamorphic climax, a rapid period
of changes to the digestive tract and resorption of the gills and tail (Etkin, 1932).
Metamorphosis is under control of the endocrine system, with thyroid hormone being the
ultimate driver of metamorphosis (Duellman & Trueb, 1994). Numerous functional and
morphological rearrangements take place during metamorphosis, including calcification of
the skeleton, growth of limbs and muscle, growth of brain structures such as the cerebellum,

resorption of the pronephros, restructuring of the pancreas and gastrointestinal tract
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(Duellman & Trueb, 1994), and reorganization of the immune system (reviewed in Rollins-
Smith, 1998). In addition, the skin undergoes dramatic morphological changes during
metamorphosis to prepare for life on land. This includes the loss of ciliated epidermal cells
and neuromasts, sensory cells of the lateral line system which detect water movement, in
most species (Nishikawa et al., 1992; Nokhbatolfoghahai et al., 2005, 2006; Quinzio &
Fabrezi, 2014; Quinzio & Goldberg, 2019). Furthermore, the epidermis of larvae is typically
two cell layers thick and is covered by a mucus layer secreted by unicellular glands called
Leydig cells (Duellman & Trueb, 1994; Kelly, 1966). During metamorphosis the epidermis
expands to five to seven cell layers and becomes covered by a keratinized stratum corneum
(Brunelli et al., 2015; Duellman & Trueb, 1994). Multicellular granular and mucous glands
also develop during metamorphosis (Regueira et al., 2016). Considering these dramatic
morphological rearrangements, larval amphibian skin is quite a different organ than the skin

of adults.

1.1.1 Amphibian Declines and Implications

At the First World Congress of Herpetology in 1989, shared stories of difficulty
finding known amphibian populations lead concerned scientists to initiate the first
International Union for Conservation of Nature (IUCN) Global Amphibian Assessment
(GAAD1), the results of which were published in 2004 by Stuart et al. The findings were
concerning: of the 5,743 amphibian species described at the time, 32.5% were classified as
globally threatened (either vulnerable, endangered, or critically endangered) (Stuart et al.,
2004). What was perhaps even more concerning at the time was that the scientists conducting
the GAA1 could not definitively identify the main driving forces behind many of these
declines. Habitat loss and overexploitation were major contributors; however, these did not
account for the full scale of the declines (Stuart et al., 2004). The second Global Amphibian
Assessment (GAA2), completed in 2022, revealed that the previously classified enigmatic
declines were largely due to the emerging disease chytridiomycosis, caused by the fungus
Batrachochytrium dentrobatidis (Luedtke et al., 2023), though infectious diseases caused by

Frog Virus 3 and protists of the phylum Perkinsea have also been linked to amphibian
2



declines (Isidoro-Ayza et al., 2017; Robert, 2010). The GAA2 increased the number of
assessed species to 8,011 (Luedtke et al., 2023), therefore covering over 90% of known
amphibian species, and found that over 40% are now globally threatened, making amphibians
the most threatened vertebrate class (Luedtke et al., 2023). The total number of confirmed

amphibian extinctions is 37 species, but could be as high as 222 extinctions over the last 150

years (Luedtke et al., 2023).

The decline of amphibian populations can have consequences for the ecosystems
they inhabit, including on humans. A review by Whiles et al. (2006) found that amphibian
population declines in Neotropical stream ecosystems can result in changes to primary
production, insect populations, and reduced energy transfer to the riparian zone. Because of
the biphasic lifestyle of amphibians, Whiles et al. (2006) posit that when considering
ecosystem structure and function, the loss of one amphibian species is like losing two
species. Furthermore, a review of the literature demonstrates that amphibian population
declines can result in the loss of other taxonomic groups and biotic homogenization (Zipkin
& DiRenzo, 2022). Since amphibians are a key predator species of disease-carrying vector
species such as mosquitoes, it is possible to see an increase in insect-transmitted
communicable diseases in areas which have experienced a decline in amphibian populations.
Springborn et al. (2022) demonstrated the occurrence of this phenomenon in Central
America, where disease-driven amphibian population declines resulted in an increase of
between 0.76 to 1.1 additional malaria cases per 1000 people per year, nearly a doubling in
some areas, within regions of Costa Rica and Panama following the introduction of B.

dendrobatidis to the region in the 1990s.

The study of amphibians has the potential to lead to the development of next-
generation therapeutics. Amphibians are a rich source of antimicrobial peptides (AMPs),
small proteins which have anti-pathogen activity (Xu & Lai, 2015) and are being investigated
as next-generation treatments for diseases of both humans and other animals, particularly
agricultural livestock (Xuan et al., 2023). As we are currently seeing the emergence of

antibacterial resistant bacteria (Murray et al., 2022), AMP-derived antimicrobials could be
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essential in coming years to prevent easily antibiotic-treatable pathogens from becoming
untreatable once again. However, the extinction of an amphibian species means that we lose
the opportunity to study any AMPs or other molecules produced by that species (barring
studies on any DNA sequences collected prior to extinction). An example of this is the
extinction of the gastric brooding frog. This species would put the digestive function of their
stomach on hold to allow its young to develop inside of the stomach (Corben et al., 1974). As
Joseph Mendelson points out, the hormone which controls this halt of digestive function
might have led to treatments for stomach ulcers (Resnick, 2016). What other unique

amphibians has the world lost, along with our chance to study them?

1.1.2 Amphibians and Stressors

Acute stress responses are important for dealing with stressors an organism is
exposed to over the course of its lifecycle. However, chronic stress can have deleterious
effects. The response to stress in amphibians is controlled by the hypothalamic-pituitary-
interrenal axis with the glucocorticoid steroid corticosterone being the primary hormone
controlling the stress response (Narayan et al., 2013a). Although elevated corticosterone
alone cannot be used as a diagnostic marker of stress (Narayan et al., 2019), chronic stress
does lead to chronically elevated levels of corticosterone (Romero et al., 2009). The stress
response can influence many different physiological pathways, particularly during
development and metamorphosis. For example, tadpoles exposed to predators before the
onset of metamorphosis may develop larger tails to allow them to escape predators more
easily (Fraker et al., 2021; Middlemis Maher et al., 2013). Stress from environmental factors
such as pond drying and lack of food can cause tadpoles to speed up the onset of
metamorphosis, resulting in smaller body size post-metamorphosis (Audo et al., 1995;
Székely et al., 2017). However, chronic sources of stress can result in deleterious effects such
as decreased body weight (Bliley & Woodley, 2012) and teratogenic effects (Lorenz et al.,
2009).



Many of the stressors that amphibians are exposed to can cause immunotoxicity,
defined as any deleterious effect of a foreign substance on the functioning of the immune
system (Trizio et al., 1988). Consequences such as immunosuppression or increased
susceptibility to infection have been observed in amphibians exposed to stressors (Brannelly
et al., 2019; Brown et al., 2021; Davis et al., 2020; Hall et al., 2020; May et al., 2019; Reeve
et al., 2013; Robert et al., 2018). Stressors encountered by amphibians include contaminants
in water such as elevated salinity, altered pH, pesticides, perfluoroalkyl substances, and oil-
extraction by-products (Albecker & McCoy, 2017; Brown et al., 2021; Burraco & Gomez-
Mestre, 2016; Davis et al., 2020; Hall et al., 2020; Robert et al., 2018), as well as elevated
temperature (Narayan & Hero, 2014), predation (Fraker et al., 2021; Narayan et al., 2013b),
low food levels (Crespi & Denver, 2005), pond drying (Brannelly et al., 2019), and
anthropogenic noise and light (May et al., 2019; Tennessen et al., 2014). Examples of
immunological consequences of stress in amphibians include decreased numbers of
circulating eosinophils (Kaiser et al., 2015), decreased bacterial killing ability and antibody
titres in animals developing under dry conditions (Brannelly et al., 2019), elevated
susceptibility to trematode infection in tadpoles exposed to perfluoroalkyl substances (Brown
et al., 2021), increased ranavirus transmission and more lethal infections in populations
experiencing salinity stress (Hall et al., 2020), increased susceptibility to parasite infection in
tadpoles experiencing light pollution (May et al., 2019), and increased FV3 viral loads in
tadpoles exposed to oil extraction-related contaminants (Robert et al., 2018). As amphibian
populations experience declines due to emerging pathogens, it is important to evaluate

potential stressors for immunotoxicity.

1.2 Microplastics

Microplastics, plastic particles less than 5 mm in size (Hartmann et al., 2019), have
garnered increasing attention from the scientific community in recent years as a ubiquitous
contaminant of concern (Cole et al., 2011; de Souza Machado et al., 2018; Lusher et al.,
2015; Wong et al., 2020). Microplastics can be directly manufactured in the form of

microspheres or formed from environmental weathering of larger plastics (Hale et al., 2020).
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This can result in the formation of extremely small particles, which have been further
subdivided into nanoplastics, though the definition of the upper size bound for nanoplastics
has not been widely agreed upon, ranging from 100 nm to 335 um (Hartmann et al., 2019). A
wide range of microplastic concentrations have been reported in the literature, with
concentrations in freshwater reaching as high as 10® particles/m>. Since the rate of plastic
pollution input is expected to remain above the rate of mitigation efforts (Borrelle et al.,
2020), and because microplastics persist in the environment for decades to thousands of years

(Chamas et al., 2020), microplastic concentrations are expected to continue to increase.

The issue of microplastic pollution is compounded by the fact that microplastics are
not a single contaminant, but rather a suite of contaminants formed from a variety of plastic
polymers with a range of sizes, shapes, and chemical additives (Rochman et al., 2019). This
complicates studies investigating the effects of microplastic pollution, as laboratory studies
conducted with microplastics of a single polymer, shape, and/or size are not necessarily
reflective of the actual complex exposure landscape organisms face in the environment.
Conversely, studies exposing organisms to a complex microplastics mixture may not be able
to determine if the mixture as a whole or distinct components of the mixture are causing any
observed effects. Furthermore, plastics often contain chemical additives which serve a wide
variety of purposes such as to decrease flammability, increase light and heat stability,
lubricate, reduce static, and to scavenge acid and oxidants (reviewed in Hahladakis et al.,
2018). Plastic additives can accumulate in exposed organisms through ingestion of plastic or
through leaching of additives into water (Jang et al., 2021) and can themselves have toxic
effects (Malafaia et al., 2022; Ockenden et al., 2022). Furthermore, microplastics can
influence the bioaccumulation (Alvarez-Ruiz et al., 2021) and toxicity (Oliveira et al., 2013)

of chemical contaminants, adding additional complexity to the study of microplastics.

Efforts to examine the potential effects of exposure to microplastics on aquatic
vertebrates have largely focused on fishes and, despite the challenges of studying
microplastics as a contaminant, have provided information on the routes and effects of

exposure (reviewed in Amoatey & Baawain, 2019; Anbumani & Kakkar, 2018; Burns &
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Boxall, 2018; de Sa et al., 2018; Hirt & Body-Malapel, 2020; Issac & Kandasubramanian,
2021; Puskic et al., 2020; Susanti et al., 2020; Tursi et al., 2022). The primary routes of
exposure are through the digestive and respiratory systems, where microplastics can
accumulate (Choi et al., 2018; Ding et al., 2018; Espinosa et al., 2019; Jabeen et al., 2018;
Lei et al., 2018; Limonta et al., 2019). Ingestion of microplastics may cause a false sense of
satiation (Cole et al., 2015; de Sé et al., 2015; Ramos et al., 2012) and damage to the
intestinal epithelia including distention, hyperplasia, increased villus thickness, an increase in
goblet cells, separation of the mucosal epithelium from the lamina propria, mucous
hypersecretion, and increased neutrophil infiltration (Choi et al., 2018; Espinosa et al., 2019;
Limonta et al., 2019). Limonta et al. (2019) also observed increased mucous secretion and
neutrophil infiltration in the gills of zebrafish, as well as gross alterations of the gill
epithelium. Microplastics can also cross epithelial barriers and have been found in internal
organs, such as the livers of exposed fish (Ding et al., 2018; Espinosa et al., 2019; Jabeen et
al., 2018). Microgranulomas, congestion of blood vessels, morphological changes,
vacuolation, and hypertrophy have all been observed in the livers of fish exposed to
microplastics (Espinosa et al., 2019; Jabeen et al., 2018). Various other physiological effects
have also been observed including increased protease activity (Romano et al., 2018),
upregulation of genes of the complement system (Veneman et al., 2017), and alterations to
the gut microbiome (reviewed in Li et al., 2022). Behavioural effects including reduced
swimming activity, decreased predatory performance and efficiency, and increased nocturnal

activity have also been observed (Choi et al., 2018; de Sa et al., 2015; Limonta et al., 2019).

1.2.1 Microplastics and Amphibians

Due to their biphasic lifestyle with an aquatic larval stage, the potential risk of
exposure to microplastics is high for amphibians. Despite this, relatively few studies have
investigated the prevalence of microplastics in amphibian habitats or their effects on
amphibians (Table 1.1). Many amphibian species utilize temporary, hydrologically
disconnected ponds (known as vernal pools or ephemeral wetlands) for breeding and larval

development (Compton et al., 2007). Notably, there is no information in the literature on the
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prevalence of microplastics in vernal pools, but several studies have investigated
microplastics in other small waterbodies amphibians can be found in. Iannella et al. (2020)
reported the first instance of microplastics in the stomach of a European amphibian in Italian
crested newts from mountain karst ponds, suggesting microplastics are present in these
important breeding ponds. Microplastics are common in stormwater retention ponds, with
reported concentrations as high as 22,894 microplastics/m®, where they accumulate in
vertebrates including amphibians (Liu, Olesen, et al., 2019; Liu, Vianello, et al., 2019;
Olesen et al., 2019). Hu et al. (2018, 2022) investigated the microplastic content of small
waterbodies in China and the tadpoles that inhabit them and found concentrations as high as
21.52 items/L in water and 168.48 items/g in tadpole whole bodies. Further study is needed
to determine the exposure landscape of microplastics in the diverse environments that

amphibians inhabit.

There is a growing body of literature on the effects of microplastics on amphibians
(Table 1.1), though many studies conflict with each other, with some researchers finding
effects from exposure and others seeing no effects with similar experimental setups but with
different species. Behavioural effects including declines in activity (Bacchetta et al., 2021;
Balestrieri et al., 2022), feeding rate (Boyero et al., 2020), and anti-predator response (da
Costa Aratjo & Malafaia, 2020) have all been reported in tadpoles following exposure to
microplastics. Most effects reported in the literature involve the growth and development of
amphibian larvae. Decreased growth has been observed in tadpoles of the Italian agile frog
(Rana latastei) (Balestrieri et al., 2022), the common midwife toad (Alytes obstetricans)
(Boyero et al., 2020), Physalaemus cuvieri (Malafaia et al., 2021), and the African clawed
frog (Xenopus laevis) (Mouchet et al., 2022; Ruthsatz et al., 2023; Tussellino et al., 2015;
Venancio et al., 2022) when exposed to microplastics. Developmental defects associated with
microplastic exposure have included reduced body condition, malformations, or defects and
have been observed in tadpoles of the common midwife toad (Boyero et al., 2020), P. cuvieri
(da Costa Aratjo, De Melo, et al., 2020; da Costa Araujo et al., 2022), and the African
clawed frog (Bacchetta et al., 2021; Pekmezekmek et al., 2022; Ruthsatz et al., 2023;
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Tussellino et al., 2015; Venancio et al., 2022). Conversely, studies have also reported no
effects on tadpoles of the Balearic green toad (Bufo balearicus) (Balestrieri et al., 2022), the
African clawed frog (De Felice et al., 2018), and the Italian agile frog (Scribano et al., 2022).
These conflicting results may be explained by the use of different microplastic polymers,
sizes, shapes, concentrations, exposure durations, or developmental stage of exposed
tadpoles. Additionally, different species may respond differently to the same microplastic
exposure (Balestrieri et al., 2022). Further studies must be performed to determine how these

different factors might influence the effects of exposure to microplastics in different species.

Although organismal endpoints like mortality and developmental defects
demonstrate the acute toxicity of microplastics, it is also essential to evaluate sub-organismal
responses to microplastic exposure as sub-organismal effects could lead to mortality through
increasing susceptibility of amphibians to disease or by reducing fitness. Various sublethal
effects have been reported in P. cuvieri tadpoles following exposure to microplastics
including hepatotoxicity, erythrocyte cytotoxicity, reductions in lipid reserves, and increased
levels of reactive oxygen species (ROS) and nitrite levels (da Costa Araujo, De Melo, et al.,
2020; da Costa Araujo, Gomes, et al., 2020; Malafaia et al., 2021). Changes in the activities
of enzymes such as superoxide dismutase, catalase, acetylcholinesterase,
butyrylcholinesterase, carboxylesterase, alkaline phosphatase, and glutathione-S-transferase
have been reported in P. cuvieri and Scinax squalirostris tadpoles exposed to microplastics
(Attademo et al., 2022; Lajmanovich et al., 2022; Malafaia et al., 2021). Furthermore, studies
have reported changes in gene expression associated with microplastic exposure in the
African clawed frog (Tussellino et al., 2015) and the Asiatic toad (Bufo gargarizans) (Zhang
et al., 2023). Additionally, expression of the Asp70 and pax6 genes were found to be
decreased in the offspring of X. laevis exposed to microplastics (Pekmezekmek et al., 2022).
Finally, elevated B. dendrobatidis pathogen loads have been observed in tadpoles exposed to
microplastics (Bosch et al., 2021), suggesting that exposure to microplastics could lead to

increased disease susceptibility. Additional studies are required to test this hypothesis and to



demonstrate under what conditions exposure to microplastics might predispose amphibians to

disease.
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Table 1.1. Summary of studies examining the effects of microplastics on amphibians.

Reference Microplastic Concentration Exposyre Species Notable Effects
Duration
. Altered carboxylesterase activity
(Attademo et Polyethylene, 40 - 48 60 mg/L 10 days Scz.nax . depending on substrate, decreased
al., 2022) pum squalirostris } ..
alkaline phosphatase activity.
(Bacchetta et Pplyester fibers, mean 1, 10, or 50 NF stage 8/9 — Xenopus Gl.lthdiformltlles’. pierced gu(tl
al, 2021) size 660 pm length, 12 ug/mL 46 laevis epithelia, occ usion, reduce
? um width, 2 pm height mobility.
Expanded polystyrene, Rana ) .
Balestricri high-density latastei R. latastei: Mortality and decreased
( ;eszt(r)lgl) et polyethylene, polyester 1, 7, or 50 mg/L 7 days and growth and activity.
N fibers, and polyvinyl Bufo B. balearicus: negligible.
chloride ;
balearicus
(Bonfanti et ‘Waste microplastics 0.1,1,0r 10 NF stage 8 - Xenopus Mechanical stress and mucus
(includes polyethylene . L :
al., 2021) mg/L 46 laevis overproduction in intestines.
and polypropylene)
Microplastic ingestion increases B.
Polystyrene 18, 180, or dendrobatidis burden of infection,
(Bosch et al., . Alytes e
microspheres, 10 pm, 1,800 229 days ) non-B. dendrobatidis-exposed
2021) . obstetricans .
green fluorescence particles/mL tadpoles ingested more
microplastics.
Polystyrene 13. 180. or Mortality and decreased feeding
Boyero et al., microspheres, 10 um, ’ ’ Alytes rate at highest concentration, linear
y P n |
,800 14 days . .
2020) yellow-green ) obstetricans  decrease with dose for growth and
particles/mL o
fluorescence body condition.
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Exposure

Reference Microplastic Concentration . Species Notable Effects
Duration
(Buss et al., Polyester fibers, 0.19 - 2.5, 5, 10, or 20 Rana Reduced infection Suceess when
24 h . tadpoles and parasites exposed
2022) 0.97 mm length mg/L sylvatica
together.
Erythrocyte cytotoxicity (changes
in nuclei area, perimeter, width,
length, and radius; lower
(da Costa Polvethvl di leus: : : duced
Arafijo, De olyethylene, diameter Physalaemus nuc e?us.cytop asm ratio), reduce
’ 35.45 £ 18.17 pm (mean 60 mg/L 7 days .. ratio between total length and
Melo, et al., LN cuvieri X
+ standard deviation) mouth-cloaca distance, caudal
2020) 1
ength, ocular area, and mouth
area, increased number of
melanophores in the skin.
Hepatotoxicity (blood vessel
(da Costa . dilation, infiltration, congestion,
Aratjo Polyethylene, diameter Physalaemus hydropic degeneration
10, 35.45 + 18.17 um (mean 60 mg/L 7 days ysacacy yTop g o
Gomes, et al., - cuvieri hypertrophy, hyperplasia, altered
+ standard deviation) -
2020) hepatocyte nuclei size, volume,
and shape).
Polyethylene, diameter Cytotoxicity compared to control.
(da Costa 35.45 £ 18.17 pm (mean Increased swimming activity,
. + standard deviation) 2.7 %108 Physalaemus higher total body length, tail
Aratjo et al., . 3 30 days . lenoth i1 width
2023) n particles/m cuvieri ength, and tail width, and st.ress
response when exposed with
14 xenobiotics pollutants.
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Exposure

Reference Microplastic Concentration . Species Notable Effects
Duration
Lowered body condition index,
deformities in the keratinized
structures of the jaw sheath,
(da Costa polvvinl ehlorid 2 % 105 or 4 x Pl ' chqngqs t(;lths Izlositiop ofghe |
Aratijo et al., olyvinyl chloride 106 particles/m3 30 days ysa fzel?aus Intestine n t' ¢ body cav.lt‘y, owe
acetate cuvieri tube winding condition,
2022) . . .
pseudomelanosis of the intestine,
reduction of superoxide dismutase
and catalase activities, changes in
nitrite production.
(da Costa . . . .
g Polyethylene, diameter 60 mg/L Locomotor issues, anxiogenic
Aratjo & Physalaemus .
. 35.45+ 18.17 pm (mean 7 days . effect syndrome, reduced anti-
Malafaia, LN cuvieri
+ standard deviation) predator response.
2020)
(De Felice et Polystyrene, diameter 0.125,1.25,or  NF stage 36- Xenopus No changes to body growth or
al,201g) 27> E009um(meant )L 46 laevis swimming activit
? standard deviation) O HE & Y
Microplastics alone increased
glutathione-S-transferase (GST),
Polyethylene decreased carboxylesterase (CbE)
; i i activities.
(Lajmanovich + 60 mg/L 43 h Scz.nax ' ' ' N
et al., 2022) glyphosate or squalirostris Microplastics plus herbicides
glufosinate ammonium increased GST, decreased
acetylcholinesterase (AChE), CbE
activities.
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Exposure

Reference Microplastic Concentration Species Notable Effects
Polyethylene, diameter
3145 = dl 8;2 Hm (.m can Fluorescent microplastic leachate
(Malafaia et standard deviation) 60 mo/L Physalaemus caused altered superoxide
al., 2022) + & cuvieri dismutase (SOD), catalase (CAT),
Nile red dye and AChE activities.
fluorescence
Increased tail size, reduced lipid
reserves, increased reactive oxygen
(Malafaia et Polylactic acid 760 or 15,020 Physalaemus and nitric oxide species production,
al., 2021) biomicroplastic ug/L cuvieri increased SOD, CAT, AChE and
butyrylcholinesterase (BChE)
activities.
Carboxylated
polystyrene
(Mouchet et microspheres, _50 and 0.1, 1, 10, or Xenopus Altered growth rate and decreased
al., 2022) 350 nm; 100 pg/L laevis growth, genotoxicity
? heteroaggregated 50 nm ’ '
polystyrene
microspheres, 350 nm
High molecular weight 1% of bod In offspring: malformations and
(Pekmezekmek polyvinyl chloride, J Y Xenopus decreased viability, decreased
i weight, twice . .
etal., 2022)  provided by oral gavage per week laevis expression of Asp70 and pax6

to parental generation

genes.




Reference Microplastic Concentration Exposyre Species Notable Effects
Duration
(Ruthsatz et Polyethylene, 34 — 50 NF stage 45 — Xenopus Gut length and fnass mC?eased n
60 mg/L : response to microplastics and
al., 2022) pum 57 laevis
cellulose.
Larvae: Reduced snout — vent
length, increased growth rate,
reduced body mass. Increased body
NF stace 45 — condition, corticosterone levels,
(Ruthsatz et Polyethylene, 34 — 50 £ Xenopus and metabolic rate.
al., 2023) m 60 mg/L 57 or 66 + 10 laevi
" K days aevis Juveniles: wider bodies, longer
limbs.
Results were dependant on rearing
temperature.
3 polyvinyl chloride : 3
) high-density .
(Scribano et polyethylene : 3 1,7, or 10 mg/L 14 days Rana . No effects on behaylour, growth,
al., 2022) ) latastei or mortality.
polyester fibres : 1
expanded polystyrene
Mortality, decreased growth rate,
malformations of the head, gut and
(Tussellino et  Polystyrene, 50 nm, red 4.5,9,0r 18 NF stage 2 — Xenopus tail, altere?d pigment d istribution,
laevis edema in the anterior ventral

al., 2015)

fluorescence mg/L 46

region, and a shorter body length.
Altered expression of bra, myodl,
and sox9 genes.
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Exposure

Reference Microplastic Concentration . Species Notable Effects
Duration
I(il:n;tagoes)S. _;é Embryos: lower body length in
. Polymethylmethacrylate TYos): embryos exposed to highest dose.
(Venancio et 40 % 5.6 nm (mean + > 1, 100, or 1000 h Xenopus
al., 2022) : me ug/L NF stage 45 laevis Tadpoles: growth rate ’fmd‘body
standard deviation) (tadpoles): 48 length altered, externalization of
p h ' gut when exposed to highest dose.
Developmental delays observed
21 days but mltlgated by metamorphic
. . climax, 10 um altered gut
(microbial and . . .
transcrintomi microbiome, 1 pm resulted in
(Zhang et al., 1 or 4,550 scriptotnic Bufo upregulation of genes related to
Polystyrene, 1 or 10 pm . analysis), . . .
2023) particles/mL gargarizans protein synthesis and
subset allowed

to complete
metamorphosis

mitochondrial function and
downregulation of genes involved
in neural functions and cellular
responses.

NF stage: developmental staging system for Xenopus laevis (Nieuwkoop & Faber, 1994)
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1.3 The Immune System and the Importance of Amphibian Skin

The vertebrate immune system uses many different types of defences to protect
against pathogens. The first line of defence is the physical epithelial barriers of the skin,
gastrointestinal tract, and respiratory tract (Owen et al., 2013). These barriers act to
physically block pathogens from entering the body and establishing an infection. Tears,
sweat, mucus, and saliva all contain chemical defences in the form of enzymes and
antimicrobial peptides (AMPs), which can target a variety of pathogens, in addition to
immunoglobulins, which target specific antigens (Owen et al., 2013). If a pathogen is able to
circumvent these physical and chemical barriers, the cells of the body can detect it and
initiate an immune response. The immune system is divided into two interconnected arms:
the innate immune system, which is the first to respond to infection and activates the second
arm, the adaptive immune system, which produces receptors targeted to specific antigens
(Owen et al., 2013). The innate immune system includes immune cells such as neutrophils,
basophils, eosinophils, dendritic cells, and macrophages which express germline-encoded
pattern recognition receptors (PRRs) on the cell surface, in the cytosol, and in endosomes
which detect pathogen associated molecular patterns (PAMPs), conserved molecules from
pathogens such as proteins, lipids, sugars, and non-self-DNA and RNA (Owen et al., 2013).
Once detected, innate cells such as neutrophils, eosinophils, basophils, and macrophages can
phagocytose extracellular pathogens (Owen et al., 2013). Other innate cells such as natural
killer cells can initiate apoptosis of infected self-cells by releasing perforins and granzymes
(Owen et al., 2013). The innate immune system also includes the complement system, a
family of proteins which circulate in blood and bind to and inactivate pathogens or assist in
their recognition by immune cells (Owen et al., 2013). Non-immune cells, such as epithelial
cells, also function in innate immunity, as they also express germline-encoded PRRs which
allow them to detect pathogens and signal to the innate and adaptive immune systems with
signalling proteins called cytokines (Owen et al., 2013). Once antigen-presenting innate
immune cells have internalized and inactivated a pathogen, they present antigens on major
histocompatibility complex (MHC) proteins to T and B cells of the adaptive immune system

(Owen et al., 2013). These cells express rearranged receptor proteins which undergo
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selection in secondary lymphoid organs to recognize antigens with high specificity (Owen et
al., 2013). Once T and B cells are activated, they undergo clonal expansion, producing many
daughter cells (Owen et al., 2013). Cytotoxic T cells will then survey cells of the body,
scanning MHC class I molecules for the antigen they recognize and if detected, will kill the
infected cell (Owen et al., 2013). Helper T cells will activate other adaptive immune cells and
produce cytokines which tailor an immune response to the pathogen in question (Owen et al.,
2013). B cells begin secreting soluble immunoglobulin molecules, also known as antibodies
(Owen et al., 2013). The immune system is highly interconnected, with immune cells
residing within tissues able to rapidly detect and respond to an infection by recruiting

additional innate and adaptive immune cells to the site of infection (Owen et al., 2013).

The skin is an important immune organ in amphibians as one of the primary barriers
to infection (reviewed in Varga et al., 2019), and also plays additional physiological roles in
amphibians such as osmotic regulation (reviewed in Katz, 1986) and respiration (reviewed in
Tattersall, 2007). Because amphibian skin functions in osmotic regulation and respiration it
must be thin and permeable. This makes the skin, and amphibians, particularly sensitive to
chemical contaminants (Quaranta et al., 2009), often leading to their use as a sentinel species
in environmental monitoring. Despite remaining as a thin membrane to allow these functions,
the skin of amphibians must still perform its function as a barrier to infection. To do this, the
skin employs tight junctions between epithelial cells to form a barrier to pathogens. This is
important, as the two main emerging pathogens of concern for amphibians are either
infections of the skin (i.e. B. dendrobatidis) (pathogenesis reviewed in Baitchman & Pessier,
2013) or must pass through the physical barriers of the skin, gastrointestinal tract, or
respiratory system to establish a systemic infection (i.e. FV3). Amphibian skin cells also
express PRRs (Bui-Marinos et al., 2020, 2021; Ishii et al., 2007) which, as discussed above,
recognize and respond to pathogens by producing cytokines which serve as a signal to
activate and recruit immune cells (reviewed in Constant et al., 2021; Nguyen & Soulika,
2019). The skin of some amphibian species are also rich in AMPs, which are contained in

granular glands, and exhibit activity against a variety of pathogens (reviewed in Patocka et
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al., 2019). AMPs may also contribute to the regulation of the commensal microbiome
(Salzman et al., 2010), though this has not been demonstrated in amphibians. The commensal
skin microbiome is another defence amphibians employ against infection, as metabolites
produced by some commensal bacterial species can have anti-B. dendrobatidis activity, and it
is believed that their presence on the skin can have protective action against chytridiomycosis
(Bates et al., 2022; Harris et al., 2009; Woodhams et al., 2007). In summary, the skin of
amphibians plays crucial roles in immunity by acting as a barrier, producing protective
compounds, hosting the commensal microbiome, and detecting and signalling the presence of

pathogens to the immune system.

1.4 Knowledge Gaps

Although some progress has been made on determining how exposure to
microplastics could affect amphibian species, much work remains. While providing
important information which is essential for informing future studies, the existing body of
literature on the effects of microplastics on amphibians has some common limitations. The
plastics used in previous studies are often of a single polymer, size, and/or shape.
Additionally, animals were often exposed for a short duration. Furthermore, little is known
about the types and prevalence of microplastics in many amphibian habitats. Despite this,
based on what is known about the types of microplastics present in other aquatic ecosystems
(reviewed in Anderson et al., 2016; Andrady, 2011; Barnes et al., 2009; Koelmans et al.,
2019; van Sebille et al., 2015), the exposures conducted in existing studies are not likely
representative of real-life amphibian microplastics exposures, which likely involve many
different shapes, sizes and polymers. Furthermore, amphibians are likely chronically exposed
for the duration of the aquatic stage of their lifecycle. Additionally, few studies have
investigated sublethal effects on the immune system. Finally, to my knowledge, there is only
one published study investigating the effect of microplastics on a North American amphibian
species. This is important as amphibians are a diverse taxon, and the literature shows highly

variable effects of microplastics to different species (Table 1.1).
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The knowledge gap I seek to address in this thesis is the lack of data on the sublethal
effects of environmentally realistic microplastic exposure on the immune functions of
amphibian skin. Given the importance of amphibian skin to immune function, and because
the skin is an organ which comes into direct contact with microplastics, it was selected as the
organ of interest for this thesis. The North American wood frog (Rana sylvatica) was
selected as our study species. The North American wood frog has a widespread distribution
that includes most of Canada, extending from the southern border to as far north as the boreal
forest, and is often used as an indicator species (Berven & Gill, 1983). R. sylvatica was
selected as a model Canadian species for this study because of this and their rapid
development, with tadpoles completing metamorphosis within 3 months of hatching. This
allows a study encompassing all developmental stages to take place within a single field
season. R. sylvatica is susceptible to both FV3 and B. dendrobatidis (Forzéan et al., 2017;
Gahl et al., 2012), which is important for future studies to evaluate changes in disease

susceptibility.

1.5 Thesis Objectives and Hypotheses

With these knowledge gaps in mind, a collaborative project was begun to study the
effects of chronic exposure to a microplastics mixture of a combination of polymers and sizes
on a North American amphibian species. The collaborative study aimed to investigate the
effects of microplastic exposure on developing North American wood frogs by assessing
whole animal endpoints including growth, development, survival, and behaviour (conducted
by collaborators Dr. Diane Orihel and Sam Gene), and sub-organismal endpoints including
effects on the dorsal skin transcriptome at multiple developmental stages (discussed in this
thesis) and on the commensal skin microbiome (not included in this thesis). This thesis had
two objectives. First, to first profile the dorsal skin transcriptome of unexposed wood frogs at
several developmental stages to determine normal changes in gene expression in the dorsal
skin of developing wood frogs over time. The second objective was to evaluate the potential
for microplastic exposure to cause immunotoxicity by evaluating transcriptional responses of

the dorsal skin of developing wood frogs at multiple developmental stages. For the analysis
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of the dorsal skin transcriptome over time, I hypothesized that the expression of genes related
to known developmental changes would be altered across time, such as those related to
keratinization and immunity. I hypothesized that in response to microplastics exposure, genes
involved in recognizing pathogens and signalling to initiate an immune response would be

downregulated in the dorsal skin of developing wood frogs.
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Chapter 2
Methods and Results

2.1 Methods

2.1.1 Animal Ethics

All procedures involving animals were performed in accordance with ethical
standards set by the Canadian Council on Animal Care and were approved by the Queen’s
University Animal Care Committee (Animal Care Protocol #2021-2123). Egg masses were
collected under an Ontario Ministry of Natural Resources Wildlife Scientific Collector’s
Authorization Permit (#1097498 issued to Dr. Diane Orihel). The transfer of wood frog
tissues and skin swabs, as well as water filters to Dr. Barbara Katzenback at the University of
Waterloo was approved by the University of Waterloo Animal Care Committee (Animal

Tissue Utilization Protocol #43235).

2.1.2 Outdoor Mesocosm Exposure Experiment

To replicate “real-life” conditions, a mesocosm experiment was performed in 2021
at the Queen’s Experimental Ecology and Ecotoxicology Living Laboratory (44° 31° 43” N,
76° 22’ 54” W), located at the Queen’s University Biological Station (QUBS). The
experiment was led by S. Gene and Dr. D. Orihel of the QE3 research group. Due to the
COVID-19 pandemic, I, J. Drew Thompson was unable to travel to QUBS to participate in
the mesocosm experiment. Therefore, all procedures at QUBS were performed by S. Gene or

other members of the QE3 group.

2.1.2.1 Overview of Experimental Setup

The exposure study took place in three phases. Phase I ran from April 9 to April 17
and involved rearing eggs in microcosms through hatching to Gosner stage (GS) 24 (Gosner,

1960), at which point the tadpoles were transferred to mesocosms. GS 24 tadpoles are
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identified by the atrophy of external gills and development of the operculum. Phase II ran
from April 18 to June 12, when tadpoles reached GS 40, during which weekly sampling was
performed. GS 40 tadpoles are identified by the appearance of metatarsal and subarticular
tubercles on the hindlimbs. Phase III ran from June 13 until the completion of the experiment
on July 14, when all animals had reached GS 45, when just a tail stub remains, or GS 46,

when metamorphosis has completed.

Three treatments were utilized in the experiment, a negative control or 0x treatment
of 0 g/L of microplastics and two microplastic treatments, a 1x treatment of 0.069 g/L and a
10x treatment of 0.691 g/L (Table 2.1). Micro- and mesocosms were divided into two sets, A
and B. Set A initially had quintuplicate mesocosms for each experimental condition,
however, following a cold weather event on April 27, 2021, mortalities were noted in three
mesocosms along the edge of the water bath they were contained in. As each of these
mesocosms was from a different treatment group, the decision was made to drop these
mesocosms from the experiment and reduce to quadruplicate mesocosms for each treatment.
Set A mesocosms were intended for sampling larvae throughout their development.
Therefore, animals were removed from the mesocosms as the experiment progressed. Set B
mesocosms were mainly intended for assessing the potential for developing amphibians to
act as bio-vectors transporting microplastics from the aquatic to terrestrial environment.
Therefore, animals in the Set B mesocosms were not sampled throughout development, and
were only removed from the experiment upon reaching metamorphic climax at GS 46. Set B
was also used to collect post-metamorphic samples for other non-bio-vector analyses. Set B
contained a single mesocosm for the 0x treatment and a single mesocosm for the 10x
treatment and did not contain any 1x treatment mesocosms. See Figure 2.1 for a schematic of
the mesocosm experimental setup. The experiment was conducted in a gated facility, and
wire mesh frames and exclusion netting were utilized throughout the experiment to prevent

predation.

23



Gosner Gosner | ) ' )

stages stages .5 L/ ‘G\\S LA
1-24 x4 1-24 x1 x1
Treatment Treatment 1x Treatment 10x Treatment Treatment 10x
0x (control, (0.069 g/L) (0.691 g/L) 0x (control, (0.691 g/L)
0g/L) 0g/L)
10 180 10 100
Gosner Gosner
stages stages
24-45 24-45
T xa D xa 20 x4 | LD x1 A
Treatment Treatment 1x Treatment 10x Treatment Treatment 10x
0x (control, (0.069 g/L) (0.691 g/L) 0x (control, (0.691 g/L)
| 09/ L) | 0g/L)
"Set A"
Gosner stage 24-45 sampling
e
Gosner
stage
45-46 .»’fo&&’-—-/ — i"fM'«/
| |

"Set B"
Biovector and Gosner stage 46 sampling

Figure 2.1. Schematic of the experimental setup used to expose developing North
American wood frogs to a microplastics mixture in outdoor mesocosms from eggs until
the completion of metamorphosis.

Fertilized North American wood frog eggs were collected and divided equally into steel (Set
A), or polyethylene (Set B) buckets (microcosms) filled with 5 L of filtered lake water
containing either 0, 0.069, or 0.691 g/L. of a microplastics mixture consisting of equal parts
polypropylene, polystyrene, and polyethylene terephthalate microplastics. Eggs were reared to
hatching and tadpoles allowed to develop to Gosner stage 24, at which point they were moved
into large steel mesocosms containing 200 L of filtered lake water and a corresponding
concentration of microplastics. When metamorphs approached Gosner stage 42, a floating
platform constructed from a stainless steel dog bowl, copper wire, sieved soil, and leaf litter
was added to mesocosms to allow metamorphs to emerge from the water. Set A was intended
for sampling during development, and therefore animals were removed from the mesocosms
as the experiment progressed, until all were removed when they reached Gosner stage 45. Set
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B was intended for assessing developing amphibians as a bio-vector for transporting
microplastics from the aquatic to terrestrial environment. Therefore, Set B animals remained
in the mesocosms for the duration of the experiment until they reached Gosner stage 45, when
they were transferred to terrestrial enclosures containing soil, leaf litter, and a water dish. Set
A consisted of quadruplicate mesocosms, while Set B consisted of one mesocosm for the 0%
condition and one mesocosm for the 10x condition. Figure created with BioRender.com.

Table 2.1. Experimental microplastic treatments used in this study.
Treatment Mass concentration (g/L) Measured particle concentration
(particles/L, mean + standard error)

0x, control 0 0+0
1x 0.069 1.94 x 10*+£2.16 x 103
10x 0.691 1.53 x 10° £2.34 x 10*

Particle concentrations reported in (Gene et al., n.d.) from filtered water samples collected
from each mesocosm after the addition of microplastics.
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2.1.2.2 Microplastics Mixture

The microplastics mixture included an equal number of polypropylene (PP),
polystyrene (PS), and polyethylene terephthalate (PET) particles by count. These polymers
were selected due to their prevalence in the environment and their different buoyancy
properties. The plastics were additive-containing and colour-coded. PP was yellow and is
positively buoyant, PS was pink and neutrally buoyant, and PET was blue and negatively
buoyant. Plastics were manufactured by Techmer PM (Batvia, Illinois, USA) according to
the specifications in Table 2.2 and ground into fragments with a toll grinder under liquid
nitrogen by Custom Processing Service (Reading, Pennsylvania, USA). The plastics had a

size range of 40 — 1450 um (longest dimension) as assessed by Custom Processing Service.
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Table 2.2. Formulations of the plastics used in this study.

Percentage Compound CAS Number
Polypropylene
Yellow, positively buoyant
99.55 Polypropylene resin 9003-07-0
0.25 Bismuth Vanadate pigment 14059-33-7
0.05 Chimassorb 944 HALS UV 70624-18-9
0.05 Tinuvin 622 HALS UV 65447-77-0
0.05 Benzotriazole — Acetostab 236 3896-11-5
0.025 Irganox B215 Antioxidant 6683-19-8
0.025 Irganox 168 Antioxidant 31570-04-4
Polystyrene
Pink, neutrally buoyant
99.6 Polystyrene resin 9003-53-6
0.15 Titanium Dioxide 13463-67-7
0.1 Irgafos 126 Antioxidant 27676-62-6
0.1 N,N Ethylene Bis-stearamide 110-30-5
0.05 Perylene Red 3089-17-6
Polyethylene terephthalate
Blue, negatively buoyant
99.4 Polyethylene terephthalate resin 25038-59-9
0.35 25u Rutile White 13463-67-7
0.25 Ultramarine Blue Red Shade 57455-37-5
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2.1.2.3 Phase I: Collection and Rearing of Wood Frog Eggs for Microplastic Exposure

Experiment

The experiment began in small microcosms where eggs were hatched, and tadpoles
were allowed to develop to GS 24. There were seventeen microcosms total, fifteen
constructed from stainless steel (15 L, 26 cm in diameter, 28.5 cm in height) designated to
Set A, and two constructed from polyethylene buckets (19L, 31 cm in diameter) designated
to Set B. Microcosms were filled with five litres of lake water filtered through a 52 pum sieve.
Quintuplicate Set A microcosms were dosed with either the 0%, 1%, or 10x treatment (Figure
2.1) and single Set B microcosms were dosed with either the 0x or 10x treatment (Figure
2.1). Microcosms were aerated and placed in an outdoor water bath to regulate temperature.
On April 9, 2021, four fertilized R. sylvatica egg masses were collected from Skycroft Ponds
(44° 337 0.31” N, 76° 21’ 41.34” W), located near QUBS. The egg masses were transported
to the experimental facility in an insulated cooler, then divided with sterile scissors and
evenly distributed into microcosms to ensure genetic diversity in each microcosm.
Microcosms were monitored daily for hatchlings and dead eggs. Feeding and monitoring of

environmental properties did not occur during this phase.

2.1.2.4 Phase II and III: Setup of Mesocosms for Microplastic Exposure Experiment

While Phase I was underway, larger mesocosms were set up. These were 300 L steel
tanks (67 cm in diameter, 94 cm in height) filled with 200 L of lake water filtered through a
52 um sieve. Once tadpoles reached GS 24, they were transferred into larger mesocosms.
Fifteen mesocosms were designated as “Set A” and quintuplicate mesocosms dosed with
each treatment (Table 2.1), for an initial total of five replicate mesocosms per treatment,
though mortalities in 0% treatment mesocosm 3, 1x treatment mesocosm 2, and 10x treatment
mesocosm 2 following a cold weather event on April 27, 2021 resulted in these mesocosms
being removed from the study, resulting in quadruplicate Set A mesocosms per treatment.
Two mesocosms were designated at “Set B” and dosed with either the 0x or 10x treatment.
Mesocosms were held in a water bath to regulate temperature, aerated, and covered with steel

mesh. As Set B frogs reached GS 44 — 45, they were transferred from the mesocosms into
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shaded terrestrial enclosures constructed from clear Rubbermaid containers containing soil,
leaf litter, and a bowl of water with a rock platform, where they remained until GS 46, when
skin swabs and tissues were collected for microbiome, transcriptome, and microplastic

accumulation analysis. No analyses of Set B samples are reported in this thesis.

On April 17, 2021, when tadpoles had reached the free-feeding stage (GS 24), they
were transferred from microcosms to a mesocosm with a corresponding concentration of
microplastics. Twenty-four tadpoles were transferred into each Set A mesocosm, while thirty
were transferred into each Set B mesocosm. Tadpoles fed on a diet of biofilm and tank
debris, supplemented by ad libitum addition of crushed commercial tadpole food (Thrive
Frog, Newt & Tadpole Diet). Daily monitoring for mortalities and signs of disease occurred
throughout the mesocosm experiment. Daily monitoring of dissolved oxygen, percent oxygen
saturation, water temperature, conductivity, pH, and salinity occurred throughout the
experiment, while ammonia was measured every other day. These measurements were taken
with a Hach dissolved oxygen probe (model HQ40d) and a Hanna pH meter (model
H198129). Surface water temperature and light intensity were measured throughout the day
using twenty-four-hour HOBO©O Pendant monitors (model MX2202). When metamorphs
began to reach GS 42, a platform constructed from a stainless-steel dog bowl, copper wire,
sieved soil, and leaf litter was added to each mesocosm. Sticks were attached to the side of

platforms to act as a ramp to allow metamorphs to emerge from the water.

2.1.2.5 Overview of Animal Handling

As multiple research groups were receiving data from the mesocosm experiment,
additional handling of animals was performed in addition to the sampling described in
Sections 2.1.2.6 — 2.1.2.7. A summary of all handling is described here, while the sampling
for this thesis is described in detail in the proceeding sections. Tadpoles were not handled
during Phase I until they were transferred to mesocosms. During Phase 11, all Set A tadpoles
were removed from the mesocosms once weekly to be photographed for assessment of
growth and development. Two tadpoles per Set A mesocosm were removed from the

experiment and euthanized each week. On May 28, three tadpoles were temporarily removed
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from each Set A mesocosm to undergo behavioural testing. On June 6, three tadpoles (GS 36
—41) were removed from each Set A mesocosm and swabbed before being returned to the
mesocosms. Once the experiment progressed to Phase 111, all Set A metamorphs were
removed from the mesocosms daily for the collection of photographs to assess growth and
development. Lethal sampling of one metamorph from each Set A mesocosm occurred on
June 22 (GS 40 — 45). As Set A metamorphs reached Gosner stage 45, they were swabbed
(Section 2.1.2.7) for microbiome analysis (not reported in this thesis), and tissues collected
for transcriptomic (Sections 2.1.2.6, 2.1.3 — 2.1.10) or microplastic accumulation (reported in
Gene et al., n.d.) analyses. After Set B metamorphs were transferred to terrestrial enclosures,
they were not handled until completion of the experiment on July 14 (GS 46), when they
were swabbed (Section 2.1.2.7) for microbiome analysis (not reported), and tissues collected
(Section 2.1.2.6) for transcriptomic (not reported) and microplastic accumulation (not

reported) analyses.

2.1.2.6 Sampling of Tissues

Once a week during Phase 11, one tadpole was removed from each Set A mesocosm,
anesthetized in a bath of 0.01% m/v tricaine methanesulphonate (MS-222), buffered with
sodium bicarbonate in water for 10 min, then euthanized in a bath of 0.2% buffered MS-222
for 15 min. Tadpole abdomens were opened with flame-sterilized scissors and the whole
tadpole submerged in 5 mL of RNAlater (Sigma, cat. no. R0O901) in a nuclease-free 15 mL
conical tube (FroggaBio, cat. no. TB15-500). Abdomens were opened to allow the RNAlater
to fully saturate all tissues. The first occurrence of this weekly sampling was on April 24 and

the last was on June 5, for a total of seven weekly samplings.

During Phase III, on June 22 when metamorphs were at an approximate average GS
of 42, an additional whole-body sampling of one metamorph from each Set A mesocosm
occurred according to the above procedure. As Set A metamorphs reached Gosner stage 45
(June 24 — July 9), they were removed from their mesocosm tank, anesthetized and
euthanized as above, and the dorsal and ventral skin, gastrointestinal tract, liver, and spleen

dissected in the field using sterile tools and preserved in 0.5 mL of RNAlater contained in a
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nuclease-free 1.5 mL microcentrifuge tube (VWR, cat. no. 89000-028). Tissues from three
metamorphs per Set A tank were collected in this manner. These GS 45 metamorphs were
swabbed (Section 2.1.2.7) prior to collection of tissues, except for the following individuals:
(1) 0x treatment, mesocosm 2, replicate c; (2) 10x treatment, mesocosm 1, replicate c; and

(3) 10x treatment, mesocosm 4, replicate a.

In Phase III, on July 14, once all Set B animals had reached Gosner stage 46, four
froglets from each treatment were euthanized as above, the dorsal and ventral sides of the
skin swabbed (Section 2.1.2.7) prior to tissue collection, and the dorsal skin, ventral skin,
gastrointestinal tract, liver, and spleen dissected and preserved in 0.5 mL of RNAlater

contained in a nuclease-free 1.5 mL microcentrifuge tube.

All tissue samples were stored at -20 °C at QUBS. Samples were transported to the
University of Waterloo on dry ice and upon receipt on August 24, 2021, stored at -80 °C.

2.1.2.7 Collection of Skin Swabs and Water Filters

Although the methodology for collection of skin swabs and water samples is
reported here for completeness, their analysis is not reported in this thesis. Sampling for
commensal skin microbiota from Set A mesocosms occurred in Phases II and III. In Phase 11,
on June 6 (Gosner stages 36 — 41), three animals from each Set A mesocosm were swabbed.
In phase III, Set A metamorphs were swabbed when they reached Gosner stage 45 (June 24 —
July 2, 2021) until swabs had been collected from three animals per mesocosm. To collect
the resident skin associated microbiota, an individual was captured and rinsed with sterile
deionized water to remove transient microbes. Next the dorsal surface, both sides of the
individual, and the area surrounding the mouthparts was swabbed twelve times with a sterile
rayon-tipped applicator (Puritan, cat. no. 25-806). The tip of the applicator was cut into a
nuclease-free 1.5 mL microcentrifuge tube (VWR, cat. no. 89000-028) using flame-sterilized
scissors. To control for microbes present in the air at the time of swabbing, two field air
blanks were collected by moistening a sterile rayon tip applicator with sterile deionized water

and mimicking the swabbing motion in the air. For the first Set A timepoint, one field blank
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was collected at the start of swabbing, and one at the end of swabbing. For the second Set A
timepoint, one field blank was collected on the first swabbing day (June 24, 2021) and a
second on the final swabbing day (July 2, 2021). In addition to the collection of swabs, a
water sample was collected from each Set A mesocosm tank during the Phase II swabbing
event. A sterile 60 mL syringe (VWR, cat. no. 76124-656) was used to collect 50 mL of
water from a mesocosm tank which was then filtered through a 0.22 um Sterivex GP filter
(MilliporeSigma, cat. no SVGP01050, lot no. 1818/08234). The same syringe was then used
to pass 50 mL of air through the filter to remove residual water. Each filter was placed into a

sterile, nuclease-free 50 mL conical tube (FroggaBio, cat. no. TB50-500).

Set B animals were swabbed on July 14, when all were at Gosner stage 46. Six
froglets from the Set B 0x treatment and eight from the Set B 10% treatment were swabbed
according to the above procedure. Field blanks were not collected for the Set B samples.
Water samples were not collected during swabbing of GS 45 and 46 froglets because they

had moved to a terrestrial environment.

Skin swabs and water filters were stored at -20 °C at QUBS. Samples were
transported to the University of Waterloo on dry ice and upon receipt on August 24, 2021,
stored at -80 °C.
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Figure 2.2. Schematic of samples collected from a mesocosm experiment exposing
developing North American wood frogs to a microplastics mixture.

Once a week for seven weeks after tadpoles were introduced to the large mesocosms at Gosner
stage 24, one tadpole was removed from each Set A mesocosm, euthanized, and preserved in
RNAlater. When metamorphs were all at approximately Gosner stage 42, one metamorph was
removed from each Set A mesocosm, euthanized, and preserved in RNAlater. As Set A animals
reached Gosner stage 45, they were euthanized and the dorsal skin, ventral skin, gut, liver, and
spleen collected and preserved in RN Alater. Skin swabs were collected from three animals per
Set A mesocosm at two timepoints: when tadpoles were between Gosner stages 36-41, and
when froglets had reached Gosner stage 45. Field blanks were also collected at this time.
During the first swabbing timepoint, a 50 mL water sample was also collected from each
mesocosm and filtered to capture the microbial community of the mesocosm water. Samples
were only collected from Set B animals once they had reached Gosner stage 46. At this point,
their skin was swabbed, and they were euthanized before collection of the dorsal skin, ventral
skin, gut, liver, and spleen and preservation of tissues in RNAlater. Placement of tadpoles in
the figure depict when whole-body samples were collected. Placement of swabs and water
filters depict when these samples were collected. Placement of tissue images depict timepoints
when these tissues were dissected in the field. Samples outlined in red boxes were analyzed in
this thesis. Figure created with BioRender.com.
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2.1.3 Samples Used in this Thesis

Three timepoints were selected for RNA extraction and sequencing of the dorsal
skin transcriptome. These were tissues collected on May 29 (six weeks after transfer to
mesocosm tanks, average GS 34, hereby referred to as GS ~34), June 22 (nine weeks and
three days after transfer to mesocosm tanks, GS ~42), and at Gosner stage 45 (June 24 — July
9, nine weeks and five days — eleven weeks and six days after transfer to mesocosm tanks,
GS 45) (Table 2.3). Because GS ~34 and GS ~42 collections only contained a single animal
from each mesocosm, RNA was isolated from all samples from these timepoints. Because
three samples were collected from each mesocosm at GS 45, a random number generator
(random.org) was used to select a GS 45 replicate dorsal skin sample to isolate RNA from.
The selected GS 45 samples were collected between June 24 — June 30, 2021 (nine weeks
and five days to ten weeks and four days after transfer to mesocosm tanks). Therefore, RNA

was extracted from four biological replicates per treatment at each timepoint.

2.1.4 RNA Extraction

Whole body samples stored in RNAlater were thawed on ice and dissected under an
Optika SZN-2 stereoscope using sterile dissection tools. To prevent RNA degradation,
tissues were kept submerged in RNAlater in a petri dish throughout dissection. As tissues
were removed, excess RNAlater was removed by blotting on a clean Kimwipe (Kimberly-
Clark Professional, cat. no 34155, vendor: Fisher Scientific, cat. no. 06-666-2), placed in a
new 1.5 mL microcentrifuge tube, flash frozen in liquid nitrogen, and stored at -80 °C.
Tissues from GS 45 animals which were dissected in the field and stored in RNAlater were
thawed on ice, blotted dry on a clean Kimwipe, moved to a fresh microcentrifuge tube, flash

frozen in liquid nitrogen, and stored at -80 °C.

RNA was extracted using TRI Reagent (Sigma, cat. no. T9424) following a
modified version of the manufacturer’s protocol. Briefly, samples were removed from the
freezer and 500 pL of TRI Reagent was added to each tube. Tissues were homogenized by
repeated passage through 18-, 21-, and 25-gauge needles (Air-Tite, cat nos. N18112,
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N21112, N25112) attached to a 1 mL syringe (Air-Tite, cat. no. MS1), and allowed to
incubate on ice for 5 min. Next, 100 uL of chloroform (Fisher Scientific, cat. no. C298-4, lot
no. 164411) was added and tubes were mixed by vigorous shaking for 15 s. Following a 15
min incubation on ice, samples were centrifuged at 2 °C for 15 min at 12,000 % g. The
resulting upper aqueous phase was transferred to a new 1.5 mL microcentrifuge tube and 250
uL of isopropanol was added. This was mixed by inversion and kept on ice for 15 min to
allow RNA to precipitate. Samples were centrifuged at 2 °C for 10 min at 12,000 x g to pellet
RNA. Pellets were washed five times by removing the supernatant, adding 750 pL of 75%
ethanol, vortexing for 5 s, and centrifuging at 2 °C for 5 min at 7,500 x g. Following the final
wash, the supernatant was removed, and the pellet was air-dried for 15 min under a Bunsen
burner. Pellets were resuspended in 30 pL of nuclease-free water by heating at 55 °C for 10
min. Nucleic acid concentration, and A260/280 and A260/230 ratios were measured using a
Cytation5 Multimode Reader (BioTek) with the Take3 Trio accessory (BioTek). Highly
concentrated GS 45 extractions were diluted with nuclease-free water and re-quantified to

obtain reliable measurements.

To improve the purity of select samples that did not meet A260/280 and A260/230
thresholds, GS ~34 samples from 0x treatment mesocosm 5, 1x treatment mesocosm 4, and
1% treatment mesocosm 5 underwent ethanol precipitation. First, 0.1 volumes of 3 M sodium
acetate, pH 5.2 was added to the sample and mixed via inversion. Next, 3 volumes of 100%
ethanol were added and mixed by gently vortexing. Samples were incubated at -20 °C
overnight to facilitate RNA precipitation. RNA was pelleted by centrifugation at 2 °C for 30
min at 12,000 % g. The supernatant was removed, and the pellet washed twice by adding 1
mL of 75% ethanol, vortexing briefly, then centrifuging at 2 °C for 10 min at 12,000 x g.
After the final wash, the supernatant was removed, and the pellet was air-dried for 10 min
followed by the addition of 25 pL of nuclease-free water and incubation on ice for 60 min to
ensure complete resuspension prior to reanalysis of A260/280 and A260/230 ratios. Rather
than molecular-grade 75% ethanol, non-molecular grade 75% ethanol that had previously

been used to sterilize dissection tools was mistakenly used in the wash steps. After assessing
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RNA quality, integrity, and RNA-seq read quality metrics and transcriptional profiles, it was
decided to include these ethanol-precipitated samples in the analysis (see Section 3.1.5 for
discussion of this point). However, the GS ~34 sample from 1x treatment mesocosm 5 was

excluded due to low RNA yield.

All total RNA samples were stored at -80 °C. To prepare for sequencing, 27 puL
aliquots were prepared at 28 ng/uL, with two microlitres being used to quantify the aliquots

and the remaining 25 pL used for sequencing.

2.1.5 RNA Sequencing

Samples from three developmental timepoints, GS ~34, GS ~42, and GS 45 were
selected for RNA sequencing (Table 2.3). Four RNA samples were isolated per microplastic
treatment (0%, 1x, 10x), however, GS ~34 samples from 1% treatment mesocosm 5 and 10x
treatment mesocosm 1 were excluded from sequencing due to insufficient RNA yield. As a
result, 34 samples were sent to The Centre for Applied Genomics, part of the Hospital for
Sick Children (Toronto, Ontario, Canada) where RNA integrity was assessed with a
Bioanalyzer (Aligent) (Figure A.1) and mRNA enrichment and library preparation was
performed with a NEBNext Ultra II Directional RNA Library Prep Kit for [llumina (NEB).
Paired-end 150 base pair sequencing was performed on one lane of a NovaSeq 6000 S4

flowcell.
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Table 2.3. Information on total RNA extracted from the dorsal skin of wood frogs
exposed to varying concentrations of a microplastics mixture throughout development.

s s G E A
£ T & & & § § gg=x= z2 =

= = = & 3 < < 5" k>
GS34  0x 1 - 34 193 18 193 10 8 Y
GS~34  0x 2 - 34 1905 2127 227 83 81 Y
GS~34  0x 4 - 31 2029 2022 15 10 90 Y
tGS~34  0x 5 - 35 2033 1903 31 99 8 Y
GS~34  Ix 1 - 33 1832 2257 187 85 8 Y
GS~34  Ix 3 - 33 1874 232 127 10 8 Y
1GS~34  Ix 4 - 35 2028 2131 207 82 89 Y
1GS~34 1x 5 - 33 2067 1572 204 - - N
GS~34 10x 1 - 33 2204 0121 43 - - N
GS ~34 10x 3 - 34 1921 2.131 14 10 88 Y
GS~34  10x 4 - 33 1926 2089 213 97 84 Y
GS~34 10x 5 - 34 1921 1973 22 10 8 Y
GS ~42 0x 1 - 41 1914 2205 14 10 90 Y
GS ~42 0x 2 - 43 1929 2216 22 10 85 Y
*GS~42  0x 4 - 45 1945 1787 207 77 54 Y
GS~42  0x 5 - 40 1963 2031 193 91 8 Y
GS~42  I1x 1 - 4 195 197 113 10 8 Y
GS~42  Ix 3 - 44 1937 2227 133 24 46 Y
GS~42  1x 4 - 41 1919 2266 8 10 89 Y
GS~42 I1x 5 - 4 196 1836 147 10 90 Y
GS~42  10x 1 - 43 1959 2221 20 96 8 Y
GS~42  10x 3 - 44 1981 2097 133 99 8 Y
GS~42  10x 4 - 41 1845 2432 167 96 8 Y
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£ s : % £ § § B z %

= = = &% g = < S R
GS ~42 10x 5 - 40 1.887 2.184 173 99 &4 Y
GS 45 0x 1 B 45 1975 2.147 147 9.8 81 Y
GS 45 0x 2 C 45 1919 241 167 94 80 Y
GS 45 0x 4 B 45 2.059 201 18 95 86 Y
GS 45 0x 5 B 45 1.894 2399 173 9.7 86 Y
GS 45 1x 1 B 45 1959 2286 12 81 79 Y
GS 45 1x 3 A 45 2.026 2224 14 10 &4 Y
GS 45 1x 4 B 45 1922 2429 12 10 &4 Y
GS 45 1x 5 A 45 1921 2277 14 98 &4 Y
GS 45 10x 1 C 45 2.017 1.604 173 9.8 82 Y
GS 45 10x 3 B 45 1916 2326 153 92 &4 Y
GS 45 10x 4 A 45 1.952 2396 207 9 82 Y

GS 45 10x 5 B 45 1903 2467 193 94 &0 Y

RNA was extracted from thirty-six dorsal skin samples from developing wood frogs exposed
toa 0x (0 g/L), 1x (0.069 g/L), or 10x (0.691 g/L) microplastic treatment. This table provides
information on these samples including the sampling timepoint, treatment, Gosner stage (GS),
A260/280 and A260/230 absorbance ratios of these samples, as well as RNA concentration,
RNA integrity number (RIN), and DV200 (the percentage of fragments > 200 bp) as reported
by the sequencing centre Bioanalyzer (Aligent) (Figure A.l). The sample denoted by the
asterisk (*) was collected with GS ~42 samples, but was at GS 45, and was therefore analyzed
with the other GS 45 samples. The samples denoted by a dagger (1) underwent ethanol-
precipitation to improve quality for sequencing. For samples which were not sequenced, the
reported concentration was measured with the Cytation5 (BioTek).
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2.1.6 Quality Filtering of RNA-seq Reads

FastQC v0.12.0 (Andrews, 2010) and MultiQC v1.13 (Ewels et al., 2016) were used
to monitor quality metrics including sequence quality, sequence content, N content, length
distributions, duplication levels, overrepresented sequences, and adapter content throughout
quality control. FastQC was provided the NEBNext adaptor sequences:
AGATCGGAAGAGCACACGTCTGAACTCCAGTCA and
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT. Rcorrector v1.0.6 (Song & Florea,
2015) was used for k-mer based error correction with default settings. To remove reads
which Rcorrector deemed erroneous through its k-mer analysis algorithm, but was unable to
correct, the FilterUncorrectabledPEfastq.py script provided by the Harvard Informatics
Group (https://github.com/harvardinformatics/TranscriptomeAssemblyTools) was used.
Next, fastp v0.23.4 (Chen, 2023) was used to trim the above adaptor sequences, remove
leading and trailing bases with a quality score less than 20, move a sliding window of 4 bases
from left to right and drop any bases before any window with an average quality less than 20,
trim poly-G and -X sequences, remove any N-containing reads or reads with 10% of bases
having quality scores less than 20, and drop any remaining reads with length less than 36
bases. Finally, RiboDetector v0.2.7 (Deng et al., 2022) with Python v3.9.6 was used to filter
out residual reads classified as rRNA. Paired reads which passed these quality control steps
were used for downstream analysis. These steps were conducted on the Digital Research
Alliance of Canada (alliancecan.ca) Graham compute cluster (sharcnet.ca). See Figure 2.3 for

a summary schematic of the bioinformatics workflow.

2.1.7 Reference-Guided Assembly and Abundance Estimation

Filtered paired reads from Section 2.1.6 were aligned to the R. sylvatica genome
(GenBank accession GCA 028564925.1) using HISAT2 v2.2.1 (Kim et al., 2019) with the
following optional parameters: [--rna-strandedness RF --dta]. RF represents the type of
stranded RNA-seq library preparation protocol utilized, while --dta is used when the
alignment will be input to an assembler. HISAT2 output was piped through SAMtools v1.17
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(Danecek et al., 2021) to produce sorted BAM files. Per-sample BAM files were assembled
independently using StringTie v2.2.1 (Kovaka et al., 2019) with the following optional
parameter: [--rf]. To generate a set of non-redundant transcripts, StringTie was used in merge
mode [--merge] again with the parameter [--rf]. The GffRead program (v0.12.7) (Pertea &
Pertea, 2020) was used to obtain the sequences of the resulting transcripts in FASTA format.
To estimate transcript abundances and generate read coverage tables, StringTie was run once
more for each sample with the options [-B -e] (these indicate to StringTie to estimate the
transcript abundances) as well as the [--rf] parameter, providing the assembled transcripts
with the [-G] parameter. The prepDE.py3 script bundled with StringTie was used with
Python v3.10.2 and provided the optional parameter [-1 148] (average read length) to
generate a count matrix for use with DESeq2. TransRate v1.0.3 (Smith-Unna et al., 2016)
was used to calculate the transcriptome N50 value. These steps were conducted on the

Digital Research Alliance of Canada (alliancecan.ca) Graham compute cluster (sharcnet.ca).

2.1.8 Transcriptome Annotation

TransDecoder v5.7.1 (Haas, 2023) was used to predict coding regions in assembled
transcripts. First, TransDecoder.LongOrfs was run with the [-S] parameter for stranded RNA-
seq data, and [-m 50] to set the minimum CDS length to 50. Next, homology searches were
run on the initial FASTA file of all potential coding regions. A BLASTP search was run
using the BLAST+ software suite v2.14.0 (Camacho et al., 2009) against the UniRef90
database (retrieved July 20, 2023) (The UniProt Consortium et al., 2023) with an E-value
threshold of 1x107 and [-max_target_seqs 1]. A search against the Pfam database (retrieved
September 16, 2023) (Mistry et al., 2021) was performed with HMMER v3.3.2 (Eddy, 2020)
with an E-value threshold of 1x107. The results of these searches were provided to
TransDecoder.Predict with the optional parameter [--single best only] to obtain a final set of
coding sequences, retaining only the single best predicted candidate coding sequence for
each transcript. These steps were conducted on the Digital Research Alliance of Canada

(alliancecan.ca) Graham compute cluster (sharcnet.ca).
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Trinotate v4.0.1 (Bryant et al., 2017) was used to perform functional annotation of
assembled transcripts. It uses multiple softwares to perform annotation: Perl v5.30.2, sqlite
v3.38.5, Python 3.10.2, BLAST+ v2.14.0 (Camacho et al., 2009), HMMER v3.3.2 (Eddy,
2020) and the Pfam database (Paysan-Lafosse et al., 2023), Infernal v1.1.4 (Nawrocki &
Eddy, 2013) and the Rfam database (Kalvari et al., 2021), TMHMM v2.0c (Krogh et al.,
2001), SignalP 6.0 (Teufel et al., 2022), and eggNog-mapper v2.1.12 (Cantalapiedra et al.,
2021). Databases, including Swiss-Prot (The UniProt Consortium et al., 2023), were
automatically retrieved by Trinotate on August 22, 2023. Trinotate was run on the Digital
Research Alliance of Canada (alliancecan.ca) Cedar compute cluster (training.westdri.ca).
Additional BLASTP and BLASTX searches of the UniRef90 database (retrieved July 20,
2023) with an E-value threshold of 1x10- and [-max_target seqs 1] were performed on the

Digital Research Alliance of Canada (alliancecan.ca) Graham compute cluster (sharcnet.ca).

2.1.9 Differential Gene Expression Analysis

All remaining steps were performed on an Intel MacBook Pro running macOS
14.2.1 and using R v4.3.2 (R Core Team, 2023). DESeq2 v1.42.0 (Love et al., 2014) was
used to perform differential expression analysis at the gene level using gene expression
counts returned by prepDE.py3 (Section 2.1.7). To find genes which had altered expression
across development (objective one), pairwise comparisons of 0x (control) tissues across the
three sequenced timepoints were performed. To find genes which had altered expression
from microplastic exposure (objective two), each microplastic treatment timepoint was
analyzed independently against that timepoint’s 0x microplastic treatment samples (i.e. 1x
versus 0x and 10x versus 0x at each timepoint). GS ~42 sample 0x treatment mesocosm 4
was at Gosner stage 45, and clustered with other GS 45 samples in a PCA (Figure 2.7A) and
was therefore analysed with the GS 45 samples. Prior to analysis, counts from each timepoint
were filtered to retain only genes with a count of 10 in at least the number of samples in the
smallest group at that timepoint (e.g. if n = 3, then retain only genes with a count of 10 in at
least 3 samples). Results for each comparison were extracted using default values (log> fold

change threshold of zero) and an alpha value of 0.05. To filter for biological significance, in
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this case a fold change of at least two, only genes with a [log: fold change| greater than or

equal to one were considered differentially expressed.

2.1.10 Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) of GO terms and KEGG pathways was
performed with clusterProfiler v4.10.0 (Wu et al., 2021) with a seed value of 629974668
(generated at random.org) set to enable reproducibility of GSEA results. Trinotate was used
for GO term assignment from Swiss-Prot BLAST results and KEGG pathway assignment
from EggNOG-mapper. These mappings were provided to the GSEA function along with a
ranked list of shrunken log: fold changes for all genes detected in the experiment as
calculated by DESeq2. Shrunken log> fold changes were calculated with the apeglm v1.24.0
R package (Zhu et al., 2019), available through convenience functions in the DESeq2
package. These analyses were again performed for each differential expression comparison
performed in Section 2.1.9 to determine the effects of development and microplastic
treatment on the wood frog dorsal skin transcriptome. The GO.db v3.18.0 (Carlson, 2023)
and KEGGREST v1.42.0 (Tenenbaum, 2023) R packages were used to obtain information on

the enriched terms and pathways.

2.1.11 Data Analysis and Figure Generation

All data analysis and figure generation was performed with R v3.4.2 (R Core Team,
2023). Histograms and bar charts were plotted with ggplot2 v3.4.4 (Wickham, 2016).
Principal components analysis (PCA) and heatmap clustering was performed with gene-level
expression count values normalized with the varianceStabilizingTransformation function
provided in the DESeq2 v1.42.0 package (Love et al., 2014). PCA was conducted with the
plotPCA function in the DESeq?2 package and plotted with ggplot2. For heatmap clustering,
normalized counts were scaled with the built-in scale function, and plotted with pheatmap
v1.0.12 (Kolde, 2019). Venn diagrams were produced with the VennDiagram v1.7.3 R
package (Chen, 2022). UpSet plots were produced with the UpSetR v1.4.0 R package

(Gehlenborg, 2019). Dotplots were produced with the dotplot function in the enrichplot
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v1.22.0 R package (Yu, 2023). Enrichment maps were produced by calculating the Jaccard
similarity coefficient between enriched terms with the pairwise termsin function and plotting
with the emapplot function in the enrichplot package. Volcano plots were produced with the

EnhancedVolcano v1.20.0 R package (Blighe et al., 2023).

2.1.12 Code and Data Availability

The code used for all analyses in this thesis is available at
https://github.com/dthom7/MScThesisCode.git. The output of the R sessionInfo() function
from the computer used to generate the data in this thesis is provided in Appendix C. The

data presented in this thesis is available upon request.
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Figure 2.3. Bioinformatics analysis workflow to analyze dorsal skin RNA samples from
wood frogs exposed to varying concentrations of a microplastics mixture.

RNA was isolated from dorsal skin of wood frogs exposed to varying concentrations of a
microplastics mixture and sent to The Centre for Applied Genomics (Toronto, Ontario,
Canada) for library preparation and RNA sequencing. Raw reads were quality filtered with a
combination of Rcorrector (Song & Florea, 2015), fastp (Chen, 2023), and RiboDetector (Deng
et al., 2022). Filtered paired reads were aligned to the R. syl/vatica genome (GenBank accession
GCA _028564925.1) using HISAT2 (Kim et al., 2019) and assembled with StringTie (Kovaka
et al., 2019). StringTie was also used for abundance estimation. Transcripts were annotated
with Trinotate (Bryant et al., 2017). DESeq2 (Love et al.,, 2014) was used to perform
differential expression analysis at the gene level, followed by gene set enrichment analysis
with clusterProfiler (Wu et al., 2021). Figure created with BioRender.com.
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2.2 Results

2.2.1 Study Design and RNA Sample Quality

To emulate a real-world scenario of how exposure to microplastics might affect the
transcriptomic regulation of anuran skin function, we conducted a mesocosm experiment
consisting of three treatment groups (0%, 1x, 10x) in quadruplicate tanks in which wood frog
(Rana sylvatica) larvae were continuously exposed to a microplastics mixture from eggs to
the penultimate stage of metamorphic climax (Gosner stage 45). To evaluate organism-level
effects, our collaborators conducted water quality measurements, evaluated growth and
development, and conducted microplastic accumulation analysis. These results are reported
in (Gene et al., n.d.). The focus of this thesis chapter is to report the results of a
transcriptomic analysis. The first objective was to evaluate changes in the wood frog dorsal
skin transcriptome across several developmental timepoints. The second objective was to
evaluate the sub-organismal effects of microplastic exposure on developing wood frogs by

evaluating how microplastic exposure alters transcription in the dorsal skin.

Sequencing of three developmental stages was targeted: late premetamorphosis
(average Gosner stage 34; GS ~34), early metamorphic climax (average Gosner stage 42; GS
~42), and late metamorphic climax (Gosner stage 45; GS 45) (Etkin, 1932) (Figure 2.4A).
These targeted Gosner stages corresponded to 50 days, 74 days, or between 74 — 82 days of
exposure, respectively, to a microplastics mixture (Figure 2.4B). Initially, RNA was
extracted from one individual from each replicate tank per treatment and timepoint (n = 4).
However, after quality analysis and control of isolated RNA samples (Table 2.3), two
samples were excluded because of insufficient quantity (GS ~34 wood frog in the 0x
microplastics mixture exposure group, mesocosm 1 and GS ~34 wood frog in the 1x
microplastics mixture exposure group, mesocosm 5). In total, 34 samples met the criteria for
RNA sequencing and were sequenced, resulting in a sample size of n = 3 — 5 larvae from

different mesocosms per treatment/developmental stage combination.
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Figure 2.4. Gosner stages and days of exposure of wood frog larvae that were exposed to
a microplastics mixture prior to being sampled for use in RNA sequencing of dorsal skin.
Wood frog larvae were raised from eggs while exposed to a 0x (control), 1x, or 10x
microplastics treatment. Three timepoints were selected to sample dorsal skin for RNA
sequencing and the A) Gosner stage (GS) and B) days of exposure to microplastics of wood
frog larvae (n = 3 — 5) at each sampling time point are shown. The first was after 50 days of
exposure to microplastics. These larvae had an average Gosner stage of 34 (GS ~34). The
second was after 74 days of exposure and had an average Gosner stage of 42 (GS ~42). The
final timepoint was at Gosner stage 45 (GS 45) and these samples were collected between 74
and 82 days of exposure.
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2.2.2 RNA-seq Quality Control and Reference-Guided Assembly

Because a wood frog reference genome was not available at the time of RNA
sequencing, samples were sequenced deeply and a total of over 3 billion paired raw reads
were obtained from the sequencing run of 34 dorsal skin samples. The number of paired
reads per sample ranged from 70,532,786 to 118,753,411 (Table 2.4). After quality control
steps including error correction and removal of uncorrectable reads, low-quality and adaptor
sequence removal, and removal of rRNA sequences, a total of over 2.6 billion paired reads
remained, with between 61,927,776 and 104,826,643 paired reads per sample (Table 2.4,
Figure A.2 — Figure A.7). These reads were aligned to the wood frog genome (GenBank
accession GCA 028564925.1) with an overall average alignment rate of 83.24%. Aligned
reads were assembled into 96,645 transcripts by StringTie, with the transcripts belonging to
45,926 genes as assigned by StringTie (Table 2.4). The length of assembled transcripts
ranged from 200 to 91,419 bases, with a mean length of 2,717 bases (Table 2.4) resulting in a
positively skewed distribution of transcript lengths (Figure 2.5).

To functionally annotate assembled transcripts, the single best candidate coding
sequence for each transcript was predicted with TransDecoder and the results queried in
multiple databases using a combination of Trinotate and custom BLAST (Camacho et al.,
2009) searches. A total of 77,223 transcripts contained a predicted candidate coding
sequence. These transcripts belonged to 30,524 StringTie-predicted genes (Table 2.4). The
shortest predicted candidate coding sequence was 120 bases, and the longest was 89,553
bases, with a mean of 1,374 bases (Table 2.4), resulting in a positively skewed distribution
(Figure 2.6) similar to the distribution of transcript lengths. Input to Trinotate included both
the assembled transcripts and predicted candidate coding sequences, which were queried
against Trinotate’s primary database for annotation, the Swiss-Prot database (The UniProt
Consortium et al., 2023), a manually curated reference set of proteins. Homology was
transferred to assembled transcripts using the BLASTP and BLASTX algorithms. Out of the
77,223 total predicted candidate peptides, 70.3% had a BLASTP hit in the Swiss-Prot
database (Table 2.5). Utilizing BLASTX, 56.2% of transcripts had homology to a sequence
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in the Swiss-Prot database (Table 2.5). To increase the number of functionally annotated
assembled transcripts, queries of additional databases and tools were performed, including
UniRef90 (The UniProt Consortium et al., 2023) for additional homology annotations, Rfam
(Kalvari et al., 2021) to annotate RNA families, Pfam (Paysan-Lafosse et al., 2023) to
annotate protein families, SignalP (Teufel et al., 2022) to detect signal peptides, TmHMM
(Krogh et al., 2001) to detect transmembrane domains, and EggNOG (Cantalapiedra et al.,
2021), which provides additional functional annotation (Table 2.5). While the successful
functional annotation of assembled transcripts varied with the database queried or
program/tool used, a total of 77,166 of 96,645, or 79.8% of transcripts received an annotation

from at least one database or program (Table 2.5).
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Table 2.4. RNA-seq and Transcriptome Summary Statistics.

Minimum raw reads per sample

Mean raw reads per sample

Maximum raw reads per sample

Total raw reads

Minimum clean reads per sample

Mean clean reads per sample

Maximum clean reads per sample

Total clean reads

Genome overall alignment rate (mean =+ s.d.)
StringTie genes

StringTie transcripts

Minimum transcript length

Mean transcript length

Maximum transcript length

N50

Total number of predicted candidate coding sequences (CDS)
Transcripts with predicted candidate CDS
Genes with predicted candidate CDS
Minimum predicted candidate CDS length
Mean predicted candidate CDS length
Maximum predicted candidate CDS length

70,532,786
89,648,337
118,753,411
3,048,043,472
61,927,776
78,642,746
104,826,643
2,673,853,359
83.24% + 1.90%
45,926

96,645

200

2,717

91,419

4,622

77,223

77,223
30,524

120

1,374

89,553

N50: the length of the shortest contig, such that this contig and all contigs larger than it covers

50% of the total transcriptome length. s.d.: standard deviation.
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Table 2.5. Transcriptome Annotation Rates.

Database or Program Polypeptide Transcripts Genes
Candidates

Swiss-Prot (BLASTP) 54,320 (70.3%) 54,320 (56.2%) 18,631 (40.6%)
Swiss-Prot (BLASTX) N/A 56,486 (58.4%) 20,264 (44.1%)
UniRef90 (BLASTP) 65,258 (84.5%) 65,258 (67.5%) 24,592 (53.5%)
UniRef90 (BLASTX) N/A 75,365 (78.0%) 31,049 (67.6%)
Rfam (Infernal) N/A 450 (0.47%) 226 (0.49%)
Pfam (HMMER) 49,499 (64.1%) 49,499 (51.2%) 16,737 (36.4%)
SignalP 6,059 (7.85%) 6,059 (6.27%) 2,316 (5.04%)
TmHMM 13,763 (17.8%) 13,763 (14.2%) 5,493 (12.0%)
EggNOG 55,323 (71.6%) 55,323 (57.2%) 19,896 (43.3%)

> 1 database/tool 70,756 (91.6%) 77,166 (79.8%)

The total number of polypeptide candidates, transcript sequences, and genes which received
annotations from the listed tools are shown, as well as the percentage of total polypeptide
candidates (77,223), transcripts (96,645), or genes (45,926).

31,854 (69.4%)
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Figure 2.5. Length distribution of StringTie-assembled transcripts.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. The lengths of the 96,645 assembled transcripts were
plotted with a bin width of 500 bp. The length distribution of StringTie-assembled transcripts
demonstrates a positively skewed distribution of transcript lengths.
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Figure 2.6. Length distribution of predicted candidate coding sequences.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. TransDecoder was used to predict the single best
candidate coding sequences in each assembled transcript. The lengths of the 77,223 predicted
candidate coding sequences were plotted with a bin width of 500 bp. The length distribution
of predicted candidate coding sequences demonstrates a positively skewed distribution.
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2.2.3 Transcriptome Trends

Normalized gene counts for all 34 samples provided by StringTie underwent
principal components analysis (PCA) and heatmap clustering. Across the entire sample set,
developmental timepoint was a stronger driver of gene expression than microplastic exposure
when visualized in a PCA plot (Figure 2.7A) and a heatmap (Figure 2.7B). As a result,
developmental changes in gene expression were analyzed first, followed by an analysis of the

effects of microplastics on gene expression, conducted independently for each timepoint.
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Figure 2.7. Developmental stage is a greater driver of transcriptional change than
microplastic exposure across the entire sample set.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. The 25,000 genes with the greatest variance of
normalized counts across samples were used for A) principal components analysis (PCA) plot
generation and B) scaling and heatmap clustering. Asterisk (*) indicates the Gosner stage (GS)
45 wood frog dorsal skin sample collected with samples from GS ~42 wood frogs but analysed
with GS 45 samples. Dagger (1) indicates the GS ~34 samples which underwent ethanol-

precipitation to improve quality for sequencing.
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2.2.4 Analysis of Transcriptomic Changes in Dorsal Skin from Control (0%
Microplastics) Wood Frog Larvae Across Developmental Stages

Throughout amphibian development, the skin supports critical physiological
processes and undergoes extensive remodelling in preparation for terrestrial life post
metamorphosis (Duellman & Trueb, 1994). To understand the physiological processes
supported by anuran skin during development and the changing functions of skin during
remodeling, an analysis was performed of the dorsal skin transcriptomes generated from
wood frog larvae in the control (0%) microplastics exposure group across the three
developmental sampling timepoints: premetamorphosis (GS ~34), early metamorphic climax
(GS ~42), and late metamorphic climax (GS 45). First, to understand what physiological
processes are supported by the dorsal skin in developing wood frogs, the number of
expressed genes assigned to Gene Ontology (GO) terms and to Kyoto Encyclopedia of Genes
and Genomes (KEGQG) pathways was profiled at each developmental timepoint, summarized
at the second level of classification. At the earliest developmental stage examined (GS ~34),
the most prominent level 2 GO terms were cellular process, biological regulation, metabolic
process, and regulation of biological process under the biological process ontology, protein-
containing complex under the cellular component ontology, and binding and catalytic activity
under the molecular function ontology (Figure 2.8). The most prominent KEGG pathway
class was signal transduction under the environmental information processing category
(Figure 2.9). The immune and endocrine system classes under the organismal systems
category were also prominent, as well as several classes under the human diseases category
(Figure 2.9). Similar trends were seen across timepoints for both GO terms (Figure 2.8,
Figure B.1, & Figure B.2) and KEGG pathways (Figure 2.9, Figure B.3, & Figure B.4).
These results highlight that the skin of wood frogs appears to be a metabolically active tissue
with support for roles in immunity, membrane transport, and response to the external

environment, in addition to facilitating the energetic demands of skin remodelling.
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Figure 2.8. Overview of Gene Ontology (GO) terms assigned to transcribed genes in the
dorsal skin of Gosner stage ~34 wood frog tadpoles from the control (0x microplastics
exposure) group.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and



assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts and Trinotate was used to assign GO terms by
homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. GO term
assignments were filtered to retain level 2 GO terms, and the number of genes expressed in the
0% (control) dorsal skin samples from Gosner stage ~34 wood frogs for each level 2 GO term
were plotted. Dorsal skin samples from Gosner stage ~42 and 45 wood frogs showed similar
trends (Figure B.1 & Figure B.2).
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Figure 2.9. Overview of KEGG pathways assigned to transcribed genes in the dorsal skin
of Gosner stage ~34 wood frog tadpoles from the control (0x microplastics exposure)
group.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and



assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts. Trinotate and EggNOG-mapper were used to assign
KEGG pathways to assembled transcripts. The number of genes expressed in the 0x (control)
dorsal skin samples from Gosner stage ~34 wood frogs for each level 2 KEGG pathway
classification were plotted. Dorsal skin samples from Gosner stage ~42 and 45 wood frogs
showed similar trends (Figure B.3 & Figure B.4).
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To determine the skin-associated physiological processes being regulated during
metamorphosis, the differentially expressed genes in dorsal skin tissues from control (0%
microplastics group) wood frog larvae between the developmental timepoints were
examined. A total of 5,733 differentially expressed genes (DEGs) were detected in dorsal
skin tissue from wood frogs at GS ~42 compared to GS ~34, 2,011 DEGs were detected in
dorsal skin tissue from wood frogs at GS 45 compared to GS ~42, and 10,351 DEGs were
detected in dorsal skin tissue from wood frogs at GS 45 compared to GS ~34 (Table 2.6,
Figure 2.10). There were 251 genes which were differentially expressed in all comparisons
(Figure 2.10A & Figure 2.11). Volcano plots show a fairly symmetrical spread of up- and
down-regulated genes for each comparison (Figure 2.10B). Heatmaps of differentially
expressed genes demonstrate clustering of the timepoints by normalized expression values,
with a high degree of similarity in normalized expression values between biological

replicates within each timepoint (Figure 2.10C).

Table 2.6. Number of differentially expressed genes between developmental stages in the
dorsal skin of developing wood frogs in the control (0% microplastics exposure) group.

Comparison Down-regulated Up-regulated Total
GS ~42 vs. GS ~34 2,409 3,324 5,733
GS 45 vs. GS ~42 930 1,081 2,011
GS 45 vs. GS ~34 4,879 5,472 10,351
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Flgure 2.10. Differentially expressed genes in the dorsal skin of control (0% microplastics
exposure) wood frog larvae and pro-metamorphs across developmental stages.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. DESeq2 was used to detect differentially expressed
genes in dorsal skin samples from 0% (control) microplastics exposed wood frog larvae
between developmental stages. A) Venn diagram showing overlap of differentially expressed
genes between comparisons. B) Volcano plots of differentially expressed genes. C) Heatmaps
of scaled, normalized counts for differentially expressed genes detected in the three
comparisons performed. Asterisk (*) indicates the Gosner stage (GS) 45 wood frog dorsal skin
sample collected with samples from GS ~42 wood frogs but analysed with GS 45 samples.
Dagger (1) indicates the GS ~34 samples which underwent ethanol precipitation to improve
quality prior to sequencing.
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Figure 2.11. Core differentially expressed genes in wood frog dorsal skin during
development.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. DESeq2 was used to detect differentially expressed
genes in dorsal skin samples from 0% (control) microplastics exposed wood frog larvae
between developmental stages. This heatmap depicts the expression levels of the 251 genes
which were differentially expressed in all three pairwise comparisons between developmental
stages. Asterisk (*) indicates the Gosner stage (GS) 45 wood frog dorsal skin sample collected
with samples from GS ~42 wood frogs but analysed with GS 45 samples. Dagger (1) indicates
the GS ~34 samples which underwent ethanol precipitation to improve quality prior to
sequencing.
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Gene set enrichment analysis of GO terms and KEGG pathways were performed to
determine processes which were activated (normalized enrichment score > 0) or suppressed
(normalized enrichment score < 0) in the dorsal skin of unexposed 0% control wood frog
larvae between the developmental timepoints sequenced. Activated and suppressed GO terms
(Table 2.7) and KEGG pathways (Table 2.8) were found in the dorsal skin of GS ~42 wood
frogs versus GS ~34, in the dorsal skin of GS 45 wood frogs versus GS ~42, and in the dorsal
skin of GS 45 wood frogs versus GS ~34. In the dorsal skin of GS ~42 wood frogs versus GS
~34, the top twenty enriched GO terms included suppressed immune-related terms (e.g.
activation of innate immune response, pattern recognition receptor signaling pathway,
positive regulation of innate immune response, and regulation of canonical NF-«xB signal
transduction), and enriched terms involved in skin structure (keratinization) and cellular
functions (ncRNA processing, ncRNA metabolic process, etc.) (Figure 2.12A). In the dorsal
skin of GS 45 wood frogs versus GS ~42, the top twenty enriched GO terms included
suppressed terms related to translation, RNA processing and metabolic processes, and
activated terms related to protein-DNA complexes and the nucleosome (Figure 2.12B). In the
dorsal skin of GS 45 wood frogs versus GS ~34, the top twenty enriched GO terms included
suppressed terms such as ubiquitin protein ligase activity, and enriched terms involving
peptidase and ligase regulator activity and protein-DNA complexes (Figure 2.12C). An
enrichment map of all enriched GO terms shows us a large cluster of suppressed immune-
related terms in the dorsal skin of GS ~42 versus GS ~34 wood frogs, with some suppression
of cellular signalling terms (Figure 2.13). There are also clusters of activated terms related to
sensory processing, transmembrane transport, epithelia, and antigen presentation and T cell
function in the dorsal skin of GS ~42 versus GS ~34 wood frogs (Figure 2.13). A GO term
enrichment map of enriched terms in the dorsal skin of GS 45 versus GS ~42 wood frogs
shows three main suppressed clusters related to translation, RNA processing, and
mitochondria/metabolic processes (Figure 2.14), in addition to many small clusters of
activated terms, with the largest involving responses to various stimuli and GTPase (Figure
2.14). A map of GO terms enriched in the dorsal skin of GS 45 versus GS ~34 wood frogs

shows a core suppressed cluster of immune terms, and activation of a variety of processes
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(Figure 2.15). Next, evaluating enriched KEGG pathways, the suppression of immune-related
pathways is seen again, including influenza A, RIG-I-like receptor signalling pathway, and
NF-«kB signalling pathway in the dorsal skin of GS ~42 wood frogs versus GS ~34 (Figure
2.16A). Activated pathways in the dorsal skin of GS ~42 wood frogs versus GS ~34 include
various metabolic and signalling pathways, and the complement and coagulation cascades
(Figure 2.16A). In the dorsal skin of GS 45 wood frogs versus GS ~42, the suppression of
pathways like ribosome and DNA replication, and activation of pathways including various
signalling pathways, including IL-17 signalling, is seen (Figure 2.16B). Suppressed pathways
in the dorsal skin of GS 45 wood frogs versus GS ~34 again includes the immune signalling
pathways RIG-I-like receptor signalling pathway and NF-kB signalling (Figure 2.16C).
Activated pathways include various metabolic and signalling pathways, in addition to the
complement and coagulation cascades (Figure 2.16C). In a map of enriched pathways in the
dorsal skin of GS ~42 versus GS ~34 wood frogs, two main clusters of pathways are
observed: one of various activated metabolic pathways, and another of suppressed immune
pathways (Figure 2.17). The map of enriched terms in the dorsal skin of GS 45 versus GS
~42 wood frogs shows a single large disperse cluster of activated pathways including various
signalling pathways, such as the immune-related signalling pathways TNF signalling and T
cell receptor signalling (Figure 2.18). A KEGG pathway enrichment map of enriched
pathways in the dorsal skin of GS 45 versus GS ~34 wood frogs shows one suppressed

cluster of immune pathways, with the remaining pathways being activated (Figure 2.19).
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Table 2.7. Number of enriched Gene Ontology (GO) terms in the dorsal skin of control
(0% microplastics exposure) wood frog larvae between developmental stages.

Activated Suppressed
Comparison Total
BP CC MF BP CC MF
GS ~42 vs. GS ~34 176 15 86 145 5 26 453
GS 45 vs. GS ~42 41 12 15 26 24 7 125
GS 45 vs. GS ~34 169 19 85 84 11 17 385

The total number of enriched GO terms is shown for each differential expression analysis as
well as the number with normalized enrichment score > 0 (activated) or < 0 (suppressed),
separated by the GO ontologies Biological Process (BP), Cellular Component (CC), and
Molecular Function (MF).

Table 2.8. Number of enriched KEGG pathways in the dorsal skin of control (0%
microplastics exposure) wood frog larvae between developmental stages.

Comparison Activated Suppressed Total
GS ~42 vs. GS ~34 30 10 40
GS 45 vs. GS~ 42 52 8 60
GS 45 vs. GS ~34 46 4 50

The total number of enriched KEGG pathways is shown as well as the number which were
activated (normalized enrichment score > 0) or suppressed (normalized enrichment score < 0).

65



A |

v I wopessed
antiviral innate immune | )
response
activation of innate immune | o
response
tetrapyrrole binding1 @
heme binding{
pattern recognition receptor | ®
signaling pathway
steroid metabolic process [}
positive regulation of | )
innate immune response p.adjust
S-adenosylmethionine-dependent | ®
methyltransferase activity 1007
ncRNA processing | [} 2007
negative regulation of
canonical NF-kappaB signal { @ e07
transduction
Keratinization{ Y Count
O s
methylation { (€] Q 1w
Q
ncRNA metabolic process { . O 200
Owm
methyltransferase activity 1 @
ubiquitin-like protein | )
ligase activity
transferase activity, | )
transferring one-carbon groups
enzyme inhibitor activity 1@
ubiquitin-protein | ®
transferase activity
ubiquitin protein ligase | ®
activity
regulation of canonical | ®
NF-kappaB signal transduction
02 03 04 05 06 02 03 04 05 06
GeneRatio
= 1| ) C \ o =
oxygen carrier activity 1 Y endopeptidase reg&llavlgyn Y
RNA splicing 1 . endopeptidase -narx‘l,t'ur_ )
translation { ] protein-DNA complex assembly+ @
1 ubiquitin-like protein |
rRNA metabolic process . ligase activity .
. ] phospholipase inhibitor |
protein-DNA complex assembly{ @ activity *
rRNA processing 1 @ lipase inhibitor activity < °
structural constituent of | ) protein-DNA complex | o
ribosor organization
hemoglobin complex | ° padst protein helerodnmer;z;ll;); )| @ p.adjust
protein-DNA complex | ® serine-type endopeptidase | ®
organization 1604 inhibitor activity 1e08
| 2004 negative regulation of | 2006
MANA processing @ hydrolase activity (] -
3004
| ubiquitin protein ligase |
endosome membrane @ oty @ o
ount
Count
cellular component biogenesis 1 ) O w steroid metabolic process | @ 8 %
7
200
ribosomal subunit{ @ O peptidase inhibitor activity | ) QO o
' ] negative regulation of |
protein-DNA complex {@ peptidase activity [}
nucleosome assembly 1 (] nucleosome organization 1 °
nucleosome organization{ @ protein-DNA complex { ()
NcRNA processing { (€] nucleosome assembly { °
nucleosome{ @ nucleosome (€]
structural constituent of |
ncRNA metabolic process . chromatin @
structural constituent of
hromatn ) enzyme inhibitor activity{ @)
02 04 06 08 02 04 06 08 03 04 05 06 07 03 04 05 06 07
GeneRatio GeneRatio

Figure 2.12. Top enriched GO terms in the dorsal skin of control (0% microplastics

exposed) wood frog larvae across developmental timepoints.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs

were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and

assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
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sequences in the assembled transcripts and Trinotate was used to assign GO terms by
homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. DESeq2
was used to detect differentially expressed genes in the dorsal skin of control (0%) animals
between sampling timepoints, then clusterProfiler was used to perform gene set enrichment
analysis with GO term assignments and shrunken log: fold change values from DESeq2. The
top twenty most significantly enriched GO terms by adjusted p-value in dorsal skin samples
from wood frogs are plotted for A) Gosner stage (GS) ~42 vs. GS ~34, B) GS 45 vs. GS ~42,
and C) GS 45 vs. GS ~34. “Activated” terms indicate those with a positive normalized
enrichment score (NES) and “suppressed” terms are those with a negative NES. Count is the
number of genes in the supplied gene list contained in the GO term. GeneRatio represents the
ratio of Count over the total number of genes in the GO term.
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Figure 2.13. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage
~42 control (0x microplastics exposed) wood frogs compared to the dorsal skin of Gosner
stage ~34 control wood frogs.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts and Trinotate was used to assign GO terms by
homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. DESeq2
was used to calculate shrunken log, fold change values of genes in the dorsal skin of control
(0x) animals at Gosner stage (GS) ~42 versus GS ~34. These were input to clusterProfiler to
perform gene set enrichment analysis. Edges connect nodes with Jaccard similarity coefficient
> (.2. Nodes are coloured by the normalized enrichment score (NES).
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Figure 2.14. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage 45
control (0% microplastics exposed) wood frogs compared to the dorsal skin of Gosner
stage ~42 control wood frogs.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts and Trinotate was used to assign GO terms by
homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. DESeq2
was used to calculate shrunken log, fold change values of genes in the dorsal skin of control
(0x) animals at Gosner stage (GS) 45 versus GS ~42. These were input to clusterProfiler to
perform gene set enrichment analysis. Edges connect nodes with Jaccard similarity coefficient
> (.2. Nodes are coloured by the normalized enrichment score (NES).

69



positive regulatiorL of focal adhesion assembly
regulation of adherergjunction orgaﬁizg.t;on @)

. ’ ) (htermediate filament-based process
early endosome membrane “ inéewnediate filament organization
in- ) A ) regulation of hair cycle
endosome membrar@ protein-DNA complex int&ime dlag fllament‘ g‘ Y/

pigmentation. protein heterodimerization activity

- epithelial cell differentiation i ir folli
acyhransiirase activity epith regulation of hair follicle development

. «?p;iidé'rmal cell differengation keratinization
sensory perception thylati axon regenerafigriinocyte differentiﬁtig‘. rhal encapsulating structure organization
secondary metabolic process. Mo 20" peptide, cross-linking-@minoacyltransferase activity

sensory perceptiGnSieLasg activity, transfesring one-carbon groussnse tgmonosdctharidegamma-glutamyltransferase activity

@ respanse to toxic substance

.09 e .
sensory perception of'chemical stimulus ® @amine metabolic process
0“

@
< o) (©) ) positive regulation of response to cytokine stimulus
@ ‘.% nucleic acid phosphodiester bond hydrolysis
ite- ifi itBNAendenuglease. activity
animal organ’e ge n.e | ion type Il site-specific deoxyribs/MERACRUELAZE S o.t‘r“a‘r"ngp osition  number of genes
cellular lipid catabolic process rgeneration ' O DNA nucleais'e activity 8 40
. e . 80
giycerophospholipidatatists ssngiiss @ activty o o S
phosphatidylehgline-catabolic precesstabolic process neurotrophig binding
glycerolipid CQ‘@E‘@.'LC,)F’.EQ,‘EEES.e Caembiyopiceyesmorphogenesis @) e O w0
response to i"c“dﬁq’p?é”rﬁéi‘ﬁsé’éﬁVQtion, claRositivefieguiation of behavior W @ NES
carboxylic ester hydrot|a§e ac:yv;tty antibacterial humgyal fesponse endopeptidase activator activity BIVED [Apoptone procestidase activity 2
kidney development oXin actity odontogenesis ) endopeptidase regulator'&&l?,'..t}on\ of peptldaseggtlvny ]
organic IP,%IJQ',?Q,Q!?}S}O!RQJ‘%;Q@‘ERHﬂ‘?’g.:ﬁ%?ﬁ.t?ﬂﬂ‘?u@ Ii?;‘%%%Snlsgr}eSponse 1o leptin negative regulation of pepﬂgggévﬁcfﬁg‘ylation of,prieteolysis 0
isoprenogmealc-_o_m%me.téaolic process w o peptidase regulator activityase-inhibitor activity: 4
steroid metabolic proresponse to‘ketone o .$.. enzyme inI%%ﬂﬂ?ﬂﬁ%@ndﬂp@mi@L |'bit@r activity 2
terpenoid metabolic process; i ) -neqative re { ivi
P Rrocessdendrite, grtery development regulation of nBSgé‘Q’&.VF&“'a“"” ofhydrolase activity

o e amsmrarnenes nole A RS o compgod o cecty
i 1ONEOESMO L hormone pindm monocarboxylicragidlatioisoPphospholipaseactivityse inhibitor activity
morphogenesis of aM epithiglitiniogy vesicle ng J phospholip b

otein-couled receptor signalifigipé tﬁv?fé‘yt"anspop'fotein kinase C&iyhaigrial innate immune response

)

tiss%ﬁ%ﬁ}'é%}’"g%g’%ﬁgggSljgﬁf&ggﬁgﬁéﬁ%pﬁn‘eng antigon tra@‘scygs@'by M cells in mucgsal-associglegymphoispindiepole
UDP-gaIactosyltrag\sfenas_e/actlvitiy:rasééa’l‘\ﬁpyol"’ha.g,y apical plasma m%nbrane - @ [5) CE0)
hostintracellular organgligsgulation of hormone levels ° sym.porter activity o transport
host cell late endosome membrane hormone activity Pl B g @water transport
host cell late endosome-Fgst Gell endosome merfibrane @ %0 o) D ©
host multivesicular body®@®  viral entry into hogt cell @ o~ \glarliannel-acyity ®

host cell endosome, i ® )
.‘g‘w into hOSt. regulation-of intracellular pH

. o
A~ . @metal-ion-transpoft)
epithelial cell developmen't’ regulation ofgbody fluidievels g @, proton trans?nembrane transport

multicellular organismal-level V‘ateIeQQm§9£@§§ule lumenimary é‘e{ive transmembrane transporter activity
multicellular organismal-level homeostasivesici&Mimerreupled ion transmembrane transporter activity
cytoplasmic vesigilagénedontaining extracellulasmatixnembrane transport

Figure 2.15. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage 45
control (0% microplastics exposed) wood frogs compared to the dorsal skin of Gosner
stage ~34 wood frogs.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts and Trinotate was used to assign GO terms by
homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. DESeq2
was used to calculate shrunken log, fold change values of genes in the dorsal skin of control
(0x) animals at Gosner stage (GS) 45 versus GS ~34. These were input to clusterProfiler to
perform gene set enrichment analysis. Edges connect nodes with Jaccard similarity coefficient

> (.2. Nodes are coloured by the normalized enrichment score (NES).

70



actwated suppressed

Drug metabolism - other °
enzymes

MAPK signaling pathway - plant °
Drug metabolism - cytochrome ®
P450
Hedgehog signaling pathway °
Linoleic acid metabolism { e

Arachidonic acid metabolism{ @

Complement and coagulation | g

cascades
adjust
Vitamin digestion and ° =
absorption 00005
Metabolism of xenobiotics by
cytochrome P450 ° oo
00015
Steroid hormone biosynthesis | . 0.0020
Chemical carcinogenesis -
DNAadducts| @ Count
O =
Estrogen signaling pathway { @ QO o
Nicotinate and nicotinamide ° O =
metabolism O =
Ubiquitin mediated proteolysis { @
Retinol metabolism { ]
Selenocompound metabolism | ]
Tryptophan metabolism { °
RIG-like receptor .

signaling pathway

NF-kappa B signaling pathway (€]

Influenza A .

02 03 04 05 06 02 03 04 05 06
GeneRatio

\ o I ] C \ o ]
Synaptic vesicle cycle { (] Thyroid hormone synthesis { [ ]
Ribosome biogenesis in
z%ka ryotes | [ ] Estrogen signaling pathway 1 @
Insulin resistance { @ Tyrosine metabolism { ]
Signaling pathways .
regulating pluripotency of { (€] Drug metabolism mmh;’f;- ]
stem cells
4 Metabolism of xenobiotics by |
Measles L) cytochrome P450 ®
Antigen processing and | o Drug metabolism - omer_.
presentation enzymes
Legionellosis{ @ Hedgehog signaling pathway { ]
Ras signaling pathway | ) p.adjust Caffeine metabolism{ ° p.adjust
0.0025
IL-17 signaling pathway { ) oo0so Viral carcinogenesis{ @ 0.9008
00010
7
Autophagy - animal{ (€] 00078 NF-kappa B signaling pathway { ("] o001
00100 °
Aldosterone-regulated sodium | |
reabsorption [ count Selenocompound metabolism <] count
mTOR signaling pathway { @ O = Influenza A4 () O «
O 1o Qw
DNA replication { @ O Nieotnate and n;ﬁg:l::;:-sd;_ i O
Ribosome { [ | Retinol metabolism { (<)
MAPK signaling pathway { ] Complement and oo:agsnﬂ:::fs\ IS
Alcoholism{ @ Ubiquitin mediated proteolysis | (€]
Longevity regulating pathway | |
- multiple species ° Tryptophan metabolism{ @
RIG-I-like receptor
Viral carcinogenesis1 @ signaling pametay’ @
Endocytosis { [©) Alcoholism | @
Systemic lupus erythematosus1 @ Systemic lupus erythematosus < @
02 04 06 02 04 06 03 04 05 03 04 05
GeneRatio GeneRatio

Figure 2.16. Top enriched KEGG pathways in the dorsal skin of control (0x microplastics
exposed) wood frog larvae across developmental timepoints.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
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assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts and Trinotate and EggNOG-mapper were used to assign
KEGG pathways to assembled transcripts. DESeq2 was used to detect differentially expressed
genes in the dorsal skin of control (0x) animals between sampling timepoints, then
clusterProfiler was used to perform gene set enrichment analysis with KEGG pathway
assignments and shrunken log> fold change values from DESeq2. The top twenty most
significantly enriched KEGG pathways by adjusted p-value in dorsal skin samples from wood
frogs are plotted for A) Gosner stage (GS) ~42 vs. GS ~34, B) GS 45 vs. GS ~42, and C) GS
45 vs. GS ~34. “Activated” terms indicate those with a positive normalized enrichment score
(NES) and “suppressed” terms are those with a negative NES. Count is the number of genes in
the supplied gene list contained in the GO term. GeneRatio represents the ratio of Count over
the total number of genes in the GO term.
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Figure 2.17. Enrichment map of KEGG pathways enriched in the dorsal skin of Gosner
stage ~42 control (0x microplastics exposed) wood frogs compared to the dorsal skin of
Gosner stage ~34 control wood frogs.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts. Trinotate and EggNOG-mapper were used to assign
KEGG pathways to assembled transcripts. DESeq2 was used to calculate shrunken log, fold
change values of genes in the dorsal skin of control (0x) animals at Gosner stage (GS) ~42
versus GS ~34. These were input to clusterProfiler to perform gene set enrichment analysis.
Edges connect nodes with Jaccard similarity coefficient > 0.2. Nodes are coloured by the
normalized enrichment score (NES).
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Figure 2.18. Enrichment map of KEGG pathways enriched in the dorsal skin of Gosner
stage 45 control (0% microplastics exposed) wood frogs compared to the dorsal skin of
Gosner stage ~42 control wood frogs.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts. Trinotate and EggNOG-mapper were used to assign
KEGG pathways to assembled transcripts. DESeq2 was used to calculate shrunken log, fold
change values of genes in the dorsal skin of control (0%) animals at Gosner stage (GS) 45
versus GS ~42. These were input to clusterProfiler to perform gene set enrichment analysis.
Edges connect nodes with Jaccard similarity coefficient > 0.2. Nodes are coloured by the
normalized enrichment score (NES).
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Figure 2.19. Enrichment map of KEGG pathways enriched in the dorsal skin of Gosner
stage 45 control (0% microplastics exposed) wood frogs compared to the dorsal skin of
Gosner stage ~34 control wood frogs.

Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and
assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts. Trinotate and EggNOG-mapper were used to assign
KEGG pathways to assembled transcripts. DESeq2 was used to calculate shrunken log, fold
change values of genes in the dorsal skin of control (0%) animals at Gosner stage (GS) 45
versus GS ~34. These were input to clusterProfiler to perform gene set enrichment analysis.
Edges connect nodes with Jaccard similarity coefficient > 0.2. Nodes are coloured by the
normalized enrichment score (NES).
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2.2.5 Analysis of Transcriptomic Changes in the Dorsal Skin of Wood Frog
Larvae Resulting from Microplastic Exposure at Several Developmental

Stages

Next, an analysis of how gene expression in the dorsal skin of wood frog larvae at
several developmental stages responded to chronic exposure to a microplastics mixture was
performed. Because developmental stage was a greater driver of the transcriptional profile of
a sample than microplastic treatment, with samples displaying a greater degree of clustering
on developmental stage than microplastic treatment in a PCA plot (Figure 2.7A), each
developmental timepoint was analyzed independently. Upregulated and downregulated genes
were found at all three developmental stages in both the 1x and 10% treatments, compared to
the 0x control treatment (Table 2.9, Figure 2.20). The most DEGs were found in dorsal skin
from wood frogs at GS ~34, with 829 DEGs found in the 1x treatment, and 226 DEGs found
in the 10x treatment (Table 2.9). The least DEGs were found at GS 45 in the 10x treatment,
where 31 DEGs were found (Table 2.9). A total of 1,176 genes were differentially expressed
in at least one timepoint and treatment. There was a trend of more DEGs found in the 1x
treatment than the 10%, except for at GS ~42 (Table 2.9). Expression values of DEGs at GS
~34 and GS 45 resulted in distinct clustering of samples in heatmaps, with clear patterns
emerging, while at GS ~42 the clustering was less distinct, with samples displaying higher
levels of biological variation (Figure 2.20). There was some overlap of DEGs between the
various comparisons, with most of the overlap occurring within timepoints between the 1x

and 10x treatments, as compared to the 0x control (Figure 2.21).
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Table 2.9. Number of differentially expressed genes in the dorsal skin of microplastics-
exposed wood frog larvae at several developmental stages.

1x vs 0x 10x vs 0x
Timepoint Down- Up- Total Down- Up- Total
regulated regulated regulated regulated
GS ~34 488 341 829 71 155 226
GS ~42 12 57 69 19 86 105
GS 45 29 47 76 20 11 31
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Figure 2.20. Microplastic exposure causes differential expression of genes in the dorsal

skin of developing wood frogs.

Differential expression analysis was performed on RNA-seq reads from the dorsal skin of

developing wood frogs exposed to varying concentrations (0x, 1x, 10x) of a microplastics
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mixture. Developing wood frogs were sampled at Gosner stage (GS) ~34, ~42, and 45.
Differential expression analysis was performed independently at each time point with respect
to the 0x microplastics exposed control group. Asterisk (*) indicates the Gosner stage (GS) 45
wood frog dorsal skin sample collected with samples from GS ~42 wood frogs but analysed
with GS 45 samples. Dagger (1) indicates the GS ~34 samples which underwent ethanol-
precipitation to improve quality prior to sequencing.
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Figure 2.21. Overlap of differentially expressed genes in the dorsal skin of microplastic-
exposed wood frog larvae at several developmental stages.

Differentially expressed genes were detected in the dorsal skin of wood frogs exposed to a 1x
or 10x microplastics mixture, compared to the 0x control at several developmental timepoints
(Gosner stage (GS) ~34, GS ~42, and GS 45). Vertical bars represent intersection sizes, with
the intersection sets represented by the highlighted dots beneath the bar. Horizontal bars
represent the total number of differentially expressed genes detected in each group (set size).
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Next, to detect cellular processes which were activated or suppressed by either 1x or
10x microplastics exposure in the dorsal skin of wood frogs, gene set enrichment analysis of
GO terms and KEGG pathways was performed. At least one GO term was enriched for all
differential expression comparisons performed, except for wood frogs at GS ~42 exposed to
the 1x microplastics treatment versus the 0x treatment (Table 2.10). Similarly, at least one
KEGG pathway was enriched for all differential expression comparisons performed, except
for wood frogs at GS ~42 and GS 45 exposed to the 1x microplastics treatment versus the 0x
treatment (Table 2.11). The greatest number of enriched GO terms and KEGG pathways
were both found at GS ~34 in the 1x microplastics treatment (Table 2.10 & Table 2.11). The
second most enriched GO terms were seen at GS ~42 in the 10 treatment (Table 2.10),
while the second most enriched KEGG pathways were seen at GS ~34 in the 10% treatment

(Table 2.11).
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Table 2.10. Number of enriched GO terms in the dorsal skin of microplastic-exposed
wood frog larvae at several developmental stages.

Activated Suppressed
Timepoint Treatment Total
BP CC MF BP CC MF

Ix 78 37 20 344 35 55 569
GS ~34

10x 34 13 9 6 3 2 67

Ix 0 0 0 0 0 0 0
GS ~42

10x 7 9 9 57 34 13 129

Ix 19 0 3 4 2 4 32
GS 45

10x 0 7 5 0 1 0 13

The total number of enriched Gene Ontology (GO) terms is shown for each differential
expression analysis as well as the number with normalized enrichment score > 0 (activated) or
<0 (suppressed), separated by the GO ontologies Biological Process (BP), Cellular Component
(CC), and Molecular Function (MF). In every case, the comparator group is the 0% treatment
at the corresponding timepoint.

Table 2.11. Number of enriched KEGG pathways in the dorsal skin of microplastic-
exposed wood frog larvae at several developmental stages.

Timepoint Treatment Activated Suppressed Total

1% 17 32 49
GS ~34

10x 19 0 19

1% 0 0 0
GS ~42

10x 0 10 10

1% 0 0 0
GS 45

10x 0 1 1

The total number of enriched KEGG pathways is shown as well as the number which were
activated (normalized enrichment score > 0) or suppressed (normalized enrichment score < 0).
In every case, the comparator group is the 0% treatment at the corresponding timepoint.
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At GS ~34, in the dorsal skin of wood frogs exposed to the 1x treatment, in
comparison to the 0x control, suppression of immune and proteolytic terms and activation of
metabolic and cellular processing terms are observed in the top twenty enriched GO terms
(Figure 2.22A), while the top twenty enriched terms in the dorsal skin of wood frogs exposed
to the 10x treatment include suppression of GTPase terms and activation of terms including
transmembrane transport, metabolism, and RNA processing (Figure 2.22B). When all
enriched terms are clustered, three large, linked clusters of suppressed immune-related terms
in the dorsal skin of GS ~34 wood frogs exposed to the 1x treatment are seen, as well as
clusters of activated terms involving translation, RNA processing, and mitochondria, in
addition to many disperse terms which are both activated and suppressed (Figure 2.23). In the
dorsal skin of GS ~34 wood frogs exposed to the 10x treatment, three large clusters of
activated GO terms are seen, which involve RNA processes, metabolic processes, and
transmembrane transport (Figure 2.24). There are also two small, suppressed clusters of
GTPase activity and cellular signalling cascades (Figure 2.24). The top twenty enriched
KEGG pathways in the dorsal skin of GS ~34 wood frogs exposed to the 1x treatment
include suppression of immune signalling pathways, cAMP signalling, and others (Figure
2.25A). Activated pathways in the dorsal skin of GS ~34 wood frogs exposed to the 1x
treatment include cell cycle, DNA replication, nucleocytoplasmic transport, and nucleotide
excision repair (Figure 2.25A). Suppressed pathways in the dorsal skin of GS ~34 wood
frogs exposed to the 1x treatment formed two clusters: the first included RIG-I-like receptor
signalling pathway and NF-kappa B signalling pathway, while the second included pathways
related to the adaptive immune system and various cellular signalling pathways (Figure
2.26). In the dorsal skin of GS ~34 wood frogs exposed to the 10x treatment, no supressed
pathways were found, while the 19 activated pathways included clusters of metabolic
pathways and, interestingly, pathways related to cardiac muscle, though the enrichment map

was sparse overall (Figure 2.25B & Figure 2.27).
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Figure 2.22. Top enriched GO terms in the dorsal skin of Gosner stage ~34 wood frog
larvae exposed to a 1x or 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin obtained from Gosner stage ~34
wood frog larvae following exposure to a A) 1x microplastics treatment or B) 10x
microplastics treatment versus the developmental stage-matched 0x control group. GO terms
were assigned by homology transfer from BLASTP and BLASTX searches of the Swiss-Prot
database. The top twenty most statistically significantly enriched GO terms by adjusted p-value
are plotted. “Activated” terms indicate those with a positive normalized enrichment score
(NES) and “suppressed” terms are those with a negative NES. Count is the number of genes in
the supplied gene list contained in the GO term. GeneRatio represents the ratio of Count over
the total number of genes in the GO term.
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Figure 2.23. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage
~34 wood frog larvae following exposure to a 1x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs at Gosner stage ~34
exposed to the 1x microplastics treatment versus the dorsal skin of wood frogs in the 0% control
group. GO terms were assigned by homology transfer from BLASTP and BLASTX searches
of the Swiss-Prot database. Similarity between enriched GO terms was calculated with the
Jaccard similarity coefficient, then plotted with edges between any node with similarity score
> (.2. Nodes are coloured by the normalized enrichment score (NES).
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Figure 2.24. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage
~34 wood frog larvae following exposure to a 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs at Gosner stage ~34
exposed to the 10x microplastics treatment versus the dorsal skin of wood frogs in the 0x
control group. GO terms were assigned by homology transfer from BLASTP and BLASTX
searches of the Swiss-Prot database. Similarity between enriched GO terms was calculated
with the Jaccard similarity coefficient, then plotted with edges between any node with
similarity score > 0.2. Nodes are coloured by the normalized enrichment score (NES).
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Figure 2.25. Top enriched KEGG pathways in the dorsal skin of Gosner stage ~34 wood
frog larvae exposed to a 1x or 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin obtained from Gosner stage ~34
wood frog larvae following exposure to A) 1x microplastics treatment and B) 10x
microplastics treatment versus the developmental stage-matched 0x control group. KEGG
pathways were assigned by EggNOG-mapper. The top twenty most significantly enriched
KEGG pathways by adjusted p-value are plotted for A), while all enriched pathways are plotted
for B). “Activated” pathways indicate those with a positive normalized enrichment score
(NES) and “suppressed” pathways are those with a negative NES. Count is the number of genes
in the supplied gene list contained in the KEGG pathway. GeneRatio represents the ratio of
Count over the total number of genes in the KEGG pathway.
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Figure 2.26. Enrichment map of KEGG pathways enriched in the dorsal skin of Gosner
stage ~34 wood frog larvae folloing exposure to a 1x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs at Gosner stage ~34
exposed to the 1x microplastics treatment versus the dorsal skin of wood frogs in the 0% control
group. KEGG pathways were assigned by EggNOG-mapper. Similarity between enriched
KEGG pathways was calculated with the Jaccard similarity coefficient, then plotted with edges
between any node with similarity score > 0.2. Nodes are coloured by the normalized
enrichment score (NES).

88



Purine metabolism

©

Pyrimidine n%tabolism

Cysteine and methio.nine metabolism

Nucleocytop.Iasmic transport Alzheimger disease

@Arginine and proline metabolism

Biosynthesis of s%:ondary metabolites number of genes
QO s0
O 10

Microbial metabolism in diverse environments'
NES

1.85
1.80
1.75
1.70
1.65

Carbon‘metabohsm 160

@Fluid shear stress and atherosclerosis

Arrhythmogenic right \gantricular cardiomyopathy
Oxytocin si'g‘naling pathway

Viral n&yocarditis

Apelin sigaaling pathway Hypertrophic.cardiomyopathy

o
Dilated cardiomyopathy

Adrenergic signaling &" cardiomyocytes
Cardiac mugole contraction Ribosome biogenegs in eukaryotes

Figure 2.27. Enrichment map of KEGG pathways enriched in the dorsal skin of Gosner
stage ~34 wood frog larvae following exposure to a 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs exposed to the 10x
microplastics treatment versus the dorsal skin of wood frogs in the 0% control group. KEGG
pathways were assigned by EggNOG-mapper. Similarity between enriched KEGG pathways
was calculated with the Jaccard similarity coefficient, then plotted with edges between any
node with similarity score > 0.2. Nodes are coloured by the normalized enrichment score
(NES).
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At GS ~42, enriched GO terms and KEGG pathways were only found in the 10x
treatment. Enriched GO terms include suppression of terms related to mitochondria,
translation, and RNA processes (Figure 2.28). Activated GO terms include peptidase activity,
RNA nuclease activity, DNA polymerase activity, and virion-related terms (Figure 2.28).
Clustering of all enriched GO terms shows three main clusters of suppressed terms involving
translation, RNA processing and other RNA terms, and a large cluster of terms related to
mitochondrial function (Figure 2.29). There is also a cluster of activated terms involving
viral terms and nuclease activity (Figure 2.29). Suppressed KEGG pathways in the dorsal
skin of GS ~42 wood frogs exposed to the 10x microplastics treatment include citrate cycle,
oxidative phosphorylation, ribosome, proteasome, thermogenesis, and three human disease

terms (Figure 2.30 & Figure 2.31).
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Figure 2.28. Top enriched GO terms in the dorsal skin of Gosner stage ~42 wood frogs
exposed to a 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparison of the dorsal skin obtained from Gosner stage ~42
wood frogs following exposure to a 10x microplastics treatment versus the developmental
stage-matched 0x control group. No enriched terms were found for the 1x treatment at GS ~42.
GO terms were assigned by homology transfer from BLASTP and BLASTX searches of the
Swiss-Prot database. The top twenty most statistically significantly enriched GO terms by
adjusted p-value are plotted. “Activated” terms indicate those with a positive normalized
enrichment score (NES) and “suppressed” terms are those with a negative NES. Count is the
number of genes in the supplied gene list contained in the GO term. GeneRatio represents the
ratio of Count over the total number of genes in the GO term.
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Figure 2.29. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage

~42 wood frogs exposed to a 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs at Gosner stage ~42
exposed to the 10x microplastics treatment versus the dorsal skin of wood frogs exposed to the
0% control group. GO terms were assigned by homology transfer from BLASTP and BLASTX
searches of the Swiss-Prot database. Similarity between enriched GO terms was calculated
with the Jaccard similarity coefficient, then plotted with edges between any node with

similarity score > 0.2. Nodes are coloured by the normalized enrichment score (NES).
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Figure 2.30. Enriched KEGG pathways in the dorsal skin of Gosner stage ~42 wood frogs
exposed to a 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin obtained from Gosner stage ~42
wood frogs following exposure to a 10x microplastics treatment versus the developmental
stage-matched 0% control group. KEGG pathways were assigned by EggNOG-mapper.
“Suppressed” pathways are those with a negative normalized enrichment score (NES). Count
is the number of genes in the supplied gene list contained in the KEGG pathway. GeneRatio
represents the ratio of Count over the total number of genes in the KEGG pathway. No enriched
pathways were found for the 1x treatment at Gosner stage ~42.
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Figure 2.31. Enrichment map of KEGG pathways enriched in the dorsal skin of Gosner
stage ~42 wood frogs exposed to a 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs at Gosner stage ~42
exposed to the 10x microplastics treatment versus the dorsal skin of wood frogs from the 0x
control group. KEGG pathways were assigned by EggNOG-mapper. Similarity between
enriched KEGG pathways was calculated with the Jaccard similarity coefficient, then plotted
with edges between any node with similarity score > 0.2. Nodes are coloured by the normalized
enrichment score (NES).
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At GS 45, the top twenty enriched GO terms in the 1x treatment included
suppression of terms related to phospholipids and phospholipase activity, while activated
terms included a variety of terms related to development, muscle and movement, and other
cellular processes (Figure 2.32A). Two large clusters were formed: a cluster of suppressed
terms related to phospholipids and a cluster of activated terms including a wide variety of
terms involving growth and development, muscle, coagulation, senescence, and others
(Figure 2.33). No KEGG pathways were enriched in the 1x treatment. In the 10x treatment,
13 GO terms were enriched (Figure 2.32B). These included proteasome accessory complex
(suppressed), and a cluster of activated terms related to polymerase, nuclease, and peptidase
activity, as well as viral and cell membrane terms (Figure 2.34). A single KEGG pathway
was enriched in the 10x treatment: proteasome, which was suppressed with a NES of -2.18
and adjusted p value of 0.022. Thirty-three detected genes were contained in the pathway,
which was 75% of all genes in the pathway.
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Figure 2.32. Top enriched GO terms in the dorsal skin of Gosner stage 45 wood frogs

exposed to a microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin obtained from Gosner stage 45
wood frogs following exposure to a A) 1x microplastics treatment or B) 10x microplastics
treatment versus the developmental stage-matched 0% control group. GO terms were assigned
by homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. The
top twenty most statistically significantly enriched GO terms by adjusted p-value are plotted
for A), while all enriched terms are plotted for B). “Activated” terms indicate those with a
positive normalized enrichment score (NES) and “suppressed” terms are those with a negative
NES. Count is the number of genes in the supplied gene list contained in the GO term.

GeneRatio represents the ratio of Count over the total number of genes in the GO term.
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Figure 2.33. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage 45
wood frogs following exposure to a 1x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs at Gosner stage 45
exposed to the 1x microplastics treatment versus the dorsal skin of wood frogs from the 0x
control group. GO terms were assigned by homology transfer from BLASTP and BLASTX
searches of the Swiss-Prot database. Similarity between enriched GO terms was calculated
with the Jaccard similarity coefficient, then plotted with edges between any node with
similarity score > 0.2. Nodes are coloured by the normalized enrichment score (NES).
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Figure 2.34. Enrichment map of GO terms enriched in the dorsal skin of Gosner stage 45
wood frogs following exposure to a 10x microplastics mixture.

Gene set enrichment analysis was performed with clusterProfiler using shrunken log, fold
change values from DESeq2 comparisons of the dorsal skin of wood frogs at Gosner stage 45
exposed to the 10x microplastics treatment versus the dorsal skin of wood frogs from the 0x
control group. GO terms were assigned by homology transfer from BLASTP and BLASTX
searches of the Swiss-Prot database. Similarity between enriched GO terms was calculated
with the Jaccard similarity coefficient, then plotted with edges between any node with
similarity score > 0.2. Nodes are coloured by the normalized enrichment score (NES).
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Chapter 3

Discussion, Conclusions, and Future Directions

3.1 Discussion

Microplastics are a ubiquitous, persistent contaminant of concern with varied effects
on organisms. Despite their semiaquatic lifestyle, the body of literature on the effects of
microplastics on amphibians is lagging behind fishes and aquatic invertebrates. Of the studies
that have been performed, few have evaluated the sub-organismal responses of amphibians to
microplastic exposure. To my knowledge, this study is the first to evaluate sub-organismal
responses of amphibians at multiple developmental stages to chronic exposure to an
environmentally relevant microplastic mixture throughout development in realistic outdoor
conditions. Additionally, little is known about how the transcriptional profile of North
American wood frog skin changes during metamorphosis. To address these gaps, wood frogs
were raised from eggs until the completion of metamorphosis in outdoor mesocosms
containing a 0x (0 g/L), 1x (0.069 g/L), or 10x (0.691 g/L) dose of a microplastic mixture
consisting of equal parts polypropylene, polystyrene, and polyethylene terephthalate
microplastics. RNA sequencing was performed on RNA from the dorsal skin of wood frog
larvae collected at three different developmental stages: after 50 days of exposure
(corresponding to an average Gosner stage of 34; GS ~34), after 74 days of exposure
(corresponding to an average Gosner stage of 42; GS ~42), and Gosner stage 45 (collected
after 74 to 82 days of exposure; GS 45) (Figure 2.4). This data was leveraged to address two
questions posed in this thesis: (1) what is the transcriptomic profile of juvenile wood frog
dorsal skin under normal conditions and how does the transcriptional profile change with
frog development? And (2) does chronic exposure to microplastics affect the dorsal skin
transcriptome of wood frogs during development? Concordance was observed in the
functions of genes expressed in the dorsal skin of wood frogs compared to other published
amphibian skin transcriptomes. Differential gene expression and gene set enrichment

analysis between developmental timepoints revealed enriched GO terms and KEGG
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pathways which correspond to known phenomena in developing frogs, such as
immunosuppression as tadpoles approach metamorphic climax. Evaluating the effects of
microplastics on dorsal skin gene expression, the greatest effect was seen in GS ~34 tadpoles
exposed to the 1x microplastics treatment, versus the tadpoles in the 0x control group, where
immunosuppression and changes to mitochondrial function and protein synthesis were seen.
This was followed by GS ~34 tadpoles exposed to the 10x treatment, where changes to
transmembrane ion transport and various metabolic processes were seen, as compared to the
0% control. The effect at GS ~42 and GS 45 was less extreme than at GS ~34, demonstrating

that tadpoles at different developmental stages respond differently to microplastic exposure.

3.1.1 Transcriptome Characteristics

When performing transcriptome assembly, metrics to consider include the number
of assembled transcripts and genes, the N50 value of the transcriptome, and if applicable, the
alignment rate of RNA-seq reads to the genome. When sequencing was performed on
samples obtained from this study, a reference genome was not available for the North
American wood frog and samples were sequenced deeply in anticipation of performing de
novo transcriptome assembly. However, the release of the North American wood frog
reference genome (GCA 028564925.1) enabled transcriptome assembly using reference-
guided approaches, which is much less time and computationally intensive than a full de
novo assembly. I therefore opted for high stringency quality control criteria of the RNA-seq
reads. The infancy of the wood frog reference genome means that there is an absence of
sufficient annotation information for a transcriptomics study. As a result, de novo approaches
for the annotation of assembled transcripts were used. However, few amphibian studies have
used this combined approach, presumably because a reference genome was not newly
published in the middle of their analysis, making direct comparisons of transcriptome
characteristics challenging. For example, de novo techniques tend to assemble many more
sequences than expected based on the number of genes in the genome. A de novo assembly
of the axolotl transcriptome resulted in over 1.5 million transcripts clustered into over 1.3

million gene groupings (Bryant et al., 2017), when the axolotl genome contains just over
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23,000 genes (Nowoshilow et al., 2018). Xenopus laevis, one of the best-studied amphibian
model species, has 45,099 annotated protein-coding genes (Session et al., 2016). The
reference-guided assembly generated in this study contained 96,645 transcripts from 45,926
genes (Table 2.4). The assembly had an N50 of 4,622 (Table 2.4), meaning that 50% of the
total length of the transcriptome sequences are covered by transcripts with a length of 4,622
or more base pairs. N50 values from reported de novo amphibian transcriptome assemblies
range from 335 — 3,432 (Arenas Gomez et al., 2020; Bai et al., 2021; Campbell et al., 2018;
Clay et al., 2019; Ellison et al., 2020, 2015; Fan et al., 2017, 2021; Firneno et al., 2022;
Huang et al., 2016; Ke et al., 2018; Komaki et al., 2021; Lan et al., 2022; Pownall et al.,
2018; Qi et al., 2016; Richardson et al., 2018; Row et al., 2016; Shibao et al., 2018; Smirnov
et al., 2022; Torres-Sanchez et al., 2019; Viricel et al., 2018; Yang et al., 2016; Zhao et al.,
2014). The larger N50 value observed in this study may be explained by the higher average
transcript length and larger maximum transcript length in this transcriptome compared to
previous de novo transcriptomes, where reported. This is likely due to de novo techniques
assembling many small transcripts (Zhao et al., 2011), and possibly being unable to assemble
very large transcripts accurately. The largest detected transcript in this study was 91,419 base
pairs long (Table 2.4) and was annotated as coding for the full sequence of titin, the largest
known protein, which functions in muscle (Wang et al., 1979). The distribution of predicted
candidate coding sequence lengths in this study’s transcriptome (Figure 2.6) was similar to
previously reported coding region length distributions in the Chinese giant salamander (Bai

et al., 2021).

Low RNA-seq read alignment rates to reference genomes could indicate sample
contamination, quality control issues, or misassembled or missing reference sequences. Of
the amphibian species with reference genomes available, few studies report the alignment
rate of RNA-seq reads to the genome. One study reported an alignment rate of around 94%
(Nakajima et al., 2020) in a study on RNA from Xenopus tropicalis whole tails, roughly 10%
higher than the average alignment rate achieved in this study of 83.24%. This could be due to
the infancy of the wood frog reference genome (GCA_028564925.1), being the first
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published version, there could potentially be sequences missing. An additional reason for the
lower alignment rate in this study could be a higher proportion of microbial reads present
from commensal skin microbes in samples from the outdoor-raised wood frogs used in this
study compared to the lab-raised X. tropicalis. However, an alignment rate of 83% is well
within the acceptable range, with 70% or above generally being considered acceptable

(Conesa et al., 2016; Musich et al., 2021).

Given the high-quality RNA reads and reference-guided transcriptome assembly
methodology, and comparisons to transcriptomes in the literature, I believe this wood frog
dorsal skin transcriptome is of high quality and reliable. However, the annotation rates, while
typical for this type of study, does mean that many sequences do not have sufficient
annotation information to be included in downstream gene set enrichment analysis. This may
limit the sensitivity of these analyses and mean that some biological pathways which are
being dysregulated in these organisms do not appear as statistically significant in this
analysis. Although limited by the data available at the time of analysis, as additional
annotation information becomes available, this data could be reanalyzed to detect additional

dysregulated biological systems.

3.1.2 Wood Frog Dorsal Skin Transcriptome Profile

Amphibian skin has roles in respiration, osmotic regulation, and immune defence,
employing physical, chemical, immunological, and microbiological defences to prevent
infection (reviewed in Varga et al., 2019). To understand the functions of genes expressed in
normal wood frog larvae skin, GO terms and KEGG pathway annotations of genes expressed
in 0x control dorsal skin samples at all sequenced developmental timepoints were profiled.
The GO database is organized as a directed acyclic graph, with three main ontologies (level
1): biological process, cellular component, and molecular function. Within the biological
process ontology, the most common level 2 GO terms assigned to genes expressed in control
dorsal skin were cellular process, biological regulation, metabolic process, and regulation of

biological process (Figure 2.8), which were common terms seen in other amphibian
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transcriptomes created from skin or a combination of skin and other tissues (Arenas Gomez
et al., 2020; Bai et al., 2021; Fan et al., 2017, 2021; Huang et al., 2016). Genes expressed in
the wood frog 0% control dorsal skin were annotated with only three level 2 GO terms in the
cellular component ontology: protein-containing complex, virion component, and cellular
anatomical entity (Figure 2.8). While other amphibian skin transcriptomes also contained
annotations for virion-related cellular component terms (Bai et al., 2021; Fan et al., 2017;
Huang et al., 2016), they also included additional cellular-component terms which the
transcriptome generated in this study did not, such as organelle and macromolecular
complex. Based on this observation, it is possible that structural genes were less well
annotated in this study’s transcriptome, resulting in this discrepancy, though this is just
speculation. Finally, in the molecular function ontology, binding and catalytic activity had by
far the greatest frequency in this study’s transcriptome, followed by molecular function
regulator activity, structural molecule activity, transporter activity, and molecular transducer
activity (Figure 2.8). This was again in line with previous amphibian skin transcriptomes
(Arenas Gomez et al., 2020; Bai et al., 2021; Fan et al., 2017; Huang et al., 2016),
particularly binding and catalytic activity. KEGG pathways are categorized into six high-
level categories: cellular processes, environmental information processing, genetic
information processing, human diseases, metabolism, and organismal systems. They are
further sub-categorized into classes within these six categories. The number of genes
expressed in 0% control dorsal skin samples annotated with KEGG pathways were profiled,
summarized by KEGG class (Figure 2.9). The most common KEGG class in this study’s
transcriptome was signal transduction (environmental information processing), followed by
immune system (organismal systems), infectious disease: viral (human diseases), and
endocrine system (organismal systems) (Figure 2.9). Within the cellular processes class, cell
growth and death, followed by transport and catabolism were the most common classes
(Figure 2.9); within the metabolism class, lipid metabolism and carbohydrate metabolism
were the most common classes (Figure 2.9); and within the genetic information processing
class, folding, sorting, and degradation, followed by translation were the most common

classes (Figure 2.9). Many of these classes again appear in the annotations of other
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amphibian skin transcriptomes (Bai et al., 2021; Fan et al., 2017). Notably, the annotation of
these previously studied amphibian transcriptomes did not include annotation of pathways
under the human diseases category. Reasons for this could be that these pathways were not
reported in other studies due to their human-centric nature, that more genes with immune
function were able to be detected in this study due to the availability of a reference genome,
that these pathways were simply not annotated in other amphibian transcriptomes, or that
despite the daily monitoring for disease in our mesocosm study, it was an outdoor study and
an infection could have occurred. Databases such as GO and KEGG are often human- or
model organism-centric, yet they can still be useful when interpreting information from non-
model organisms, but care must be taken when interpreting them. For example, many
immune genes tend to have low sequence conservation because immune systems need to
evolve to deal with the specific threats different organisms face, therefore, many of the genes
that were annotated with the immune system KEGG class are likely highly conserved core
immune genes, or less-conserved genes that have been characterized in other amphibian
species such as Xenopus laevis. Because the data in Figure 2.9 is not displaying differentially
expressed or enriched genes or pathways, but simply profiling the functions of all transcripts
detected in these tissues, genes expressed at a low level will be represented in the data. As
deep sequencing was performed, it is expected that genes expressed at low levels would be
detected. Therefore, it cannot be definitively concluded whether these animals were
experiencing an infection, or if immune genes being expressed at a basal level are simply
being detected. Despite this, many of the annotated GO terms and KEGG pathways align
well with the functions of amphibian skin. Many of the genes annotated with the cellular
process, biological regulation, binding, and catalytic activity GO terms (Figure 2.8) are likely
involved in the basic functions and maintenance of skin cells. The immune functions of the
skin are supported by the response to stimulus and immune system process GO terms (Figure
2.8) and immune system KEGG classes (Figure 2.9). Transporter activity (Figure 2.8) and

membrane transport (Figure 2.9) support the skin’s role in osmotic regulation.
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3.1.3 Transcriptional Changes in Wood Frog Dorsal Skin During

Development

The skin of amphibians undergoes drastic morphological changes during
metamorphosis from larval to adult form (Yoshizato, 1992), which must be accompanied by
changes in gene expression. To understand how transcription in the dorsal skin is changing
during wood frog development, differential expression analysis and gene set enrichment
analysis of GO terms and KEGG pathways was performed with 0x control samples between
the three sequenced developmental stages. One of the morphological changes to amphibian
skin during metamorphosis is the keratinization of the outer skin layer, the stratum corneum
(Brunelli et al., 2015). The data presented in this thesis demonstrated this, with activated GO
terms related to keratinization seen at GS ~42 versus GS ~34 and GS 45 versus GS ~34
(Figure 2.13 & Figure 2.15). Furthermore, amphibian skin is known to not begin active
transport of sodium until metamorphic climax (Cox & Alvarado, 1979; Takada, 1985; Taylor
& Barker, 1965), which may explain the enrichment of ion transport terms at later Gosner
stages (Figure 2.13 & Figure 2.15). This is one of the first studies to evaluate how gene
expression in the skin of a developing amphibian changes over time. Overall, the enriched
GO terms and KEGG pathways found in the skin over development align well with known

developmental changes of amphibian skin, giving us confidence in the utilized methodology.

Developing amphibians undergo a period of immunosuppression as they approach
metamorphic climax (Rollins-Smith, 1998). This is supported in this thesis by the enrichment
of clusters of suppressed immune GO terms and KEGG pathways in the dorsal skin of wood
frogs at GS ~42 versus GS ~34 and GS 45 versus GS ~34 (Figure 2.13, Figure 2.15, Figure
2.17, & Figure 2.19). Between GS ~42 and 45 there is activation of immune pathways in the
dorsal skin tissue such as TNF signalling pathway, an important pathway for the activation
and regulation of immune cells (Owen et al., 2013), IL-17 signalling pathway, essential in
neutrophil regulation (Zenobia & Hajishengallis, 2015), and T cell receptor signalling
pathway, involved in the response of cytotoxic T cells to infected cells and the activation and
differentiation of helper T cells (Shah et al., 2021), a potential sign of the turnover of the

105



immune system as metamorphosis and the period of immunosuppression completes (Figure
2.18). Though the occurrence of systemic immunosuppression during metamorphosis is well-
known, it is interesting to see suppression of immune genes in skin tissues as well. As skin
contains blood vessels, the sequencing results could contain RNA-seq reads from immune
cells in circulation. However, this would account for a small proportion of reads, so it is
likely that true downregulation of immune genes in the resident cells (epithelial cells,
fibroblasts, macrophages, dendritic cells) that comprise the skin tissue is being detected. This
is important as it means that in addition to systemic immunosuppression, the skin barrier
itself may be immunologically compromised during metamorphosis. Consequently,
pathogens of amphibian concern may more easily be able to cross the skin barrier during this
period. Opportunistic pathogens could take advantage of this period of immunosuppression
to establish an infection. Therefore, it is essential to determine how microplastics could affect
the skin during this period of natural immunosuppression to ensure developing amphibians

do not become even more susceptible to infection.

3.1.4 Effects of Microplastics on Gene Expression in the Dorsal Skin of
Developing Wood Frogs

To evaluate how exposure to microplastics influences the wood frog dorsal skin
transcriptome, dorsal skin from wood frogs exposed to a 0%, 1x, or 10x microplastics
treatment was collected at three developmental stages: GS ~34, GS ~42, and GS 45. RNA
sequencing, differential gene expression analysis, and gene set enrichment analysis of GO
terms and KEGG pathways was performed. Each timepoint was analyzed independently,
with the comparator group being the 0% treatment at the corresponding developmental stage
(the 1x treatment versus the 0% treatment and the 10x treatment versus the 0% treatment).
The greatest number of differentially expressed genes and enriched GO terms and KEGG
pathways were observed at the earliest timepoint, GS ~34. Several proposed factors may
account for this. The first potential explanation is that of developmental plasticity, which can
mitigate effects seen early in development by the completion of metamorphosis (Zhang et al.,

2023). A similar phenomenon may have occurred here, where a greater effect was observed
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at the first timepoint (GS ~34) but is mitigated at latter timepoints, resulting in fewer
differentially expressed genes. Second, metamorphosing amphibians tend to stop feeding as
they approach metamorphic climax and the gastrointestinal tract rearranges to support the
carnivorous diet of adults (reviewed in Hourdry et al., 1996). This could have resulted in
reduced consumption of microplastics at the latter two sequenced timepoints, potentially
reducing observed effects. Third, due to the increased thickness and keratinization of adult
amphibian skin compared to larval skin, it is possible that microplastics could affect greater

changes to the larval form than the adult form.

Furthermore, at GS ~34, a greater number of differentially expressed genes and
enriched GO terms and KEGG pathways were seen in the 1x treatment than the 10x
treatment, as compared to the 0x control. Since only two concentrations were tested in this
study, whether the dose response is monotonic with negative slope or nonmonotonic cannot
be determined. These types of responses are best studied in the context of hormones and
endocrine-disrupting chemicals, where a number of mechanisms have been proposed
including cytotoxicity at high doses, cell-specific responses, receptor selectivity, receptor
down-regulation and desensitization, receptor competition, and endocrine negative feedback
loops (Vandenberg et al., 2012). It is possible that one or more of these mechanisms are at
play in this study, though it is not possible to demonstrate which. Interestingly, this trend did
not continue at GS ~42 or GS 45, perhaps in part due to the considerations about

developmental plasticity and changes in skin morphology mentioned above.

Two previous studies have profiled the expression of select genes in amphibians in
the context of microplastic or nanoplastic exposure (Pekmezekmek et al., 2022; Tussellino et
al., 2015), and one study which performed tadpole whole-body RNA-seq (Zhang et al., 2023)
after exposure to microplastics. To my knowledge, the research reported in this thesis is the
first RNA-seq transcriptomics study to evaluate the response of the skin transcriptome to
microplastic exposure in amphibians. To my knowledge it is also the first transcriptomics
study performed on organisms exposed to real-life conditions (exposed to an environmentally

relevant microplastics mixture chronically from eggs in outdoor mesocosms), and the first
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study evaluating transcriptional changes due to microplastics exposure in a North American
amphibian species. Previous targeted studies found differential expression of the pax6, bmp4,
tbxt, (also known as bra), myod1, and sox9 genes in amphibian larvae in the context of
microplastic or nanoplastic exposure (Pekmezekmek et al., 2022; Tussellino et al., 2015).
These genes were not differentially expressed in response to either treatment at any timepoint
in this study. However, parallels were observed with the whole-body transcriptomics study
by Zhang et al. (2023) on tadpoles of the Aziatic toad (Bufo garganzia), which saw
upregulation of genes related to protein synthesis and mitochondrial function, and
downregulation of genes involved in neural function and cellular responses. Enrichment of
terms and pathways related to mitochondrial function was also seen in this study at GS ~34
in the 1x and 10x treatments (Figure 2.23 & Figure 2.24) and at GS ~42 in the 10x treatment
(Figure 2.28 — Figure 2.31). Interestingly, at GS ~34 these terms were activated by
microplastic exposure, while they were suppressed at GS ~42. Activation of terms related to
protein synthesis was also seen at GS ~34 in the 1x and 10 X treatments (Figure 2.23, Figure
2.26, & Figure 2.27) and suppression at GS ~45 in the 10% treatment (Figure 2.28 — Figure
2.31). These results suggest that different amphibian species may experience a similar
transcriptional response to microplastics, however, additional transcriptomics studies must be

performed on a greater diversity of amphibians to support this.

Evidence of immunosuppression was seen in the dorsal skin of 1x microplastic-
exposed tadpoles at GS ~34, with the suppression of various immune-related GO terms as
well as KEGG pathways such as NF-«B signalling pathway, RIG-I-like receptor signalling
pathway, natural killer cell mediated cytotoxicity, cytokine-cytokine receptor interaction, and
others (Figure 2.22, Figure 2.23, Figure 2.25, & Figure 2.26). The NF-kB signalling pathway
is active in nearly all cell types and transduces signals from a variety of stimuli (reviewed in
Oeckinghaus & Ghosh, 2009). NF-kB is essential in a wide variety of immune processes,
including responding to the recognition of PAMPs by PRRs, responses to cytokine signals,
binding of T and B cell receptors to antigens, and also the response to stressors like UV

radiation and oxidation (Oeckinghaus & Ghosh, 2009). Downregulation of this pathway
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could compromise the ability of skin to respond to the presence of a pathogen. RIG-I-like
receptors (RLRs) are a family of cytosolic PRRs which recognize viral double stranded RNA
or single stranded RNA containing viral motifs such as a 5’ triphosphate (Saito & Gale,
2008), and initiate an immune response by signal transduction through a variety of pathways,
including NF-xB (Loo & Gale, 2011). Suppression of the RIG-I-like receptor signalling
pathway could compromise developing amphibian’s ability to respond to viral infections. A
previous study has reported immunosuppression in tadpoles exposed to microplastics, with
microplastic exposure leading to increased loads of B. dendrobatidis (Bosch et al., 2021). As
multiple immune-related processes are being down-regulated in response to microplastics in
this study, this could be leading to general immunosuppression of the skin barrier. This could
result in increased susceptibility to infections of the skin, such as chytridiomycosis, a
hypothesis which the Bosch et al. (2021) study supports. Exposure to the 10x microplastics
treatment did not appear to cause immunosuppression in GS ~34 larvae. Evidence of
immunosuppression in GS ~42 wood frogs was not observed, however, the downregulation
of genes related to the proteasome in the dorsal skin of GS 45 wood frogs exposed to the 10x
treatment was seen, which could lead to deficits in antigen presentation. The greater level of
suppressed immune terms and pathways in the dorsal skin at GS ~34 compared to ~42 and 45
could be due to the immunosuppression that occurs naturally leading up to metamorphic
climax. Alternatively, immunosuppression caused by microplastics could lead to even further
immunosuppression as tadpoles approach metamorphic climax, resulting in an already

vulnerable life stage becoming even more vulnerable to infection.

Enrichment of terms related to transmembrane transport were also seen at GS ~34.
Interestingly, in the 1% treatment, these terms were activated, while they were suppressed in
the 10x treatment (Figure 2.23 & Figure 2.24). Though the mechanism behind this is
uncertain, previous studies have demonstrated that microplastics increase lipid membrane
tension, leading to mechanical stretching stress and a reduction in the lifetime of membranes
(Choi et al., 2020; Fleury & Baulin, 2021). Nanoplastics can also influence the activity of ion
channels (McCarthy et al., 2011; Roshanzadeh et al., 2021). These factors, in addition to
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other unknown mechanisms, could potentially be contributing to the dysregulation of genes
related to transmembrane transport. These terms were not enriched past GS ~34, perhaps due
to the morphological rearrangements larval skin undergoes approaching and during

metamorphic climax (Yoshizato, 1992).

3.1.5 Limitations

In this study, the objectives were to evaluate how the transcriptome of the dorsal
skin changes during wood frog development, and to examine the potential effects of
microplastics on developing wood frogs. The study of amphibians during development poses
challenges because individuals develop at different rates due to genetic variation. This means
that performing sampling by exposure duration results in the sampling of animals at varying
developmental stages. However, the alternative of sampling animals at a particular
developmental stage presents other challenges since the sampled animals would be exposed
for different durations. Further complicating this is the potential for experimental treatments
to alter developmental rates. As a result, a sample size of three to five individuals was
obtained, depending on the treatment and developmental stage. Since individuals within a
group may be at different developmental stages, this could introduce variation in
transcriptome profiles, leading to decreased analytical power. This may not have been a
limitation for some comparisons performed in this study, such as the 0x control comparison
over time (Figure 2.10C) and the 1x and 10% comparisons at GS ~34 (Figure 2.20), where
clear expression patterns emerged. However, this may have limited the ability to detect
differentially expressed genes in the 1x and 10x treatments at GS ~42 and 45, where there
appeared to be more variation between samples (Figure 2.20). This can also result in the
overlap of developmental stages between sampling timepoints, which occurred in this study.
The collections for the second sequencing timepoint occurred when the metamorphs in the
mesocosms were at approximately Gosner stage 42 (timepoint GS ~42) and all organisms in
the third timepoint were at Gosner stage 45. However, sample GS ~42 0x mesocosm 4 was
collected from a metamorph at Gosner stage 45. Although this sample was preserved in

whole-body form, and dissected later in the lab, while GS 45 samples were dissected in the
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field, after observing that this sample clustered with the four GS 45 0% samples in a PCA
(Figure 2.7A), it was decided to group the sample in question with the other GS 45 samples

for gene expression analysis.

Two potential limitations lie in the sample collection and preservation methods used
in this study. The animals used in this study were euthanized in a MS-222 bath prior to tissue
collection and were then preserved in RNAlater due to the unavailability of liquid nitrogen at
the field site. Both exposure to MS-222 (Félix et al., 2020) and storage in RNAlater (Kruse et
al., 2017; Passow et al., 2019) can induce transcriptional changes in genes related to
oxidative stress, apoptosis, osmotic stress, and RNA processing. Since this study was
evaluating gene expression, these methods could influence the results of this study. Though
this does pose a potential limitation, studies must still be performed in an ethical manner,
using the best tools available in the study location, and are therefore difficult or impossible to
mitigate. As all samples were handled in the same manner, any transcriptome alterations due
to sample handling should be uniform across all samples and therefore not contribute to the
differential gene expression analysis. However, there could be interactions between the
cellular state brought on by microplastics exposure and MS-222 or RNAlater which cannot

be detected with the experimental design of this study.

Two GS ~34 RNA samples (GS ~34 samples from 0x treatment mesocosm 5 and 1x
treatment mesocosm 4) were included in the analysis that had underwent ethanol
precipitation prior to sequencing to improve A260/280 and A260/230 ratios. However,
during the final wash steps, the pelleted RNA was mistakenly washed with a 75% ethanol
solution which was previously used to sterilize dissection tools instead of fresh 75%
molecular-grade ethanol. To evaluate the potential for sample contamination with RNases or
exogenous RNA, samples were evaluated during processing and during analysis. Both
samples had sufficient RNA quantity, purity, and quality (RIN and DV200 values were
within acceptable ranges; Table 2.3 & Figure A.1), indicating that samples were not
degraded. Furthermore, these samples were monitored throughout the RNA-seq read quality

control process via their FastQC reports to ensure no metrics differed from the remaining
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sample set (Figure A.2 — Figure A.7). To evaluate the possibility that expression values were
altered by the usage of the incorrect ethanol solution, hierarchical clustering and heatmap
visualization of the expression values of sequenced samples was performed. In both
heatmaps of all samples (Figure 2.7B), and heatmaps of differentially expressed genes at GS
~34 in both the 1x and 10x treatments (Figure 2.20), these samples always clustered with at
least one other sample from the same timepoint/treatment combination, and when clustering
based on differentially expressed genes (Figure 2.20), these samples showed clear
concordance with the expression patterns of their treatment/timepoint sample set, indicating
that the use of the non-molecular-grade ethanol likely did not alter the expression levels of
these differentially expressed genes in these samples, providing confidence that the inclusion

of these samples in the analysis is acceptable.

Additional limitations lie in the bioinformatics methodology utilized, though the
best-available tools and data were used. The North American wood frog genome was
published in early 2023, and being the first version of the genome, it is possible that
sequences are missing or misassembled. Any genes present in these regions would therefore
not be detected in this experiment. Additionally, as annotation information is not yet
available for this genome, de novo annotation techniques were used in this study. Only a
portion of the detected transcripts could be annotated (Table 2.5), meaning that transcripts
without functional annotations could not contribute to functional analysis of differential
expression. Fortunately, as additional annotation information becomes available, the RNA-
seq data collected in this study could be reanalyzed to gain new insights into the changes to
the wood frog dorsal skin transcriptome during development, and the effects of microplastics

on developing wood frog dorsal skin.

3.2 Conclusions

With amphibian populations experiencing declines due to multiple stressors and
diseases, it is important to learn more about the developmental biology of amphibians and to

evaluate how emerging contaminants might affect disease susceptibility throughout the
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amphibian lifecycle. To address the question of how microplastics affect developing
amphibian skin, developing North American wood frogs were raised in microplastic-
contaminated outdoor mesocosms. Transcriptomic analysis revealed gene expression changes
during development that align with known changes to amphibian skin during metamorphosis
such as keratinization and changes in ion transport. It also revealed that the systemic
immunosuppression of amphibians during metamorphosis also occurs in the skin, with the
downregulation of various immune pathways in the skin during metamorphosis.
Transcriptomic analysis revealed that exposure to microplastics caused a greater number of
differentially expressed genes in the dorsal skin wood frogs around Gosner stage 34 than
those around Gosner stage 42 or at Gosner stage 45. Gene set enrichment analysis revealed
processes involved in the immune system, protein synthesis, mitochondrial function, and
transmembrane transport to be altered. Although immunosuppression was only seen in the
dorsal skin of wood frogs at Gosner stage ~34 in the 1% treatment, infection and mortalities
could be increased in young larvae by exposure to microplastics. In summary, this study
provides evidence that microplastics could cause immunosuppression in developing
amphibians. This study provides a foundation for future studies to investigate whole
organism immunocompetency of amphibians exposed to microplastics. This study also
provides a large transcriptomics dataset that could be mined for future hypothesis generation
on microplastic exposure effects. In conclusion, because microplastic pollution is expected to
continue to increase for the foreseeable future, it is essential to continue to assess the
organismal and sub-organismal effects of a range of microplastics on various species. These

studies will be important for informing future policy decisions.

3.3 Future Directions

The line of inquiry begun in this thesis could be continued in numerous ways. An
investigation into the effects of microplastic exposure on the commensal skin bacterial
microbiomes of developing wood frogs is underway, using the skin swab samples collected
during the mesocosm experiment (Section 2.1.2.7, Figure 2.2). This investigation will

provide information on whether microplastic exposure alters the composition of the wood
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frog commensal skin microbiome, as well as a comparative analysis between the effects on
the skin microbiome and effects on the skin transcriptome. This is important to evaluate
because the commensal skin bacterial microbiome can assist the amphibian immune system

in protecting against pathogens (Harris et al., 2009; Woodhams et al., 2007).

Although multiple tissues were collected from the mesocosm study, only the dorsal
skin was analyzed in this thesis. Additional studies could be performed on other tissues
collected from this mesocosm study. The gastrointestinal tract is another tissue that comes
into direct contact with microplastics, with microplastics found in the gastrointestinal tracts
of the developing wood frogs in this study (Gene et al., n.d.), and therefore likely has a
transcriptional response to microplastics. Because the liver filters blood, any microplastics
that cross the gastrointestinal barrier into the blood are likely to pass through or accumulate
in the liver. Furthermore, the spleen hosts a diversity of immune cells that are essential for
responding to pathogens (Owen et al., 2013). Evaluating the transcriptomic response of the
spleen to microplastic exposure would shed additional light on how microplastics affect the

function of immune cells.

Samples were collected at a total of nine timepoints, yet only three were selected for
sequencing in the study described in this thesis. Future studies could utilize these samples to
determine how gene expression changes in response to the chronic microplastic exposure
performed in the mesocosm study in different tissues and at different timepoints than the
ones profiled in this study. Considering the difference in response to microplastics seen
between the three timepoints sequenced in this study, it is important to evaluate additional
timepoints to gain a more comprehensive understanding of how microplastics affect

amphibians throughout development.

Further lines of inquiry could involve assessing effects of additional polymers, sizes,
and shapes of microplastics on wood frogs. Although this study included a mixture of three
common microplastics with a range of sizes, other types of microplastics are extremely
prevalent. One example is microplastic fibres. Fibres are one of the most common types of

microplastics, and often can elicit effects on exposed organisms (Anbumani & Kakkar, 2018;
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Koelmans et al., 2019), yet few studies have evaluated their effects on amphibians (Table

1.1).

Although the body of literature on the effects of microplastics on amphibians is
growing, only a handful of studies have assessed the types and amount of microplastics
present in wild amphibians or amphibian habitats (Iannella et al., 2020; Karaoglu & Giil,
2020; Kolenda et al., 2020; Mackenzie & Vladimirova, 2021; Pastorino et al., 2022; Schessl
et al., 2019). I am not aware of any studies which have assessed microplastic content in
North American vernal pools, essential habitat for the reproduction of many amphibian
species, including the wood frog. It is important for future studies to assess the types of
microplastics North American amphibians would be exposed to in their natural habitats, so
that further studies on the effects of microplastics can use microplastic types and
concentrations that the species in question would be exposed to in the environment. Many
research groups conduct spring field work to record data on or capture amphibians. Water
samples and additional tissues could be collected during this type of field work to assess

microplastic content.

Previous studies have shown that microplastics can have synergistic effects on
amphibians when exposed in conjunction with other pollutants, such as pesticides
(Lajmanovich et al., 2022). As developing amphibians in the wild are likely to be exposed to
additional stressors such as elevated temperatures, high salinity, anthropogenic noise and
light, and chemical pollutants in addition to microplastics, it is important that future research
evaluates how combined exposure to microplastics and these additional stressors may affect
amphibians. This could be conducted in a similar manner to the mesocosm study described in
this thesis, adding additional treatment groups containing microplastics plus an additional

contaminant, and the contaminant alone.

Though global changes in transcription in the dorsal skin of microplastic exposed
wood frogs was assessed here, of particular interest were changes to immune gene expression
to assess the sublethal effects on this important immune organ of frogs. It was hypothesized

that microplastic exposure could be a stressor which predisposes developing amphibians to
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infection. Though downregulation of immune genes in response to exposure to microplastics
was observed in dorsal skin tissue, it cannot be determined from this study alone if this
translates to real-life changes to susceptibility to infection and mortality. Ultimately, to
demonstrate this, a similar experiment could be performed where wood frogs are raised in
water in the absence or presence of microplastics. Tadpoles of various developmental stages,
as well as adults, would then be exposed to a pathogen such as FV3 or B. dendrobatidis. The
prevalence and intensity of infection and host mortality could then be assessed and compared
between the control and microplastic-exposed groups to determine if exposure to

microplastics altered host disease susceptibility.
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Appendix A
RNA-seq Quality Control
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285 2,670 3,580 155 337 288 2,932 3,680 59 1.0
Region table for sample 11 : _W6-AC1 Region table for sample 12 : _W6-AC2
Name From [nt] To [nt] Corr. Area % of Total Color Name From [nt] To [nt] Corr. Area % of Total Color
DV200 200 8000 387 85 - DV200 200 8000 434 81 _—
W6-AC4 [ 1ul ] - W6-ACS [ 1ul] -
Cw D
|
10 10
5 | 5
o 3
0 e b Y i
T T T T T T — T T T 1 T T -
25 200 1000 4000 [nt] 25 200 1000 4000 [nt]
Overall Results for sample 9 : _W6-AC4 — Overall Results for sample 10 : _W6-AC5 _
RNA Area: 23.2 RNA Area: 49.3
RNA Concentration: 15 ng/pl RNA Concentration: 31 ng/pl
rRNA Ratio [28s / 18s]: 1.2 rRNA Ratio [28s / 18s]: 1.3
RNA Integrity Number (RIN): 10 (B.02.11) RNA Integrity Number (RIN): 9.9 (B.02.11)
Result Flagging Color: Result Flagging Color:
Result Flagging Label: RIN:10 Result Flagging Label: RIN: 9.90
Corr. Area 1: 20.8 Corr. Area 1: 40.8
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188 1,593 2,036 74 320 188 1516 1,899 105 213
285 2,928 3,857 9.0 389 288 2,661 3,766 132 268
Region table for sample 9 : W6-AC4 Region table for sample 10 : _W6-AC5
Name From [nt] To [nt] Corr. Area % of Total Color Name From [nt] To [nt] Corr. Area % of Total Color
DV200 200 8000 208 90 | DV200 200 6417 408 83 |

Figure A.l. Bioanalyzer reports of sequenced RNA samples from the dorsal skin of
developing wood frogs exposed to varying concentrations of a microplastics mixture.

RNA samples were assessed for integrity with a Bioanalyzer (Aligent) by The Centre for
Applied Genomics (TCAG; Toronto, Ontario, Canada). Bioanalyzer reports were provided by
TCAG for the following samples: A) Gosner stage (GS) ~34 0x mesocosm 1, B) GS ~34 0x
mesocosm 2, C) GS ~34 0x mesocosm 4, D) GS ~34 0x mesocosm 5, E) GS ~34 1x mesocosm
1, F) GS ~34 1x mesocosm 3, G) GS ~34 1x mesocosm 4, H) GS ~34 10x mesocosm 3, I) GS
~34 10x mesocosm 4, J) GS ~34 10x mesocosm 5, K) GS ~42 0x mesocosm 1, L) GS ~42 0x
mesocosm 2, M) GS ~42 0x mesocosm 4, N) GS ~42 0x mesocosm 5, O) GS ~42 1x
mesocosm 1, P) GS ~42 1x mesocosm 3, Q) GS ~42 1x mesocosm 4, R) GS ~42 1x mesocosm
5,S) GS ~42 10x mesocosm 1, T) GS ~42 10x mesocosm 3, U) GS ~42 10x mesocosm 4, V)
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GS ~42 10x mesocosm 5, W) GS 45 0x mesocosm 1 replicate b, X) GS 45 0x mesocosm 2
replicate ¢, Y) GS 45 0% mesocosm 4 replicate b, Z) GS 45 0% mesocosm 5 replicate b, a) GS
45 1x mesocosm 1 replicate b, ) GS 45 1x mesocosm 3 replicate a, y) GS 45 1x mesocosm 4
replicate b, 8) GS 45 1x mesocosm 5 replicate a, €) GS 45 10x mesocosm 1c, £) GS 45 10x
mesocosm 3 replicate b, ) GS 45 10x mesocosm 4 replicate a, and 0) GS 45 10x mesocosm
5 replicate b. W6 corresponds to GS ~34 samples, W8 corresponds to GS ~42 samples, and
GS45 or G345 (typo at TCAG) corresponds to GS 45 samples. AC = Set A, 0% treatment
mesocosm, AL = Set A, 1x treatment mesocosm, AH = Set A, 10x treatment mesocosm. This
figure is continued on the following five pages.
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Overall Results for sample 11 : 45-AC4B — Overall Results for sample 12 : _G345-AC5B
RNA Area: 46.3 RNA Area: 45.4
RNA Concentration: 27 ng/pl RNA Concentration: 26 ng/pl
rRNA Ratio [28s / 18s): 1.1 rRNA Ratio [28s / 18s): 13
RNA Integrity Number (RIN): 9.5 (B.02.11) RNA Integrity Number (RIN): 9.7 (B.02.11)
Result Flagging Color: |:,\ Result Flagging Color:
Result Flagging Label: RIN: 9.50 Result Flagging Label: RIN: 9.70
Corr. Area 1: 39.6 Corr. Area 1: 389
Fragment table for sample 11 : _G345-AC4B Fragment table for sample 12 : _G345-AC5B
Name Start Size [nt] End Size [nt] Area % of total Area Name Start Size [nt] End Size [nt] Area % of total Area
188 1,573 1,901 12 243 18S 1,542 1,877 13 250
288 2873 3,507 19 257 285 2,725 3,567 149 328
Region table for sample 11 : _G345-AC4B Region table for sample 12 : G345-AC5B
Name From [nt] To [nt] Corr. Area % of Total Color Name From [nt] To [nt] Corr. Area % of Total Color
DV200 200 8000 396 86 | DV200 200 8000 389 86 |
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Overall Results for sample 8 : _G345-AL1B — Overall Results for sample 9 :
RNA Area: 339 RNA Area: 414
RNA Concentration: 18 ng/pl RNA Concentration: 21 ng/pl
rRNA Ratio [28s / 18s]: 0.8 rRNA Ratio [28s / 18s]: 1.0
RNA Integrity Number (RIN): 8.1 (B.02.11, Anomaly Threshold(s) manually adapted)  RNA Integrity Number (RIN): 10 (B.02.11)
Result Flagging Color: Result Flagging Color:
Result Flagging Label: RIN: 8.10 Result Flagging Label: RIN:10
Corr. Area 1: 26.7 Corr. Area 1: 34.6
Fragment table for sample 8 : G345-AL1B Fragment table for sample 9 : G345-AL3A
Name Start Size [nt] End Size [nt] Area % of total Area Name Start Size [nt] End Size [nt] Area % of total Area
188 1,528 1,901 44 13.0 188 1,533 1,866 1.1 268
288 2,934 3,503 33 9.8 288 2,914 3,609 10 265
Region table for sample 8 : _G345-AL1B Region table for sample 9 : _G345-AL3A
Name From [nt] To [nt] Corr. Area % of Total Color Name From [nt] To [nt] Corr. Area % of Total Color
DV200 200 7937 267 79 - DV200 200 8000 346 84 -
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Overall Results for sample 10 : _G345-AL4B
RNA Area: 349
RNA Concentration: 18 ng/pl
rRNA Ratio [28s / 18s]: 1.0
RNA Integrity Number (RIN): 10 (B.02.11)
Result Flagging Color:
Result Flagging Label: RIN:10
Corr. Area 1: 294
Fragment table for sample 10 : _G345-AL4B

Name Start Size [nt] End Size [nt] Area % of total Area

188 1,631 1,873
288 2,868 3,469
Region table for sample 10 :

Name From [nt] To [nt] Corr. Area % of Total Color

103 29.7
10.5 30.2
45-AL4B
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Overall Results for sample 11 : _G345-ALSA
RNA Area: 40.1
RNA Concentration: 21 ng/pl
rRNA Ratio [28s / 18s): 11
RNA Integrity Number (RIN): 9.8 (B.02.11)
Result Flagging Color:
Result Flagging Label: RIN: 9.80
Corr. Area 1: 337
Fragment table for sample 11 : _G345-AL5A

Name Start Size [nt] End Size [nt] Area % of total Area

188 1,637 1,864 109 272
285 2,884 3,561 15 288
Region table for sample 11 : 45-AL5SA

Name From [nt] To [nt] Corr. Area %ofTotaI Color

Figure A.1. continued.
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Overall Results for sample 7 : G345-AH1C Overall Results for sample 8 : _G345-AH3B
RNA Area: 411 RNA Area: 36.1
RNA Concentration: 26 ng/pl RNA Concentration: 23 ng/pl
RNA Ratio [28s / 18s): 13 RNA Ratio [28s / 18s]: 15
RNA Integrity Number (RIN): 9.8 (B.02.11, Anomaly Threshold(s) manually adapted) ~ RNA Integrity Number (RIN): 9.2 (B.02.11, Anomaly Threshold(s) manually adapted)
Result Flagging Color: Result Flagging Color:
Result Flagging Label: RIN: 9.80 Result Flagging Label: RIN: 9.20
Corr. Area 1: 337 Corr. Area 1: 303
Fragment table for sample 7 : _G345-AH1C Fragment table for sample 8 : _G345-AH3B
Name Start Size [nt] End Size [nt] Area %o of total Area Name Start Size [nt] End Size [nt] Area % of total Area
188 1,640 1,892 95 232 188 1,637 1,874 8.0 220
288 2,662 3,751 128 311 288 2,676 3,524 18 327
Region table for sample 7 : _G345-AH1C Region table for sample 8 : -AH3B
Name From [nt] To [nt] Corr. Area % of Total Color Name From [nt] To [nt] Corr. Area % of Total Color
DV200 200 8,000 337 82 | DV200 200 8000 303 84 |
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Overall Results for sample 9 : -AH4A Overall Results for sample 10 : _G345-AH5B
RNA Area: 48.4 RNA Area: 46.5
RNA Concentration: 31 ng/pl RNA Concentration: 29 ng/pl
rRNA Ratio [28s / 18s]: 1.1 rRNA Ratio [28s / 18s]: 1.1
RNA Integrity Number (RIN): 9 (B.02.11) RNA Integrity Number (RIN): 9.4 (B.02.11)
Result Flagging Color: I:l Result Flagging Color:
Result Flagging Label: RIN:9 Result Flagging Label: RIN: 9.40
Corr. Area 1: 39.8 Corr. Area 1: 374
Fragment table for sample 9 : _G345-AH4A Fragment table for sample 10 : _G345-AH5B
Name Start Size [nt] End Size [nt] Area % of total Area Name Start Size [nt] End Size [nt] Area % of total Area
188 1,635 1,822 100 206 188 1,624 1,846 100 215
288 2,851 3,555 11 229 288 2,854 3,524 13 244
Region table for sample 9 : -AH4A Region table for sample 10 : _G345-AH5B
Name From [nt] To [nt] Corr. Area % of Total Color Name From [nt] To [nt] Corr. Area % of Total Color
DV200 200 8000 398 | DV200 200 6417 374 80 |
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Figure A.2. Sequence quality of RNA-seq reads from the dorsal skin of developing wood

frogs exposed to a microplastics mixture.

RNA-seq reads from the dorsal skin of developing wood frogs exposed to a 0x, 1x, or 10x
microplastics mixture underwent quality control with Rcorrector (Song & Florea, 2015), fastp
(Chen, 2023), and RiboDetector (Deng et al., 2022). Plots of A, C) per base sequence quality
and B, D) per sequence quality were produced with MultiQC (Ewels et al., 2016) from FastQC
(Andrews, 2010) reports for A, B) raw and C, D) cleaned reads.
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Figure A.3. GC content of RNA-seq reads from the dorsal skin of developing wood frogs
exposed to a microplastics mixture.

RNA-seq reads from the dorsal skin of developing wood frogs exposed to a 0%, 1x, or 10x
microplastics mixture underwent quality control with Rcorrector (Song & Florea, 2015), fastp
(Chen, 2023), and RiboDetector (Deng et al., 2022). Plots of per sequence GC content were
produced with MultiQC (Ewels et al., 2016) from FastQC (Andrews, 2010) reports for A) raw
and B) cleaned reads.
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Figure A.4. N content of RNA-seq reads from the dorsal skin of developing wood frogs
exposed to a microplastics mixture.

RNA-seq reads from the dorsal skin of developing wood frogs exposed to a 0%, 1x, or 10x
microplastics mixture underwent quality control with Rcorrector (Song & Florea, 2015), fastp
(Chen, 2023), and RiboDetector (Deng et al., 2022). Plots of per base N content were produced
with MultiQC (Ewels et al., 2016) from FastQC (Andrews, 2010) reports for A) raw and B)
cleaned reads.
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Figure A.S. Sequence duplication levels of RNA-seq reads from the dorsal skin of
developing wood frogs exposed to a microplastics mixture.

RNA-seq reads from the dorsal skin of developing wood frogs exposed to a 0%, 1x, or 10x
microplastics mixture underwent quality control with Rcorrector (Song & Florea, 2015), fastp
(Chen, 2023), and RiboDetector (Deng et al., 2022). Plots of sequence duplication levels were
produced with MultiQC (Ewels et al., 2016) from FastQC (Andrews, 2010) reports for A) raw
and B) cleaned reads.
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Figure A.6. Adaptor content in raw RNA-seq reads from the dorsal skin of developing
wood frogs exposed to a microplastics mixture.

RNA-seq reads from the dorsal skin of developing wood frogs exposed to a 0%, 1x, or 10x
microplastics mixture underwent quality control with Rcorrector (Song & Florea, 2015), fastp
(Chen, 2023), and RiboDetector (Deng et al., 2022). Adapter content in raw reads is depicted
in the plot, produced with MultiQC (Ewels et al., 2016) from FastQC (Andrews, 2010) reports.
In cleaned reads, no samples were found with adaptor contamination > 0.1% and no plot was
generated.
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FastQC: Sequence Length Distribution
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Figure A.7. Length of cleaned RNA-seq reads from the dorsal skin of developing wood
frogs exposed to a microplastics mixture.

RNA-seq reads from the dorsal skin of developing wood frogs exposed to a 0%, 1x, or 10x
microplastics mixture underwent quality control with Rcorrector (Song & Florea, 2015), fastp
(Chen, 2023), and RiboDetector (Deng et al., 2022). The sequence lengths of cleaned reads are
depicted in the plot, produced with MultiQC (Ewels et al., 2016) from FastQC (Andrews,
2010) reports. Raw reads had a uniform length of 151 bp.
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Appendix B

Supplemental Figures
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Figure B.1. Overview of Gene Ontology (GO) terms assigned to transcribed genes in the
dorsal skin of Gosner stage ~42 wood frog tadpoles from the control (0x microplastics
exposure) group.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and



assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts and Trinotate was used to assign GO terms by
homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. GO term
assignments were filtered to retain level 2 GO terms, and the number of genes expressed in the
0% (control) dorsal skin samples from Gosner stage ~42 wood frogs for each level 2 GO term
were plotted.
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Figure B.2. Overview of Gene Ontology (GO) terms assigned to transcribed genes in the
dorsal skin of Gosner stage 45 wood frog tadpoles from the control (0% microplastics
exposure) group.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and



assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts and Trinotate was used to assign GO terms by
homology transfer from BLASTP and BLASTX searches of the Swiss-Prot database. GO term
assignments were filtered to retain level 2 GO terms, and the number of genes expressed in the
0% (control) dorsal skin samples from Gosner stage 45 wood frogs for each level 2 GO term
were plotted.
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Figure B.3. Overview of KEGG pathways assigned to transcribed genes in the dorsal skin
of Gosner stage ~42 wood frog tadpoles from the control (0x microplastics exposure)
group.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and



assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts. Trinotate and EggNOG-mapper were used to assign
KEGG pathways to assembled transcripts. The number of genes expressed in the 0x (control)
dorsal skin samples from Gosner stage ~42 wood frogs for each level 2 KEGG pathway
classification were plotted.
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Figure B.4. Overview of KEGG pathways assigned to transcribed genes in the dorsal skin
of Gosner stage 45 wood frog tadpoles from the control (0x microplastics exposure)
group.
Quality-controlled RNA-seq reads obtained from the dorsal skin of developing wood frogs
were aligned to the Rana sylvatica reference genome (GCA_028564925.1) with HISAT2 and



assembled into transcripts with StringTie. TransDecoder was used to predict candidate coding
sequences in the assembled transcripts. Trinotate and EggNOG-mapper were used to assign
KEGG pathways to assembled transcripts. The number of genes expressed in the 0x (control)
dorsal skin samples from Gosner stage 45 wood frogs for each level 2 KEGG pathway
classification were plotted.
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Appendix C

R sessionInfo()

R version 4.3.2 (2023-10-31)
Platform: x86_64-apple-darwin20 (64-bit)

Running under: macOS Sonoma 14.2.1

Matrix products: default

BLAS:
/System/Library/Frameworks/Accelerate.framework/Versions/A/Frameworks/vecLib.framework/Versions/A/1ibBLAS.dylib

LAPACK: /Library/Frameworks/R.framework/Versions/4.3-x86_64/Resources/lib/1ibRlapack.dylib; LAPACK version 3.11.0

locale:

[1] en_US.UTF-8/en_US.UTF-8/en_US.UTF-8/C/en_US.UTF-8/en_US.UTF-8

time zone: America/Toronto

tzcode source: internal

attached base packages:

[1] tools grid stats4 stats graphics grDevices utils datasets methods base

other attached packages:

[1] EnhancedVolcano_1.20.0 ggrepel_0.9.5 VennDiagram_1.7.3 futile.logger_1.4.3
[5] pheatmap_1.0.12 seqinr_4.2-36 UpSetR_1.4.0 GO.db_3.18.0
[9] AnnotationDbi_1.64.1 KEGGREST_1.42.0 clusterProfiler_4.10.0 DESeq2_1.42.0
[13] SummarizedExperiment_1.32.0 Biobase_2.62.0 MatrixGenerics_1.14.0 matrixStats_1.2.0
[17] GenomicRanges_1.54.1 GenomeInfoDb_1.38.5 IRanges_2.36.0 S4Vectors_0.40.2
[21] BiocGenerics_0.48.1 lubridate_1.9.3 forcats_1.0.0 stringr_1.5.1
[25] dplyr_1.1.4 purrr_1.0.2 readr_2.1.5 tidyr_1.3.0
[29] tibble_3.2.1 ggplot2_3.4.4 tidyverse_2.0.0

loaded via a namespace (and not attached):

[1] RColorBrewer_1.1-3 rstudioapi_0.15.0 jsonlite_1.8.8 magrittr_2.0.3

[5] farver_2.1.1 fs_1.6.3 zlibbioc_1.48.0 vctrs_0.6.5

[9] memoise_2.0.1 RCur1_1.98-1.14 ggtree_3.10.0 S4Arrays_1.2.0
[13] lambda.r_1.2.4 SparseArray_1.2.3 gridGraphics_0.5-1 plyr_1.8.9

[17] futile.options_1.0.1 cachem_1.0.8 igraph_1.6.0 lifecycle_1.0.4
[21] pkgconfig_2.0.3 Matrix_1.6-5 R6_2.5.1 fastmap_1.1.1
[25] gson_0.1.0 GenomeInfoDbData_1.2.11 digest_0.6.34 aplot_0.2.2
[29] enrichplot_1.22.0 colorspace_2.1-0 patchwork_1.2.0 RSQLite_2.3.5
[33] fansi_1.0.6 timechange_0.3.0 httr_1.4.7 polyclip_1.10-6
[37] abind_1.4-5 compiler_4.3.2 bit64_4.0.5 withr_3.0.0
[41] BiocParallel_1.36.0 viridis_0.6.4 DBI_1.2.1 ggforce_0.4.1
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[45]
[49]
[53]
[57]
[61]
[65]
[69]
[73]
[77]
[81]
[85]
[89]
[93]
[97]

MASS_7.3-60.0.1
scatterpie_0.2.1
shadowtext_0.1.3
generics_0.1.3
hms_1.1.3
pillar_1.9.0
treeio_1.26.0
locfit_1.5-9.8
stringi_1.8.3
ggraph_2.1.0
munsell_0.5.0
blob_1.2.4
tidytree_0.4.6
formatR_1.14

DelayedArray_0.28.0
glue_1.7.0
reshape2_1.4.4
gtable_0.3.4
tidygraph_1.3.0
yulab.utils_0.1.3
lattice_0.22-5
Biostrings_2.70.1
lazyeval_0.2.2
qvalue_2.34.0
Rcpp_1.0.12
DOSE_3.28.2
scales_1.3.0

cowplot_1.1.3

HDO.db_0.99.1
nlme_3.1-164
ade4_1.7-22
tzdb_0.4.0
utfg_1.2.4
splines_4.3.2
bit_4.0.5
gridextra_2.3
ggfun_0.1.4
ggplotify_0.1.2
png_0.1-8
bitops_1.0-7
crayon_1.5.2

fastmatch_1.1-4
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ape_5.7-1
GOSemSim_2.28.1
fgsea_1.28.0
data.table_1.14.10
XVector_0.42.0
tweenr_2.0.2
tidyselect_1.2.0
graphlayouts_1.1.0
codetools_0.2-19
cli_3.6.2
parallel_4.3.2
viridisLite_0.4.2

rlang_1.1.3



