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Abstract

The overall goal of this project was to develop biomarkers for mussel leukemia, a
sublethal endpoint used in population health monitoring. The most common method for
leukemia assessment is hematocytology, which is labour intensive and subject to bias. In
this thesis, new biomarkers based on DNA ploidy detection and genotyping, were
developed and compared with hematocytology. These new biomarkers would allow for
more sensitive and efficient monitoring of near-shore ecosystems. Two Mytilus species, M.
trossulus and M. edulis, were tested. Samples were obtained from Hopkins and Horseshoe
Bay beaches, a mussel farm (Island Scallops, BC) and from caged mussels of the same
origins submerged at a monitoring site in Burrard Inlet and a reference site off the Sunshine
Coast.

Three single nucleotide polymorphisms (SNPs) were detected within the coding
region of p53 amplified from M. trossulus haemocyte cDNA, which were associated with
leukemia. Many more polymorphic sites were found in M. edulis, some correlated with
leukemia. Blocks in the p53 coding region sequences from late leukemic M. edulis were
homologous with the M. trossulus p53 sequences, suggesting that hybridization may have
contributed to increased disease susceptibility. Correlations between genotype and disease

were not found in beach mussels or in either mussel species with early stages of leukemia.

DNA content flow cytometry patterns for M. trossulus haemocytes could
distinguish healthy animals from diseased for all stages of leukemia, including early ones,
where haemolymph contains mixtures of healthy and neoplastic cells. No strong association
was observed between ploidy and leukemia in M. edulis. This new method for M. trossulus
leukemia detection is recommended for monitoring of marine ecosystems exposed to
multiple stressors, for which leukemia is a valuable endpoint together with other

biomarkers required for efficient environmental management.
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1 Introduction

The intertidal area is a very important element of the marine ecosystem, and it is
intensively used as a food source and for recreation (FAO 1994). However, anthropogenic
activity may have a significant negative impact on this ecosystem via overexploitation and
contamination (Sherman 1994). Therefore, developing marine environmental effect
monitoring programs that are able to identify environmental risks before adverse effects occur
is a high priority. Two major approaches to environmental monitoring are detection of known
contaminants (EPD 1993) and monitoring of biological responses of organisms
(Environment_Canada 2012, Holt and Miller 2011). Each approach has a number of
advantages and disadvantages, and implementation of both of them provides the most realistic

picture of the environmental situation and its possible outcomes.

Unlike all chemical methods used for contaminant detection, biological responses to the
presence of environmental contaminants provide information about ecological relevance. To
make biomonitoring an efficient instrument of environmental management, seasonal and
geographical variations of the biological responses need to be understood. In addition,
biological responses and their outcomes vary depending on the biological species and their

role in the ecosystem (Holt and Miller 2011).

Bivalve mollusks, in particular mussels, are among the key benthic species or “ecosystem
engineers”, providing a food source and facilitating a habitat for a wide range of other
intertidal species (Crooks and Khim 1999, Gutierrez et al. 2003). Mussels modify the
substrate and enrich the species richness (Borthagaray and Carranza 2007). Additional
turbulent mixing created by mussels increases food supply to the near-bottom waters, thus
changing the habitat conditions (Frechette’ et al. 1989). Mussels are also of commercial
interest as a significant food source for people in some areas (Canadian Aquaculture Industry

Alliance, www.aquaculture.ca/files/species-mussels.php).

A number of mussel-based biomarkers have been developed that include responses at a

wide range of biological levels, from sub-cellular (Dondero et al. 2006a) to population levels



(Widdows et al. 2002). Induction mechanism and ecological outcome for many of the
responses have been investigated and well understood. This study is focused on mussel
leukemia as a potential endpoint. Association of this disease with contaminants such as
pesticides and oil products was observed in several studies (Brown 1980, Farley et al. 1991,
Hillman 1993, Muttray et al. 2011), therefore mussel leukemia was proposed as a sublethal
end point for near shore ecosystem monitoring programs. Molecular and physiological
processes associated with mollusk leukemia were investigated and discussed in previous
studies (Barber 2004, Kelley et al. 2001, Moore et al. 1991, Pariseau et al. 2011, Walker et al.
2006). However, there is no agreement among scientists on the etiology of the disease. Like
all cancers, mussel leukemia is a complex disease, and there are most likely many factors that
affect its initiation and progression. Nevertheless, the disease can serve as a non-specific and
sensitive endpoint of population-level changes. In this study, mussels collected from several
different beaches were caged together and exposed over several seasons to marine water at
one urban and one remote location. To use mussel leukemia as an endpoint in monitoring
programs, accurate and high-throughput methods to detect the disease are required. In this
study, new disease markers based on genetic variations and aneuploidy were studied that can

be included into environmental monitoring programs.

1.1 Biomonitoring

1.1.1 Challenges in biomonitoring

Sensitive and predictive methods for environmental monitoring are needed for early
detection of deleterious anthropogenic effects. Biomonitoring is the science of estimating the
ecological health of an area by studying sentinel organisms or indicator species living there
(Cullen 1990). Biomonitoring can be applied to any ecological system, and it is often used to
determine the effect of water quality on aquatic biota. Biomonitoring provides a way of
measuring the effects of chemical contaminants and their mixtures on biological systems and
its ecological outcome (Lam 2009). However, ecosystems are very complicated and they are
exposed to various stressors, including complex mixtures of contaminants whose effects are
not always simple to assess (Picado et al. 2007). In addition, many other confounding factors,

such as season as well as spatial and genetic variations, make it difficult to attribute biological



responses to particular contaminants. In order to address these issues, an integrated multilevel
approach is considered, where molecular changes are linked to biological consequences at all

levels; individual, population and community (Picado et al. 2007).
There are three broad categories of biomonitoring (deZwart et al. 1995):

e Bioaccumulation monitoring: This involves measuring the accumulation of potentially
toxic chemicals in different biological organisms and tissues. This is only informative if
toxicity threshold levels of the chemicals are known, since chemical testing does not
provide any information about the effects of the contaminants (Lam 2009). For example,
measurement of the accumulation of organochlorine insecticide (Petrocelli et al. 1973) or
metals (Chan 1988) in mollusk tissues does not provide information about the biological
effects of these contaminants.

e Toxicity Assessment: Molecular and physiological responses of individual organisms
towards toxicants are measured using bioassays. This approach is used to find contaminant
concentrations at which specific biological endpoints are observed. For example, stress
markers and morphologic characteristics are used to measure the effects of organic
compounds on mollusk endocrine status (Gagné et al. 2007).

e Ecosystem monitoring: This measures how the ecosystem as a whole responds to
environmental perturbations. This type of biomonitoring includes inventories of species

diversity, density, and presence of indicator species.

Most biomonitoring programs encompass all of the above categories and activities follow the
typical schedule below (Burga and Kratochwil 2001):

e An inventory of all living biota at all taxonomic levels is taken.

¢ Indicator species are identified and their tissues analyzed for chemical, physiological and
other toxicity markers.

e Abiotic conditions are measured. In aquatic systems this includes chemical analysis of
water and sediments as well as measuring of physical parameters such as temperature and

turbidity, for example.



e Temporal and spatial variations of abiotic and biotic parameters are recorded. As many
anthropogenic causes and natural sources of the variations as possible must be taken into

account.

1.1.2 Biomarkers

The term “biomarker” was introduced and defined by the National Academy of Science
(USA) as “a xenobiotically induced variation in cellular or biochemical components or
processes, structures, or functions that is measurable in a biological system or sample.”
(National_Research_Council 1987). In practice, biomarkers refer to the endpoints of
biological tests, but there is no strong agreement among scientists on the use of the term. The
term is sometimes used in relation to responses at the molecular or physiological levels,
whereas others include responses at the organism or even population level (Lam 2009). The
most valuable application of biomonitoring is providing an early warning of environmental
and ecosystem changes (Tegler 2001). Therefore, biomarkers that provide information about
significant biological effects are the most valuable. It is generally accepted that sub-organism
level responses precede those that occur at higher levels of biological organization (Baldwin
and Hochachka 1970, Gil and Pla 2001, Stegeman 1992). Thus, molecular, or physiological
exposure biomarkers are of most interest as they can inform about changes taking place within

an organism before irreversible population-level effects occur.
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Figure 1.1. A comparison of the pros and cons of biomarkers at various biological
organizational levels, from low (molecular) to high (population and ecosystem).

Multiple levels of biological organization are distinguished and advantages and
disadvantages of using biomarkers at these levels are illustrated in Figure 1.1. (Connell et al.
1999, Fossi et al. 2000, Yeom and Adams 2007). Factors to consider when choosing
biomarkers include the following.

o Complexity. Some responses that are easy to measure may arise from complex events.
Examples are change in expression of a gene such as metallothionein and growth rate of
the organism. Growth rate is very simple to assess, while gene expression measurement
requires relatively sophisticated techniques and equipment. However growth rate is
regulated by numerous factors through various pathways, which are sometimes difficult to
identify, while regulation pathways for metallothionein are well understood (Cosson
2000{Rotchell, 2001 #697, Rotchell 2001). Therefore, the objective of the monitoring



program, such as the effect of a particular contaminant or ecosystem health, will dictate
biomarker choice.

e Specificity. Biomarkers respond to stressors with various degrees of specificity. In
general, specificity significantly decreases when going from molecular to ecosystem
levels, although specificity might vary within one level. Most biomarkers respond to
several contaminants (Lam 2009). Although general or non-specific biomarkers are
efficient for detecting physiological stress, it is difficult or impossible to determine the
specific stressor.

e Ecological Relevance. There are many enzymatic biomarkers available, and most have a
strong correlation between their activity and exposure to a particular contaminant.
However the question whether the enzyme activity is associated with harmful effects at
the animal and population levels remains open (Gagnon and Holdway 2002, Lam 2009)
and, therefore, the biomarker might have low ecological relevance. Some enzymatic
biomarkers, such as lysosome activity, are not contaminant specific since many chemical,
physical and environmental stressors are known to destabilize lysosomal membranes
(Moore 1985). However they have ecological significance since they are linked to loss of
key physiological processes. Physiological response-based biomarkers, such as growth,
reproduction, or feeding are very popular, in particular for marine bivalve monitoring.
These biomarkers are ecologically relevant since they provide an “integrated measure of
organism well-being” or measure of “environmental quality”, based on a wide range of
functional attributes (Lam 2009). However they lack the specificity of molecular
biomarkers. The challenge in selecting appropriate biomarkers is to find ones that link

changes in critical physiological processes with specific stressors or contaminants.
1.1.3 Stress levels and biological responses

Organisms may respond to a particular stress through different mechanisms,
depending on the length and intensity of exposure (Anestis et al. 2007, Wu 2005). Figure 1.2
illustrates the relationship between the response type and substance concentration (adapted
from (Connell et al. 1999). It proposes that for essential compounds there is a range of
concentrations between ¢l and c2, where there is no harmful effect on the organism and for

non-essential, potentially toxic, compounds there is a concentration, c2, below which there are



no toxic effects on the organism. For an essential substance, concentrations outside the c1-c2

concentration range cause biological responses, which may be reversible, non-reversible or

lethal.
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Figure 1.2. Biological responses to concentrations of substances essential to growth (such as
nutrients) and non-essential (foreign). For most essential substances, there is a concentration
range between cl and c2 that provide "no stress™ conditions. For non-essential and potentially
toxic compounds there is concentration c2, below which there is no effect on the organism.
Reversible biological effects are useful for biomonitoring as they can provide
information about trends of changing environmental conditions. Irreversible and lethal effects
are informative only when stress is arising and not when it is decreasing or disappearing.
Timing of the stress response, such as initiation, adaptation and recovery, depend on the

species, endpoint and level of biological organization (Wu 2005).

1.1.4 Molecular level of the stress response

The fastest molecular responses to an environmental trigger might occur in an alive
organism via protein modifications, such as phosphorylation, ubiquitination, and acetylation
(Gao 2010, Polo and Jackson 2011, Spoel 2010). Slower responses may include quantitative
changes of the amount of protein produced via variations at the translation or transcription
levels (Gracey 2007, Schulte 2004, Storey 2004) A more profound response would result from



qualitative changes in the expressed protein, for example, where the alternate protein has the
same basic function, but with new properties that yield different biochemical consequences.
This might be realized by the expression of other isoforms or isozymes (Baldwin and
Hochachka 1970, Gracey 2007, Schulte 2004). Switching from one gene to another coding for
the homologues isozymes makes the measurement of the first gene expression level irrelevant
and misleading (Fields 2012, Poly 1997). To ensure adequate stress detection, various

possible qualitative changes in the response should be taken into account.

An example of reversible stress response is the ability of the organism to repair
damage caused at the molecular level. For example, formation of DNA adducts in mussel gill
tissue is associated with presence of polycyclic aromatic hydrocarbons (PAHS) in both field
and laboratory exposures (Canova 1998, Pisoni 2004, Venier and Canova 1996). DNA
integrity or amount of single- or double-strand DNA breaks correlates with some
environmental contaminants. Both parameters, DNA adducts and DNA strand breaks, can be
accurately measured by assays such as Tunel (Negoescu et al. 1996) or comet (Machella et al.
2006). However the dose-related increase of adducts and amount of strand breaks disappear
with time due to repair mechanism (Ching et al. 2001, Lam 2009). Another reversible stress
response is the upregulation of the Heat Shock Protein (HSPs) superfamily. They become
upregulated immediately as the stress is applied, but return to the normal level after removing
the stress (Almoguera et al. 2002, Feder 1999). Therefore, molecular or subcellular responses
might not lead to significant biological effects at the organism or population levels. Moreover,
detecting a biomarker such as DNA adducts would indicate presence of a stressor, however
absence of a response can mean either absence of the stressor or an efficient repair system
(Lam 2009). Overall, both field validation and understanding of the molecular mechanisms
involved with responses to various stress types and levels over time are crucial for obtaining

the stressor relevance of biomarkers.

Bioavailability or the mode of entry of toxins into the organism should also be taken
into account when selecting biomarkers (Higashi 2000, Moore et al. 1998). For example,
respiratory surfaces experience a higher intake and response to contaminants as compared to
the rest of the body surface for the same exposure dose. The fate of the toxin in organism is
important as this determines the type of the organism response (VanEgmond 2004). The toxin
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might be eliminated through secretion, transformation into another substance, or sequestration

in tissues, which dictates the marker choice.

Biological relevance of the molecular biomarkers dictates classification into several
categories such as markers of exposure, markers of the biological response and markers of
susceptibility (Strickland and Groopman 1995). Markers of the exposure, such as metabolites
and DNA adducts (Castano-Vinyals et al. 2004) indicates the dose of the toxic agent, response
markers reflect biological response (Bresler et al. 2003, Snyder 2001) and markers of the
susceptibility inform about the individual sensitivity to the toxic agent (DelMazo 2006, Thier
et al. 2003).

Since many molecular level responses occur soon after exposure to a stressor, many
molecular biomarkers of the exposure can be used as early warning indicators before
observable damage at the higher biological levels occur. Molecular biomarkers have many
advantages, discussed above, such as relevance to the stressor and biological outcome.
Modern molecular biology tools can be used to analyze physiological stress or adaptive
responses at many different levels, including signal transduction, transcription, translation,
kinetic and allosteric controls, post-translational modification, subcellular localization, and
protein degradation (Storey 2004). Nevertheless, there are caveats associated with using
molecular level responses for assessing population health. For example, changes at the
molecular level can vary hugely between individuals even though they are exposed to the
same environmental stressors due to their differences in health condition, life history or
genetic predisposition (Casanueva et al. 2012, Csaszér et al. 2009). Confounding factors, such
as age, season of the year, location or even weather might affect the response and can interfere
with biomarker sensitivity (Buesching et al. 2009, Picard and Schulte 2004, Wada et al. 2009).

Another drawback to using molecular level biomarkers is that they can be of a
transient nature. For example, gene expression might return to levels similar to those in
unstressed cells, even under prolonged stress (Almoguera et al. 2002, Wu 2005). Sometimes,
heritable regulatory changes can result in long-term adaptation and evolutionary changes. This
happens due to the high number of genetic variations in regulatory DNA elements (Carroll et

al. 2004, Lopez-Maury et al. 2008). Thus, genetic biomarkers can provide biased information



under situations of prolonged stress and, therefore, alternatives should be considered in the

prolonged stress case.

The usefulness of molecular-level biomarkers can be significantly increased by
measuring several of them at the same time. One way of doing this is to use DNA microarrays
that allow for measurement of transcriptional responses associated with a wide range of
stressors (Gracey 2007, Storey 2004). For marine bivalves, frequently employed as an
indicator species in marine monitoring programs, several microarrays were developed. They
include an expressed sequence tags (EST) — based microarray ((Venier et al. 2006, Venier
2009) MytArray, 1758 ESTs;) and a low density oligo-array ((Dondero et al. 2006b), Mytox
chip, 24 mussel genes). MytArray includes a large number of sequences, but only 50% of
them were putatively identified and associated with a limited number of pathways. These
pathways may not be relevant to the endpoints or responses of interest, which is one
disadvantage of EST-based microarrays, in particular of those developed for non-model
organisms, such as mussels. For many genes on the Mytox Chip, their relevance to types of
stresses and molecular pathways are known, although the number of genes currently identified
for mussels is low, which is the limitation for this particular type of array. Other gene
sequencing projects and microarray developments are underway (Craft et al. 2010, Place et al.
2012), which will increase the ability to apply genetics to environmental monitoring with
mussels. From microarray data, it is possible to deduce or hypothesize the mechanisms of

stress responses, which can guide the development of assays simpler than DNA microarrays.

1.1.5 Cancer biomarkers and their application in biomonitoring

Carcinogenesis is being studied almost exclusively in mammalian systems. However
high incidences of neoplasia have been reported for other species such as fish (Baumann
2010) and mollusks (Barber 2004). Many chemicals, such as pesticides, chlordane and oil
products, are known to be responsible for formation of mutations and tumours (Ashby and
Tennant 1991, Baumann 1998, Benfenati 2009, Hillman 1993, Lowe and Moore 1978,
Muttray et al. 2012, St-Jean et al. 2005). Most mutagens and carcinogens are strong
electrophilic alkylating or acylating agents with various stressed heterocyclic rings (Beranek

1990, Fishbein 1980). Alternatively, they produce hydroxyl or oxygen radicals (Kanno et al.
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2011, Kasai 1991). A number of carcinogens need to be metabolically activated to become
harmful (Connell et al. 1999). The initiation of carcinogenesis is often attributed to DNA
strand breaks and the formation of DNA adducts (Bernstein 2009, Hoeijmakers 2009, La
1996). However, the biological significance and ecological implications of carcinogens are
not fully understood due to the complexity of the mechanisms involved and the time lag
between the exposure and the formation of a detectable tumour (Armenian 1987, BRER 2006,
Fraser 2011, Kikuchi 2004). As well, cells have sophisticated and flexible repair mechanisms,
so low doses of carcinogens might not lead to any observable effect within a short period
(BRER 2006), pp.65-90). After exposure to mutagenic conditions, cells with altered DNA
sequences may continue to replicate and become detectable even a long time after the
exposure. When abnormal cells undergo programmed cell death, the apoptosis-related
biomarkers can be used as indicators of a genotoxic response (Ainsworth et al. 2011, Lant and
Storey 2010). Formation of a tumor can be considered a useful non-specific biomarker, which

definitely has a biological effect at organismal and population levels.

Genetic variation-based biomarkers are most useful when the genes have central
functions in critical tumor pathways. A very good example is the tumour-suppressor p53 gene,
a critical transcription factor that initiates cell-cycle regulation responses . The p53 gene was
discovered more than three decades ago (Crawford 1983, Lane 1992, Lane and Crawford
1979) and intensively studied since then due to its critical role in cell regulation (Chen 2000,
Collins et al. 1997, Giaccia and Kastan 1998, Giaccia and Kastan 2006, Shaw 1996).

1.1.6 P53-family genes

The vertebrate p53 family is coded by three genes: p53, p63 and p73 (Arrowsmith
1999, Arrowsmith 2003, Benard et al. 2003, Ceskova 2003). These genes, like many other
transcription factors, have a modular structure that consists of highly conserved domains,
interrupted by variable regions (Figure 1.3). Highly conserved domains are shown in color. The
transactivation domain (TAD) is specific for transcription co-regulators. The proline-rich
domain (PXXP) is involved in signal transduction. The DNA binding domain (DBD) is a
highly conserved region for sequence specific DNA binding. The oligomerization domain
(OD) is responsible for the formation of the active p53 tetramer. Finally, the nuclear

localization signal (NLS) domain is involved in localizing p53 in the cell nucleus
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(Arrowsmith 2003, Benard et al. 2003, Liang and Clarke 2001). Highly conserved C-terminus
domain with HOMO and SAM motifs was detected in p63/73 isoforms and it participates in
tetramerization process (Chi et al. 1999, Jessen-Eller et al. 2002, Muttray et al. 2007).

A p63-like sequence is proposed to be the most ancient. It evolved in unicellular
Choanozoans, (Rutkowski et al. 2010), where either one p53 or both p53 and p63/73 are
present in Flagellates in various species (Nedelcu and Tan 2007). Several independent
duplication events of the original p63-like gene occurred in different animal lineages, such as
warms, insects and vertebrates (Rutkowski et al. 2010). The appearance of the p53 analogous
genes predated the multicellular organisms, and, therefore, cancers. Consequently, tumour
suppressor function of the 53 gene was not the primary function of the family (Fernandes
2008, Lu et al. 2009).

The p63 and p73 genes have functional blocks similar to p53 such as the TAD and
DBD, although there are several features that make them different from the p53 gene (De
Laurenzi 1998, Fillippovich 2001, Kaghad et al. 1997). Both p63 and p73 genes have an
additional promoter, which gives rise to N terminal truncated (AN) isoforms lacking the TA
domain (Yang et al. 1998, Yang 2000), (Figure 1.3, ANp73). As well, both genes have an
additional sterile alpha motif (SAM), which is involved in protein-protein interactions
(Arrowsmith 2003, Benard et al. 2003, Crawford 1983, Joerger and Fersht 2010). The two
promoters and the possibility of alternative splicing at both N terminus and C terminus
regions give rise to at least six possible isoforms per gene (De Laurenzi 1998, Fillippovich
2001, Kaghad et al. 1997, Yang 2000). TA forms of both p63 and p73 are known to be
involved in cell differentiation, cell cycle regulation and apoptosis in a manner similar to p53,
whereas AN isoforms are known to act as antagonists to all TA forms of the family and are

considered to be oncogenes (Benard et al. 2003).
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Figure 1.3. Human p53 family protein domains: TAD-transactivation domain, PxxP-proline-
rich domain, DBD-DNA binding domain, OD-oligomerization domain, NLS -—nuclear
localization, SAM-sterile alpha motif and HOMO-homodimerization domain.
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Figure 1.4 . p53 activation and function in response to DNA damage.

Expression of p53 is modulated by a wide variety of signals from the external and
internal cell environment (Giaccia and Kastan 2006, Soussi 2012). One of the most important
processes regulated by the p53 gene is cellular stress response, in particular that associated
with DNA damage, which acts via regulation of the cell cycle and cell proliferation or
apoptosis induction (Greenblatt et al. 1994). The simplified scheme of this p53 stress
response, presented in Figure 1.4, illustrates three alternative scenarios: 1) cell cycle arrest and
initiation of repair mechanisms to maintain cells; 2) elimination of those cells due to DNA

damage and 3) uncontrolled cell replication, which can lead to carcinogenesis.
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1.1.7 Mammalian p53 Mutations

P53 is mutated in more than 60% of human cancers, especially in cancers linked to
environmental carcinogens. Some of these mutations have been shown to result in
dysfunctional p53 proteins thus contributing to the deregulation of cell proliferation and the
progression of cancer (Kato et al. 2003). Almost all non-viral tumours in humans, regardless
of tissue of origin and including hematological cancers, exhibit point mutations in the coding
region of the p53 gene, particularly in the highly conserved DNA binding domain (Cetin-
Atalay and Ozturk 2000, Greenblatt et al. 1994). Because p53 plays such an important role in
cancer, much work has been done characterizing genetic mutations and their implications for
protein expression and function. These mutations can be used as potential biomarkers for
early indications of changes that precede tumorigenesis. As such, genetic mutations can be
useful in environmental monitoring for detecting sub-lethal endpoints. In addition, AN
isoforms, which act as p53 antagonists, have been proposed as molecular markers of tumours

in mammals (Becker et al. 2006).

A database is maintained of the distribution of mutation frequencies compiled from all

current studies on p53 mutations in human cancer (Figure 1.5).

Figure 1.5. Somatic mutations in the coding region of human p53 gene (codon numbers,
IARC TP53 Mutation Database, R15 release, November 2010, http://www-
p53.iarc.fr/GraphSTAT.asp?TypeGraph=CodonDistribution).

There are five dominant hotspots (at codons 175, 245, 248, 273, and 282) common for
both somatic and germ-line mutations. They are located mostly in the core DNA-binding
region. Various cancers have different characteristic mutation hotspots, specific for tissue and

cancer type and created by the influence of exogenous carcinogens (Kouidou et al. 2006).
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Since p53 protein functions as a tetramer transcription factor, heterozygous mutations can
modulate the function of wild-type p53. This dominant-negative inhibition was detected in
many cancer types (Joerger and Fersht 2007). For example, heterozygous mutations were
shown to cause severe defects in p53-dependent apoptosis in embryonic stem cells (Vries et
al. 2002).

A number of cancers, such as smoker’s lung cancer, prostate cancer, cancers of bone
and connective tissues are associated with silent mutations (Kouidou et al. 2006, Strauss
2000). Silent mutations do not change amino acid sequence, however a nucleotide
polymorphism (variations in nucleotide sequence) can have several consequences. It might
cause a different secondary structure of the mRNA molecule, affecting its interaction with
cellular components, which, in turn, would affect RNA processing, transport, stability and
expression (Shabalina et al. 2006, Shen et al. 1999). Silent mutations can induce alterations in
the splicing process, affecting the structure of the resulting protein (Chao et al. 2001). Silent
mutations, leading to variations in codon usage frequency, can affect both protein expression
rate and secondary structure of protein fragment downstream of the mutation (Cortazzo et al.
2002). Protein conformation changes affect the interaction of p53 with DNA or other proteins.
Most of the p53 mutants found in cancer cells exhibit a variety of local structural variations,

while the overall protein structure remains preserved (Joerger and Fersht 2007).

At the DNA level, silent substitutions may create additional sites of methylation, or
eliminate them. Methylation is known to play a crucial role in the regulation of the cell
differentiation (Latchman 2002). Under-methylation leads to the formation of a more open
chromatin structure, which affects gene expression (Greenblatt et al. 1994). In the human p53
gene, all CpG sites (adjacent C and G if going from 5’ end to 3’ end) on both DNA strands
have a methylated cytosine, which makes the methylation pattern tissue independent
(Kouidou et al. 2005, Kouidou et al. 2006, Tornaletti and Pfeifer 1995). Moreover, non-CpG
methylation has been reported recently, which occurs in CC-rich and CCWGG motifs. DNA
from cancerous tissues was more heavily methylated at non-CpG cytosines, compared to the
non-cancerous tissues (Kouidou et al. 2005). In addition to the well-known epigenetic effects,
methylation provides the possibility of non-reparable C-T transitions via de-amination of
methylated cytosine, thus creating additional hotspots of mutations (Toledo and Wahl 2006).
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It is known that 80% of p53 mutations are associated with sites of methylation, although the
causative role of mutations is not always proven. Due to its central role in cell cycle regulation
and the strong possibility of carcinogenesis when dysfunctional, p53 was selected as a
candidate biomarker for neoplasia in mollusks as will be described in detail later in the next

section.

1.2 Marine biomonitoring

This thesis deals specifically with the application of biomarkers to monitoring of
ecosystem health in the near-shore marine environment, which may be exposed to pollutants

from many different sources such as:

e municipal sewage discharge

e discharges from boats

e agricultural run-off

e surface runoff from polluted areas

e industrial wastes

Since the near shore environment receives effluents from a wide variety of sources,
monitoring and managing the effects of contaminants is complicated. Only a limited number
of the many chemicals released to the environment (US EPA, Toxic Substances Control Act,
“Chemicals of Concern” list) are being measured at any particular analysis event. As well,
many chemicals of concern are toxic at very low concentrations, where they are difficult to
measure. Some compounds are only toxic in combination with other chemical compounds
(Kreiling et al. 2005). In these cases, toxic effects can only be detected by monitoring
biological responses. Therefore, molecular biomarkers can be very useful for detecting the

biological responses to complex environmental stressors of various intensities.
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1.2.1 Mussels as indicator organisms

Aquatic invertebrates have the longest history of use as sentinel species in
biomonitoring programs (Viarengo et al. 2007). In 1975, a “Mussel Watch” program was
proposed “to assess the spatial and temporal trends in chemical contamination in estuarine and
coastal areas of North America” (Goldberg 1975). Following this initiative in the U.S.A.,
many other countries, such as The United Kingdom, France, Canada, India, The Soviet Union
and South Africa established similar Mussel Watch programs (Cantillo 1991, Rosenberg and
Resh 1993). Use of bivalves, mussels in particular, can be explained by their many advantages

as indicator organisms:

e Mussels dominate rocky coastal and estuarine communities and play a key role in the
ecosystem (Crooks and Khim 1999, Gutierrez et al. 2003). As well, they have a wide
geographical distribution (Gosling 1992).

e Being sessile, they assess the contamination of a particular area.

e Mussels are relatively tolerant, but not insensitive, to a wide range of environmental
conditions (Anestis et al. 2007).

¢ Being suspension-feeders, they concentrate many chemicals in their tissues, making them
much easier to detect (Cho et al. 2004, Roper et al. 1996, Salazar and Salazar 1996).

e Mussel populations are relatively stable and large, so they can provide statistically significant
data (Comesana et al. 1999, Korrida et al. 2010, McGrorty and Goss-Custard 1993).

e Mollusks can be maintained in cages at sites of interest, where populations would not
normally grow (St-Jean et al. 2003). This feature provides an additional possibility to

standardize measurements.

Due to these advantages, Metro Vancouver (MV, formerly the Greater Vancouver

Regional District, GVRD) is testing two species of blue mussel, Mytilus edulis and M. trossulus

for their use in environment monitoring programs in the Burrard Inlet. These two species co-exist

and hybridize on both European and Canadian Atlantic coasts, whereas on the Pacific coast only

trossulus are found (Gosling 2003). Although the two species are very similar

morphologically, they behave differently. M. edulis grow faster and reach larger sizes, while M.

trossulus has a higher mortality rate and shorter life span (Innes et al. 2005). Interspecies
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fertilization is limited by gamete incompatibility however is sufficient to maintain a low
frequency of hybrids in natural populations (Toro et al. 2004). Survivability of the hybrids of the
two species is lower than either pure species (Innes et al. 2005). M. edulis, as well as other
Mytilus species found in Europe, have a lower susceptibility to mussel leukemia than M. trossulus
(Barber 2004, Bower 1989, Bower 2006). Given these differences between M. trossulus and M.
edulis, the results of a marine health monitoring program may be different depending on which
species is deployed. Therefore, both species were used in the MV pilot project and both were

analyzed and compared in this thesis.

Common measurements performed in environmental monitoring with mussels are
bioaccumulation and specific responses to known pollutants (Table 1.1), such as cytochrome
P450 induction and metallothionein induction (Peters et al. 1999, Sarkar et al. 2006). As yet,

genetic biomarkers are not included on the list in Table 1.1 since they are still being developed.

Table 1.1. Examples of biomarkers included in biomonitoring programs utilizing bivalves.

Cytochemical methods Biochemical methods
Lysosome membrane stability Catalase activity
Lysosomal lipofuscin content Malondialdehyde

Lysosomal neutral lipid Total Oxidant Scavenging Capacity

CaATPase activity Acetylcholinesterase activity

Peroxisome proliferation Metallothioneins

Micronuclei Glutathione-S-transferase in hemolymph
DNA damage
Lysosome / cytoplasm ratio
Growth rate
Reproduction
Mortality
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1.2.2 Bivalve leukemia as a sub-lethal endpoint for biomonitoring

Bivalve leukemia is a hemolymph cell disorder that has been registered for at least 15
different species of bivalves (House et al. 1998) and was described first by Farley for Mytilus
trossulus from Yaquana Bay (Oregon, USA) and Sequim Bay (WA, USA) in 1969 (Brooks
and Elston 1991, Farley 1969). The disease is also known as leukemia (McGladdery et al.
2001), haematopoietic neoplasia (Smolowitz and Reinisch 1993), disseminated sarcoma,
disseminated neoplasia, epizootic sarcoma or transmissible sarcoma (Farley et al. 1991).
This is a complex disorder, characterized by proliferation of non-adhesive mitotic cells with a
high nucleus-to-cytoplasm ratio (Ciocan and Rotchell 2005, Gosling 2003, Kelley et al. 2001)
and increased cellular DNA content of 3.8 to 7.7 times the diploid level (Elston et al. 1990).
The disease was classified as leukemia because of continuously dividing neoplastic cells,
which penetrate various tissues such as connective tissue, gonads, mantle and foot (Barker et
al. 1997). At late stages of the disease, the hemolymph contains abnormal cells in high
numbers (6x10% /mL, while the normal amount is 1-6x10%/mL) (Kelley et al. 2001), and
beyond a certain stage, death of the organism occurs. The disease can contribute to mortalities
of M. trossulus up to 90% over the annual season. There is no agreement among investigators
on the seasonal variations in the prevalence of leukemia. The increase of the disease
prevalence during the fall and winter months was reported (Leavitt et al. 1990, Rasmussen
1986), while other authors detected significant prevalence year-round (Brooks and Elston
1991, Farley et al. 1991, McGladdery et al. 2001).

Since 1978, much data has been collected addressing possible correlations between
environmental pollutants and leukemia in mollusks. In surveys conducted with Mya arenaria,
leukemia was detected at sites contaminated with jet fuel (Brown 1980), chlordane (Farley et
al. 1991), polychlorinated biphenyls (PCBs), heavy metals, industrial wastes (Brown 1980,
Farley et al. 1991, Reinisch et al. 1984, Yevich and Barszcz 1978). Higher leukemia
prevalence (up to 70%) in the local bivalve populations were found at sites contaminated with
PAH, chlordane, pesticides and cadmium (Barber 2004, Brown 1978, Hillman 1993, Lowe
and Moore 1978, Van Beneden 1994). Studies of soft shell clams (Mya arenaria) from
Sydney mines (NS), Kitimaat Arm, (BC) and along the east coast of the USA (sites containing

high levels of anthropogenic contaminants) revealed high incidences of the disease
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(McGladdery et al. 2001, Van Beneden 1994). Moreover, in some areas of Maine and Florida
(USA) significantly increased levels of clam tumours in parallel with higher human mortality
rates due to cancers were detected (McGladdery et al. 2001, VVan Beneden 1997). In contrast,
surveys conducted in Boston Harbor (MA, USA) on clams (Smolowitz and Leavitt 1996) and
in France on oysters (Balouet et al. 1986) found no correlations between disease level and
total contamination or oil pollution. On the other hand, one study failed to find a relationship
between tissue content of environmental contaminants, including PAHs, PCBs and heavy
metals, and the prevalence of HN in the mussels Mytilus trossulus in Puget Sound,
Washington (Krishnakumar et al. 1999). Thus, it has not been shown conclusively that
environmental pollutants play a key role in the prevalence of leukemia. The possibility that
other confounding factors, such as season and transmission could also be involved and
interrelation between these factors requires further investigation. To help identify the causes
of mussel leukemia more accurate detection methods are needed especially for the early stages

of the disease.

A recent study of leukemia in clams on Prince Edward Island (PEI, Canada) found a
correlation between the incidence of late leukemia and proximity to potato farms that apply
pesticides and fertilizers (Muttray et al. 2012) This study used a combination of methods of
leukemia detection namely immunocytochemistry, which was confirmed by p53 family genes
expression analysis. The immunocytochemistry done in this study used antibodies that were
developed to discriminate between leukemic and normal haemocytes in M. arenaria
(McGladdery et al. 2001, Smolowitz et al. 1989). To support the immunoassay results,
expression of p53 family genes was employed, since previous studies have shown that
expression of these genes was altered in leukemic haemocytes compared to normal (Muttray
et al. 2010, Muttray et al. 2008). Leukemia detection methods and large amount of sites
assessed make this study unique and the results strongly suggest that clam leukemia level

correlates with the presence of water contaminants.

Since several monitoring experiments have found that this disease is associated with
water contaminants, leukemia has been adopted as one of the endpoints used for
environmental monitoring in Mussel Watch programs (Barber 2004, Van Beneden 1994). For

a number of reasons, such as challenges in their reproduction and the requirement for special

20



skills and equipment, leukemia-specific antibodies are not available for wide use. Therefore,
markers for the detection of all disease stages, especially early the stages, remain undeveloped

and require further investigation.

1.2.3 Mussel haematocytology

Analysis of hemolymph composition based on the morphology of the cells is the main
method for detecting leukemia (Farley 1976, Farley et al. 1991, Moore et al. 1991). Bivalve
haemocytes are classified as granulocytes or agranulocytes (Calisi et al. 2008, Dyrynda et al.
1997, Hine 1999, Pipe et al. 1997, Ratcliffe and Rowley 1981) Immunological analysis and
Percoll density gradient centrifugation (Dyrynda et al. 1997) have also separated out these
morphologically different sub-populations of haemocytes, which have been shown to be
functionally different. Granulocytes comprise the majority of hemolymph cells and are
associated with phagocytosis and oxygen free radical generation. All cells that are large (7-
12 um) with conspicuous granules in their cytoplasm, a low nucleus to cytoplasm ratio and
large spread pseudopodia when attached to the microscope slide, are classified as normal cells
or granulocytes (Barber 2004, Bower 1989, Ratcliffe and Rowley 1981). Agranulocytes are
generally smaller (4-6 pum) than granulocytes and do not have spread pseudopodia but much
smaller protrusions. In addition, they are characterized by absence of granules and low
cytoplasm volume. The roles of agranulocytes cells are not clear, although hyalinocytes (a
type of agranulocytes) display characteristics of undifferentiated cells (Carballal et al. 1997).

Neoplastic cells, in advanced stages of the leukemia, are easy to detect since they are
morphologically very distinct. They are round and smooth due to their inability to adhere or
spread and they have very high nucleus to cytoplasm ratios (Barber 2004, Bower 2006, Elston
et al. 1988, Smolowitz et al. 1989). The cell interior is characterized by mitotic features and
sometimes several nucleoli. However, leukemia is difficult to recognize at the early stages
since some neoplastic cells share morphological similarities with normal cells, as
demonstrated in studies with antibodies developed against leukemic cells (McGladdery et al.
2001, Smolowitz et al. 1989).

Hematological analysis in mollusks is complicated by the presence of cell
agglomerates or aggregates, in which it is difficult or impossible to identify and count cells.
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Mollusk haemocytes often form clumps during collection of the haemolymph and sometimes
anticoagulants are added to prevent clump formation and to facilitate visualization of the cells
(Chen and Bayne 1995). Cell aggregates are believed to be formed as a result of the host
response, phagocytosis and/or encapsulation response (Franchini et al. 1995, Gosling 2003,
Jayaraj et al. 2009). According to Elston and co-authors, presence of aggregates in mollusk
hemolymph can be associated with the regression of the leukemia (Elston et al. 1988).

Although this issue has not been discussed or studied by other authors.

1.2.4 Mollusk p53 family

Analogues of well-known tumour suppressor p53 family have been identified in several
mollusk species (Kelley et al. 2001, Muttray et al. 2005, Stephens et al. 2001). The structure
of the gene in mollusks is similar to the vertebrate p63/p73 gene, while in fly Drosophila
melanogaster (Ollmann et al. 2000) and the nematode Caenorhabditis elegans (Schumacher
et al. 2001) the gene has p53-like structure. Exposure to organic contaminants, such as
Benzopirene, caused upregulation of the p53 gene in the most of analyzed mussel tissues
(Banni 2009). Development of leukemia is known to be associated with upregulation of some
p53 family members in neoplastic haemocytes, at both protein and mRNA levels (Kelley et al.
2001, Muttray et al. 2010).

The domain structures of mussel p53, p63/73 and ANp73 mRNAs are similar to those of
other taxa, including mammals (Muttray et al. 2005). Similarities in p53 coding sequences
between distinct taxa vary depending on the region. For example, the transactivation region in
Mytilus is 75% similar to that in H. sapiens, whereas the mussel DNA binding region
similarity to H. sapiens varies from 63-81% depending on the domain (Muttray et al. 2005).

Mollusk p53-like and p63/73-like homologs have nearly identical sequence in their core
DBD region (Cox et al. 2003, Kelley et al. 2001, Muttray et al. 2005, Multtray et al. 2007).
From the analysis of p53 isoform haplotypes and preliminary Southern blotting experiments it
was concluded that all mollusk p53 family members are probably the products of one gene
(Belyi et al. 2010, Lu et al. 2009, Stifanic et al. 2009). Presence of the alternative promoter,
the tandem alternative polyadenylation sites and complicated intron-exon structure provide
possibilities to express all members of this diverse protein family from one gene copy
(Muttray et al. 2007).
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Expression of N-terminal TA- and AN isoforms was observed for clams and mussels
(Kelley et al. 2001, Muttray et al. 2007). Upregulation of the AN isoforms is known to be
associated with oncogenesis and, thus, these have been proposed as a biomarker for some
human cancers (Zaika et al. 2002). Alternative splicing and 3’UTR variations give rise to the
isoforms different at the C-terminus (Muttray et al. 2008). Alternate polyadenylation is well
known in the differential expression of isoforms in a tissue- and stage-dependent manner
during differentiation (Latchman 2002).

In mammals, the p53 family is expressed from three distinct genes and in human cancers
p53 is often mutated, while p63 and p73 remain intact (Ponassi et al. 2006). If there is only
one gene for the mollusk p53-like family, then mutations in the exons that are shared between
all isoforms will affect the whole family. Conversely, mutations in the exons specific for only
some isoforms would affect only some of the expressed p53 family genes. For instance,
mutations in the TA domain would not cause any changes on delta-N isoforms, while

mutations in SAM-domain would affect only p63/73 and leave p53 intact.

Significant variations in the expression of the p53-like family members were detected in
mollusks with leukemia. In particular, mRNA levels of p53 and ANp63/73 mRNA were
significantly higher (p < 0.0001) in neoplastic versus normal haemocytes. As well, p53-like
and p73-like proteins, which are normally localized in the nucleus, were detected exclusively
in the cytoplasm of leukemic haemocytes of clam, Mya arenaria, where they are thought to be
inactive (Kelley et al. 2001). Barker et al. (1997) suggested that p53 was mutated in the 6"
exon in leukemic haemocytes, which corresponds to the evolutionary highly conserved coding
region of the p53 sequence. Stephens at al. (2001) detected up-regulation of a p73-like protein
in the end-stage leukemic clams, while in normal animals p73-like protein was not detected at
all with an antibody specific to the highly conserved DBD of Mya arenaria p53 family.
Although, this antibody cannot distinguish between TA and delta-N isoforms. Remarkably,
the level of p53-like protein appeared to be the same between normal and leukemic animals
(Kelley et al. 2001). However, a previous study revealed differential expression of p53 family
members in leukemic and normal haemocytes of Mytilus trossulus at the mRNA level, where

isoform-specific quantitative real-time reverse transcription PCR analysis showed significant
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increases of p53-like and AN p63/73-like mMRNA in the leukemic haemocytes (Muttray et al.
2008).

Human AN isoforms are known to suppress p53 activity, thereby promoting tumorigenesis
(Bourdon et al. 2005, Zaika et al. 2002). It is not yet known whether the mollusk p53 family
members interact in the same manner, although similarity in their sequence structure suggests
they may do so. Increased levels of p53 mRNA will not necessarily correspond to increased
protein levels. Factors such as low mRNA stability, inefficiency of translation or protein
instability can eliminate the effect of transcriptional up-regulation and, as a result, lead to low
protein levels. Indeed, as it was already mentioned, p53 protein level was not increased in
leukemic Mya arenaria, although it is not known if the same observation would be made in
Mytilus trossulus.(Kelley et al. 2001). Variations at the RNA level, e.g. variations in mRNA
that affect its secondary structure or stability, might counter-act the up-regulation of
transcription and lead to inefficiently translated or dysfunctional p53 (Shabalina et al. 2006,
Shen et al. 1999). Therefore, it was hypothesized that silent mutations in p53-like mMRNA

could have a causative effect in the development of leukemia in mussels.

1.2.5 Abnormal haemocyte ploidy

Genetic biomarkers have a number of pitfalls as were discussed earlier in the Section
1.1. Morphological or physiological changes, especially ones that can be measured in a non-
biased and high-throughput way, may be useful as early-warning indicators of deleterious
changes and may be more reliable than genetic biomarkers. The haemocyte morphology
approach is a manual method that requires highly trained personnel and is laborious and
biased (St-Jean et al. 2003). In addition, it is very problematic to diagnose the early stages of
leukemia due to the ambiguous appearance of some haemocytes and low amount of neoplastic

cells.

Another event that is associated with the formation of neoplastic cells is the
accumulation of abnormal ploidy in circulating haemocytes. Several studies have shown that
mollusk leukemia is associated with abnormal haemocyte ploidy in several bivalve species,
including clams (Delaporte et al. 2008, Siah et al. 2008), cockle (da Silva et al. 2005) and
mussels (Bihari et al. 2003, Gonzalez-Tizon et al. 2000, Moore et al. 1991, Smolarz et al.
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2005). Cancerous cells are known to undergo various chromosomal rearrangements such as
amplifications, deletions and translocations, which results in their being aneuploid rather than
polyploid (Storchova and Pellman 2004). As in human cancers, the ploidy of mollusk cancer
cells varies between different species, cancer types and individuals (Delaporte et al. 2008).
The normal Mytilus trossulus diploid karyotype (2N) constitutes of 28 chromosomes, whereas
the chromosome content in neoplastic cells varies from 48 to 92 (Gonzalez-Tizon et al. 2000).
Moore and co-authors described two distinct types of leukemia in Mytilus based on their DNA
content, namely the pentaploid and tetraploid forms, with a prevalence of 66% for the
pentaploid form, 29% for the tetraploid form, and 5% exhibiting both disease forms
simultaneously (Moore et al. 1991). In contrast, detailed karyotype analysis showed that

ploidy was not the same in each diseased mussel individual (Gonzalez-Tizon et al. 2000).

Ploidy may play a direct role in carcinogenesis since accumulation of polyploidy
promotes genetic instability and carcinogenesis, as it was shown for human epithelial cells
(Roh et al. 2008). Due to these associations of ploidy and cancer, it may be a useful biomarker
for the disease. Nevertheless, there are some confounding factors. Often there is no standard
or reference aneuploidy type as individuals with a similar health status might vary in ploidy.
Also, the question of whether aneuploidy causes the cancer or is it a consequence of it has not

yet been solved (Storchova and Pellman 2004).
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1.3 Objectives

The overall goal of this work is to develop efficient methods for mussel leukemia
detection and to compare the leukemia prevalence in mussel populations exposed to different
environmental conditions. Genetic biomarkers were targeted due to the increasing interest in
the use of high-throughput genomics screening for environmental effects monitoring. To this
end, the coding region of the p53 gene was screened for sequence variations and their
association with the disease. This gene was targeted based on evidence for its involvement in
HN shown in previous studies. The hypothesis was that there might be variations in the p53
gene that cause post-transcriptional deregulation of p53 expression and function. Two mussel
species, Mytilus trossulus and M. edulis, were studied since both are being considered for
environmental effects monitoring in the Burrard Inlet and their genetic dispositions may
differ.

A cell physiology-based biomarker was investigated as an alternative to a genetic
biomarker. DNA ploidy was chosen since this is a feature of neoplastic cells in many bivalves
and had been suggested previously as a potential biomarker for mollusk leukemia. A flow
cytometry method for screening mussel haemocytes was developed and used for statistical

comparison of the disease incidences in several populations.

Both the genetic and DNA ploidy methods were compared with the standard visual-

microscopy based technique for diagnosing HN.
The specific research questions were:

1. Are there sequence variations in the Mytilus trossulus p53-coding region that are
associated with leukemia and which can be used as disease biomarkers?

2. Are there similar or other sequence variations in the M. edulis p53-coding region and does
it matter which species is used in environmental monitoring programs?

3. Can polyploidy be utilized as a marker for population health for both Mytilus species?

4. Do we get the same results when comparing the health of different mussel populations
using the two different methods: haemocytological diagnosis of mussel leukemia and

detection of polyploidy?
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Chapters 2 and 3 describe the results of variations in the mussel p53 gene and their
associations with leukemia in two Mytilus species, M. trossulus (Chapter 2) and M. edulis
(Chapter 3). Chapter 4 presents the development of a ploidy-based leukemia biomarker and its
application for mussel population health monitoring. Finally, the Conclusions and Future
Work Chapters discuss the potential outcome of the current study for marine environmental

monitoring and mussel aquaculture.
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2 Variations in p53-like cDNA sequence and their correlation with mussel

leukemia in Mytilus trossulus.

2.1 Scope

Several bivalve species, including mussels (Mytilus spp.) and clams (Mya spp.) are
susceptible to a leukemia-like disease that has been known to decimate whole populations
(Brooks and Elston 1991, Farley 1969). Previous studies of molecular processes associated
with late stages of this leukemia have implicated analogs of the p53 tumour suppressor protein
family in disease etiology (Kelley et al. 2001). Synonymous single nucleotide polymorphisms
(SNPs) in the coding region sequence of p53-like cDNA from Mytilus trossulus (blue mussel)
were detected that were located at positions 182, 392 and 821 bp (base numbering according
to published M. trossulus p53 tumour suppressor-like protein mRNA sequence, AY611471).
Most (94%) of the late leukemic animals sampled in 2007 from cages in Burrard Inlet (British
Columbia, Canada) had the same p53-like genotype, C182T G392G C821T, whereas 75% of
the healthy animals were homozygous at positions C182C and T821T, independent of the
combination at the 392 bp position. As well, an increased number of allele variants in the
leukemic animals were detected that may arise from somatic mutation events in haemocyte
precursors or from additional p53-like gene copies in polyploidy. In a subsequent survey done
in 2009 on mussels sampled directly from beaches near Horseshoe Bay and Jericho
(Vancouver area, BC) and at Hopkins Beach (Sunshine Coast, BC), the p53 SNPs at the three
positions were all heterozygous regardless of health status for almost all the individuals
analyzed. Therefore, the correlation of these SNPs with mussel leukemia was found only in
the caged mussels.

2.2 Materials and methods

221 Animals
Mussels (1152 in total) 40-60 mm in length were collected from the intertidal zone during
the low tide level in February 2007 from Hopkins Beach (Sunshine Coast, British Columbia,

Canada) and placed into net socks, 12 mussels per sock. These socks were attached to plastic

frames, 16 socks per frame, that were subsequently submerged between depths of 5 and 15 m
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below the water surface at the monitoring station M in Burrard Inlet off the coast of West
Vancouver and at the R station off Hopkins Beach (Figure 2.1). In October 2007, all mussels
were removed from these frames, transported to the laboratory and stored in aerated seawater
collected from the sampling location at the water temperature measured in the field (10-11°C)
for up to 3 days until analysis. In March of 2009, mussels were collected from beaches near
Horseshoe Bay and Jericho (Vancouver area, BC) and at Hopkins Beach (Sunshine Coast,
BC), 120 mussels from each site and exposed on submerged frames at the monitoring station
M in Burrard Inlet from March to October. The exposure experiment and genotyping was
done in the same manner as in 2007. All mussels were confirmed to be M. trossulus by
examining their internal transcribed spacer region fragment electrophoresis patterns using
methods described in (Heath et al. 1995) (data not shown).
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Figure 2.1. Mussel exposure experiment in Vancouver area (BC, Canada). A— collection
sites, 1- Hopkins beach, remote site, 2- Horseshoe Bay, urban site. m — exposure sites, M —
monitoring or urban site, R- reference or remote site.
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2.2.2 Hemolymph sampling and assessment

Between 0.9 and 2.0 ml of hemolymph was withdrawn from the posterior adductor
muscle into a 3 ml syringe preloaded with 0.5 ml of filtered, pre-chilled seawater. Haemocyte
composition was assessed by examining a drop of hemolymph, which was placed on a glass
slide pre-coated with poly-L-Lysine. Coated slides were prepared by washing the slides for
2 hours in wash buffer (100 mL 99% ethanol (CAS 64-17-5) and 70 mL 6.25 M sodium
hydroxide (CAS 1310-73-2)) at room temperature with shaking at 70rpm. Slides were then
rinsed in distilled water 5 times, air dried, and dipped in a 0.01% poly-L-Lysine (Sigma-
Aldrich, p8920) and 0.1x phosphate buffered saline (PBS) (pH 7.4) solution for 1 hour. Slides
were then rinsed in distilled water two times and air-dried. Cells were allowed to attach to the
coated slide for 10 min before being analyzed by phase contrast microscopy (40x, Axiostar
plus, Zeiss). Cells in 3 to 5 microscope fields were counted, depending on the cell density, in
order to determine the ratio of cell types in each sample. Samples containing large aggregates
of cells (>30 cells), where it was impossible to distinguish cell types or count the number of
cells in the aggregates, were not included in the analysis. Cell types were categorized as
described in Section 2.2.3. The remaining cells from the hemolymph samples were collected
by centrifugation at 448 g for 6 min at 4°C. The supernatant was discarded and the cell pellet

kept frozen at -80°C until analysis.

2.2.3 Cell types and phenotypic animal groups

Bivalve haemocytes are classified according to their morphology into granulocytes
and agranulocytes (Dyrynda et al. 1997, Hine 1999, Pipe 1990, Pipe et al. 1997, Ratcliffe and
Rowley 1981). For identification of these cell types visual appearance of stained (Wright-
Giemsa stain, modified, Sigma-Aldrich, procedure No. WG, horizontal staining) and
unstained cells under phase-contrast microscopy, 40x and 100x magnification was used.
Although there are sub-groups of granulocytes shown to be immunogenetically different
(Carballal et al. 1997, Dyrynda et al. 1997), all granulocytes were grouped together.
Granulocytes cells that were large (7-12 pum) with conspicuous granules in their cytoplasm, a
low nucleus to cytoplasm ratio and large spread pseudopodia when attached to the microscope
slide (Barber 2004, Bower 1989, Ratcliffe and Rowley 1981) (indicated as G on Figure 2.2)

were classified as normal. As well, several types of agranulocytes can be distinguished
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(Carballal et al. 1997, Dyrynda et al. 1997, Hine 1999, Pipe 1990), and these were combined
into another group based on their common attributes. Normal agranulocytes (A) were
classified if they were generally smaller (4-6 um) than granulocytes and did not have spread
pseudopodia but much smaller protrusions (indicated as A in Figure 2.2a). Also,

agranulocytes were characterized by an absence of granules and a low cytoplasm volume.

Figure 2.2. Haemocytological preparations of mussel blood cells showing the different cell
types: granulocytes (G), agranulocytes (A) and neoplastic cells (L). Cells in (a) were stained
with Wright-Giemsa stain. (phase contrast, 40x).

Neoplastic cells, in advanced stages of the disease, are easy to recognize since these
cells are morphologically very distinct. Neoplastic cells are round and smooth due to their
inability to adhere or spread and have very high nucleus to cytoplasm ratios (Barber 2004,
Bower 2006, Elston et al. 1988, Smolowitz et al. 1989). Cells with these features were
classified as leukemic (indicated as L in Figure 2.2 b). Late stage leukemia is easy to
recognize due to the high density of neoplastic cells. However, leukemia is difficult to
recognize at the early stages since some neoplastic cells share morphological similarities with
normal cells, as has been demonstrated in other studies using antibodies developed against
leukemic cells (McGladdery et al. 2001, Smolowitz et al. 1989). Thus, false negatives for
early stages of the disease are possible, which makes visual haematocytology unsuitable for

early diagnosis of leukemia.
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For assessing the leukemia stage at least 100 cells were counted in at least 3 non-
overlapping microscope fields. The ratio of neoplastic-looking cells to the total number of

cells was used as a leukemia stage measure.

Samples were grouped according to the ratio of neoplastic cells to the total cells count.
The normal phenotype included animals with hemolymph having less than 5% of leukemic-
appearing cells. The late leukemic phenotype included animals with hemolymph with more
than 90% of leukemic cells. The transitional phenotype included animals with hemolymph
with anything from 5 to 90% leukemic cells and these animals were considered to be at
intermediate stages of the disease.
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2.2.4 Detection of single nucleotide polymorphisms

Total RNA was extracted from 106 hemolymph samples with E.Z.N.A. Total RNA Kit
(Omega Bio- tech, USA, R6834-02). The cDNA was synthesized with Superscript 1I™ reverse
transcriptase with oligo-dT primers according to the manufacturer’s instructions (Invitrogen
Life Technologies, Mississauga, ON). In order to detect single nucleotide polymorphisms
(SNPs) the 4-1389 bp fragment of the mussel p53 mRNA coding region (base numbering
according to published M. trossulus p53 tumour suppressor-like protein mRNA sequence,
AY611471) was PCR amplified using the forward primer 4F and the reverse primer 1389R
(Table 2.1, Figure 2.3). After locating the SNPs a smaller fragment 121-921bp was amplified
with the forward primer F121 and the reverse primer R921 (Table 2.1, Figure 2.3) for
genotype screening. This fragment was chosen since it is the shortest sequence containing all
the SNPs that were found in the p53 and p63/p73 cDNA sequence. All PCR reactions were
performed with iProof High Fidelity Polymerase (Bio-Rad, #172-5302, Hercules, CA) in the
presence of 0.2 mM of MgCl, using the following protocol. Initial denaturation at 98°C for 30
sec, followed by 33 cycles with denaturation at 98°C for 10 sec, annealing for 20 sec at an
initial temperature of 62°C, which was decreased by 1° C per cycle across 8 cycles followed
by an annealing temperature of 54°C for 25 cycles, and primer extension at 72°C for 35 sec.
After completion of all 33 cycles, final extension was at 72°C for 7 min.

The amplified fragments were sequenced by the McGill University and Genome
Quebec Innovation Centre Sequencing Facility (NANUQ, 740 Dr Penfield Avenue, Montréal
(Québec) Canada). The sequencing was done in two directions for the initial SNPs
identification and only in a single direction for the shorter fragment 121-921bp. The
sequencing results were compared with the published M. trossulus p53 tumor suppressor-like
protein cDNA sequence, AY611471, using Staden Package 1.5 and ClustalX 1.83.
Heterozygotes were called where the height of the second peak was at least one fourth of the

height of the main peak on the chromatogram.

33


http://www.genomequebec.mcgill.ca/
http://www.genomequebec.mcgill.ca/

182bp 392 bp 821 bp

|

F4  F121 R921 R1389
p53 TA oD NLS
p53F19 p53R1446
P63/73F35  F121 R921 P63/73R1808
ANF4 P63/73R1808
>
AN |ob | | |sam |Homo |

p63/73 A

Figure 2.3. Locations of primer binding sites within the protein domains of p53, p63/73 and
ANp63/73. TA — transactivation domain, PxP — proline-rich domain, DBD — DNA binding
domain, OD — oligomerization domain. Bold vertical lines indicate the variable positions.

2.2.5 p53isoforms analysis

Based on the published sequences of M. trossulus p53 isoforms, p53 (AY579471),
p63/p73 (DQ865152) and ANp63/p73 (DQ865153), primers were developed that allowed for
amplification of individual isoforms. The positions of these primers are shown in Figure 2.3
and sequences are presented in Table 2.1. Amplification of the correct PCR product was
confirmed by observing a single band of the expected length on an electrophoresed agarose
gel. Shorter PCR fragments were re-amplified from each individual isoform using primers
F121 and R921 (see Section 2.4) for p53 and p63/p73 and F312 (Table 2.1) and R921(see
Section 2.4) for ANp63/p73, ligated to a pJET1.2 vector (CloneJET™ PCR Cloning Kit,
Fermentas, # K1232) and transformed into TOP10 cells (One Shot® TOP10 Chemically
Competent E. coli, Invitrogen, C4040-03). Inserts from individual colonies were amplified
using pJET forward and reverse primers and sequenced in two directions by the McGill
University and Genome Quebec Innovation Centre Sequencing Facility (NANUQ).
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Table 2.1. Mytilus trossulus p53 isoform-specific primers.

Primer name Primer sequence, 5°-3°.

4F TAATGTCACAAGCTTCAGTTTC

1389R GTCCAAAAATGAATGCGCCAC

F121 CAAACATCACATCTAAAGAATCAATCG
R921 TCACTTCTACGGCACGTC

F312 GCATCAAGTCCTTACAATGATACA
p53F19 CAGTTTCAACTACATGCACACC
P53R1446 TGCTTTCAGGACGCATCT

p73F35 CAATATGGAACTCCCGTCCAGA
p73R1808 CTAATGGTGGATGCAGTGCT

ANp73 F4 ATCAAATTTGAGAGAACTGGATTTACAACC

2.2.6 Statistical analysis

Statistical analysis was used to test for associations between genotype and phenotype
using the software JMP, Version 5.1.2 (Cary, NC, USA). It was assumed that the analyzed
mussels came from a homogeneous population since they were collected from the same beach

location. A standard chi-squared test under the null hypothesis of no association was applied:
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where O, is the observed count for each phenotype (i) in each genotypic group (j), and £ is

the expected count for each case in each group defined as follows:
E;=nm;/N @)

where n and m are total counts for the case i and the animal group j respectively and N is a

total amount of animals that were analyzed.
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2.3 Results
2.3.1 p53-like cDNA sequence variations

Out of the 106 individual mussels caged in 2007 that were analyzed for leukemia status,
47 were classified as phenotypically normal, 27 as transitional and 32 as late-stage leukemic.
An initial survey of a subset of 60 animals by sequencing of the F4-R1389 amplicons revealed
three sites with SNPs at positions 182, 392 and 821 bp. All of the polymorphisms observed at
these three positions were synonymous substitutions. Using the shorter F121-R921 amplicons
from all 106 animals the distribution of SNPs among the phenotypic groups was surveyed
(Table 2.2). At each variable position, the nucleotide present in the reference sequence is
underlined in the reference sequence fragment given in parentheses below the location base

number.

The 182 bp site is upstream of the proline-rich domain in a highly variable region
(Muttray et al. 2005). Substitutions between C and T were detected at this position, which
causes a change from an AGC (61Ser) codon with usage frequency of 20 per 1000 codons to
an AGT (61Ser) codon with a lower usage frequency of 6.8 per 1000 codons. Out of mussels
caged in 2007, all late leukemic animals, 48% of transitional and 11% of normal animals were
heterozygous (C/T). The remaining animals in each of the three groups were found to be

homozygous (T/T), and no C/C homozygote was detected at this position.

Table 2.2. Distribution of p53 cDNA sequence variations at each of the three polymorphic
sites (182, 392 and 821 bp) in the three phenotypic groups; normal, transitional and leukemic
in mussels caged in 2007.

Phenotype

(humber of Variable positions (underlined nucleotide in reference

) sequence)
animals)

182 (CCAGCATAT) 392 (CCTCIGTGC) 821 (TGTGICTGG)

Normal >
(47)

Transitional
(27)

Leukemic
(32)

B GG
o o
Legend . W Gt W cc
O ‘an O 1 B cT
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The 392 bp site is at the end of the highly conserved proline-rich domain. There,
variations between T and G were detected, which change a TCT (129Ser) codon with usage
frequency 6.8 per 1000 codons to a TCG (Ser) codon with the same usage frequency of 6.8
per 1000 codons. Guanine at this position creates CpG pairs (adjacent C and G in the 5’ to 3’
direction) on both DNA strands, which are potential sites for methylation. Out of mussels
caged in 2007, most (94%) late leukemic animals were homozygous (G/G) at this locus, while

63% of transitional animals and 49% of normal animals were heterozygous (G/T).

The 821 bp site is located at the end of the highly conserved DNA binding region in
the area involved with Zn-binding. Unlike the previous two SNPs this one is located in close
proximity to a mutation hotspot of the human p53 gene, which is in the fourth DNA binding
domain region (IARC TP53 database, R14, November 2009 (Petitjean et al. 2007)). Variation
between T and C at this position changes a TGT (272 Cys) with usage frequency of 10 per
1000 codons to TGC (Cys) codon with much higher usage frequency of 95 per 1000 codons.
Sequences with C at this location have an extra site for potential methylation on the coding
DNA strand (CCTGG). Out of mussels caged in 2007 all leukemic, 81% of transitional and
21% of normal animals were heterozygous at this position. Homozygote TT was not detected
at this position.

2.3.2 Association of cDNA variants with phenotype for mussels caged in 2007

Eight different combinations were found of the three SNPs at positions 182, 392 and

821 bp from the start codon (Table 2.3). 30 out of the 32 late leukemic animals had the same
genotype of C182T G392G C821T. For these particular hemolymph samples, no normal cells
in the drop were observed that was viewed under the microscope and therefore it was assumed
that the vast majority of cells analyzed from these samples were neoplastic. The other two
leukemic animals had a genotype that was different at the 392 bp position: C182T G392T
C821T. Interestingly, for these two late-stage leukemic animals, some normal cells (< 5%)
were also observed in the aliquot of hemolymph viewed under the microscope. Since among
the mussels caged in 2007 only very few (7%) of normal phenotypes had the genotype C182T
G392G C821T, it was hypothesized that this genotype is associated with the presence of
neoplastic cells at least in the samples from the submerged frames. To test the strength of the
association of leukemia with genotype C182T G392G C821T the chi-squared test with
expected and observed counts was used as presented in Table 2.4. The statistical test showed
that the association between the genotype C182T G392G C821T and late-stage leukemia is
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statistically significant in caged mussels ( > =56.064; p < 0.01) and from now on the

genotype C182T G392T C821T will be referred as the leukemic genotype.

Table 2.3. Percentage of animals caged in 2007 in each phenotypic group (normal, transitional
and leukemic) with the various genotypes given in the left hand side columns.

Genotype Percentage of animals in each phenotypic group

182 392 821 Normal Transitional Leukemic
TIT GIT C/C 38 16 0

TIT T/T C/IC 23 16 0

TIT GIG C/IC 14 5 0

TIT GIG C/C 2 0 0

TIT GIT CIT 13 21 0

CIT GIT CIT 4 26 6

CIT GIG CIT 6 16 94

A total of 8 genotypes were identified (Table 2.3) and all of these were present in the
normal and transitional phenotypes. A trend was observed in the phenotypically normal
animals where most (75%) had genotypes with homozygotes at the 182 bp and 821 bp
positions. Using the chi-squared test the association between genotypes homozygous at the

182 and 821 bp positions and the normal phenotype was significant (=35, p < 0.01).

No clear trend emerged between genotype and the transitional phenotype, i.e. animals
with a mixture of normal and leukemic cells in their hemolymph. However, since the
leukemic phenotype was associated with heterozygotes at 182 and 831 bp, appearance of
heterozygotes at one or both of these positions were observed in 63% of the transitional
phenotypes. The transitional phenotype represents early stages of HN recognized from the
appearance of neoplastic cells with normal cells still prevalent. The animals that were
classified transitional in this study had a wide range of cell ratios in their hemolymph (from
5% to 95% leukemic cells). It was difficult, using visual inspection, to classify with great
confidence as transitional, samples that had low percentages of neoplastic-appearing cells.
Nevertheless, the strength of association between genotypes with heterozygosity at 821 bp and
presence of neoplastic cells was tested, i.e. for both leukemic and transitional phenotypes

(Table 2.4) and a statistically significant association was found.
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Table 2.4. Case-control counts for testing the statistical significance of associations between
phenotypic and genotypic groups for 2007 caged samples. Numbers represent number of
animals.

Phenotype Leukemic genotype (T182C G392G C821T)
Present Absent
Leukemic 30 2
Normal 2 47
Chi squared = 61, P < 0.01
Normal phenotype Normal genotypes
(T182T (G392G, G392T, T392T) C821C)
Present Absent
Present 37 12
Absent 10 49
Chi squared = 35, p < 0.001
Presence of neoplastic cells Early stage leukemia genotypes
(leukemic  or  transitional ((T182T, C182T) (G392T, G392G) C821T)
phenotype) Present Absent
Present 49 10
Absent 12 35

Chi-squared = 33, p < 0.01

2.3.3 Haplotypes for each of the known p53 isoforms

In the preliminary screening for SNPs, sequencing was performed directly on PCR
amplification products, which include both full-length isoforms, p53 and p63/p73. This
approach does not yield information on the number of haplotypes nor does it tell us to which
p53-isoform the variations are attributable. Thus, in an additional analysis, isoform specific
sequences were cloned in Escherichia coli and then several colonies from each sample and
isoform were sequenced. This was performed on a selection of four leukemic and four normal
samples using the original target cONA and primers specific for the three p53-like isoforms,
p53 (AY579471), p63/p73 (DQ865152) and ANp63/p73 (DQ865153), as described in the
Materials and Methods section. Since this analysis required 2 PCR steps, it is acknowledged
that reaction conditions could have biased amplification of some products over others. The
complete results from sequencing of a total of 216 clones are presented in Table 2.5. Two
haplotypes were most frequent in the normal phenotype (109 out of 111 clones sequenced
from the normal phenotypes). Two other alleles were found, 182C 392T 821T and 182C 392T
821C, however only in one clone each. The haplotypes agreed with the genotypes found from
direct sequencing for 3 out of 4 normal phenotypes. For one normal animal the DNA trace
from direct sequencing had only one peak for thymine at 392 bp although the haplotype 182T
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392G 821C was found in 3 out of a total of 22 clones sequenced for this animal. The number
of most frequently detected haplotypes increased to 4 for the leukemic phenotype. All of the
haplotypes agreed with the leukemic genotype, C182T G392G C821T. One rare haplotype,
182C 392T 821C, was also detected in one of the leukemic samples. The allele variant 182T
392G 821C was common to both normal and leukemic phenotypes. However, the haplotypes
182C 392G 821T, 182T 392G 821T and 182C 392G 821C, were unique to the leukemic
phenotype. The other haplotype, 182T 392T 831C, found in the normal phenotype was not
found in any leukemic animals.
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Table 2.5 cDNA haplotypes (rows) at the three polymorphic sites (182 bp, 392 bp and 821
bp, columns) in p53-like isoforms (columns) in leukemic (L) and normal (N) animals.
Numbers are amounts of clones detected for the isoform in the animal.

Genotype Haplotypes (cloned)
(direct sequencing)
SNPs positions p53 isoforms
182 392 821 182 392 821 | P53 | P63/73 | ANp73
Animal 1, N
T G C 9 5
TIT GIT C/IC T T C 11
T 1
Animal 2, N
T G 2 6
TIT GIG c/C
T 9
Animal 3, N
T G C 3
T T C 5 13
C T T 1
TIT TIT c/C - c s
G C 1
T T 1
Animal 4, N
T G C 6 5
T T C 4
TT GIT c/C C T C 1
T C 13
G C 1
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Table 2.5, continued. cDNA haplotypes (rows) at the three polymorphic sites (182 bp, 392 bp
leukemic (L) and normal (N)

and 821 bp, columns) in p53-like isoforms (columns) in
animals. Numbers are amounts of clones detected for the isoform in the animal.

Genotype Haplotypes (cloned)
(direct sequencing) SNPs positions p53 isoforms
Animal 5, L
T G C 2 1
C G T 2 1
T G T 1
C G C 1 2
CIT G/IG CIT C T C 1
T C 17
G C 6
T T 1
Animal 6, L
T G C 2
Cc G T 1
T G T 1 2
CIT G/G CIT Cc G Cc 2
T C 5
G Cc 1
T T
Animal 7, L
T G C 1
C G T 2 1
T G T 2
CIT G/IG CIT C G C > 1
T C 3
G Cc 2
Animal 8,L
T G C 2 12
C G T 5
CIT G/IG CIT T G T 2
C G Cc 3
T C 15
G C 1

Both normal haplotypes were found in the p53 isoform specific clones, but the

p63/p73 isoform had only one haplotype in each of the normal animals. For 3 out of 4 normal

animals, the p63/p73 haplotype was 182T 392G 821C, however in one normal it was 182T
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392T 821C instead. In contrast, both p53 and p63/p73 had multiple haplotypes in leukemic
animals. Therefore, it appears that the full-length p63/p73 isoform in normal animals is coded
by a single allele in contrast to p53, which is coded by several alleles with greater sequence
variability. With regards to ANp63/73, the majority of clones (27 out of 30) had the same
haplotype (392T 921C) with a total of 3 different haplotypes observed. Interestingly, in all
but one of the normal animals, the allele for the N terminal truncated isoform ANp63/p73 is
different than that for its full-length version p63/p73 (182T 392G 821C).

2.3.4 Genotyping of M. trossulus intertidal populations sampled directly from the beach

in 2009.

To explore if similar associations between p53 amplicon sequence variations and
disease could be found in populations collected directly from the wild intertidal populations
samples were analyzed that came directly from Hopkins Beach, Jericho and Horseshoe Bay
(see Methods). More samples were collected in March 2009 and exposed on frames until
October 2009 exactly in the same manner as was done in 2007. All these samples (155 in

total) were genotyped as described in the Methods.

Table 2.6. Genotypes of 106 animals from beaches and from frames sampled in 2009.
Percentage of animals in each phenotypic group (normal, transitional and leukemic) with the
various genotypes given in the left hand side columns.

| Genotype | Percentage of animals in each phenotypic group |

182 392 821 Normal Transitional Leukemic
T GT CT 2 0 0

E cT GT cT 7 6 0

3 cT GG cT 91 94 100
T TT, GT, GG CcC 55 0 0

» TT TT, GT, GG CT 15 67 0

= cT GT cT 25 33 0

= CT GG CT 5 0 100

The results of genotyping are presented in Table 2.6, where data for all beach locations is
pooled together. It was found that the genotype with homozygotes at both flanking positions
182 and 821 bp or the “normal genotype” (T182T (G392G, G392T, T392T) C821C) was not
detected in intertidal mussel population and only one animal had genotype T182T G392T
C821T. All other intertidal animals were heterozygous at both flanking positions 182 and 821
with combinations at the middle position G392G and G392T. Both late transitional (>85% of
neoplasic cells) and late leukemic groups had “leukemic” genotype C182T G392G C821T.

However many normal (according to microscopy) animals had this “leukemic” genotype also.
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Therefore, it was found that the same association of SNPs in p53 coding region and leukemia
was valid only for the population exposed on frames, but not for the population, collected
from the beach. Similar trends as in 2007 were seen with respect to association of
homozygous flanking locations with normal mussels in the 2009 caged samples, but the
association was weaker in the 2009 samples. For both beach and caged samples the strong

association between late-stage leukemia and 182CT 392GG 821CT was upheld.

2.4 Discussion

2.4.1 Association of the leukemic genotype C182T G392G C821T with leukemia

Three highly variable sites were discovered in p53-like ¢cDNA sequences from
M. trossulus normal and leukemic haemocytes. One particular combination of SNPs, namely
C182T G392G C821T, was strongly correlated with late-stage leukemia (>95% of L cells, 30
samples) in animals sampled from the submerged frames. Since these are synonymous
substitutions, it is unknown whether these SNPs lead to alterations of p53 pathways and
deregulation of the tumor suppression function allowing leukemic cells to survive or whether
this genotype-leukemia association is an indirect result of other processes involved in tumour
proliferation. There are two factors supporting a causative role in leukemia for the detected
variations in the p53 gene. First, p53 is a key suppressor of tumour progression and is
dysfunctional in many cancers (Giaccia and Kastan 2006). Specifically, differential expression
of the p53-family at both the mRNA and protein levels has been shown to be associated with
bivalve leukemia (Kelley et al. 2001, Muttray et al. 2008{Kelley, 2001 #21)). As second, no

homozygotes C182C and T821T were detected in any of the leukemic animals.

In contrast, most of the animals collected from the intertidal beach areas had the
genotype C182T G392G C821T regardless of their disease status. Homozygotes at two the
flanking positions, 182 and 821 bp, were detected in less than 10% of beach samples. Inter-
tidal and submerged mussels are exposed to different environments and experience different
stressors. In particular, intertidal emersion is known to be associated with desiccation, UV
exposure and extreme temperatures. It was demonstrated that intertidal mussels can undergo
significant physiological and biochemical changes, such as upregulation of stress-response
genes (Snyder and Rossi 2004) or switching to anaerobic metabolism (Stillman and Somero
1996) during the emersion. The different environment and variety of stressors may lead to
differential expression of p53 haplotypes. As well it was demonstrated that DNA damaging
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stress such as UV exposure elevates the p53 expression and induces apoptosis, thus reversing
the mussel leukemia (Bottger et al. 2008). It was hypothesized that the emersion stress might
affect the phenotype-genotype association via reversing the disease and it might affect the
differential expression of p53 alleles, leading to the haplotype loss in the intertidal animals.
Therefore, the usefulness of genetic biomarkers can vary greatly depending on the

environment and location.

2.4.2 Haplotypes in p53 isoforms

The current state of knowledge suggests that there is only one p53-like gene copy
present in most invertebrates, including bivalves (Belyi et al. 2010, Lu et al. 2009, Stifanic et
al. 2009). Sequence analysis of the first invertebrate p53-like isoforms, which were found in
M. arenaria, allowed Kelly and co-authors (Nedelcu and Tan 2007) to suggest that a single
gene was capable of producing the two proteins, one p53-like and the other p63/p73-like, both
of which were differentially expressed in normal and leukemic haemocytes. This was
confirmed by an analysis of the p53 gene structure in M. arenaria (FJ041332, (Kelley et al.
2008)). Both the M. arenaria p53 mRNA (AF253323) and p73 mRNA (AF253324) sequences
(Kelley et al. 2001) align with the genomic sequence (FJ041332) according to an alignment
done with Spidey (Wheelan et al. 2001), which shows that this single gene can code for all
isoforms. M. arenaria and M. trossulus p53 isoforms share a high degree of sequence
similarity at the mRNA level and are phylogenetically closely related (Muttray et al. 2005).
Given this, the multitude of p53-like haplotypes found in M. trossulus with HN was
unexpected (Table 2.4). It was hypothesized that the high variability observed in the
haplotypes might stem from somatic mutations. This may be the result of independent
mutations in haemocyte precursors, which then give rise to multiple clonal populations of
haemocytes. This process has been described for mammalian cancers (Tiu et al. 2007).
Alternatively, the detected variations might be acquired by mature neoplastic cells along with
an increasing level of ploidy and, as a consequence, an increasing number of p53 gene copies
(Moore 1993). Another unexpected result was that the truncated ANp63/73 isoform is not
always coded by the same allele as the full-length p63/73 isoform. In mammals, the truncated

ANp63/73 isoform is known to be expressed from the p73 gene (Benard et al. 2003).
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2.4.3 Possible mechanisms for effects of SNPs on p53 function

All of the SNPs that were detected are silent substitutions. Thus, the potential effect of
these SNPs on p53 activity and possibly on disease development would be realized not at the
protein level, but earlier, at the transcriptional or RNA processing stages. Here, it was

suggested how these SNPs might affect expression of p53 family members.

Variations in the p53-like coding region sequence might cause changes in the
secondary structure of the mMRNA molecule, affecting its interaction with cellular components
for RNA processing, transport, stability and expression (Shabalina et al. 2006). Any of these
events may change the amount of p53 expressed in the cell (Babendure et al. 2009, Latchman
2002), causing the disruption of the regulatory pathways and allowing tumorigenesis to

proceed.

SNPs are also known to induce alterations in the splicing process, affecting the
structure and variants of the resulting proteins (Chao et al. 2001). It was shown in mammalian
cells that the balance between p53 family isoforms is important for a functionally correct
response to cellular stress or tumour suppression (Bourdon et al. 2005). Thus, alteration of
splicing processes may affect p53 family activity in such a way that promotes tumor
development. All these events can counteract the effect of transcriptional up-regulation and, as

a result, lead to insufficient protein levels and the possibility of tumorigenesis.

DNA methylation is known to be one of the key mechanisms of gene expression
regulation. Sequence variations at methylation sites are frequent for the p53 gene in human
cancers (Greenblatt et al. 1994). In mussels, substitutions from T to G at the position 392 bp
and from T to C at position the 821 bp create additional methylation sites, CpG on both DNA
strands at the 392 bp position and a CCTGG site at the 821 bp position. The presence of
additional methylation sites could significantly affect p53 expression if these sites become
methylated.

Another possible effect of the detected SNPs is the alteration of the codon usage
frequency, which in turn, changes the speed of translation and, as a consequence, might alter
the protein conformation (Cortazzo et al. 2002). The presence of C at the 182 bp position and
C at the 821 bp position create codons with much higher usage frequency in mussels. Position
821 is located in the highly conserved DNA binding region, therefore even small variations in

the speed of protein translation and hence of protein conformation might have a significant
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effect on the p53 protein activity. Effect of the codon frequency change at position 182 bp is

not clear since it is located in the area known to be less conserved.

2.4.4 p53 cDNA variation as a potential molecular-level tool for mussel leukemia
detection in caged mussel populations

Based on the correlation between p53 cDNA variants with heterozygotes at positions
821bp and/or 182 bp and the presence of neoplastic cells in hemolymph of caged mussels, it
was proposed that screening for SNPs in mussel p53-like cDNA would be a useful genetic
tool for detecting leukemia for the mussels from the submerged frames. Analysis of
haplotypes, which involves cloning and more sequencing steps, would not be feasible,
economically nor time-wise, in a practical environmental monitoring setting. However, high
throughput SNP screening of F121-R921 fragments directly from PCR amplified cDNA
samples would be doable in mussel health monitoring programs. One of the possible methods
will be the High Resolution Melting Analysis of amplicons presented in Appendix B.
Although a strong association between the leukemic genotype and presence of late-stage
leukemia was found in the caged mussel populations, the leukemic genotype would not be a
useful biomarker for presence of the disease. This is because the dynamics of the disease are
still unknown and because of the high mortality associated with late stage HN. Instead, the
presence of homozygotes (T182T and C821C) could be considered as an indicator of absence
of the disease. To test for the leukemia prevalence in population exposed on the submerged
frames, the ratio of animals with heterozygote C821T or both heterozygotes C182T C821T to
those with homozygotes T182T and C821C can be used.

The fact that association of the genotype variations with the leukemia were detected only
in caged populations creates the significant limitation of the applicability of the proposed
marker. It can be used only for the populations, exposed on the submerged frames and is not

applicable for the monitoring of the beach populations.
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3 P53 sequence polymorphisms in Mytilus edulis

3.1 Scope

Genetic biomarkers based on DNA sequence polymorphisms that are associated with
diseases have the potential to improve sub-lethal endpoint detection in environmental
monitoring programs. However, genetic associations may differ depending on the species of
organism used. Two Mytilus species, M. edulis and M. trossulus, commonly used in
environmental monitoring, differ in their susceptibility to a haemic neoplasia with M.
trossulus being more susceptible. In this study, p53 sequence variations in normal and
diseased M. edulis were compared with those previously reported for M. trossulus. Forty
single nucleotide polymorphisms (SNPs) were detected in M. edulis as opposed to only three
that were found in the M. trossulus p53 coding region. Many of the M. edulis p53 SNPs were
associated with the presence of neoplasia. The disease-associated SNPs in M. edulis p53
formed blocks of high linkage that aligned more closely with M. trossulus than with normal
M. edulis. Together this suggested the possibility of hybridization between M. edulis and M.
trossulus. Phylogenetic analysis showed that p53 haplotypes predicted for M. edulis with late
stage neoplasia were similar with p53 haplotypes for M. trossulus. It was proposed that
hybridization followed by recombination leads to the partial introgression, which cannot be
detected by the currently available RFLP markers. According to these findings, it was
proposed that hybridization with M. trossulus was connected to the increased disease
susceptibility of M. edulis. This fact should be taken into account when using M. edulis for

environmental effects monitoring and farming.

3.2 Material and methods

3.2.1 Hemolymph collection and analysis

Mytilus edulis mussels larger than 45mm in length were purchased from the Island
Scallops farm (Vancouver Island, BC, Canada) in February 2010, placed in net socks that
were attached to plastic rectangular frames and submerged at monitoring stations in Burrard
Inlet as was described in the previous chapter. After eight months of exposure, the mussels
were removed from the frames and hemolymph samples collected from the posterior adductor

muscle in order to assess leukemia status by light microscopy and collect cells for DNA
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analysis. Processing of the samples and cell composition analysis were performed as
described before (Vassilenko et al. 2010, see Chapter 2). Briefly, samples were classified as
normal if they contained less than 10% round and non-adhesive cells, late stage leukemic if
there were more than 90% round, non-adhesive neoplastic cells in high density and
transitional if they had 10-90% of neoplastic-looking cells. Total RNA was extracted and
cDNA was synthesized with oligo-dT primers. Amplification of cDNA was performed using
primers designed for M. edulis p53 mRNA sequence based on the published sequence
(GeneBank accession number AY579472). Sequence of the forward primer F111 was
5’"GGGGGATACACAAACATCACATCTA3’ and the reverse primer, MeR988, was
5’TGTTTGCATGGTGGGAGAGC3’. Conditions for the PCR amplification were the same
as described previously (Vassilenko et al. 2010). Sanger sequencing was performed at the
McGill University and Genome Quebec Innovation Centre Sequencing Facility (NANUQ),
Montréal, Canada with the same primers as were used for the PCR amplification. The cDNA

PCR amplification and amplicon sequencing were done in duplicate.

3.2.2 Species identification

Species identification was done with four genetic markers. They were the internal
transcribed spacer (ITS) region between the 18S and 28S nuclear-r-DNA coding regions,
(Heath et al. 1995), Glu-5' (gene encoding for the mussel polyphenolic adhesive protein)
(Rawson et al. 1996), Mal-I (Mytilus anonymous locus one) (Rawson et al. 2001) and the
mitochondrial large subunit (16S) ribosomal DNA (16S-mtDNA) (Rawson and Hilbish 1995).
Error! Reference source not found. lists the primers and restrictases used for the

analysis.

Table 3.1. List of primers used for Mytilus species identification.

Marker Primer name Primer sequence, 5’-3’ Restrictase
F GTTTCCGTAGGTGAACCTG
ITS1 Hhal
R CTCGTCTGATCTGAGGTCG
Glus JH-5F GTAGGAACAAAGCATGAACCA
u
JH54R GGGGGGATAAGTTTTCTTAGG
Mal.| F GAAGCGTATTTGGTCACTGGCAC Soel
al- e
R GTCATAAAATGGAACATCTGAGTC P
ARF CGCCTGTTTATCAAAAACAT
16S Spel,Haelll,EcoRV
BR R CCGGTCTGAACTCAGATCACGT
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3.2.3 SNPs detection and analysis

Sequence assembly and SNP detection were done using the Staden Packagel.5
(Pregap4, Gap4, http://staden.sourceforge.net/). Genotype analysis (linkage disequilibrium,
haplotype prediction and association analysis was performed with Haploview (Barrett et al.
2005). Haplotype network was generated using the median-joining network algorithm using
the software program Network version 4.600 (Bandelt et al. 1999). A phylogenetic tree
showing the molecular evolutionary relationships between the predicted haplotypes for M.
trossulus and M. edulis was constructed using the Neighbor-Joining method with the Jukes-

Cantor model and 1,000 bootstraps.

3.3 Results and discussion

3.3.1 Species identity DNA markers

Currently, there are several PCR-based markers that are commonly used to distinguish
between M. edulis, M. trossulus and their hybrids (Heath et al. 1995, Rawson et al. 2001). All
samples used in this study were analyzed using the ITS marker and a random subgroup of 47
M. edulis and 20 M. trossulus were analyzed with all four markers, as described in Methods
section. Representative data are shown in Figure 3.1. The ITS and 16S-mtDNA markers
revealed the expected fragment patterns for each species, including the leukemic M. edulis.
The Mal-1 marker revealed two genotypes in M. trossulus and one genotype in M. edulis. No
hybrid genotypes with mixed patterns, were detected by the ITS, 16S-mtDNA and Mal-I
markers for any of the samples. According to the Glu 5 marker, M. trossulus had one
genotype, while M. edulis had at least four genotypes. As well, the Glu 5' marker showed the
presence of a M. trossulus-specific (250bp) fragment in 5 of the M. edulis samples in addition
to the expected M. edulis-specific fragments. However, none of these five M. edulis samples
had leukemia or the trossulus-like p53 SNPs. The Glu 5" marker was the only one that
detected M. trossulus bands in the M. edulis patterns. It was concluded that M. edulis samples

originate from populations containing hybrids with M. trossulus.
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Figure 3.1. Mytilus species identification with 4 genetic markers, Glu5, ITS, Mal-1 and18S. t-
trossulus, e-edulis. DNA ladders (Invitrogen): 1- 100bp, 2-50bp.

3.3.2 SNPs detected in coding region of M. edulis p53 mRNA

A PCR amplified section of the p53 coding region was screened for SNPs in a total of
57 animals. Of these, 26 were classified as normal (i.e., their hemolymph contained less than
10% of neoplastic-looking cells), and the other 31 as diseased, including 9 late leukemic
animals (i.e., with more than 90% of neoplastic-looking cells) and 21 transitional samples
(i.e., with 10-90% of neoplastic-looking cells). In the amplified fragment, 40 variable
positions were discovered, all of which were single nucleotide substitutions or polymorphisms
(SNPs). The genotype data for each sample is shown in Appendix D. Frequencies of the
dominant nucleotides at each SNP location and for the three phenotypic groups are shown in
Figure 3.2. Only SNPs with minor allele frequencies of greater than 5%, 36 in total, are listed
on the x axis. Reference nucleotides are according to the M. edulis p53 sequence published at
GenBank, accession number AY579472. Out of the 40 SNPs, 37 were synonymous
substitutions, while the other 3, located at 219, 261 and 346 bp, were non-synonymous.
Several trends can be noticed on the chart. At the majority of SNP positions, the reference
allele is very frequent (80-100%) in the normal and transitional groups, however quite rare
(15-25%) in the late leukemic group. This indicates that the late leukemia stage is associated
with the presence of a rare allele, while this is not necessarily so at earlier stages of the

disease. The association of these SNPs with leukemia is discussed later.
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The extraordinarily high number of variations in such a short fragment of what is
considered to be a very conserved gene was surprising and cannot be explained by mutation
processes alone. Sample sequences were compared with sequences published at GenBank for
M. trossulus p53 mRNA (accession number AY611471) and M. edulis p53 mRNA (accession
number AY579472). The p53 sequences of these two species are nearly identical and differ at
a few single nucleotides sites. Alignment of the p53 mMRNA sequences: those published in
GenBank and those obtained from our samples, revealed that the most frequent M. edulis
SNPs, which were 28 of a total of 40, exactly matched the positions where the GenBank
AY611471 M. trossulus sequence differs from the GenBank AY579472 M. edulis sequence,
which suggests a strong possibility of hybridization (Figure 3.3).
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Figure 3.2. Genotype frequencies in the three phenotypic groups, normal(<10% of neoplastic looking cells), transitional (10-90% of

neoplastic cells) and late leukemic (>90% of neoplastic cells) at each of the variable positions with MAF>10% detected at coding
region of M. edulis p53 mRNA.
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The remaining 12 SNPs were less frequent than the first 28 SNPs and did not present

any pattern. Figure 3.3 shows a representative fragment of the genotype alignment of 6 late

leukemic, 8 normal samples as well as the reference sequences for M. trossulus and M. edulis.

The fragment includes five variable positions (shaded), four of which match the positions

where M. trossulus and M. edulis are different.

edulll
edul2L
edul3L
eduldL
edul5L
edul6L
edul7N
edul8N
eduldN
edul1ON
edull1N
edull2N
edul13N
edull4N

M.edp53 GCCTCATACT AGTATGCAGT(
M.trp53 GCCTCATACT AGTATGCAGTC

I I I I
365 375
GCCTCATACT AGTATGCAGT C
GCCTCATACT AGTATGCAGT C
GCCTCATACT AGTATGCAGT d
GCCTCATACT AGTATGCAGT g
GCCTCATACT AGTATGCAGT d
GCCTCATACT AGTATGCAGT g
GCCTCATACT AGTATGCAGT d
GCCTCATACT AGTATGCAGT O
GCCTCATACT AGTATGCAGT g
GCCTCATACT AGTATGCAGT ¢
GCCTCATACT AGTATGCAGT ¢
GCCTCATACT AGTATGCAGT ¢
GCCTCATACT AGTATGCAGT ¢
GCCTCATACT AGTATGCAGT(Q

CLCCTq

CLCCT(

T

CCTqd

CCTq
CCTq
CCTq
CCTq
CCCT(
CCCT(

CCTq
CCTq
CCTq
CCTq
C(CTq

GGTGCCA TCAAACA
TETGCCA TCAAACA

S d 0 oM@

=4 = = o

| | |
395 405

GTGCCATCAAACA
GTGCCATCAAACA
GTGCCATCAAACA
GTGCCATCAAACA
HTGCCA TCNAACA
LHTGCCA TCAAACA

TGTGCCA TCNAACA

HTGCCA TCAAACA
HTGCCA TCAAACA
HTGCCA TCAAACA
HTGCCA TCAAACA
HTGCCA TCAAACA

CCCT

CCCTC

=]

GTGCCATCAAACA

=4 = 4 o

GTGCCATCAAACAQT

| I
415

(5 ACTATC(
[ ACTATC(
(5 ACTATC(
(3 ACTATC(
(5 ACTATC(
(3 ACTATC(
G ACTATC
G ACTATC(
(3 ACTATC(
(3 ACTATC(
G ACTATCQ
(3 ACTATC(
G ACTATCQ
5 ACTATC(Q
GACTATCC
GACTATC(

[

)
oy I vy W I o Y T o I i W Ty Ry iy B B ) R

Figure 3.3. Representative fragment from the genotype alignment of 6 late leukemic samples
(edul1-6L), 8 non-diseased samples (edul7-14) and published M. edulis p53 mRNA (accession
number AY579472)and M. trossulus p53 mRNA (accession number AY611471) sequences.
Four out of five variable positions (shaded) exactly match the positions where published M.
trossulus sequence differs from the published M. edulis sequence.

To further explore the hypothesis of hybridization a linkage disequilibrium (LD)

analysis using Haploview 4.2 (Figure 3.4c) was performed.
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Figure 3.4. P53 variation sites detected in M. edulis cDNA coding region; a: p53 functional
blocks : TA-transactivation domain, PXXP-proline-rich domain, DBD-DNA binding domain,
OD-oligomerization domain, NLS —nuclear localization domain; b: association of the detected
SNPs with late stage of HN; control group had non-diseased samples; red dotted line shows
the association significance threshold (p=0.05); c: linkage disequilibrium plot (Haploview4.2 )
for the detected SNPs.

LD analysis revealed two blocks of SNPs with high linkage (depicted in red within the
solid triangles), which are separated by an area of low linkage (depicted in grey). These two
flanking blocks of high linkage are 260 and 174 bp long, respectively, and interestingly, they
are in high linkage with each other. The area of low linkage that separates the two flanking
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blocks, is 236 bp long. This pattern, where high linkage blocks are interrupted by a low
linkage area, is similar to the mosaic pattern described for human genes (Daly et al. 2001,
The_International_HapMap_Consortium 2003). High linkage blocks interrupted by a low
linkage area suggest the presence of a recombination hotspot. Despite the fact that mosaic
phenomena are known to occur in many genes, the presence of a recombination hotspot in the
middle of the p53 coding region is surprising. This is remarkable as this region is thought to
be highly conserved among biological taxa (Walker et al. 2011). Moreover, recombination
within the p53 gene sequence is even more surprising since the gene in Mytilus sp. is expected
to be relatively short (about 20kb) and according to Carlson et al. (Carlson et al. 2004) such
short fragments should not undergo recombination. Even though the p53 genomic sequences
remains unknown for Mytilus sp., since it is a highly conserved gene, the Mytilus sp. p53
genes can be assumed to be of a length similar to p53 gene sizes for other species. For
example, the genomic p53 gene for another bivalve species, Mya arenaria (accession number
FJ041332.1), is 17kb and for Homo sapiens it is 26kb (as. num. NG_017013); therefore our

estimate of 20kb is plausible.

3.3.3 Association with Haemic Neoplasia

Case-control association analyses of SNPs with leukemia in M. edulis were performed
with two groups of animals, where the case group was late leukemic (9 samples) and the
control group was non-diseased (23 samples). Associations of the individual SNPs with the
disease are shown in Figure 3.4b, where each bar shows the —log(p-value) for the chi® test of
independence of leukemia from the presence of rare allele. The significance threshold,
p=0.05, is indicated by the dashed horizontal line. One can see that the SNPs that are in
significant association with leukemia form two blocks, SNPs 7-19 (i.e. snp260, snp261,
snp267, snp296, snp346, snp380, snp386, snp392, snp401, snp407, snp4l6, snp419) and
SNPs 31-39 (i.e. snp680, snp731, snp737, snp740, snp767, snp821, snp854, snp908, snp914).
SNPs in between these two blocks were not significantly associated with leukemia. Moreover,
the flanking blocks of SNPs in significant association with the disease overlap with the high
linkage blocks, while the middle block of SNPs with no association overlaps with the low
linkage area (Figure 3.4c). Including the transitional samples to the case group decreases the

association of the rare allele with the disease, as will be shown below.
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3.3.4 TagSNPs

To examine whether some of these SNPs could be used for a M. edulis specific leukemia
biomarker, the set of SNPs was narrowed to include only those with a strong association with
the disease. For the two phenotypic groups, non-diseased and late leukemic, a set of SNPs
with the best association with the disease was selected. They were SNP261 (p= 1.49E-12) and
SNP419 (p = 1.49E-12). Haplotype 261A 419C was detected in all samples with normal
phenotype and 16.7% of late leukemic samples (Table 3.2). Haplotype 261T 419A was
detected in the remaining of 83.3% of late leukemic samples (Table 3.2, left side). However,
to increase the sensitivity of the genetic biomarker, it would have to detect early stages of the
disease. Therefore, the transitional group was included into the analysis, i.e. all samples
presenting more than 10% neoplastic cells were used for the diseased, or affected group,
which significantly changed the association. Two more haplotypes were discovered, 261T
419C and 261A 419A, however they had low frequencies, even though the former contains
both reference alleles (Figure 3.2). In the new analysis, haplotype 261A 419C was detected
not only in all non-diseased samples, but also in 62.4% of diseased samples. The three
haplotypes 261T 419A, 261T 419C and 261A 419A (Table 3.2), which were strongly
associated with late-stage leukemia were found in only 37.6% of all diseased samples (late-
stage and transitional samples), which makes these haplotypes useful only for detecting late-
stages. Lack of any significant associations of SNPs with all stages of the disease might have
arisen from inaccuracies in the detection of early leukemia stages using cell morphology
and/or from the fact that genetic variations or expression of alleles changes as the disease
progresses. Inaccuracies in leukemia detection, in particular false-positive detection, may have
occurred due to the miss-interpretation of agranulocytes with few pseudopodia for the

neoplastic cells.
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Table 3.2. Significance of association of tagSNPs with mussel leukemia and case-control
frequencies.

Non-diseased group versus late leukemic

Non-diseased group versus all leukemia stages

D . 2 .
J|1Sg s =3 Sg & =5
£l22 2285 « S |38 -3 85 o E
oS 8 =g sSE & >3
5k g 27 = g 2%

g £ g &

T T
AC 079 0.19 1 50.068 1.49E-12| 0.90 0.624 1 24.63 6.94E-07
TA0.21 0.81 0 50.068 1.49E-12/0.067 0.281 0 17.23 3.23E-05
TC| 0.0 0016 006 0 2531 0.1117
AA 0.0 0016 006 0 2531 0.1117

3.3.5 Non-synonymous SNPs and possible mechanisms for their effects on p53 function

in M. edulis

Three SNPs at positions 219, 261 and 346 were non-synonymous substitutions that

were only detected in the diseased phenotypic groups (Table 3.3 Figure 3.5). SNP219 causes

substitution of polar acidic serine to non-polar proline; SNP261 changes threonine to serine,

both of which are polar, but differ by structure; SNP346 changes proline to leucine, amino

acids of the same polarity and very different structures. These variations in amino acid

sequence might significantly affect p53 protein secondary structure and, therefore, the activity

of the p53 protein.

Table 3.3. Case-control frequencies and significance of association with mussel leukemia for
non-synonymous SNPs.

Haplotype freq. Haplotype freg. in

Haplotype freq. in

Name |ASSOCiation  Codons  Aminoacids innon-affected late leukemic . arected group
allele rou rou (including all leukemia
group group stages)
SNP219 C tce-ccc ser-pro 0.000 0.722 0.219
SNP261 T aca-tca thr-ser 0.000 0.833 0.328
SNP346 T cce-cte pro-leu 0.000 0.778 0.344

All three non-synonymous SNPs, 219, 261 and 346 are located in the highly conserved

protein region called the proline-rich domain. This domain is responsible for the induction of
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cell growth arrest (Ruaro et al. 1997) and initiation of apoptosis (Venot et al. 1998). Both
processes are critical for the anti-tumor activity of p53, failure of which leads to the survival
and accumulation of neoplastic cells and tumor development. Therefore, at least one or all of
these SNPs might have a causative effect on HN in M. edulis.

Nevertheless, all detected non-synonymous SNPs have relatively low frequencies,
which suggest that these variations are not the only mechanism causing mollusk leukemia.
However, since 77.2%, 83.3% and 77.8% of late leukemic animals had these substitutions at
positions 219, 261 and 346 respectively, it was proposed that development of the late
leukemia stage is associated with the 219C or/and 261T or/and 346T substitutions.

3.3.6 Phylogenetic analysis of Mytilus trossulus and Mytilus edulis haplotypes

To compare the p53 variable positions between M. trossulus and M. edulis a phylogenetic
analysis was performed on the haplotypes that were predicted using Haploview (Barrett et al.
2005) for the genotypes detected in each Mytilus species. Haplotypes were predicted for the
40 variable positions that were found in M. edulis p53 gene sequence (Figure 3.2, 3.5). For
this analysis 97 M. trossulus were analyzed, the same as used for the SNPs detection in
Chapter 2, and 58 M. edulis, used for the SNPs detection in this Chapter 3. The phylogenetic
analysis was done using the Neighbor-Joining method with the Jukes-Cantor model of
nucleotide substitution and 1,000 bootstraps using the software package Geneious version
5.4.3 (Figure 3.5). The tree was rooted with the Danio rerio mRNA p53 sequence (GenBank
accession number NM_001080036 XM _683867).
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Figure 3.5. Molecular phylogenetic tree for theoretically predicted haplotypes for two
mussel species, M. trossulus (Tr), and M. edulis (Edul). Neighbor-Joining method with the
Jukes-Cantor model of nucleotide substitution and 1,000 bootstraps. L: haplotypes predicted
for the diseased samples (>10% of neoplastic cells) and which were not detected in normal
samples, N —normal M. trossulus haplotypes. *: asterisk marks most frequent M. edulis
haplotypes (that were detected more than once).

All haplotypes predicted for M. trossulus are clustered together in one clade regardless of
their disease status, while haplotypes predicted for M. edulis fell into two clades. Interestingly, the
most frequent haplotypes predicted for leukemic M. edulis (Edul7 and Edul8, Appendix D) and
two rare leukemic haplotypes clustered with the M. trossulus haplotypes (Figure 3.4, clade 1),
while the most frequent non-diseased M. edulis haplotypes (Edull, Edul2, Appendix D ) are
distantly related to the M. trossulus haplotypes (Figure 3.5, clade 2).

On the haplotype alignment one can see that two blocks of SNPs contribute to the
similarity of haplotypes in the clade 1. They are SNPs 1-19 and 29-39 (Figure 3.5, framed). As
shown in Figure 3.4c, the two blocks of SNPs in high linkage included SNPs 5 to 19 and SNPs 29

to 37. It is easy to notice that these two pairs of blocks, those clustered with M. trossulus
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sequences and those in high-linkage, overlap significantly. One possible explanation for this
overlapping is hybridization between M. trossulus to M. edulis, followed by chromosomal
recombination. This phenomenon is not unique and was observed for other species (Ruths and
Nakhleh 2005 ).

Further, evidence for the linkage between M. trossulus heritage and disease in M. edulis
comes from comparing Figure 3.4 and Figure 3.5. As seen from the latter, clade 1 contains all
M. trossulus haplotypes as well as diseased M. edulis haplotypes (edul7L, edul8L, edull5L and
edull6L). Two sub-blocks of SNPs, 4-19 and 31-39, in clade 1 contain alleles that are in
significant association with leukemia: 204A, 219C, 260C, 261T, 267G, 296C, 246T, 380G,
386A, 392G, 401A, 407T, 416A, 419A, 428C (in 4-19 block) followed by 680C, 731C, 737C,
T40A, 767C, 821T, 854A 908T, 914C (in 31-39 block). Based on the phylogenetic similarity and
on the higher susceptibility to leukemia in M. trossulus, it was suggested that M. edulis with
haplotypes edul7L, edul8L, edul15L and edull6L were descendants of hybrids with M. trossulus

and that inheriting M. trossulus-like haplotypes made them more susceptible to leukemia.

To better illustrate the relationships between these theoretical haplotypes, predicted for
M. trossulus and M. edulis, a haplotype network was generated (Figure 3.6), which was produced
using the median-joining network algorithm using the software Network version 4.600 (Bandelt et
al. 1999). Two clear clades are formed by the most frequent M. edulis and M. trossulus
haplotypes. An additional group is formed by the four haplotypes, Edul7, Edul8, Edull5 and
Edull6, the same ones that clustered with M. trossulus haplotypes in Figure 3.5. These four p53
sequence haplotypes are much closer to M. trossulus than to M. edulis even though all other

species markers indicated that these individuals were M. edulis.
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Figure 3.6. Haplotype network for theoretically predicted haplotypes of M. trossulus and M.
edulis. Area of the pies is proportional to the haplotype frequency. Node length is proportional
to the amount of substitutions between the neighbors. Numbering of haplotypes is the same as
on Figure 3.4. Generated by Network4600 using Median Joining algorithm.

3.3.7 Origin of the detected variations

Phylogenetic analysis of the inferred haplotypes suggested the possibility of
hybridization of Mytilus edulis with M. trossulus, which may have simultaneously introduced
susceptibility to leukemia. The three arguments for this hybridization hypothesis and against
the polymorphism hypothesis are reiterated: The first one is the remarkably high variability
within what is believed to be a highly conserved region. Another argument is that 28 SNPs out
of 40 match the species-specific sites, i.e. sites were M. edulis p53 sequence differs from the
M. trossulus p53 sequence. The third one is that all these 28 species-specific SNPs had high
frequencies (>0.2) unlike the rest of 12 SNPs with low frequencies (<0.1). Therefore, it was
concluded, that such a high number of SNPs within a short fragment with high frequencies of
occurrence indicates the possibility of the hybridization. Species identification markers that
were used in this study could not detect this hybridization due to the only partial introgression
of M. trossulus genotype into the M. edulis genotype, which affected p53 gene area, but not

the areas of genome targeted by the species identification primers.

Mosaic-like structure of such sequence blocks that are in high linkage with each other

indicates that the recombination events occurred after hybridization. In other words, the
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population that was analyzed contained descendants of the hybrid individual(s). At the same
time, no Fl-like (first generation of hybrid offspring) genotypes with high numbers of
heterozygotes were detected indicating that no recent hybridization events occurred in the
population. Hybridization between the two species, M. edulis and M. trossulus, is limited at
prezygotic stage due to the low survivability of the M. trossulus trochophores (Toro et al.
2004), which explains the luck of the F1 —like individuals. Hybrid individuals are viable,
although they have lower fitness than the pure species. Thus, hybrids and their descendants
are capable of maintaining their lineage, some of which were likely present in our population.

3.3.8 Conclusions.

1. Forty variable positions within a fragment of the coding region of p53 mRNA were
detected, that formed two blocks of high linkage with each other and that were in strong
association with late-stage mussel leukemia.

2. None of the detected SNPs were in significant association with the early stages of the
leukemia.

3. Together, a large number of SNPs within a short fragment of a highly conserved gene,
high frequencies of these SNPs and LD blocks indicated the likelihood of hybridization
between two Mytilus species, M. edulis and M. trossulus, used in this study.

4. The hybridization was not detected by the standard species markers, except for Glu5,
probably due to only partial introgression of M. trossulus genes into the analyzed M.
edulis lineage.

5. The non-synonymous SNPs had low frequencies in transitional samples, which suggests
the presence of other mechanisms of tumorigeneses.

6. The haplotype LD block pattern and its association with late-stages of the disease might
be unique for the population analyzed in this study and cannot be transferred to other
populations without a specific analysis.

7. Because the late-stage leukemia M. edulis examined in this study had p53 sequences
more similar to those for M. trossulus it was suggested that M. edulis-M. trossulus
hybrids are more prone to mussel leukemia than pure M. edulis. When using mussels for
environmental effects monitoring, choosing which species to use is very important due to
their differences in disease susceptibility and fitness. In addition, it was shown that even
though the commonly used Mytilus species-specific genetic markers indicate a particular

species, there may be other genetic variabilities arising from hybridization that affect
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fitness, and this can confound monitoring studies. When choosing mussels for
environmental monitoring more genetic tests should be performed to select a population
with an equitable distribution of disease susceptibility among individuals. Also, more
genetic tests should be done when selecting which M. edulis populations to farm in order

to avoid hybrids that may cause increased frequencies of leukemia and high mortality.
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4 Flow cytometry as a potential high-throughput technique for detecting
leukemia in caged Mytilus trossulus populations from Burrard Inlet and
off the coast of Hopkins Beach, British Columbia.

4.1 Scope

High throughput and low cost biomarkers are needed for more efficient environmental
monitoring and very few are available for sub-lethal endpoints such as leukemia or haemic
neoplasia (HN) in mussels. HN results in cell morphology changes and abnormal ploidy in
haemocytes. Cell morphology is time consuming and difficult to characterize precisely with a
microscope. Flow cytometry (FC) of DNA content was investigated as an alternative, more
efficient and possibly more accurate method for detecting HN in mussel populations of two
Mytilus species, M. trossulus and M. edulis, from different environments. Results were
compared with the conventional hematocytology technique, which estimates the percentage of
neoplastic-looking cells in mussel hemolymph. Mussels for this study were collected from
beaches and were kept on submerged frames in the Greater Vancouver area (BC, Canada) in
2010. In April, M. trossulus were collected from two different beaches and M. edulis were
purchased from a Vancouver Island shellfish farm. Animals of both species were attached to
frames and were submerged in Burrard Inlet from April to October at two different sites, one
urban and the other remote. In October, mussels were collected from all frames and additional
sampling of beach populations was done. Leukemia prevalence was assessed by

hematocytology and hemolymph samples were taken for ploidy analysis.

A new method was developed for analyzing FC ploidy data and for classification of
the ploidy patterns. Specific ploidy patterns strongly associated with HN were found for M.
trossulus, but not for M. edulis. The method was used to analyze the beach and caged mussel
populations in order to see if there were any differences between them with respect to HN
prevalence. Application of the new ploidy method allowed us to show that the natural beach
populations were different from caged populations indicating mode of exposure (intertidal or
submerged) may confound ecosystem health monitoring. As well, caged populations from the
urban exposure site were different from the ones exposed at the remote site, suggesting that
the environment conditions may have had an effect on the ploidy status. Overall, ploidy

analysis was found to be more sensitive and efficient than hematocytology or genotyping for
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monitoring of HN in mussel populations, therefore it was proposed as a potential tool for the

ecosystem health monitoring.

4.2 Methods
4.2.1 Mussel exposure experiment

In April 2010, M. trossulus longer than 4 cm were collected at low tide from two
locations, Hopkins Beach (Sunshine Coast, British Columbia, Canada) and Dufferin Beach
(Horseshoe Bay, British Columbia, Canada). M. edulis 4.5 to 7 cm long were purchased from
the farm Island Scallops Ltd. (Vancouver Island, British Columbia). Forty eight mussels
from each beach and sixty mussels from the farm were analyzed to assess the leukemia status
using hematocytology as previously described (Vassilenko et al. 2010). Two hundred and
forty individuals of M. trossulus from each beach and 240 M. edulis from the farm were put
into net socks, attached to plastic frames (Figure 4.1) and kept submerged at urban
(monitoring, M) and remote (reference, R) sites (Figure 2.1) from April until October. Frames
were attached to the chain between the sea bottom and the floating boy. The distance from the
bottom was fixed and chosen so that the depth from the surface for frames varied from 8 to 12
m depending on the tide level. One hundred and twenty animals from each origin (Hopkins
Beach, Dufferin Beach and the shellfish farm, i.e. 360 in total), were used per exposure site
(M and R, i.e. 720 grand total). In October, all mussels were removed from the frames and
taken to the laboratory for the analysis. At the same week, additional samples were collected
from the two beaches and another batch of mussels was received from the farm. The
monitoring, or M, site was located in an area that is in the path of effluent from the Lions Gate
Wastewater Treatment plant and that is also influenced by water coming out of the VVancouver
Harbor. Water samples were collected from both caged exposure sites from the same depth as
the frames using a Niskin bottle. Total ammonium and phosphate were measured immediately
using CHEMets kits (CHEMetrics, Inc). Metal content was determined using ICP-MS by ALS

laboratories (ALS Group, Vancouver, BC). As well fecal coliform analysis was performed by

the Metro VVancouver affiliated laboratory.
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Figure 4.1. Mussels in net socks, attached to a plastic frame, in preparation for subtidal
exposure.

4.2.2 Hemolymph collection and cell staining for flow cytometry

Hemolymph was collected and hematocytological analysis was performed as
previously described (Vassilenko et al. 2010), except that this time presence or absence of cell
aggregates was recorded in addition to the morphology of individual cells. Briefly,
hemolymph was withdrawn from the posterior adductor muscle into a 3 ml syringe preloaded
with 0.5 ml of filtered, ice-cold seawater. Haemocyte composition was assessed by examining
a drop of hemolymph and samples were classified, as before, into three groups: normal,
transitional, and late leukemic regardless of the cell aggregates. Two hundred microliters of
hemolymph was fixed in 1300uL of 100% ethanol at room temperature for 30 min and stored
at -20°C until further analysis. For flow cytometry, the method described by Delaporte was
adopted (Delaporte et al. 2008). On the day of analysis ethanol was removed after
centrifugation at 448 x g for 10 min and cells were allowed to rehydrate in 1ml of 0.01M PBS
with 2% NacCl at room temperature for 30 min. After another centrifugation at 448 x g for 10
min supernatant was removed and cells were re-suspended in 500uL of 0.01M PBS with 2%
NaCl. Cells were transferred into flow cytometry tubes by filtering through an 80 um nylon
mesh to remove all larger particles. 5 uL of DNAse-Free RNase A (Trevigen, 4817-60-04,
20mg/mL) and 10pL propidium iodide (1 mg/mL) were added before incubation for 30 min in

dark at room temperature.

Samples were analyzed on a FACSCalibur instrument at the forward scattering (FSC)

and fluorescent (FL2) channels. For each run, 10,000 events were counted. The ungated FL2-
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H histogram was used to estimate the median DNA content of the sperm population, which

was used as a haploid standard. All samples were run and analyzed in sets of 30.
4.2.3 Flow cytometry data analysis.

To analyze the flow cytometry results two gating approaches were applied to each
sample. For the first gating method (Figure 4.2 (1a-3a)), the FSC versus FL2-H plot was used
to draw regions Cland C2. Region C1 was created based on the normal sample with no
additional cells as shown on Panel 1a. This approach excluded the cell debris (particles with
low fluorescent signal and small size) in order to analyze only the normal cells (C1) and some
other additional (of unknown type) smaller cells (C2) that were detected in 29% of samples
(Figure 4.2(2a)). A third gate was set for sperm cells only (Figure 4.2, population “sperm”) to
assess the fluorescence signal corresponding to haploid cells. At the next step events within
the C1 population were plotted as FSC versus FL2-H (Figure 4.2 (3a)) to calculate the
percentage of diploid cells (2N), tetraploid cells (4N) and cells with ploidy higher than 4 (nN)
in relation to the parental population C1. All gates were set based on a typical normal sample

and used for the whole set of 30 regardless of their disease status for the further analysis.

For the second gating method (Figure 4.2 (2b-3b)), the histogram of the fluorescent
channel (FL2-H) was used to generate population C (all cells), which gates out cell debris
with low fluorescent signal and sperm (Figure 4.2 (1b,2b)). The FL2-H histogram of
population C in a typical normal sample was used to set gates for the diploid (2N”), tetraploid
(4N’) populations and for the population with cells of higher than 4N ploidy (nN”) (Figure 4.2

(3b)). Again, these gates were used for all samples within the set of 30.

In order to describe the cell populations in each gate two parameters were used- the
percentage of the cells with respect to the parent population and the median of the
fluorescence signal (FL2-H) for the population. Population C1 is the parent population for 2N,
4N, and nN populations on the dot plots; population C is the parent population for the 2N’,
4N’, and nN’ on the histograms. For every set of 30 samples the average of the medians for

sperm and for normal diploid cell populations were calculated and used it for further analysis.
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Figure 4.2. Flow cytometry gating methods. Dot plots (1a-3a) show cell size (FSC-H) versus
fluorescence (FL2-H) with the color coding for the population density, going along the
spectrum from blue for low density to red for high density. Histograms (1b-3b) show cell
counts versus fluorescence signal (FL2-H). C1 — gate for normal cells; C2 — gate for
additional smaller cells; C — histogram gating for all cells; 2N — gate for the normal diploid
population; 4N — gate for the normal tetraploid population; nN — gate for the population of
cells with higher than 4 ploidy. 2N’, 4N’ and nN’ gates for the normal populations set on the
histogram.

The ploidy of a population was calculated using the fluorescent signal of the sperm as

an internal standard as follows:

B Nsp

n;

where n;is the ploidy of the population of interest, N; is the median on the FL2-H axis
of population of interest, Nsp is the average of the medians on the FL2-H axis of the sperm
populations for the sample set of 30.

Parameter A was introduced to calculate the shift between the normal 2N cell
population signal and cell populations outside of the pre-set gate for the normal 2N
population. In order to describe these populations outside of the normal 2N gates and to
calculate their median fluorescence signal an additional gate was set specific for each sample

that contained these cells. Parameter A was calculated as follows:
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A=n; —nyy

Where A is the ploidy shift, [1 is the ploidy of the outside, or abnormal, population
with lowest fluorescent signal (N;), n,y is the average of the medians on the FL 2-H axis of
the normal diploid population for the sample set calculated as :

30
_ 1 NN
Nany = 30

4.3 Results

4.3.1 Hematocytology

During the whole project, hematocytology was used to analyze several hundred
hemolymph samples. The overall observations made regarding the individual cells are

summarized in this section.

According to the literature and as was discussed in Chapter 1 (Section 1.2.3), there are
at least three distinct groups of mussel haemocytes: granulocytes, agranulocytes and
neoplastic cells (Calisi et al. 2008, Dyrynda et al. 1997, Hine 1999, Pipe et al. 1997, Ratcliffe
and Rowley 1981). However according to our observations, hemolymph of both Mytilus
trossulus and M. edulis contained cells with a wide range of morphological features
somewhere in between cells with large spread pseudo-podia (1) and smooth round (7),
broadly classified in Figure 4.3. For the leukemia status assessment used in this work, cells
that looked like 5, 6 and 7 were classified as neoplastic, since these cells lost their adhesion
and spreading ability, whereas all others were assumed to be normal cells, adherent and

spreadable.

@ @ & o

2 3 4 5 6 7

Figure 4.3. Morphological variations of Mytilus trossulus and M. edulis haemocytes. Left to right:
transition between normal and neoplastic haemocytes.
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In many samples (up to 70%) haemocyte aggregates were detected in which it was
difficult or not possible to recognize the cell types. Features of these cell aggregates and their
formation are described in Appendix A. To the best of our knowledge, until now cell
aggregates have not been discussed in the context of leukemia assessment. Nevertheless, cell
clumping affects the amount of the countable neoplastic cells, present in the hemolymph.
Moreover, clumps are present in more than 70% of samples. For example, out of 344 M.
trossulus analyzed during the exposure experiment in 2010 only 97 samples (or 28%) had no
clumps, but only individual haemocytes. It was proposed that clump formation can be
prevented by adding anticoagulants (Chen and Bayne 1995) when hematocytology is used as
the main method for HN assessment. In this work for leukemia detection only counts of the

identifiable cells were used for the analysis.

4.3.2 Normal and abnormal ploidy patterns

To define features of the normal, or “healthy”, ploidy pattern, a subset of samples that
were assessed as non-diseased by hematocytology was used. In order to decrease the
possibility for diseased samples to fall into the non-diseased group by misdiagnosis (false-
negative), the threshold level of 10% neoplastic cells per sample was decreased to 5% and
samples with large cell aggregates were excluded. All normal samples of both mussel species
had similar ploidy patterns such as the one shown on the two-dimensional plots in Figure 4.4
(1a), and on the histograms in Figure 4.4 (1b). Diploid and tetraploid cell populations are
clearly distinguishable from other groups, while cells with higher ploidy do not form a distinct
population. Boundaries for all three cell populations, 2N, 4N and nN, were set as shown in
Figure 4.4(1a). The two-dimensional plots show that cells in the normal 2N and 4N
populations are very diverse in size: they vary within 500 FSC-H units out of 1000. The wide
range of the haemocyte sizes can be explained by the fact that normal haemocytes vary

significantly in function, but all of them maintain the exact number of chromosomes.
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Figure 4.4.Typical ploidy patterns for normal (1a,b) and three diseased (2a,b-4a,b) samples.
Panels 2a,b show the transitional sample, where both normal 2N and 4N cells are present, but
the amount of 4N cells is increased if compared to the normal sample. Panels 3a,b show
transitional sample with the increased amount of 2N cells. Panels 4a,b show late leukemic
sample where no normal cells is left.

The percentage of the 2N population over the whole C1 population varied among the
normal samples within the range of 40 to 85% for M. trossulus and 35 to 95% for M. edulis.

The relative size of the 4N population varied within 5 to 20% for M. trossulus and 0 to 20%
for M. edulis. The distributions of the relative sizes of 2N and 4N populations among the

normal samples (<5% of neoplastic cells) are shown in Figure 4.5. Both the 2N and 4N

distributions are more narrow and more even for M. trossulus as compared to M. edulis.
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Figure 4.5. Distribution of the relative sizes of diploid (2N), tetraploid (4N) and higher ploidy
(nN) populations for non-diseased samples of two Mytilus species, M. trossulus and M. edulis.
In each panel, the vertical scale measures the size of the 2N and 4N populations. For each
percentage, the bar is proportional to the number of samples in which such a value was found.

In contrast, the ploidy patterns of the transitional and late leukemic hemolymph
samples deviated from the “normal” pattern in several ways. These “abnormal” patterns could
be divided into two groups. The first group included samples with the overall pattern similar
to the normal, but with deviations of the 2N and 4N population sizes beyond the normal
range. Range of the normal sizes of 2N, 4N and nN populations is illustrated on the Figure
4.5. Patterns of this type are presented on the Figure 4.4 (2,3), were they have increased 4N
and nN populations (panels 2a,b) and increased 2N population (panels 3a,b). The second
group of abnormal patterns includes those samples where the ploidy patterns have cell
populations other than normal 2N, 4N, and nN. These ploidy patterns showed additional, or
abnormal, cell populations, located outside the region of the normal 2N, 4N, and nN

populations. Examples of abnormal ploidy patterns of the second kind are given in Figure 4.4
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(4a,b). The cell sizes in the abnormal populations vary only within 100 size units for the any
particular ploidy value. Whereas, the ploidy values of additional populations vary within a

wide range such that the cells were distributed as smears on the two-dimensional plots.

Neoplastic cells lose their ability to differentiate, and therefore they remain one size,
unlike normal haemocytes. Neoplastic cell size increases only with the accumulation of DNA
as can be seen in the upward trend of the dense smear on the 2-D flow cytometry dot plots.
The reason for the appearance of a smear rather than distinct multiples of DNA content could
be the randomness of acquisition of extra chromosomes by the neoplastic cells as a result of
the cell cycle disruptions, without losing any, as described in (Gonzalez-Tizon et al. 2000).

4.3.3 Haemic Neoplasia types

An earlier study indentified two types of Mytilus trossulus leukemia based on DNA
content: the pentaploid and tetraploid forms (Moore et al. 1991). Another study found that the
karyotype of Mytilus trossulus was different for all individual samples analyzed (Gonzalez-
Tizon et al. 2000). To clarify this controversy, ploidy of the leukemic haemolymph samples
was analyzed. Twenty-three samples of M. trossulus with clearly distinguishable abnormal
cell populations were found. For these samples the ploidy shifts of the neoplastic cell
populations relative to the ploidy of a normal 2N population were calculated. The calculation
is described in the “Flow cytometry data analysis” section of Methods. Figure 4.6 shows the
ploidy shifts, or the A parameter, for all of the 23 samples containing the abnormal cell
populations. The ploidy shifts varied between the values -0.2 and 3.0 units for most of

samples, and only one sample had an outstanding shift of 5 units.

For M. edulis, only 2 samples with leukemic ploidy patterns as described above were
found. Therefore, similar analysis for this species could not be performed and any conclusions

regarding the ploidy of neoplastic cells could be done.
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Figure 4.6. Ploidy shifts in abnormal cell populations compared to the normal 2N ploidy
population.

4.3.4 Flow cytometry pattern classification: M. trossulus

In order to evaluate the possibility of using flow cytometry patterns for detection of all
leukemia stages the associations between ploidy patterns and leukemia status was tested as
determined by hematocytology. To do so a supervised discriminant analysis was applied,
where covariates were the metrics of flow cytometry plots as listed in Table 4.1. The
discrimination with the lowest amount of misclassified samples was achieved when the
categories were the three leukemic groups described in Table 4.2, which were generated
according to the hematocytology. Canonicals 1 and 2 were defined for the linear model for the
minimal set of covariates as indicated in Table 4.1. This model grouped all samples as
presented in Figure 4.7. All three groups formed distinct clusters, and groups O and 1
(representing normal and transitional samples, respectively) were closer to each other than the
late leukemic group. This model misclassified 21.7% or 67 out of 309 samples. In contrast to
the results above, the ploidy patterns for M. edulis did not correlate with leukemia stage-
related groups. None of the combinations of ploidy pattern metrics resulted in discrimination
of the ploidy patterns into clusters representing leukemic groups. This result is not surprising
since the distribution of the sizes of cell populations 2N, 4N and nN (Figure 4.5) were further
from normal distribution for M. edulis compared to M. trossulus. In addition, out of 151 M.
edulis samples only 2 were late leukemic and had aneuploid patterns distinguishable from the
normal ones and similar to presented on Figure 4.4, panel 4a,b. The transitional leukemic
samples did not have ploidy patterns statistically different from those for normal animals,

according to the pattern-screening algorithm.
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Table 4.1. Flow cytometry pattern metrics (as on Figure 4.3) and canonical scores for the
discriminant analysis. C - gating of FL2-H histogram, C1-gating of normal cells using two
dimensional plot FSC versus FL2-H ; C2 - gating of smaller cells using two dimensional plot
FSC versus FL2-H. F ratio shown for the model with four entered covariates.

_ R _ Canonical scores
Gating Metricg F Ratio/Minimal set of covariate Canorical TCanorcal
2N’ | 17.806 X1 -0.022 0.066
4N’ | 0.407
nN’ | 23.650 X2 0.064 0.033
2N |311.340 X3 0.132 0.033
C1 4N | 0.150
nN | 35.205 X4 0.107 -0.053
C2 C2 | 0.718

Table 4.2. Leukemic groups generated according to the hematocytology results.

Leukemic groups Percent of neoplastic-looking cells, %
0 Non-diseased 0-10
1 Transitional 10-90
2 Late leukemic 90-100
6
5
4 4
3 Py
2 by

Canonical2

'
w
'

Canonical1

Figure 4.7. Assignment of the M. trossulus ploidy patterns into three leukemia groups: 0 (red)
—non-diseased; 1 (green) transitional; 2 (blue) late leukemic. The groups were discriminated
by the linear model with four covariates (Table 4.1) and tree groups (Table 4.2), using JMP8.
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4.3.5 Analysis of mussel populations using flow cytometry and hematocytology

The ultimate goal of the project was to find a method for detecting differences
between mussel populations exposed to different environmental conditions. The assignment of
the M. trossulus samples by flow cytometry to the normal, transitional and leukemic groups
as described in the previous section was used to compare eight mussel populations from the

2010 exposure experiment in terms of frequency of the flow cytometry groups.

Mussel populations from two exposure sites (M, urban and R, remote) and two beach
sites, Hopkins beach and Horseshoe Bay, (see section 4.2.1) were compared in terms of
frequencies of each of the three leukemia groups by hematocytology and flow cytometry
(Table 4.3). Cluster analysis was applied to the eight M. trossulus populations. Frequencies of
leukemic levels were used as covariates. A major difference was detected between one of the
April populations (00) and all October populations (Error! Reference source not found.) and
within the pair of April populations. The distance within the pairs of populations collected
from the beaches in October, exposed at M site and at R site were smaller if compared to the
distances between the pairs. Based on this it was proposed that season and the exposure mode
are the main factor affecting the leukemia prevalence.

For the next step, both April populations were excluded and the discriminant analysis
was performed for the October populations only. Frequencies of the leukemia groups were
used as covariates, and the exposure mode was used as a grouping parameter. Figure 4.9
illustrates the results of this analysis for the two methods of leukemia assessment, flow
cytometry (a) and hematocytology (b).

Discrimination of the six October populations based on the flow cytometry results
provides three distinct, not overlapping groups for populations collected at R site (Figure 4.9a
groupl), M site (group 2) and beach populations (group 0,). Application of discriminant
analysis to the hematocytology data does not create three distinct groups, and only R

populations can be distinguished from other October populations.
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Table 4.3. Frequencies of leukemic groups in M. trossulus populations according to flow
cytometry and hematocytology. Populations were sampled from two intertidal locations,
Hopkins and Horseshoe Bay Beaches in April (Apr) and October (Oct). Intertidal mussels
from the same two beaches collected in April were caged until October at two sites, urban (M)
and remote (R). Leukemic groups were assigned by hematocytology as described in Table 4.2.
Leukemic groups were assigned by flow cytometry based on the discriminant analysis (Figure

4.7).
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Figure 4.8. Dendogram of eight mussel populations according to the flow cytometry analysis
(JMP8). Clustering method is Complete. Color map is generated based on the frequencies of
flow cytometry groups and populations are numbered as in Table 4.3. Distance graph (at the
bottom) is showing distance overcome at each cluster join.
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Figure 4.9. Discrimination of populations of M. trossulus collected in October based on the
exposure mode: 0- non-exposed, collected from the beaches (Hopkins and Horseshoe Bay); 1-
exposed on frames at remote sites (R); 2-exposed on frames at urban (M) and collected from
two beaches, group 0 based on the leukemia prevalence assessed by flow cytometry (a) and by
hematocytology (b). Circles indicate the 95% of confidence limit for the mean.
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4.3.6 Water analysis results

Locations of the mussel exposure sites were selected based on the assumption that site
M (Figure 2.1) is affected by the effluents of the Lions Gate Wastewater Treatment Plant and
Vancouver harbor, while the R site is located in an area of much lower anthropogenic activity.
Analysis of water samples collected in April 2010 revealed increased fecal coliforms counts,
concentration of ammonia, and concentrations of a number of metals at M site versus R site
(Table 4.4). Temperature, pH and dissolved oxygen were similar for both sites. The total
ammonia and metals concentrations do not exceed the acceptable level, even according to the
most strict standards for drinking water (Health_Canada 2010). Nevertheless, it was shown
that some contaminants, such as chlorine and bromine are more toxic in presence of ammonia
(Fisher et al. 1999, White 1986). Therefore, even the detected level of ammonia (<0.4mg/L)

might have an impact on the mussel health.

Fecal coliform bacteria have been shown to be a good indicator organism for the
presence of fecal matter (Bitton 1987, Ericksen 1986), and, therefore, municipal waste water
effluent. Fecal coliform counts at the M site were much higher than at the R site (Table 4.4)
and than what is acceptable for the safe aquaculture (NSSP 2009). The absolute bacteria
counts at M site are two orders of magnitude greater than at the R site, which indicates
significantly higher amount of the municipal wastewater effluent, and therefore, higher levels
of all contaminants associated with it, such as endocrine-disruption compounds (EDC). Most
EDC are known to have a biological effect at very low concentrations, where it is very
difficult or impossible to detect them chemically (Falconer 2006). Therefore, it is likely that
the environmental effect on the mussel health at the M site is different from the R site,

although further work is required to confirm it.
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Table 4.4. Results of the contaminant analyses in water samples collected at two exposure
sites, remote (R) and urban or monitoring (M). Performed by ALS (8081 Lougheed Highway,
Burnaby, Canada). Acceptable concentration limits are presented according to Guidelines for
Canadian Water Quality, *: (Health_Canada 2010), **: (CEQG 2010); *** (NSSP 2009).

Sample ID R SITE, mg/L M2 SITE, mg/L ACL, mg/L
Aluminum (Al)-Total 0.022 0.038 0.1-0.2*
Barium (Ba)-Total 0.0075 0.0096 1*

Boron (B)-Total 3.07 3.15 5*
Calcium (Ca)-Total 249 263

Lithium (Li)-Total 0.124 0.136

Magnesium (Mg)-Total 780 831

Manganese (Mn)-Total 0.00368 0.00528 <0.05*
Molybdenum (Mo)-Total | 0.0068 0.0076

Potassium (K)-Total 238 248

Rubidium (Rb)-Total 0.0709 0.0758

Sodium (Na)-Total 6750 7240

Strontium (Sr)-Total 4.43 4.77

Uranium (U)-Total 0.00207 0.00217 0.02*
Vanadium (V)-Total 0.00114 0.00124

Total ammonia 0-0.2 0.3-0.4 0.7**
Fecal coliforms 0-4 170-460 Q*-14%***

4.4 Discussion

4.4.1 Ploidy patterns and their association with leukemia

Assessments of leukemia by using hematocytology and flow cytometry were in

disagreement for 21.7% of the samples analyzed. In other words, 78.3% of all samples fall

into the same leukemic group according to the results of both methods, whereas the rest of the

samples were assigned to different groups. This discrepancy may have been caused by two

reasons. One reason was that the hematocytological analysis did not accurately diagnose

leukemia in some of the samples, which would be especially true for the early stages of the

disease where it is difficult to recognize cells with leukemia-related morphological changes.
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Another possible reason could have been that leukemia-associated morphological changes in
haemocytes, such as the disappearance of pseudopodia or large nucleus to cytoplasm ratios,
might not be accompanied by aneuploidy or poly-ploidy since it is unknown which of the
events (aneuploidy acquisition or morphological changes) occurs first. More studies are
needed to determine at what stage of disease development, aneuploidy or poly-ploidy
becomes a measurable feature. The main advantage of flow cytometry over haemocytology is
that it is machine-based and allows for more consistent analysis of a larger number of cells

from the sample, which is more practical for environmental effects monitoring.

Analysis of the Mytilus trossulus late leukemic haemolymph samples did not reveal
two distinct groups of ploidy shifts such as the tetraploid and pentaploid forms of leukemia
that were described previously by Moore and co-authors (1991). In contrast, a range of
aneuploidy was observed comparable to that described by Gonzalez-Trizon et al. (2000) In the
Mytilus trossulus animals that were studied in this thesis an additional ploidy pattern, not
described previously, was observed in the late leukemic samples where a histogram peak was
observed near to the diploid DNA content position (2N) on the x-axis but shifted to a ploidy
content slightly higher than 2N (Figure 4.4, panel 4b). This finding supports the clonal nature
of mussel leukemia. This increase in ploidy content may occur due to cell cycle disruptions in
haemocyte precursor that, in turn, gives rise to a whole population of cells of the same
karyotype and with abnormal cell cycles. This process is well known for human leukemia and
associated with loss of p53 activity (Barlogie et al. 1987, Schmitt et al. 2001). A similar

association of aneuploidy with loss of p53 activity may occur in mollusk leukemia.

4.4.2 What factors affect the leukemia prevalence?

DNA ploidy analysis by flow cytometry with the gating methods developed in this
thesis was compared with hematocytology by using both procedures to measure incidences of
leukemia at two caged study sites and two intertidal areas. The flow cytometry method
revealed greater differences in leukemia incidences between the exposure sites than
hematocytology. When comparing M. trossulus populations from the all the sites using flow
cytometry, it appeared that leukemia incidence in the intertidal populations was higher in
April than in October which was contrary to the expected increase in the fall (Barber 2004,

82



Leavitt et al. 1990, Rasmussen 1986) or remaining at a similar level year-round (Brooks and
Elston 1991, Farley et al. 1991, McGladdery et al. 2001). The low leukemia prevalence
measured in October could have been due to high summer mortalities that would have
eliminated the diseased mussels from the population (Bower 1989, Romalde and Barja 2010).
This is one of the pitfalls of using a disease such as leukemia as an endpoint, when misleading

results may be produced if sampling takes place after large population die-off.

The difference between intertidal and submerged populations was larger than the
difference within the group of submerged populations, suggesting that the exposure mode
(intertidal or submerged) was one of the main factors affecting leukemia incidence. This
might be explained by higher mortality rates among the diseased animals in intertidal areas
occurring due to the emersion stresses that are not experienced by caged mussels.
Environmental stressors that accompany the emersion stress (UV, extreme temperatures, etc.)
may affect disease progression in intertidal mussels populations in other ways, for example
exposing mollusk haemocytes to UV in laboratory cultures resulted in overexpression of p53
and initiation of apoptosis in the leukemic cells (Bottger et al. 2008).

The flow cytometry analysis showed that leukemia prevalence differed by location. Of
the water quality parameters measured, temperature, pH and dissolved oxygen were similar
for both sites, while metal concentrations and fecal coliform counts were higher at the M site.
M was an urban site and there may have been many other chemical compounds present that
were not measured. For example, surfactants, personal care products and pharmaceutical
products are some of the compounds found in wastewater treatment effluent. Also boating
activity releases hydrocarbons such as fuel and oils into the ocean. Metal pollution is known
to be associated with DNA oxidative damage (Funes et al. 2006), that can affect the leukemia
initiation. It has not been shown conclusively that fecal coliforms have a direct effect on
mollusk health (Romalde and Barja 2010), but these bacteria are associated with municipal
wastewater, that contains various contaminants, including endocrine-disruption compounds
(EDC) (Depledge and Billinghurst 1999). EDCs affect overall mollusk health (Depledge and
Billinghurst 1999, Porte et al. 2006) and a strong association between EDC exposure and
tumorigenesis is well known (reviewed by (Soto and Sonnenschein 2010)). There are many
more unaccounted for factors that might be different between the M and R sites, such as food
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availability. To learn more about which specific factors could affect leukemia prevalence,

controlled exposure experiments would be needed.

Based on this comparison of leukemia prevalence in M. trossulus collected from
different sites, the following recommendations were proposed. (a) Mussels used for
monitoring on submerged frames at the monitoring site must be compared with a reference
population, also submerged on frames, at a pristine site during the same time period using
mussels originating from the same wild population. This is so that the study site and reference
site mussels have the same leukemia prevalence at the beginning of the experiment. Exposing
mussels at the sites over the same time period takes into account leukemia prevalence
variations that can occur at different times of the year (Barber 2004). (b) Mussels should be
sampled simultaneously from the study and reference sites, at least within a week, since
changes in environmental conditions could occur affecting leukemia prevalence. (c) The
health status of mussels exposed on submerged frames cannot be compared with that of
intertidal mussels, even if they are in close proximity, since each population is exposed to
different environmental conditions including those that can affect mortality or leukemia

prevalence.
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5 Conclusions

The thesis aimed to develop new biomarkers that are more accurate and efficient than
microscopy-based hematocytology for assessment of mussel haemocyte leukemia, which is a
sub-lethal endpoint used in population health monitoring. The specific new biomarkers were
p53 gene- and DNA ploidy-based due to previously shown associations between these factors
and mussel leukemia. Two mussel species, Mytilus trossulus and Mytilus edulis, commonly
used in environmental affects monitoring, were used. M. trossulus were collected from
intertidal populations at several beaches in the B.C. Lower Mainland area and M.edulis were
purchased from the farm. Both species had been caged and submerged for several months
from buoys deployed at urban sites near West Vancouver and remote sites near Hopkins
Beach, The Sunshine Coast. The working hypotheses were that p53 mutants or sequence
variants and increases in DNA ploidy were associated with progression of mussel leukemia

and therefore could be used as biomarkers for the disease.

Sequence variations in the p53 mRNA were found that were in association with leukemia
for both M. trossulus and M. edulis. In M. trossulus, the association of heterozygote CT at
position 821 (genotype C821T) with the disease was valid for mussel populations exposed on
the submerged frames but not for the intertidal populations. All mussels collected from the
particular intertidal populations sampled in this study were heterozygous (C821T) regardless
of their disease status. It was hypothesized that factors affecting p53 gene expression or
leukemia are different for intertidal mussels and for caged mussels that are always submerged
below the ocean surface, however further investigation is required to identify these factors.
Some examples of stressors experienced by intertidal mussels and not those on the cages are
UV exposure, desiccation, and high temperatures. These stressors may contribute to higher
mortality rates for intertidal leukemic, therefore mussels caged on the submerged frames are

more suitable for environmental effects monitoring.

The findings of this thesis contribute to the understanding of processes associated with
mussel leukemia. Messenger-RNA sequence variations in the coding region of p53 in M.
trossulus that were associated with the disease in caged mussels indicated that the

development of leukemia in mussels could be regulated not only at the protein level, but also
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at the DNA and/or RNA levels. The sequence variations that were detected might be acquired
either as a result of a mutation process or due to differential expression of gene alleles. The
presence of the “disease-associated” mRNA p53 sequence variants in intertidal mussels with
seemingly healthy hemolymph indicated that exposure mode (intertidal or submerged) might
also affect gene expression and intertidal mussels may not be suitable for environmental

monitoring for this reason..

In M. edulis, leukemia-associated-SNPs were detected in individuals with p53 sequences
more similar to that for M. trossulus than healthy M. edulis. This observation lead to the
hypothesis that hybridization may have occurred in the founder populations, followed by
recombination, creating a mosaic structure of high linkage disequilibrium blocks in the gene
of the hybrid. This mosaic structure detected in leukemic farmed M. edulis from the frames
submerged in Burrard Inlet might be unique for this particular population only. Several other
SNPs were detected in the M. edulis animals that did not display the hybrid genotype, but
none of these had a significant association with leukemia. It is known that M. trossulus is
more susceptible to leukemia than M. edulis. Therefore, it was postulated that the proposed
hybridization with M. trossulus caused an increase in susceptibility to leukemia for these
particular animals. Therefore, if M. edulis were to be used for environmental monitoring it
will be important to test the founder population for hybrids, including the p53 gene in the suite
of hybrid biomarkers, so as to remove inter-individual variability in disease susceptibility.
Low susceptibility of M. edulis to leukemia makes the species unsuitable as an indicator
organism when this endpoint is included into the environmental monitoring program.
However this issue might be specific for the Pacific coast, where M. edulis is non-endemic
species.

Abnormal ploidy was associated with M. trossulus leukemia and a new method of ploidy
analysis using flow cytometry was developed. Unlike other studies (Moore et al. 1991), where
two distinct disease types with tetra- and penta-ploidy were detected in M. trossulus only one
type of ploidy pattern associated with leukemia was observed, where ploidy varied over a
wide range from 1.8 to 7 (where 1 would be normal haploid type). This disagreement with the
previous study may be due to the fact that the detected ploidy patterns are population-specific
and/or due to the difference in the data analysis methods. In our study intertidal M. trossulus

from two different beaches, Hopkins Beach and Horseshoe Bay Beach, had the same ploidy
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patterns. Association of flow cytometry patterns with leukemia stages was consistent for all
the populations of M. trossulus, used in this study, i.e. populations caged at M and R sites and
intertidal populations collected from Hopkins and Horseshoe Bay beaches in April and
October. Therefore it was proposed that ploidy patterns are not population specific for the
B.C. Lower Mainland region areas sampled in this study, although more populations need to

be analyzed to confirm this suggestion.

For the data analysis mussel sperm was used as an internal standard of haploid signal to
calculate the ploidy of other peaks, which compensates for the intersample variations caused
by the staining inconsistency. In addition two-dimensional plots (cell size versus fluorescent
signal) as wells as histograms were employed to set gates for cell populations in the current
study versus only histograms, which allows to differentiate between cells of normal size and
smaller ones. It was proposed that both of these measures increase the accuracy of the pattern
classification, and therefore, sensitivity of the method.

A set of metrics determined from the flow cytometry pattern for each hemolymph sample
was used to assign the sample to one of three groups: normal, transitional, or late leukemic.
Based on this classification method, frequencies of the three groups in M. trossulus
populations exposed at the urban site M were different from those observed in the populations

exposed at the remote site R.

Environmental conditions at the two exposure sites, M and R, could be different in many
ways. Of the several water quality parameters measured, the presence of higher fecal coliform
counts at site M was the most significant difference. Therefore, water quality may be one of
the factors affecting mussel haemocyte ploidy, therefore controlled exposure experiments,

either on-site or in a laboratory, are required to confirm this hypothesis.

Processing of samples for flow cytometry required less steps, was more robust, and
required less operator training than genotyping. Unlike microscopy, the flow cytometry
analysis is machine-based, therefore it is unbiased and fast. The resolution of the flow
cytometry for population comparison was higher than for microscopy, which allowed

distinguishing the populations from different exposure sites.
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Altogether, these features make the method of ploidy status assessment an efficient and
accurate tool for M. trossulus population health monitoring. Nevertheless, the exposure
experiment design had a number of limitations. The exposure sites are located far away from
each other, M site deep in the Burrard Inlet, and R site is close to the Georgia strait area.
Therefore, there might be several uncontrolled parameters affecting the leukemia level in
population, such as availability and quality of food or amplitude of variations of temperature,
pH, dissolved oxygen concentration etc. In addition, only two populations per exposure site
were used, which originated from two different beach populations. Therefore to confirm
association of ploidy variations and water quality at the exposure sites more populations per
exposure site should be analyzed. As well, additional work is required to verify the
applicability of the ploidy marker to mussel populations exposed at additional urban and

remote sites.

The importance of the including of mussel leukemia into the biomonitoring programs
originates from the growing evidence of the importance of the combined risk assessment
(Silins and Hogberg 2011) since mussel populations are exposed to complex stress, the effect
of which is difficult to predict and assess. Mussel leukemia should be combined with other
end points for mussel population monitoring so all together they cover a wide range of stress
responses, including response to chemical carcinogenesis and EDC effect. In addition, single
marker information does not provide the opportunity to restore the exposure data
(Georgopoulos 2009, Mosquin 2009). Therefore markers should include population level
markers, such as growth and reproductive rate, cellular stress response markers such as
lysosome stability, molecular markers, such as DNA integrity and protein activity, such as
Cytochrome or Heat Shock Proteins activity. The combination of markers of exposure and
response at different biological levels will provide comprehensive data on the mussel
populations health as well as on specific stressors present in the environment and potentially

suggesting the improvement of water management approach.
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6 Future work

1.Further studies are needed to verify that polyploidy, which was proposed as a leukemia
marker in Chapter 4, is associated with water quality differences at the two exposure sites.
Polyploidy and leukemia prevalence in mussel populations might be affected by numerous
factors and it is difficult to account for all of them. This study showed that exposure mode,
intertidal or submerged, affected the leukemia levels, however other parameters, such as
temperature, salinity, food availability and quality, oxygen concentration, pH, viruses, ultra
violet light etc. might be important. Therefore, in order to investigate if water quality does
affect leukemia prevalence, controlled laboratory exposure experiments are needed where
only water quality parameter is varied. For example, in one such experiment M. trossulus
collected from wild populations could be placed on frames and exposed in flow-through tanks
to seawater only (the control) and to sea water to which an effluent, such as the discharge
from a Wastewater Treatment Plant, has been added at environmentally relevant
concentrations. The initial and final levels of leukemia in mussel populations can be assessed
using the techniques developed in this thesis, namely flow cytometry. This study would need
to use mussels from several original locations, and even may need to be repeated in different
seasons since conditions at the site of origin at the time of mussel collection may confound the
results.

2.Municipal effluents contain many different chemical and biological constituents,
however, in general are characterized by having high concentrations of pathogens. To explore
if these pathogens are involved in disease development, other processes associated with
exposure to wastewater plant discharges and mussel leukemia development can be measured.
For example, screening for expression of stress-response genes using microarray technologies
could reveal information about the molecular pathways that are affected by water quality and
potentially allow to distinguish between water quality effect and effects of other confounding
factors.

3.For use in aquaculture, M. edulis species have a number of advantages over M.
trossulus or M. trossulus-edulis hybrids, such as high growth rate, low leukemia susceptibility
and mortality. Therefore, avoiding edulis-trossulus hybrids in original mussel stock will

increase efficiency of mussel production. Variations in M. edulis p53 coding region,

89



associated with the increased leukemia frequency and indicating the hybridization, will
increase sensitivity of species- identification markers developed so far and described in
Chapter 4. However, to make the method cost and labor efficient a restriction length
polymorphism marker should be developed for M. edulis p53 variations. Our preliminary
analysis showed that out of the two LD blocks, described in Chapter 3, the first one is located
in one exon. Therefore DNA extraction and direct PCR can be used instead of the expensive
and tedious mRNA manipulations. A set of restrictases which would produce a species-
specific DNA fragment pattern for Mytilus need to be determined and verified by sequence
analysis of PCR amplified p53 fragment.

4.The decreased amount of heterozygotes in M. trossulus populations from the
submerged frames, presented in Appendix B, might be caused by the differential expression of
p53 family from different alleles in response to the extreme conditions during the emersion.
MRNA sequence analysis of p53 isoforms, expressed under different conditions, intertidal and
submerged, is required to confirm our hypothesis. For this analysis p53 isoforms should be
amplified with isoform-specific primers described in Chapter 2. The three variable positions
detected for M. trossulus can be analyzed using sequencing as it has been done before or using
High Resolution Melting Analysis of PCR products as described in Appendix E.
Alternatively, next generation Pyrosequencing of p53 isoforms might be performed, which
would significantly increase the high throughput and cost efficiency of the analysis (Barbazuk
and Schnable 2011).
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Appendix A. Haemocyte aggregates

Assessment of mussel leukemia using cell appearance and cell ratios in mussel
hemolymph is complicated by several factors, one of which is the formation of cell
aggregates. Structure and role of these formations were not studied and discussed in details,
therefore | decided to include my observations and hypothesis regarding the agglomerates
formation. Results of the Comet assay, a technique developed for DNA integrity analysis,

support my hypothesis regarding the nature of the haemocyte agglomerates.

Method: Comet assay

Hemolymph (500 pL) was centrifuged at 400xg for 10 min at 6°C, supernatant was
removed and cells were re-suspended in 500 pL of 0.01M PBS with 2% NaCl. To induce
DNA damage, 500 pL of cell suspension was incubated with 100 pL of 30 mM H,0, at 3°C
for 15 min, then re-suspended in 500 pL of 0.01M PBS with 2% NaCl . For each sample, 50
pL of cell suspension was mixed with 500 pL of warm liquid low melting point agarose
(LMP) and applied on Trevigen Comet Assay® HT slides (20 Well 4252-200-01), 30 pL per
spot. Slides with solidified agarose were immersed in the lysis solution (0.03M NaOH, 1.2M
NaCl and 0.1% N-Lauroylsarcosine, according to the protocols kindly provided by P. Olive
(personal communications) for 1h at 3°C. After lysis, slides were placed into the freshly
prepared alkaline solution (0.03M NaOH, 2mM disodium EDTA, P. Olive protocols, personal
communications) for another lhour. Alkaline electrophoresis was done in 300mM NaOH,
1mM EDTA buffer at 20V for 20min. Slides were washed 2 times in dH,O for 10 min, fixed
in 70% ethanol for 5 min and air dried. For staining, 100 puL of diluted SYBR Green | were
added to each spot for 30 min, excess stain was removed, slides were allowed to dry
completely in the dark and were analyzed by epifluorescence microscopy with the appropriate
filters (SYBR Green has excitation and emission wavelengths 495nm and 521nm,

respectively).
Results

Based on the available information, discussed in the Introduction in section 1.2.3
“Mussel Haematocytology” and our observations, it was suggested that at least some cell

aggregates are formed during the host cell response to the presence of foreign particles and
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classified them based on the visual appearance. Thus, Figure Al(b) shows a typical example
of an aggregate of cells that was seen in mussel hemolymph, which were classified as the
early stage of phagocytosis, adhesion, when cells without pseudopodia, most likely neoplastic
cells, are attached to the surface of the normal haemocyte. Figure Al (c,d) show another type
of the host response, the encapsulation process Figure Al (c) shows normal haemocytes in
concentric layers around the group of neoplastic-looking cells, too large to be phagocytosed.
Figure Al (d) shows capsule-like structures, surrounded by the normal haemocytes. Figure Al
(e,f) shows late, sub-lethal stage of the leukemia with the overwhelming amount of neoplastic
cells. It was tentatively suggested that the darker areas on the panel (¢) may be the former

capsule-like structures containing partially degraded neoplastic cells.

To further investigate if these cell aggregates contained cells, a DNA integrity analysis
or Comet assay was performed and the results were compared to ones for normal un-
aggregated granulocytes. Figure A2 (a), shows normal haemocytes with intact DNA, that does
not move during a short electrophoresis used in this assay. When haemocyte contains
fragmented DNA, the smaller parts of it will move and form “tails” of the size and density
proportional to the damage rate. Haemocytes with damaged DNA create comet-like shapes
presented on Figure A2 (b). Capsule-like aggregates or aggregates, form huge “comets”
presented on the Figure Al(c), with a long and dense “tails”, which indicates the presence of
large number of partially degraded DNA, most likely originating from the partially digested

cells within the agglomerate.

Our observations of the cell morphology and capsule-like structures in combination
with the results of the comet assay suggest that some cell aggregates in the hemolymph could
consist of neoplastic cells surrounded by normal granulocytes as a sign of remission or an
attempt at elimination of the neoplastic cells from the hemolymph. This process was briefly
discussed by Elston et al 1988 and never been confirmed or disproved. The data provided in
my study is very preliminary. As well, there may be other reasons for mussel haemocytes to
aggregate. Nevertheless, the investigation of the neoplasia remission concept will significantly

improve our understanding of the disease and its use as an endpoint for biomonitoring.
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Figure A 1. Haemocyte types and cell aggregates. a: normal granulocyte; b: neoplastic cells
attached to the surface of normal granulocyte; c: concentric layer of normal granulocyte
around aggregate of neoplastic cells; d: capsule-like structure. e,f: sublethal stage of the
leukemia. Panels b-f are in the same scale.

Figure A 2. DNA integrity analysis. analysis (comet assay). a: individual normal cells with
intact DNA, (40x); b: cells after the exposure to DNA damaging agent (40x); c: capsule-like
cell aggregate (10x).
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Appendix B. Analysis of M. trossulus p53 variations using HRM-PCR

In order to develop a more cost and time effective and non-sequencing way to detect
specific SNPs a High Resolution Melting (HRM)-gPCR technique was used to detect

leukemia associated SNPs in M. trossulus p53.

M. trossulus p53 cDNA fragment was amplified by PCR as described in Chapter 2
(Materials and Methods). Roche Light Cycler 480 HRM Master mix (2x concentration) was
used according to the product instructions for 20uL reactions on plates Applied Biosystems
MicroAmp Fast Optical (96 wells). All reactions were performed in triplicates on LightCycler
480 Real-Time PCR System. Primer pair F773 (ACCTCAAGCTGGCTCAGAAT ) -R856
(GGTCTTCTGTTTGGTCCTCCT) allowed to distinguish genotypes at position 821 bp.
Another primer pair F334 (CAATCACATCACCTCCACCT) R432
(TGAAGCCATAATCTCCTGGAT) allowed to distinguish genotypes at position 392bp.

This method might be a good alternative for Sanger sequencing for M. trossulus
genotyping since the method is more time efficient. Although, there is a significant limitation
of the method, it would allow the recognizing of only one variable position per analyzed
fragment. In situations when there are more than one SNPs in the amplified fragment the
results might be misleading. It was suggested that the method should not be used when mussel
population might include interspecies hybrids since hybridization might cause high variability
in the gene sequence as it was discussed in Chapter 3. Hybridization and subsequent
recombination might increase variability of p53 sequence as it was detected for another
mussel species, M. edulis (Chapter 3).
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Figure A 3. Detection of SNPs in M. trossulus p53 coding region using High Resolution
Melting Analysis (HRM-gPCR). a: SNP at position 392bp; red -variant GT, blue- variant TT.
b: SNP at position 821bp; red and blue -variant CC, green- variant CT.
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Table A 1. M. edulis genotypes. The first column (L%) shows the percentage of neoplastic-
looking cells in the hemolymph sample. The second column indicates the phenotype groups

Appendix C. M. edulis and M. trossulus genotypes and theoretical
defined in Table 4.2: L-late leukemic, shaded, Tr — transitional, N- normal.

haplotypes.

L16dus e e I e Y VvV| 00| WV| WV WV| 09| 99| 29| YV| VV| VV| 29| WYV| VV| 20| VV| YV VV| 27 WY
yT6dus| e e I e Y 99| 07| 99| 99| VV| 29| 27 29| VYV VV| 99| 27| 99| VV| 27| 99| 99| VV| VV| 99
5gdus VV| VV| VV| VV| VV| VV| VV| VWV VvV| V9| WV WV WV VY| V9| 99| 99| 99| 99| VvV 99| vV| 99 99 99| 99 99| 99
Tzgdus| 09 99 99| 19 19| 19 19 1O 21| o1] o4 21] o4 24f o1 29 99 29| 24 21 29| 29| 29 29| 29 29| 29| 27
19/dus B e I e Y 29| 09| 99| L1 29| 99| 99 29| L1 11| 92 29 L1 21 99 29 Lif L1 11 11
or2dus VV| VV| VV| VV| VV| VV| VV| WV Vvo| V| VW] WV WV WV V9| 99 99 29| 29| vv| 99 29| 29 99| 99 99| 29| 29
Lg2dus 99| 39| 39 39| 99| 99 39 29 09| 21 99 99 99| 99| ol 14 o4 A4 1] 99 Laf a4 14 1y 14f 4] 11 oL
Te/dus| 09 99 99| 99 99 99| 29| 39 00| 04 99 29| 99| 99| o4 L] Ll 14 11 99 1i| L4 14 14 14 14 Ll Ly
089dus 09| 39| 39 39 39| 99 39 29 29| 21 99 99| 99| 09| oM 14| 14 11| 14 od 14 o4 14 14 14f 14f 11 14
g09dus 10 Ly g Ly 1y 1y iy Ll 0 O | S O O o W | A (R N o ¥ | R A 1 W o)
G/Gdus| VV| VV| VV| VV| V| VV| VV| VY| AR AT AT A A A I N 1 v W R 1 W N N 1 NI
995dus 99| 99| 99| 99 99| 99| 99| 99 99| 99| 99| 99| 99| 99| 99| 99| 99| V9| 99| 99| VV| V9| 99| V9| 99| 99 99| WV
£95dus VV| VV| VV| VV| VV| VV| VV| WV VV| VV| WV| WV YV VY| VY| VYV VYV VY| VY| VY| VY| VY| VY| VY| VY| WY VY| WY
095dus 99| 39| 39 39| 99| 99 39 29 29| 99| 99| 99| 99| 99| 99 299 29| 24 99 99 L1 21 99 24 29| 99| 09 LU
255dus| 99| 99| 99| 99 99 99 99 99 99| V9| 99| 99| 99| 99| 99| 99| V9| 99| VV| 99| 99| V9| V9| 99| VV| VV| VV| 99
GpGdus| VV| VV| VV| VV| VV| VV| VV| VY| VV| YV VWV YV VYV VYV YV VY| VY| V9| V9| VYV 99 V9| VYV V9 VYV VY| VY| 99
eysdus VV| VV| VV| VV| VV| VV| VV| WV 0 O Y | 1 R 0 | T A 1 T N | W W1 1
6egdus VV| VV| VV| VV| VV| VV| VV| VYV VV| YV VYV WV VYV VYV VY| VY| VY| V9| V9| vV 99| V9| vV V9| VvV vV vV 99
yzgdus VV| VV| VV| VV| VV| VV| VV| VYV VV| VV| VYV VYV VYV VYV VYV VYV VvV 1V vV V| L1 1V| vV 1V| VvV vV vv| L1
G9pdus| VV| VV| VV| VV| VV| VV| VV| Vv VvV| VO WV WV| WV WV| VO VO 00| VO| WV| WV WV V| 09| VO vJ| 00 29 WY
gzpdus 39| 39| 39 39| 99| 99 39 A9 20| 99| 99| 99| 29| 29| 29 99 99| 99| 99| 29 99| 99| 99| 99| 99| 99| 99| 99
6Trdus VV| VV| VV| VV| VV| VV| VV| VY| VvV| VYV VWV WV VYV VV| VO 00 29| 99| 07| Vvv| 09 29| 09| 27 29 99 29| 29
9Tpdus| VV| VV| VV| VV| VV| VV| VV| Vv VvV| YV WV WV WV VV| VO 00 09| 99| 29| Wv| 09 29| 99| 299 29| 99 29| 99
L0vdus R . 11 1v] 11 11f 1] 11] 1V] V| VY| VY| VY| 1V V| VY| VY| VY| VY| VY| VY| VY
Topdus vv| VvV WV WV VY vV vV v VV| VV| WV WV WV| VY| VY| YV YV VY| VY| WY YV VY| VY| WY V9| VY| VY| WY
z6edus 19| 19| 19 99 99 99 99 99 99| 91| 99| 99| 99 99| o4 L1 11 11 11 91 11 14 14| L1 11 11 14 Ly
9gedus VV| VV| VV| VV| VV| VV| VYV WV VV| VO| WV| WV WV| VV| VY| VIl vI| VV| V| WV| WV VI VI VIl vI| 09| 27 WY
08gdus| 99 99| 99| 99 99 99| 99 99 99| v9| 99| 99| 99| 99| V9| V9| V9| VV| V9| 99| VV| V9| VV| VV| VYV VY| VV| V9
Lyedus 39| 39| 39 39 39| 99 39 39 11 o1 1) waf 14 11 o4 o4 99 99 09 L1 29[ 99 99 o4 29| 99 99 29
L62dus 39| 39| 39 39 39| 99 39 29 09| 21| 99 99 99| 99| ol 14 14 4| 14 ou paf ad 14 1y paf 4] 11 14
19zdus 99 99| 99| 99 99| 99| 99| 99 99| 99| 99| 99| 99| 99| 94 L1 11 14 Lif L1 1 1y 14 L1 11 1 1y Ly
Z9zdus T B L A s W A L 1 1 1 1 11 1v] vy 1V Y| Y| vV WY vV WY v vy Ll WY v
T9zdus 09| 39| 39 39| 39| 99 39 29 09| 99| 99 99| 99| 09| ol 14| 14 ad| 1) 1y paf a4 11 14 14 99 11 LU
Teedus 39| 39| 39 39 29| 99 39 A9 29| 99| 99| 99| 29| 99| 99 29 29| 21| 29 29 29| 29| 29 29 29| 29| 29 29
6Tzdus 09| 99| 39 99 99 99 99 29 29| 21 99 99| 99| 09| o) 14| 1y ra 1) ayl raf a1 1y pdf paf 14 1y
0zdus VV| VV| VV| VV| VV| VV| VV| vV VV| V9| WV WV WV WV V9| V9| 99| V9| 99 V9| 99| 99 99| 99 99| 99| 99| 99
T6Tdus| B e gt O I O O A 7 R (R 0 1 T | W v
zgrdus |, 10 Ly 1y 19 19 19 19 19 o1 o1 o4 o1 o1 o4 o) xuf x| waf xuf aa) xaf aa) waf a1 1] 1a 14
ga1dus S e s Ml s B B e B B 01 o4 91} O1f o4 24 91| 99 99| 2 29 99| 29| 29| 99 39 2| 29 99 IJ

E%_m NN N N T 7 1 1 1 A 3 7 ) ) ) sy oAy oy o] sy oAy g o] oy s oag] a4

S

%1

o
o

00T

00T

00T|

00T

M. edulis

00T

00T|

00T|

00T|

00T|

00T|

00T|

9/

09

0§

Iy

134

0¥

0w

0¥

€€

0¢

0€]

S¢

S¢

110



Table A 2 continued. M. edulis genotypes. The first column (L%) shows the percentage of

neoplastic-looking cells in the hemolymph sample. The second column indicates the

phenotype groups defined in Table 4.2: L-late leukemic, shaded, Tr — transitional, N- normal.
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Table A 3 continued. M. edulis genotypes. The first column (L%) shows the percentage of
phenotype groups defined in Table 4.2: L-late leukemic, shaded, Tr — transitional, N- normal.

neoplastic-looking cells in the hemolymph sample. The second column indicates the
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Table A 4. Theoretically predicted haplotypes for M. edulis; haplotype total frequencies;
counts and frequencies of haplotypes in case group (diseased, >10% of neoplastic cells in
hemolymph) and control group (non-diseased, <10% of neoplastic cells in hemolymph), Chi

square and p value for association of the haplotypes with the disease.

Halotypes Total Case Contr Cas.e Con.tr chi squlp value
freq counts counts Ratio Ratio

1 CTTGTCTATTCACTAA&?SXAATAACAGTTTTTCC 0.185 [9.0:53.0,|12.4:39.6| 0.145 | 0.239 |1.629|0.2018
2 CTTGTCTATTCACTAA(‘:%C;:AATAACAGTTTTTCT 0.078 [6.0:56.0,| 3.0:49.0 | 0.097 | 0.058 |0.594|0.4411
3 CTTGTCTATTCACTAACC(;: éi:AATAGCAGTTTTTCC 0.046 [2.0:60.0,| 3.3:48.7 | 0.032 | 0.064 |0.642|0.4229
4 CTTGTCTATTCAATAAC%CE:TGTGGTAATTTTTCT 0.039 [3.0:59.0,| 1.5:50.5 | 0.048 | 0.029 |0.289|0.5905
5 CTTGTCTATTCAATAA&C(;? ACAATAGCAGTTTTTCC 0.037 |3.0:59.0,| 1.2:50.7 | 0.048 | 0.024 |0.469|0.4934
6 CTAGTCTATTCAATA'Z%C(S&ATGTGGTAATCTTTCT 0.035 |1.0:61.0,| 3.0:49.0 | 0.016 | 0.058 |1.455|0.2277
7 TCTACCCTGCTGAGA;’?:_F&AAATAGCAGATCCCA 0.022 |2.5:59.5,| 0.0:52.0 | 0.04 0 2.14310.1432
8 TCTACCCTGCTGAGAJ_?‘:_IF?AATAGCAGATCCCA 0.022 |2.5:59.5,| 0.0:52.0 | 0.04 0 2.14310.1432
9 CTTGTCTATTCAATAA&C(;?:TGTGGCAATTTTTCC 0.017 |0.0:62.0,| 2.0:50.0 0 0.038 |2.428(0.1192
10 CTTGTCCTTTCACTA/_\CC(;:(?:AATAACAGTTTTTCT 0.017 |2.0:60.0,| 0.0:52.0 | 0.032 0 1.707|0.1914
11 CTTGTCTA-ITCAATAACCGC(??AATAGCAGTTTTTCT 0.017 |1.0:61.0,| 1.0:51.0 | 0.016 | 0.019 |0.016|0.8999
12 CTTGTCTAWCACTAA&(;;CSCCAATAACAGTTTTTCT 0.017 |0.0:62.0,| 2.0:50.0 0 0.038 |2.428(0.1192
13 CTTGTCTA‘I‘I’CAATG,ACC(;C(;G:AATAACAGTTWTCT 0.017 |1.0:61.0,| 1.0:51.0 | 0.016 | 0.019 |0.016|0.8999
14 CTTGTCTA-ITCAATAAC(;;CS:AATAGCAGTTTTTCT 0.017 |2.0:60.0,| 0.0:52.0 | 0.032 0 1.707|0.1914
15 CTTACCCTGCTGAGACT?:_F?AATAGCAGATCCCA 0.013 |1.5:60.5,| 0.0:52.0 | 0.024 0 1.275|0.2589
16 CTTACCCTGCTGAGAJ_?:_I_C?AATAGCAGATCCCA 0.013 |1.5:60.5,| 0.0:52.0 | 0.024 0 1.275|0.2589
17 CTTGTCTAWCAATAA&C(;C(;G:TGTGGTAATCTTTCT 0.013 |0.0:62.0,| 1.5:50.5 0 0.029 |1.808|0.1787
18 CTAGTCTATFCAATAAC%CGG AC ARTAGCAGTTTTTCT 0.013 |0.0:62.0,| 1.5:50.5 0 0.029 |1.808|0.1787
19 CTTGTCTA‘I‘I’CAATG,ACC(;C(;S:AATAACAGTTWTCC 0.011 |0.0:62.0,| 1.3:50.7 0 0.026 |1.606 | 0.205
20 CTTGTCTA'I‘I'CACTAACCGC(S:AATAACAGTTTTTCC 0.011 |1.0:61.0,| 0.2:51.7 | 0.016 | 0.005 | 0.338]| 0.561
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