“..At is really a marvel, the living being. The fact alone that the thing can exist with the
three- or four fold chromosome number is extremely remarkable. Most peculiar,
however, for me is the fact that, in spite of the enlarged single cell, the size of the animal
is not correspondingly increased. It looks as if the importance of the cell as ruling
element of the whole had been overestimated previously. What the real determinant of

’

form and organization is seems quite obscure.’

Albert Einstein, PhD

(From Fankhauser, 1972. Memories of Great Embryologists)
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ABSTRACT

In eukaryotes, cell size is proportional to the size of the nucleus and to the
amount of genomic DNA housed within. Ploidy transitions, or Whole Genome
Duplications (WGDs), double the amount of genomic DNA in the nucleus and cell size
is increased consequently. Genome duplication is a driver for the evolution of novel
traits by producing genetic redundancy that buffers the negative fitness consequences of
mutations in highly conserved genes. WGDs have been discovered in nearly every major
taxon of multicellular eukaryotes, but are more common in plants than in animals for
reasons that are not clear. In plants, changes in ploidy and genome size changes the size
of the organism as the number of cells allocated to tissues does not compensate for
larger cells. In contrast, cell size and body size are decoupled in vertebrates so
polyploids are no larger than concomitant diploids. Research on the evolution of
polyploids usually focuses on the fate of duplicated genes rather than on the
developmental and physiological consequences of changing cell size and the cellular
granularity of tissues (the degree to which a tissue is subdivided into discrete cells).
Perhaps the relative scarcity of WGDs in animals pertains more to how these
developmental and physiological consequences affect fitness rather than the
evolutionary consequences that occur in later generations after polyploids have
successfully reproduced.

Ploidy can be experimentally manipulated in most teleosts, but diploid/triploid
comparisons are most common as triploids are reproductively sterile making them useful
for the aquaculture industry. Triploids consistently underperform compared to diploids

with reduced ability to tolerate stressful conditions and higher mortality rates when

i



raised in conditions optimized for diploids. Triploids typically struggle to tolerate
aerobic challenges leading many to suggest a cardiorespiratory limitation, but there is no
clear mechanism explaining this difference between ploidies. The zebrafish is a popular
model vertebrate that has been a boon for developmental biologists and, increasingly,
physiologists. In this thesis, | have taken advantage of the many mutants and transgenic
strains with tissue-specific fluorescent reporters to answer questions about the biology of
polyploid vertebrates that would not be possible in classic, non-model species such as in
Atlantic salmon.

To do so, I developed a novel ploidy determination technique to non-lethally
assess the amount of DNA in the nuclei of zebrafish embryos in vivo using confocal
microscopy and image processing (Chapter 2). I demonstrated for the first time that the
compensatory mechanisms maintaining organ and body size in polyploids are tissue-
specific by comparing the morphology of the blood, muscle, and the vasculature at
single cell resolution (Chapter 3). Focusing in on the blood and erythropoietic system, |
quantified hematopoietic stem cells in diploid and triploid embryos to show that triploids
have fewer of these blood progenitor cells in their hematopoietic tissue. Triploids also
produce erythrocytes at a slower rate compared to diploids suggesting that there are
more aged, senescent erythrocytes in circulation perhaps contributing to the well-
documented physiological limitations of triploids compared to diploids (Chapter 4). The
utility of the zebrafish system makes it an ideal model organism for studying the biology
of polyploids not only to improve the performance of triploids in aquaculture, but also to

better understand why polyploidy is rarer in animals than in plants.
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1.0 Chapter 1: Introduction

1.1 Why is polyploidy more common in plants than in animals?

One of the most paradoxical aspects of scientific endeavour is that great
discoveries and achievements tend to generate more questions than satisfying answers.
The sequencing of the human genome was correctly lauded as an enormous
accomplishment for science and medicine, but among the many surprises that arose from
this success was the observation that humans had no more genes than many organisms
considered to be “simple” or “lower” on the tree of life. In fact, the classic laboratory
mouse has more genes than the scientists studying them with an estimated ~30000 genes
in mice (Mus musculus) compared to only ~20000-25000 genes in humans (Homo
sapiens) (Pray, 2008). Before next-generation sequencing technologies rose to
prominence as the standard tool for studying taxonomy and evolutionary biology, many
biologists were captivated by an idea known as the C-Value Paradox that states that
there is no correlation between genome size and complexity in eukaryotes (Gregory and
Hebert, 1999; Gregory, 2002; Gregory, 2005). Genome size varies by nearly five orders
of magnitude across the metazoan tree of life (Cavalier-Smith, 1978; Gregory, 2001) and
gene number varies by at least one order of magnitude (Pray, 2008; Choi et al., 2020).
The causes and consequences of these differences, with respect to an organism’s size,
morphology, longevity, or other aspects of its biology that affect fitness and evolution
are still unclear (Gregory, 2002; Choi et al., 2020). Simply comparing the number of
genes or size of the genome among organisms is clearly insufficient for explaining the
incredible diversity and complexity that arose during metazoan evolution, so why is

there so much genome size variability in eukaryotes and how does it occur.



1.2 Genome Duplication and Polyploidy

In 1970, Dr. Susumo Ohno proposed in his book “Evolution by Gene
Duplication” that gene and genome duplication was a significant factor in the evolution
of genome size variation and hypothesized that these duplication events would be
drivers of evolution by relaxing selection on highly-conserved genes (Ohno, 1970).
Extra copies of genes could act as buffers to loss-of-function mutations in critical genes
thereby reducing their negative consequences on fitness and increasing the likelihood
that beneficial mutations could evolve and persist. This idea is encapsulated in Dr.
Ohno’s statement that “Natural selection merely modified, while redundancy created”
(Ohno, 1970). Specifically, he predicted that two rounds of whole genome duplication
(WGD) had occurred at the base of the vertebrate lineage despite only having data on
relative genome size, karyotypes, and allozymes (often referred to as the 2-R
hypothesis). The advent of genome sequencing technologies as a tool for evolutionary
biologists has revealed that many vertebrate genes are present as four copies with high
sequence similarity convincingly refuting dissenting opinions regarding the 2-R
hypothesis (Dehal and Boore, 2005). Genes that are homologous due to whole genome
duplication rather than other mechanisms that yield copies of specific segments of the
genome are referred to as ‘ohnologues’. Further to this, in cases where all four
ohnologues are maintained in the genome, there are typically two sets of ‘ohnologue-
pairs” and each member of the ohnologue-pair is more similar to each other (in terms of
both sequence similarity and synteny) than to the members of the sister ohnologue pair
indicative of two sequential WGDs rather than a single event that created four copies of
each (Conant, 2020). Since Dr. Ohno’s prescient ideas regarding the potential of

duplication as a driver of evolution, scientists have discovered WGDs and polyploidy in



nearly all eukaryotic taxa (Masterson, 1995; Gregory and Mable 2005; Braasch and
Postlethwait, 2012; Mueller, 2015; Kenny et al., 2016; Schwager et al., 2017).
1.3 Polyploidy in Evolution

Scientists have been curious about the presence and prevalence of polyploids for
nearly a century. In 1925, Dr. Hermann Muller published his paper “Why polyploidy is
more common in plants than in animals” in which he discusses the bias among taxa
regarding the frequency of polyploids using Drosophila as his animal model (Muller,
1925). Plants have been called the “Champions of Polyploidy” (Soltis et al., 2009) as
there have been many more WGDs and ploidy transitions in plants compared to animals,
(Masterson, et al., 1995; Aversano, 2012; Conant, 2020). We now have evidence for
WGDs throughout the animal kingdom as well, including both invertebrates (Gregory
and Mable, 2005 Kenny et al., 2016; Schwager et al., 2017) and vertebrates (Dehal and
Boore, 2005; Braasch and Postlethwait, 2012; Conant, 2020). As discussed above, there
were two WGDs at the base of the vertebrate lineage (as predicted by Dr. Ohno, 1970),
one WGD at the base of the teleosts (Hoegg et al., 2004) after their divergence from
ancestral Acipenseriformes and Holostei, and several more within the teleost clade
(Braasch and Postlethwait, 2012). Early developmental biologists were fascinated by the
discovery of polyploid amphibians (Fankhauser 1939; Griftiths et al., 1940) and fish
(Swarup, 1959) noting that polyploid vertebrates (with more DNA in each cell) had
larger cells, but that the size of the various organs and tissues was not affected by ploidy
so the animals were no different in size. In contrast, polyploid plants are significantly
larger than individuals of the same species at lower ploidy levels as the number of cells
allocated to each tissue is not reduced to compensate for increased cell size (Aversano et

al., 2012; Zhang et al., 2019). Dr. Muller’s (1925) conclusions regarding the relative



scarcity of polyploidy in animals using Drosophila could be specific to invertebrates
rather than to all animals as it is not yet clear how most invertebrate taxa respond to
changes in ploidy. Sea urchins increase the size of their cells as ploidy and genome size
increases (Laubichler and Davidson, 2008; Scheer, 2018), but there is little data
regarding differences in overall body size for urchins within a species (likely due to the
technical challenges of lab-rearing urchins to maturity, and the dramatic effects of the
environment on adult size and morphology in echinoderms) (Boéttger, et al., 2011). Body
size in molluscs (Nell, 2002) and nematodes (Clarke et al., 2018) is positively correlated
to ploidy, (i.e. as in plants, polyploid mollusks and nematodes are larger) but there is
some dispute among researchers as to how arthropods respond to changes in ploidy
(Bridges, 1921; Muller, 1925; Dobzhansky, 1939; Orr-Weaver, 2015). There is a clear
link between ploidy and cell size in Drosophila (Dobzhansky, 1939; Gregory and
Mable, 2005; Nandakumar et al., 2020) but it is difficult to tease apart body/organ size
difference due to ploidy from size differences due to sex in a species that uses
chromosome balancing for sex determination (Bridges, 1921; Muller, 1925; Gregory and
Mable, 2005). Genome size does correlate to body size in crustaceans (Jeffrey et al.,
2017), and the recent discovery of a WGD in the evolution of spiders (Kenny et al.,
2016) emphasizes the need to understand the morphological consequences of increased
ploidy in arthropods as the idea of spiders suddenly doubling in size due to a WGD is
unsettling. Using a single species to make inferences regarding the prevalence and
consequences of polyploidy in animals will not suffice given that the responses to ploidy
changes varies across animal taxa. Understanding how and when evolution favours
polyploidy will require knowledge of the consequences of ploidy and cell size changes

within that clade specifically.



Most research on polyploidy in animals has focused on understanding the fate of
ohnologues after WGD (Postlethwait, 2007). Many polyploid lineages have undergone a
process known as “rediploidization” in which ohnologous genes diverge from one
another. Although pseudogenenization was once thought to be the most common fate of
an ohnologue, recent studies are showing that subfunctionalization of ohnologues
(splitting the functions that were one performed by a single gene) and
neofunctionalization (gain of novel function) are far more common than originally
thought (Braasch et al., 2016; Lien et al., 2016; Conant, 2020). Indeed, Ohno’s (1970)
idea that duplication would be a driver for the evolution of novelty seems to hold true as
WGDs seem to correlate to bursts of speciation in polyploid lineages (Braasch and
Postlethwait, 2012). Furthering this idea, we now have evidence linking some incredible
physiological innovations in teleosts to the divergence of ohnologues such as
ionoregulation in anadromous salmonids facilitated by subfunctionalization of gill
Na/K*-ATPases (Richards et al., 2003; Bystrianski et al., 2006; Bystrianki et al., 2007)
and extreme hypoxia tolerance in goldfish and crucian carp due to neofunctionalization
of a critical member of the pyruvate dehydrogenase complex, which evolved into a
pyruvate decarboxylase that can produce ATP from lactic acid without oxygen
(Fagernes et al., 2015). Studying the genetic consequences of WGD has provided
support for Ohno’s hypothesis (1970), but have not yet answered Muller’s (1925)
question: why is polyploidy more rare in animals than in plants? Perhaps the scarcity of
polyploids in animals pertains more to the developmental and physiological
consequences of being made up of fewer, larger cells than to the genetic consequences

of having duplicate copies of every gene.



1.4 Polyploid physiology

Most studies comparing the physiology of polyploids in teleosts have focused on
diploid/triploid comparisons as triploids are reproductively sterile in many teleost
species (Piferrer et al., 2009) making them useful for aquaculture as they do not invest
energy into sexual maturation focusing instead on somatic growth improving flesh
quality (Poontawee et al., 2007). More importantly, farming triploids prevents gene flow
between farmed and wild populations preventing introgression of alleles that are
favourable in the farm into wild fish where they may be less advantageous (Piferrer et
al., 2009; Benfey, 2016). Research has focused on identifying physiological differences
between diploids and triploids that affect performance and survival in an aquaculture
setting as triploids are more vulnerable to sub-optimal conditions and die more
frequently than diploid fish (Ojolick et al., 1995; Maxime et al., 2008). When reared in
conditions optimized for raising diploid fish, triploids tend to be less tolerant to high
temperature (Verhille et al., 2013; Sambraus et al., 2018; Riseth et al., 2020), low
oxygen (Scott et al., 2014; Hansen et al., 2015; Sambraus et al., 2017; Benfey and
Devlin, 2018), and exercise (Hyndman et al., 2003; Bernier et al., 2004). Riseth et al.
(2020) pose the question: “Is it advantageous to be triploid at lower temperature?” and
conclude that there are negligible differences in aerobic scope and swimming
performance at low temperature. The authors point out that this does not mean that there
are no environments that favour polyploids, only that there is more to it than simply
temperature, aerobic metabolism, and swimming performance. Indeed, the inverse
correlation between genome size (and therefore cell size) and temperature in marine
environments suggests that colder temperatures should favour polyploids over diploids

but the mechanism is not yet clear. Given the consistent link between aerobic stress and



high triploid mortality, there have been many studies testing for differences in
hematology (Benfey and Sutterlin, 2004; Bernier et al., 2004; Leal et al., 2019) and
cardiorespiratory physiology (Verhille et al., 2013; Fraser et al., 2015; Sambraus et al.,
2017). Verhille and colleagues’ experiments on diploid and triploid rainbow trout
(Oncorhynchus mykiss) demonstrated that triploids hearts become fatally arrhythmic
sooner and more frequently than diploid hearts when the fish presented with an
incrementally increasing thermal challenge (Verhille et al., 2013). This implicates a
cardiorespiratory limitation in polyploids, but we do not have a mechanistic explanation
for the failure of triploid hearts in tasks that diploid hearts can perform reliably. There
have been several studies comparing cardiac morphology (Gamperl and Farrell, 2004;
Fraser et al., 2013; Fraser et al., 2015) and function (Simonot and Farrell, 2009;
Verhille, et al., 2013) between diploid and triploid hearts, but none have revealed an
obvious mechanism that would explain this difference in physiological tolerances. Adult
triploids tend to have larger hearts thought to be indicative of increased workload (Fraser
et al., 2013; Fraser et al., 2015). If triploid hearts are working harder than diploid hearts
under standard conditions, this could explain why triploids succumb sooner when they
are challenged and raises another question: why are triploid hearts working harder than
diploid hearts performing the same task? The primary function of the heart is to pump
erythrocytes throughout the body to deliver oxygen (via hemoglobin) to the various
tissues of the body, while simultaneously removing waste metabolites so perhaps the

perceived increased workload on the heart was caused by some effect of ploidy on blood

physiology.



1.5 Triploid Hematology

Blood is a tissue that conforms to the “fewer, larger cells” pattern of
compensation for changes in ploidy, such that many hematological variables such as
hematocrit (volume percentage of erythrocytes in total blood) and hemoglobin
concentration are not significantly altered in polyploids, but other variables such as
mean corpuscular hemoglobin concentration (hemoglobin per cell) and the number of
circulating erythrocytes (cells per volume of blood) are affected by ploidy (Benfey,
1999; Benfey and Sutterlin, 2004). Many studies have focused on the consequences of
increased erythrocyte size since this would affect surface area to volume ratio of the cell
perhaps limiting transport across the membrane (Nikinmaa, 1990; Snyder and Sheafor,
1999). Furthermore, erythrocytes have a highly malleable cell membrane since they
must traverse capillaries with a lumen that is narrower than the cross-sectional diameter
of the cells, forcing them to squeeze and deform in order to deliver oxygen to tissues
(Nash and Egginton, 1993; Bahrami and Childs, 2020). Larger cells would be harder to
push through these small vessels and they would be more likely to be damaged in transit
unless the microvascular system compensates by increasing lumen size. Little is known
about the dimensions of the vascular system in triploids (and the microvascular system
specifically) as it is challenging to measure vessel diameter in vivo and fixed sections are
not representative of in vivo dimensions since the vessels are no longer “inflated” by
blood pressure (Nash and Egginton, 1993), even if we assume that artifactual tissue
shrinkage during fixation is consistent between ploidies.

What is rarely considered are the consequences that arise from packing the same
amount of hemoglobin into fewer cells on the physiology of the fish. As is the case in

information processing, imaging, and other contexts, there must exist an optimal packet-



size for oxygen delivery. Packing all of the hemoglobin in the blood into one cell would
clearly be suboptimal for delivering oxygen to all of the tissues in the body
simultaneously. There must be some minimum threshold of hemoglobin apportioning in
order for an animal to be able to maintain efficient oxygen delivery. Making more,
smaller erythrocytes increases the ability of an animal to distribute oxygen throughout
the body, but at some point making more and more cells with fewer and fewer molecules
of hemoglobin in each must become metabolically costly and present decreasing returns
with respect to oxygen delivery. An optimized cardiorespiratory system must balance
the advantages associated with improved oxygen delivery gained by smaller but more
abundant hemoglobin packets versus the increased metabolic cost of having to produce
and differentiate more erythrocytes. Further to this, since mean corpuscular hemoglobin
concentration is increased and the total number of circulating cells is reduced, each
erythrocyte that is damaged or destroyed has a larger effect on the total amount of
circulating hemoglobin. Inducing triploidy would cause an abrupt shift in the
distribution of hemoglobin in the blood perhaps affecting the ability to distribute oxygen
optimally and would likely contribute to increased workload on the heart especially
during an aerobic challenge. Damaged and aged erythrocytes are removed from
circulation and replaced quickly in order to maintain hematocrit and hemoglobin
concentration. In fish, the source of these new erythrocytes is a population of
hematopoietic stem cells (HSCs) that reside in the kidney.

The effect of ploidy on the number of HSCs has not been reported, but Simonot
and Farrell (2009) induced anemia in diploid and triploid rainbow trout and reported that
triploids had a reduced capacity for erythropoiesis during recovery and were less likely

to recover from the anemia. In a recent study by Hansen et al. (2015) comparing the



effects of low oxygen at high temperatures on the performance of diploid and triploid
Atlantic salmon (Salmo salar), the authors noted that triploids had lower levels of
bilirubin circulating in the blood indicative of reduced erythrocyte turnover possibly due
to slower erythrocyte clearance. In vertebrates, erythrocytes differentiate from a
population of HSCs that reside in a stem cell niche that is highly conserved at the
molecular level, but highly variable anatomically (Martinez-Agosto, 2017; Kapp et al.,
2018). Cell turnover is not widely studied from a physiological point of view in non-
mammalian species, but erythrocyte turnover specifically is highly regulated and
extremely rapid relative to other tissues with cells that circulate for only ~30 days in
mice and ~120 days in humans (Franco, 2012; Franco et al., 2013; Higgins, 2015).
Teleost erythrocytes retain their nucleus and maintain gene expression for most of their
life (Gotting and Nikinmaa, 2017) so teleost erythrocytes are thought to have much
longer lifespans than mammalian erythrocytes. There is, however, very little data
regarding absolute age and lifespan for erythrocytes in any species of fish (Morera and
MacKenzie, 2011; Witeska et al., 2013). In teleosts, the primary site of erythropoiesis is
localized entirely to the anterior region of the kidney (Wattrus and Zon, 2018; Kapp et
al., 2018; Kobayashi et al., 2019) whereas, in mammals, hematopoietic stem cells are
distributed throughout the body in the bone marrow. The difference in size of the
hematopoietic tissues between mammals and teleosts suggests that the demand for
erythropoiesis is lower in teleosts and the simplest explanation for this is that the cells
survive longer before they are turned over. Erythropoiesis in teleosts was not well
understood until recently with the rise of the zebrafish as a powerful model organism for
the study of development and hematopoiesis specifically (Carradice and Lieschke,

2008).
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1.6 Why zebrafish?

The zebrafish has become a popular model vertebrate for lab studies especially
among developmental biologists, but it is also becoming more common in physiological
studies. The availability of transgenic strains with tissue-specific reporter genes stably
integrated into the genome provides unique opportunities to study the effects of
polyploidy on development and physiology. Taking advantage of the extensive
experimental toolkit available in zebrafish including the aforementioned transgenics,
mutants, and immunohistochemistry, I have revisited some of the observations made by
the original developmental biologists interested in polyploids (Dobzhansky, 1939;
Fankhauser, 1939; Swarup, 1959) using new technologies to understand how polyploids
compensate for having larger cells by reducing cell number to maintain body size.
Ploidy can be manipulated in most species of teleost (Figure 1.1) if in vitro fertilization
is possible by disrupting the extrusion of the second polar body after fertilization to
produce a triploid (Kavumpurath and Pandian, 1990; Benfey, 1999; Piferrer et al., 2009)
or by interrupting cytokinesis after DNA replication to make a tetraploid (Myers et al.,
1986; Piferrer et al., 2009; Heier et al., 2015;) and the zebrafish is no exception making

them the ideal model system for this work.

11



C Late shock @

(Tetraploid; WGD)

L]
[ g
A Standard fertilization @ @
(Diploid)
@ Maternal haploid genome
@ Paternal haploid genome
.( 274 polar body
Early shock @ * @ * Hydrostatic pressure
B (Triploid)

‘.

o)

Figure 1.1 Ploidy can be manipulated in teleost fish. Oocytes contain two copies of the
maternal genome (blue circles). A) Under standard conditions, the paternal genome (red
circle) enters the nucleus during fertilization and one set of maternal chromosomes is
extruded as the 2" polar body (green circle). B) Treating embryos with hydrostatic
pressure before extrusion of the polar body results in a triploid embryo. C) Treating
embryos with hydrostatic pressure after extrusion of the polar body, but before
cytokinesis results in a tetraploid embryo (ie: a whole genome duplication).
1.7 Thesis goals and approaches

In this thesis, I intend to quantify the number of HSCs in diploid and triploid
zebrafish and subsequently determine if ploidy affects the rate of steady-state
erythropoiesis. I predict that triploids will have fewer HSCs and that this will correlate to
slower rates of steady-state erythropoiesis. Before I could target this overarching
question about blood physiology, I needed a technique that would allow me to
distinguish individual zebrafish embryos of different ploidy. Therefore, I developed
myofiber nuclear volume analysis for non-destructive ploidy determination in vivo at

two days old using Tg(h2a.f/z:H2A.{/z::eGFP) zebrafish that have fluorescent chromatin
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(Chapter 2). I can now determine ploidy very early in development without having to
sacrifice the animal allowing for further experimentation on animals confirmed to be
triploid. This enabled me to perform high-resolution morphological comparisons of
various tissues within the living embryo to determine how different tissues respond to
ploidy/cell size changes (Chapter 3). Using transgenic lines that express fluorescent
proteins in hematopoietic stem cells (Tg(c-myb:eGFP)) and in differentiating
erythrocytes (Tg(gatala:dsRed)) specifically, I show that triploids have fewer
hematopoietic stem cells and that there are fewer young, newly differentiated
erythrocyte in circulation in triploids suggesting reduced turnover in agreement with the
studies by Simonot and Farrell (2009) and Hansen et al. (2015) (Chapter 4).

Recently, Ferri-Lagneau and colleagues discovered that erythropoiesis can be
stimulated in zebrafish embryos simply by adding [10]-gingerol (a bioactive molecule
found in the ginger plant) to embryo media (Ferri-Lagneau et al., 2011; Chen et al.,
2013; Ferri-Lagneau et al., 2019). Other studies have demonstrated that many
hematological variables increase in adults when fish are fed pellets with ground ginger
in the feed mixture (Ho et al., 2013; Haghighi and Rohani, 2013; Kanani et al., 2014).
To test whether this could be a strategy to boost erythropoiesis in zebrafish, I attempted
to infuse standard zebrafish pellets with 10-gingerol (Sigma-Aldrich). Using the same
erythropoietic assay described in Chapter 4, I determined that this protocol actually
reduced erythropoiesis in adult zebrafish but the consistent effect in the treatment and
the solvent control suggests that this was not due to the [10]-gingerol, but rather an
effect of the infusion technique so repeating this experiment with a feed that includes
either ground ginger or purified 10-gingerol in the formulation rather than as an additive

could still be an effective way to stimulate erythropoiesis in fish (Appendix 1).

13



I also designed an experiment intended to empirically measure the rate of
erythrocyte turnover (and therefore erythrocyte lifespan) between diploids and triploid
brook trout (Salvelinus fontinalis). Briefly, a diet-shift experiment was undertaken using
feed pellets spiked with L-Alanine '*C (Sigma-Aldrich) and measuring the how long it
would take for the isotopic signature of the blood to shift to that of the new diet.
Preliminary data confirmed that the methodology was sound: the infused pellets were
isotopically distinct from the baseline diet and 5 weeks into the experiment there was a
measurable difference in the isotopic signature of the blood. Unfortunately, a
catastrophic failure of the plumbing in the aquatic facility at UNB caused massive
mortality in the experimental fish killing all of the triploids and more than 50% of the
diploids. I designed this experiment based on previous work on erythrocyte turnover
(using a different stable isotope marker) in brook trout that estimated that 50% turnover
of the blood would occur ~8 weeks into the experiment (M. Charest M.Sc. Thesis 2010)
and so I decided to run the experiment for 10 weeks. With all of the triploids dying
approximately halfway through the experiment, there was no detectable effect of ploidy
on the rate at which the isotopic signature of the blood was changing. The preliminary
data demonstrating that the technique was effective at producing an isotopically distinct
diet should be useful for future studies and this experiment would be worth repeating
(Appendix 2).

1.8 Conclusion

In this thesis, I have developed a novel way to determine ploidy in zebrafish
making them an invaluable tool for research on the developmental biology and the
physiology of polyploids (Chapter 2). I show that there are distinct tissue-specific

mechanisms whereby tissue architecture is adjusted to compensate for increased cell size
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to maintain tissue function, organ size, and body size (Chapter 3). Secondly, by
measuring the number of hematopoietic stem cells and comparing the relative rates of
erythropoiesis between diploid and triploid zebrafish, I characterize yet another
mechanism that may limit aerobic scope in triploids (Chapter 4). And finally, I discuss
potential consequences of these effects on the physiology of triploids as well as some
ideas for future directions in Chapter 5.

For polyploids to persist evolutionarily, they must be able to survive to maturity,
find a polyploid mate, reproduce, and pass on their genes before Ohno’s (1970) assertion
about redundancy facilitating the evolution of novel adaptive traits has time to manifest.
If the physiological limitations imposed by increased ploidy, reduced cellular
granularity, and increased cell size prevents polyploids from surviving to pass on their
genes, then ohnologues will not have the opportunity to mutate and evolve novel
function. A detailed understanding of the morphological consequences of polyploidy and
WGDs, and the physiological consequences of those changes, is necessary for
understanding the conditions that will be most favourable for polyploids. This could be
by improving the fitness of polyploids specifically, or by simply by minimizing their
disadvantages allowing them to persist for long enough for the genetic advantages
proposed by Ohno (1970) to manifest. Understanding the developmental and
physiological constraints imposed by changes in ploidy will improve our ability to
optimize rearing conditions for triploids in aquaculture and will hopefully bring us
closer to being able to answer Muller’s (1925) original question from nearly 100 year

ago: “Why polyploidy is more common in plants than in animals?”
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Abstract

Ploidy transitions through whole genome duplication have shaped evolution by
generating redundant copies of genes and thereby facilitating their sub- and neo-
functionalization to express novel traits. Polyploidy was historically thought to be most
relevant to evolution within plants, but the age of genomics has uncovered ploidy
transitions within all taxa of eukaryotes examined aside from birds and mammals. The
nuclear:cytoplasmic (n:c) ratio is maintained in polyploid vertebrates resulting in larger
cells, but body size is maintained by a concomitant reduction in cell number. Ploidy can
be manipulated easily in most teleosts, and the zebrafish, already well established as a
model system for biomedical research, is therefore an excellent system in which to study
the effects of increased cell size and reduced cell numbers in polyploids on development
and physiology. Here I describe a novel technique to assess genome size and determine

ploidy non-lethally at 48 hours post-fertilization in transgenic zebrafish modified to
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express fluorescent histones and show that this technique can be used to separate
diploids and triploids from a mixed-ploidy pool of embryos for subsequent
experimentation.

Keywords: Triploid, Polyploid, Whole Genome Duplication, Cell size, Genome size,
Zebrafish.

Research highlights:

Triploid zebrafish can be produced and identified non-lethally at 48 hours post-
fertilization using myofiber nucleus volume analysis.

Triploid zebrafish are a valuable tool for studying the effects of ploidy and cell size
changes on development and physiology.

Graphical abstract:
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2.1 Introduction
Variation in genome size among species is extreme, estimated at ~80 000 fold among
eukaryotes (Gregory & Hebert, 1999) and ~350 fold among vertebrates (Cavalier-Smith,
1978; Gregory, 2001). Investigations into the evolution of genome size have revealed a
pattern: the amount of DNA in the nucleus correlates with the volume of the nucleus and
the cell itself (Gregory, 2001; Levy & Heald, 2010), a pattern that holds true across
tissues and taxa for most eukaryotic cells (Cavalier-Smith, 1978; Gregory, 2002;
Gillooly, Hein, & Damiani, 2015). Understanding the mechanism(s) linking nucleus
volume and cell volume to the amount of nuclear DNA is a long-standing goal in fields
of biology as diverse as cell biology (Turner, Ewald, & Skotheim, 2012; Ginzberg,
Kafri, & Kirschner, 2015; Neurohr et al., 2019), development (Levy & Heald, 2010;
Roth & Walkowiak, 2015; Miller, Brownlee, & Heald, 2020), physiology (Benfey,
1999; Saranyan, Ross, & Benfey, 2017; Christensen et al., 2019), and evolutionary
biology (Otto, 2007; Smith & Gregory, 2009; Elliott & Gregory, 2015; Mueller, 2015).
Ploidy transitions are the most drastic and sudden changes to genome size
observed in evolution, yet these dramatic changes in the amount of DNA per cell
occasionally persist while the ancestral lineage goes extinct (Braasch & Postlethwaite,
2012; Van de Peer et al., 2009). Early studies comparing diploid, triploid, and tetraploid
salamanders (Fankhauser, 1939, 1945) and diploid and triploid fish (Swarup, 1959)
showed that animals at higher ploidy levels have larger cells, but body size is unaffected
by ploidy due to a concomitant reduction in cell number. This pattern linking DNA
content, cell size and cell number is consistent across vertebrates, as documented in fish
(Benfey, 1999), amphibians (Roth & Walkowiak, 2015; Miller et al., 2020), reptiles

(Tiersch & Figiel, 1991), birds (Abdel-Hameed & Neat, 1971; De Boer et al., 1984;
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Gregory, 2018), and mammals (Henery & Kaufman, 1992; Henery, Bard, & Kaufman,
1992). This stands in stark contrast to the pattern in plants and some invertebrates, in
which polyploid individuals are larger than diploids because cell numbers are not
reduced to balance increased cell size (Nell, 2002; Lozano et al., 2006; Aversano et al.,
2012). We still lack a complete understanding of the mechanisms underlying this
compensatory relationship between cell volume and cell number in vertebrates that
maintains body size independent of ploidy. Given the importance of allometric
relationships between body size and major determinants of ecological niche placement,
such as metabolism (Kleiber and Rogers, 1961; West et al., 1997; Anderson-Texeira et
al., 2009), thermal tolerance (Leiva, Calosi, & Verberk, 2019), prey preference and
hunting behaviour (Kalinkat et al., 2011; Dunic & Baum, 2017), and the evidence for at
least 10 ploidy transitions in teleosts alone (Braasch & Postlethwait, 2012), it is tempting
to speculate that cell number compensation evolved to maintain optimum body size in
the face of genome size variation and ploidy transitions.

Dr. Susumo Ohno suggested in his book Evolution by Gene Duplication (Ohno,
1970) that gene/genome duplications could be evolutionarily advantageous due to
increased redundancy and relaxed selection on highly conserved genes, thereby reducing
negative selection on mutations and increasing the potential for functionally
advantageous alleles to evolve. Recent studies have supported this hypothesis by linking
the divergence of ohnologues (i.e., paralogous genes arising from a Whole Genome
Duplication) to the evolution of novel traits such as migrating between freshwater and
marine environments in salmonids mediated via branchial Na*/K"-ATPase a-isoform
switching (Richards et al., 2003; Bystriansky et al., 2006, 2007) and metabolizing lactic

acid into ethanol via pyruvate decarboxylase during prolonged hypoxia/anoxia in
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goldfish (Carrassius auratus) and crucian carp (C. carrassius) (Fagernes et al., 2015).
The development of techniques to manipulate ploidy in fish (Piferrer et al., 2009) and
amphibians (Fankhauser, 1945) enables us to study these questions in controlled
laboratory environments and ask: what are the negative consequences that arise when
genome copy number and cell volume increase? Or in other words, what are the trade-
offs for the advantages gained from genome duplication that explain the relative scarcity
of polyploidy in vertebrates?

The ability to manipulate ploidy has been useful for both aquaculture and
agriculture as triploids cannot complete meiosis making farmed triploid animals
reproductively sterile (Benfey, 1999; Sattler, Carvalho, & Clarindo, 2016; Benfey, 2016;
Zhang et al., 2019). Since the pioneering works of early developmental biologists on
polyploids (Griffiths, 1941; Fankhauser, 1945; Swarup, 1959), research on the
physiological consequences of polyploidy in vertebrates has largely focused on testing
the feasibility of using triploid fish in aquaculture to prevent gene flow between farmed
escapees and wild fish. Such studies have shown that triploid fish are less able to tolerate
sub-optimal conditions that impose physiological challenges (e.g., Ojolick et al., 1995;
Hyndman et al., 2003; Verhille, Antilla, & Farrell, 2013), which has prevented the wide-
scale adoption of this technology. However, there has been a resurgence of interest in
assessing triploid salmonid fishes for use in aquaculture due to improvements in our
understanding of their thermal (Verhille et al., 2013; Sambraus et al., 2018; Riseth et al.,
2020) and hypoxia tolerance (Scott et al., 2014; Hansen et al., 2015; Sambraus et al.,
2017; Benfey & Devlin, 2018), and dietary requirements (Sambraus et al., 2020).
Despite these advances in understanding the biology of triploid salmonids, they are

slow-growing, cold-water fish with a long generation time (~3 years) making them a
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rather impractical model organism. Taking advantage of a well-established model teleost
like zebrafish (Danio rerio), with their rapid growth and short generation time, would
complement triploid research in common aquaculture species as it has for other branches
of aquaculture science both currently (Ulloa, Medrano, & Feijoo, 2014; Ribas &
Piferrer, 2014) and in the future (Wargelius et al., 2016).

Triploid zebrafish have been produced by inhibiting extrusion of the second
polar body via temperature treatment shortly after fertilization (Kavumpurath &
Pandian, 1990; Baars et al., 2016; Van de Pol et al., 2020). Given that hydrostatic
pressure is widely used to produce triploids of other species of fish (Piferrer et al., 2009)
and has been used in zebrafish to produce gynogenetic homozygous diploids after
fertilization with irradiated sperm (Streisinger et al., 1981), I reasoned that this technique
would produce triploid zebrafish if eggs were fertilized with intact sperm. The rapid
development of the zebrafish at 28.5°C (Kimmel et al., 1995) presents a challenge as the
temporal window of opportunity to produce triploids is very short (between 1-3 minutes
after fertilization depending on the type of treatment).

Current techniques to determine ploidy level in zebrafish are lethal until fish are
adult-sized (approximately 3 months old) and, therefore, large enough that blood can be
sampled for erythrocyte size measurement (Kavumpurath & Pandian, 1990). While flow
cytometric measurement of cellular DNA content in cell suspensions made from
embryos is a useful strategy to ensure that triploidy induction is successful at the
population level (Delomas & Dabrowski, 2018; Van de Pol et al., 2020), this also
requires destructive sampling and introduces the potential confound of competition
among individuals of different ploidy within a tank (O’Keefe & Benfey, 1997; Taylor et

al., 2014). Furthermore, many of the powerful molecular techniques available in
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zebrafish such as qPCR and RNAseq require embryo homogenization, making it
challenging to validate ploidy in the embryos. The development of a non-lethal
technique to determine ploidy level in zebrafish embryos would help address these
challenges to ensure that the zebrafish is being used to its full potential as a model for
triploid research.

The transgenic zebrafish Tg(h2a.f/z:-H2Af/z::eGFP) was used as it expresses
green fluorescent protein fused to the H2A.{/z histone subunit under the regulatory
control of the endogenous h2a.f/z promoter thereby making the chromatin inside the
nucleus of every cell relatively easy to image in vivo (Pauls et al., 2001). At 48 hours
post-fertilization (hpf), the nuclei of polynucleated myofibers in the developing
myotomes are roughly uniform in shape, size, and orientation, making them ideal
candidates for early and non-lethal ploidy determination. I applied hydrostatic pressure
to in vitro fertilized zygotes at various times spanning the undefined critical window for
triploid induction and found that triploid yield is maximized when pressure treatment of
zygotes begins between 75 and 90 seconds post-fertilization (spf). Although diploid and
triploid embryos are typically morphologically indistinguishable, there is a tendency for
triploid embryos to have minor cardiac edemas and some irregular tissues, and mortality
rate is significantly higher in triploids during embryonic development. To confirm that
zebrafish exhibit some of the same physiological patterns observed in triploid salmonids
(Benfey & Sutterlin, 1984; Benfey & Bennett, 2009), I present the results from a simple
experiment measuring heart rate of 56 hpf diploid and triploid embryos at 27°C and
32°C to demonstrate that viable triploid embryos are comparable physiologically and are

a valuable tool for investigations of polyploid biology.
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2.2 Methods

2.2.1. Animal husbandry

Adult zebrafish were reared in flow-through dechlorinated municipal water in the
University of New Brunswick Zebrafish Facility in standard 25 x 11 x 15 cm tanks
(Pentair Aquatic Ecosystems, Apopka, FL, USA) at 28°C on a 14:10 h light:dark
photoperiod. They were fed zebrafish pellets (Gemma 500 Micro, Skretting, Vancouver,
BC, Canada) twice per day supplemented with live Artemia once per day. Embryos from
these adults were reared in glass Petri dishes in Embryo Rearing Medium (ERM: 13 mM
NaCl, 0.5 mM KCI, 0.02 mM Na;HPOys, 0.04 mM KH;POs, 1.3 mM CaCl,, 1.0 mM
MgS0Os4, 4.2 mM NaHCOs, pH 7.4) with 0.01% methylene blue at 28.5°C until 120 hpf
when they were transferred to 1 L larval tanks (6 x 3 x 4 cm). Larvae were fed a series of
increasingly larger pellets (Gemma Micro 75-300, Skretting) using automated feeders
set to feed 4 times per day. The transgenic lines used in this study were
Tg(h2a.t/z:-H2A:f/z::eGFP) (Pauls et al., 2001) and Tg(myl7:mCherry) (Palencia-Desai
etal., 2011). All procedures involving animals were approved by the UNB Animal Care
Committee, according to the guidelines of the Canadian Council of Animal Care.

2.2.2 In vitro fertilization and triploid induction

2.2.2.1 Gamete collection

Adult zebrafish were allowed to spawn naturally, either in 1 L breeding tanks or in their
home tanks (using a tray of marbles as spawning substrate) to ensure that the fish were
healthy and spawning. These fish were then given 10-14 days to recover and gametes
were collected for in vitro fertilization (IVF). Healthy and robust adults were sorted by
sex (Westerfield, 2000) into separate tanks the evening before IVF. Ten minutes after

the lights came on the next morning, males were anaesthetized in tris-buffered MS-222

36



(168 ng/mL) (Westerfield, 2000) and sperm was collected manually by applying gentle
pressure to the body wall in a slow wave from anterior to posterior. Sperm was collected
in a9 pL capillary tube (Sigma-Aldrich, St. Louis, MO, USA) attached to a mouth
aspirator (Sigma-Aldrich) for suction. Sperm samples that were not white and opaque
were discarded. Samples were expelled into 60 puL of ice-cold Hank’s Full Strength
solution (0.37 M NaCl, 5.4 mM KClI, 0.25 mM Na,HPOys, 0.44 mM KH>PO4, 1.3 mM
CaCly, 1.0 mM MgSOs4, 4.2 mM NaHCOs) (Westerfield, 2000) in 0.5 mL microfuge
tubes and stored on ice to maintain viability, with sperm pooled from multiple males
until a cloudy consistency was achieved. Eggs were collected into a Petri dish by
applying gentle pressure ventrally to the belly of anaesthetized (as above) gravid females
and using a plastic micropipette tip to handle the eggs. Egg batches containing eggs that
were not predominantly yellow and round were discarded. Any sperm or egg samples
that were exposed to water after extraction or were not fertilized within 5 minutes of
extraction were discarded. Adults were quickly moved to a well-aerated recovery tank
after gamete collection.

2.2.2.2 Fertilization and triploid induction

Fertilization was achieved by pipetting 20 puL of sperm solution into the egg mass
followed immediately by 60 uL of ERM to activate sperm motility. At 30 seconds post
fertilization (spf), an additional 1 mL of ERM was added to facilitate the transfer of
embryos in the next step. Fifteen seconds before pressure treatment, 50-70% of the
embryos were transferred using a transfer pipette into a custom-designed capsule made
by cutting off the end of a 1 mL pipette tip and capping both ends of the remaining
cylinder with 40 um nylon mesh using small elastics or custom-fitted plastic rings.

Following this, the capsule was placed into a 75 mL French press chamber (model FA-
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073; SLM Aminco, Urbana, IL, USA) that had been completely filled with water from
the adult home tank. Excess water was displaced by leaving the pressure-relief valve
open while pushing in the piston to ensure that no air was trapped within the chamber.
The pressure-relief valve was then closed, and the chamber placed in a 12-ton manually
operated Carver lab press (model 3851-0; Cole-Palmer, Montréal, QC, Canada). At 75
spf, pressure was rapidly (less than 5 seconds) increased to 58.6 MPa and held for 5
minutes. Forty mL of ERM was added to the Petri dish with the untreated controls
during this interval, to avoid desiccation and to prevent embryos from sticking together.
After pressure treatment, embryos were transferred into a Petri dish with ~40 mL of
ERM and any clumps of embryos were dissociated with gentle swirling using a pipette
tip. Embryos were incubated at 28.5°C for 1 hour before sorting on a dissecting
microscope (Leica Microsystems model MZ205A; Wetzlar, Germany) to remove
unfertilized eggs and quantify fertilization rate. Embryos were raised in these conditions
(<50 embryos per Petri dish) until 120 hours post fertilization (hpf) and inspected every
12 hours to quantify and remove deformed or dead embryos. Rearing solutions were
refreshed every 24 hours.

2.2.3 Determining ploidy with Tg(h2a.f/z:H2A.f/z::eGFP) embryos

2.2.3.1 Confocal microscopy

Presumptive diploids (control) and triploids (pressure-treated) were produced from
Tg(h2a.t/z:H2A.1/z::eGFP) adults, as described above. At 48 hpf, individual embryos
were anaesthetized in 168 pg/mL tris-buffered MS-222 and mounted (in anaesthetic) on
a slide using vacuum grease footpads to hold the cover slip in place. Confocal images
were collected using a scanning confocal microscope (Leica model SP2 with 63x 1.2

NA lens or model SP8 with 25x 0.9 NA lens) to focus on the elliptical, anterior-posterior
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oriented, fluorescent nuclei in the developing myotomes. Stacks were collected
mediolaterally, starting at the notochord and moving out to the epidermis, dorsal to the
posterior margin of the yolk extension. Step sizes were either 1 pm (Leica SP2) or 0.5
um (Leica SPS8). After imaging, the slide cover was removed using forceps under a
dissecting microscope and the embryo was transferred into a recovery dish with fresh
ERM using a wide-bore glass pipette and monitored until recovery. Individual embryos
were transferred into separate 2 mL microfuge tubes filled with ERM (after recovery
from anesthesia) and incubated at 28.5°C until ploidy was determined from the confocal
data. Rearing solution in the microfuge tubes was changed every 12 hours.

2.2.3.2 Image processing

Confocal stacks were first processed in FIJI (Schindelin et al., 2012) for embryo
orientation, Region of Interest selection, and histogram normalization. I applied a 3D
Gaussian blur (1.0 sigma value in X, Y, and Z) to eliminate artifactual holes and hot
spots in the images of nuclei, facilitating accurate selection of nuclei by thresholding and
extraction of individual nuclei using Fluorender (Wan et al., 2012, 2017). FlJI-processed
confocal stacks were opened in Fluorender, in which 30-50 nuclei that were well-imaged
(i.e., not cut-off at the edge of a stack and not overlapping another object) were
manually selected and separated from any poorly-resolved or incomplete nuclei (purple
and green nuclei, respectively, in Figure 1) using the paintbrush tool. Stacks of the
extracted nuclei were returned to FIJI for volume measurement using the 3D Object
Counter (Bolte & Cordeliéres, 2006). This function outputs an array of volume
measurements (number of voxels in object multiplied by voxel size) and an object map
linking each volume measurement to a specific nucleus in the stack. Histograms for each

embryo (bin size 10 um?) were generated using ggplot2 (Wickham, 2016) in R (R Core
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Team, 2019) and ploidy assigned using the modal volume in these histograms, on the
basis that nuclear volume is significantly larger in triploids than in diploids (Benfey,
1999).

2.2.3.3 Validation of ploidy assignment

Thirty-two control diploid embryos and 32 putative triploid embryos (based on confocal
analysis of Tg(h2a.f/z:H2A .{/z::eGFP) embryos) were raised to adult-size for
independent ploidy confirmation based on erythrocyte size. Blood was collected from
these fish at 4 months of age using a modified version of the technique described in
Zang et al., 2013. Hypodermic needles (28.5 gauge) were heparinized (18 [.U./ml
heparin, 0.9% (w/v) NaCl) by drawing the solution up and down, then allowing 2 hours
to air dry. Fish were anaesthetized in tris-buffered MS-222 (168 pg/mL) and 2-4 pL of
blood was collected from the caudal vasculature through the body wall just ventral to the
lateral line. Blood was stored on ice in heparinized (18 1.U./ml heparin, 0.9% (w/v)
NaCl) 0.5 mL microfuge tubes until blood smears could be made. Erythrocytes were
imaged live using DIC microscopy on a Leica DM RXA25 microscope with a 63X lens
and a Leica DC500 camera, and the major axis was measured using the line tool in FIJI.
The effect of ploidy on erythrocyte size was analyzed using a paired Student’s t-test and
plotted using R.

2.2.4 Optimizing triploid induction using hydrostatic pressure

The triploid induction protocol described in section 2.2.2.2 was optimized by varying the
start time of the hydrostatic pressure treatment (60, 75, 90, 120, and 150 spf) and
comparing triploid induction success using confocal analysis of
Tg(h2a.f/z:-H2A.f/z::eGFP) embryos as described in sections 2.2.3.1 and 2.2.3.2. A

sham-treatment at 75 spf was included to control for the effect of handing on the
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pressure-treated groups, with sham-treated zygotes treated identically except that the
pressure was not increased in the pressure chamber. Each start time was tested with 5
different batches of eggs. For each treatment, any IVF with less than 50% fertilization
rate in the diploid control was discarded and not counted in this cumulative total.
Fertilization was quantified by comparing the number of fertilized and unfertilized eggs
at 1-3 hours after IVF (unfertilized eggs were subsequently removed). Mortality
proportions were determined by counting dead embryos at 48 hpf. Triploid induction
success was compared by analyzing 10 embryos per treatment and comparing the
number of triploids detected. Triploid yield was calculated for each sample by
multiplying triploid induction, survival, and fertilization rates. The effects of pressure
treatment timing on fertilization rate, survival rate, ploidy induction rate, and triploid
yield were each analyzed by one-way ANOVA followed by Tukey’s Honest Significant
Differences method for post-hoc analysis in R where significant (p < 0.05) differences in
the ANOVA were detected.

2.2.5 Survival rate in diploid and triploid zebrafish embryos

Diploid and triploid embryos were produced as described in section 2.2.2 and sorted at
the 8-cell stage into 15 4-well Petri dishes (1 embryo per well, 30 embryos per ploidy)
and reared as described in section 2.2.1. This experiment was performed three times on
separate days and survival curves represent the average of the three experiments (n = 3).
Dead/deformed embryos were counted and removed every 3 hours for the first 24 hours,
then every 12 hours until 120 hpf. Ploidy was determined at 48 hpf as described in
section 2.2.3.1 and 2.2.3.2. Ploidy could not be determined in mortalities that occurred
before 48 hpf, but in all cases triploid induction rate was above 95% in the surviving

embryos. Kaplan-Meier survival curves were generated and compared using the log-rank
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test in R using the following packages: ggplot2 (Wickham, 2016), survival (Therneau &
Grambsch, 2000), and survminer (Kassambara & Kosinski, 2017). Bright field
micrographs of embryos were captured using a Leica MZ205A dissecting microscope
with a DFC360 FX greyscale low-light camera attachment.

2.2.6 Measuring heart rate in diploid and triploid zebrafish embryos

Diploid and triploid Tg(h2a.f/z:H2A.f/z::eGFP) embryos were produced as described in
section 2.2.2 and reared in Petri dishes at 28.5°C until 40 hpf. Ten viable triploids were
identified using confocal microscopy at 48 hpf as described in sections 2.2.3.1 and
2.2.3.2. At 56 hpf, heart rate was measured by recording the heartbeat of the 10
confirmed triploids and 10 diploid controls at 27°C and again after a 1-hour incubation
at 32°C using a dissecting microscope (Boreal, St. Catharines, ON, Canada) with a
camera attachment (model MU-900; AmScope, Irvine, CA, USA) for at least 30 seconds
up to a maximum of 60 seconds. Experimental temperatures were achieved using water
baths; Petri dishes with embryos were placed onto platforms in the water bath so they
were partially submerged. Temperature in Petri dishes was measured using a Traceable
Total-Range Digital Thermometer (VWR, Radnor, PA, USA). Videos were analyzed
using VLC media player (www.videolan.org) and the effects of temperature and ploidy
on heart rate were analyzed by repeated measures ANOVA using R with a Tukey’s Post-
hoc analysis.

2.3 Results

2.3.1 Nucleus volume can be measured non-lethally in zebrafish embryos at 48
hours post fertilization

I imaged the trunk musculature of putative diploid and triploid

Tg(h2a.f/z:-H2 A f/z::eGFP) embryos dorsal to the posterior tip of the yolk extension
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(Figure 2.1A). Compared to controls (putative diploids), embryos derived from pressure-
treated zygotes (putative triploids) had larger nuclei in the developing myotomes (Figure
2.1B,C, respectively). Importing confocal volumes into Fluorender made it possible to
select and isolate specific nuclei in their entirety (no partial nuclei) and without any
overlapping objects obscuring them from analysis (Figure 2.1B,C; selected nuclei are
purple, excluded nuclei are green). Plotting the distribution of nuclear volumes from
individual embryos as histograms revealed a shift to the right in putative triploids
(Figure 2.1D,E).

2.3.2 Embryos with larger nuclei that develop from pressure-treated zygotes are
bona fide triploids

Treating several hundred zygotes with hydrostatic pressure at 75 spf reliably produced
populations of embryos with a high proportion of putative triploids (Figure 2.2A). This
pattern was consistent across families with nucleus volumes clustering around 200 um?
and just above 300 pm? in putative diploid and triploid populations, respectively (Figure
2.2B). Subsequent measurement of erythrocyte size in adults from these same
populations confirmed that they were of the predicted ploidy (Figure 2.2C-F).

2.3.3 Optimal triploid yield is achieved by pressure-treating zygotes at 75 or 90 spf
Pressure treatment at 60 spf significantly reduced both fertilization success and survival
compared to later treatments (Figure 2.3A,B, respectively, p <0.001, n = 5). Triploids
were reliably produced with treatments at 60, 75 and 90 spf, but triploid induction
success was much lower at 120 spf and no triploids were detected in embryos treated or
at 150 spf (Figure 2.3C). Triploid yields from treatments at 60 and 120 spf were
significantly lower than those from 75 or 90 spf (Figure 2.3D, p <0.001, n = 5) due to

poor fertilization and survival rates, and to low triploid induction rate, respectively. No

43



significant differences were detected between the 75 and 90 spf treatments for any of
these variables. No triploids were detected in the sham-treatment group.

2.3.4 Survival rate during early development is reduced in triploid embryos

Most triploid embryos were morphologically indistinguishable from sibling diploids
(Figure 2.4A,B); however, deformities such as pericardial edema were observed (Figure
2.4C). More subtle phenotypic aberrations, such as incomplete or malformed tail fin
folds were more common (Figure 2.4D), but it was unclear if these minor deformities
affect survival. Triploid embryos had a significantly lower survival rate between the 4-8
cell stage and first feed at 120 hpf (Figure 2.4E, p < 0.01). Most of the mortalities of
triploid embryos occurred between 7 and 13 hpf, i.e. during epiboly, gastrulation and
early somitogenesis; these embryos were often very asymmetrical, with the cell mass
spreading unevenly over the yolk.

2.3.5 Embryonic heart rate is not affected by ploidy

The beating heart could be visualized in diploid and triploid embryos at 56 hpf (Figures
2.5A-D). No differences were observed in the development or morphology of the heart:
at 48-54 hpf, diploid and triploid hearts had a distinct atrium and ventricle, strongly
expressed the myosin light chain 7 (my!7) transgene (Figures 2.5C,D), and had a
rhythmic heartbeat. Heart rate was significantly increased at high temperature

(p <0.001) but was not affected by ploidy (p = 0.523) and there was no interaction
between temperature and ploidy (p = 0.564) (Figure 2.5E). Nuclear volume analysis at
48 hpf as described in section 2.2.2.2 and 2.2.2.3 confirmed that all embryos in the

triploid group were indeed triploid (Figure 2.5F).
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2.4 Discussion
As evidence mounts for Ohno’s assertion that gene/genome duplication is an important
driver of the evolution of novel function (Ohno, 1970; Richards et al., 2003; Braasch &
Postlethwait, 2012; Fagernes et al., 2015), it is clear that scientists must also understand
the negative effects on fitness that arise from changes in ploidy and cell volume to
understand the role of polyploidy in evolutionary processes. While ploidy transitions
persist more frequently in plants than in vertebrates (Mable, 2004; Schoenfelder & Fox,
2015; Mueller, 2015), they have occurred in nearly all major taxa in the animal kingdom
(De Boer et al., 1984; Otto & Whitton, 2000; Gregory & Mable, 2005; Mable et al.,
2011; Kenny et al., 2016; Schwager et al., 2017), with mammals being a curious
exception (Svartman, Stone, & Stanyon, 2005). Research on triploid Atlantic salmon has
revealed subtle physiological differences between ploidies, suggesting that tetraploid
individuals after a WGD would likely experience selective pressures differently, for
instance with respect to competition for resources (Taylor et al., 2014), temperature
tolerances (Riseth et al., 2020), or nutritional requirements (Sambraus et al., 2020).
Taking advantage of the molecular tools developed for zebrafish to ask questions
pertaining to the fitness of polyploid animals and developmental constraints imposed by
changes in cell size and cell number in tissue primordia will help us to understand the
evolutionary trade-offs that take place when ploidy or genome size changes.
Furthermore, a deeper understanding of the physiological differences between diploid
and triploid fish will enable fish farmers optimize rearing protocols for triploids.

Ploidy can now be determined non-lethally by measuring nuclear volume in the
developing myotome using confocal microscopy in Tg(h2a.t/z:H2A.1/z::eGFP) zebrafish

embryos followed by image processing and analysis using freely available, open-source
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software, thereby making it possible to detect and isolate triploid embryos from a mixed
pool of individuals of unknown ploidy without the need to sacrifice them. The utility of
myofiber nuclear volume analysis for identifying triploids is clear, but this technique has
produced some curious observations that are difficult to explain. Diploid embryos
consistently have one tight peak of nuclear volumes and a second, smaller peak of nuclei
that are approximately double the size (perhaps pre-mitotic cells in the process of DNA
replication as suggested in Van de Pol et al., 2020). While triploid embryos do produce a
peak nuclear volume approximately 50% larger than that of diploids (as expected), the
values are not normally distributed, extending into and below the modal volume of
diploid embryos. This may reflect some degree of aneuploidy; indeed, recent work has
demonstrated a high frequency of chromosomal aberrations in pressure-induced triploid
Atlantic salmon especially in cases when the rate of triploid induction is low (Glover et
al., 2020).

Considering the narrow induction window and lower triploid induction rate in
zebrafish compared to Atlantic salmon (Benfey, 2016), it is possible that aneuploidy
could be even more prevalent in pressure-shocked zebrafish embryos. Classic ploidy
validation techniques such as erythrocyte size measurement or flow cytometric
measurement of nuclear DNA content are not well suited for ruling out this hypothesis
without further experimentation. That said, we favour an alternative hypothesis. The
Tg(h2a.f/z:-H2 A f/z::eGFP) transgenic has fluorescently labelled histones, so our
measurements are likely susceptible to differences in heterochromatinization and DNA
packing. This technique does not measure the actual mass of DNA present in each
nucleus or even the volume of the nucleus as defined by its membrane, but rather it

measures the amount of space occupied by the cluster of chromosomes contained within
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the nucleus. Nuclei with more tightly packed DNA (i.e., more heterochromatin) would
likely appear smaller using this technique than would a nucleus with an equal amount of
DNA but with more euchromatin. Gene expression studies have found differences
between diploids and triploids (Ching et al., 2010; Christensen et al., 2019; Van de Pol
et al., 2020), but I am unaware of studies comparing the general amount and rate of
transcription between ploidies. If there are differences in the ratio of heterochromatin to
euchromatin in some myofiber nuclei, this could explain the broader range of nuclear
volumes observed in triploids. In a parallel study, I have demonstrated that myofibers
typically have 3 nuclei in triploids and 4 nuclei in diploids (Chapter 3), so triploid
myofibers have 9 copies of the genome per cell whereas diploid myofibers have only 8.
Perhaps increased heterochromatin is a compensatory response to increased ploidy that
maintains gene expression in cells with more copies of the genome. The zebrafish
system is well-suited to experiments to assess this hypothesis.

Using this technique for early ploidy determination, we have optimized the
timing of hydrostatic pressure treatment to maximize triploid yield and have also
identified a developmental threshold after which triploids can no longer be produced.
Optimal triploid yields are achieved by pressure-treating zygotes between 75 and 90 spf.
Treating at 60 spf reduces both fertilization and survival rates. The former is likely
simply because embryos must be removed from the fertilization solution after only 45
seconds, giving eggs less time to be fertilized. I cannot explain the latter observation, but
this pattern of high mortality when pressure-treating too early is consistent with other
fish species such as salmonids (Benfey & Sutterlin, 1984; unpublished observations).
Reduced triploid induction rates with pressure treatments beginning later than 90 spf is

intriguing considering that Kavumpurath and Pandian (1990) determined the optimal

47



timing of heat treatment for triploid induction to be 150 spf and that Van de Pol and
colleagues (2020) successfully produced triploids using cold treatment at 180 spf.
Hydrostatic pressure treatment is preferred to thermal treatments for commercial-scale
triploid induction because, unlike changes in temperature, all eggs are immediately
subjected to the same treatment and optimal treatments are not dependent on pre-
treatment incubation temperature (Benfey, 2016). It is generally assumed that there are
no differences among triploids produced by the various induction techniques
(temperature, pressure, chemical, etc.) but these observations suggest that this
assumption should be re-examined. Little is known about the mechanism of second polar
body retention after hydrostatic pressure treatment that results in triploidy aside from an
electron microscopy study showing microtubule depolymerization in an
Actinosphaerium protist subjected to similar hydrostatic pressure treatments (Tilney et
al., 1966). The involvement of microtubules in this mechanism is attractive due to the
observation that microtubule toxins such as colchicine successfully induce ploidy
transitions in plants (Corneillie et al., 2019) and in fish (Smith & Lemoine, 1979), but
actin is also clearly involved as well since cytochalasin B has been shown to induce
ploidy transitions in molluscs (Melo et al., 2015) and in fish (albeit with low survival
rates) (Bolla & Refstie, 1985). This is consistent with the idea that microtubules are
necessary for karyokinesis, and actin-based contractile rings are necessary for
cytokinesis. Now that we can quickly and easily measure ploidy in zebrafish embryos,
we have an efficient system to compare the mechanisms of second polar body retention
and ploidy manipulation affected by the various ploidy manipulation techniques.
Viable triploid zebrafish embryos are morphologically indistinguishable by eye

from diploid controls, but I observed some common deformities in pressure-treated
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triploids such as pericardial edema and malformed epithelial layers. I examined the
developmental effects of triploidy on tissue morphogenesis in a parallel study (Chapter
3) so here I focus on the survival of macroscopically normal triploid embryos. These had
significantly lower survival rates compared to untreated diploid controls. Delomas &
Debrowski (2018) reported reduced survival in heat-induced triploid zebrafish over a
longer time span (2-4 cell stage until 70 days), with most mortalities in the first 5 days
after fertilization. Mortality rates were similar between their heat-treated triploids and
our pressure-treated triploids until 48 hpf, after which mortality rate improved greatly in
pressure-treated embryos (our study) but not in heat-treated embryos (Delomas &
Debrowski, 2018). Survival in cold-treated triploid embryos was 77% but was only
recorded until 24 hpf (Van de Pol et al., 2020) confirming that mortality is increased in
the first 24 hours regardless of the technique used to manipulate ploidy. I have shown
that that if a pressure-treated triploid embryo survives beyond 24 hpf, they are likely to
be viable, but I am unable to discern between the true effects of increasing ploidy and
the effects of the physical treatments on embryo survival from our study. This novel
technique to measure ploidy non-lethally creates the opportunity to compare survival
between triploids and “failed triploids”, i.e., diploids that were exposed to the pressure
treatment but not induced to become triploid, and thereby distinguish between these
ploidy and physical treatment effects.

Fertilization rate was not reported in the previously mentioned studies
presumably because with their protocols, triploid embryos remain in the fertilization
solution long enough to achieve saturation whereas fertilization is a limiting factor when
embryos are treated at 60 spf (our study). Deciding which triploid induction technique is

best will require a comparison between heat-, cold- and pressure-treatments measuring
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fertilization, survival, and triploid induction rates simultaneously; using this early, non-
lethal technique to determine ploidy makes this more feasible. The convenience of the
temperature treatments is relevant as temperature treatments do not require specialized
equipment like a hydrostatic pressure chamber and are more practically forgiving since
they allow more time after fertilization before treatment. Similar to Van de Pol and
colleagues (2020), high mortality rates using heat-treatments to induce triploidy (our
unpublished observations) led us to use an alternative ploidy manipulation technique. I
chose to use hydrostatic pressure as is it the most common protocol used in aquaculture,
but if cold-treated triploids have comparable survival rates after 24 hpf as well, this
could be the ideal protocol for triploid induction in zebrafish.

A simple experiment was designed to strengthen our argument for triploid
zebrafish as a model for studying the physiology of triploid fish by demonstrating that
the previously documented absence of an effect of triploidy on heart rate in larval brook
charr (Salvelinus fontinalis) (Benfey & Bennett, 2009) holds true for zebrafish. This
demonstrates the feasibility of using confocal microscopy to identify triploid individuals
from a pool of zebrafish embryos of mixed ploidy for use in subsequent experiments.
While we should not assume that triploid zebrafish will be comparable to other species
in all aspects of physiology, I have shown that at least some aspects of their physiology
are comparable. Taking into account the comparable gene expression patterns between
diploid and triploid zebrafish reported by Van de Pol et al. (2020) and the lack of a
ploidy effect on the link between temperature and heart rate reported here, [ am
confident that triploid zebrafish will contribute to our growing understanding of the
biological effects of whole genome duplication and resultant changes in cell size and

number.
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2.5 Conclusion

A notable difference between plants and animals is that polyploid animals compensate
for larger cells by reducing cell number to maintain body size, whereas plants do not.
Sudden and drastic changes in body size would likely result in major shifts in the
ecological niche that an organism is best suited for. For example, body size correlates
with prey type and nutritional requirements such that in coral reef fish, prey type and
feeding frequency change as gape sizes increases and the fish can eat larger prey (Dunic
& Baum, 2017). If animals were larger after a genome duplication, it could have
cascading effects on food webs as a predator could suddenly have access to entirely new
species of prey. There is no clear consensus for the pattern employed by invertebrates in
response to changes in ploidy and cell size but recent discoveries of WGDs in spiders
(Schwager et al., 2017) and horseshoe crabs (Kenny et al., 2016) emphasize that the
developmental and morphological consequences of WGDs are relevant for invertebrates
as well. As we discover more genome duplications events, we are learning about the
genetic consequences of polyploidy in animals (Postlethwait, 2007; Otto, 2007; Braasch
& Postlethwait, 2012; Fagernes et al., 2015; Mueller, 2015; Conant, 2020) but we are
lagging behind in understanding how these changes affect development and physiology.
Perhaps the evolution of compensatory mechanism(s) that maintain allometric
relationships independently of cell size changes were driven by changes in genome size.
Triploid zebrafish will be a valuable tool for these types of studies now that we can
reliably produce and identify them early and non-lethally.
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Figure 2.1 Large numbers (100+) of myofiber nuclei can be imaged simultaneously
using confocal microscopy in Tg(h2a.f/z:H2A.f/z::eGFP) zebrafish embryos (A, red
box). Compared to embryos from the control group (B; presumptive diploid), putative
triploids (C; pressure treated as zygote) have visibly larger nuclei. Intact nuclei can be
selected and extracted using FluoRender (selected nuclei are purple). Nuclear volume
distributions measured from these selected nuclei show an increase in size going from

presumptive diploid to triploid embryos (D and E, respectively).
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Figure 2.2 Hydrostatic pressure reliably produces embryos with larger nuclei and that
are bona fide triploids. A) Within-family variation of modal nucleus volume reveals two
non-overlapping clusters separating putative triploids (fish 5-7 and 9-13) from controls
(fish 1-4) and an embryo from the pressure treatment group that did not become triploid
(fish 8). B) Among-family variation in modal nucleus volume indicates that this pattern
of larger nuclei in putative triploid embryos is repeatable and consistent across families
(A-C denote families of sibling diploids and triploids; D denotes 5 distinct families of
triploid embryos). C & D) Diploid erythrocytes from adult zebrafish (C) are visibly
smaller than triploid erythrocytes (D). E & F) Erythrocyte major axis analysis reveals
two non-overlapping clusters separating triploids from diploids (E); all 32
Tg(h2a.t/z:H2A.1/z::eGFP) embryos identified as putative triploids using confocal

microscopy had larger erythrocytes as adults (F, n = 32 fish/ploidy, p < 0.001).
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Figure 2.3 Start time of hydrostatic pressure treatment affects fertilization rate (A),

survival rate to 48 hpf (B), triploid induction rate (C, 10 embryos per IVF), and triploid

yield (D) (n =5 IVFs for each start time, p < 0.001 for all experiments). N = 10 embryos

per IVF for (C). Letters denote significant differences between groups, error bars

represent standard deviation.
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Figure 2.4 Survival until 120 hpf is significantly affected by ploidy. A & B) Most
triploid embryos were morphologically indistinguishable from sibling diploids (48 hpf;
A is diploid and B is triploid). C & D) Triploid embryos that survived until 24 hpf
occasionally had severe deformities such as pericardial edema (C, arrow) and a
malformed yolk sac, but more subtle deformities such as malformed fin folds as seen in
the tail fin epithelium were more common (D, arrow). E) Kaplan-Meier survival curve
with 95% confidence intervals (dotted lines) for diploid (black) and triploid (grey)
embryos. Survival analysis indicated that ploidy significantly affected survival between
the 4-cell stage (time = 0.5-1 hpf) and first feed (time = 120 hpf) (n = 3,

30 embryos/ploidy/replicate, p < 0.01).
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Figure 2.5 Heart rate is affected by temperature but not ploidy at 56 hpf. Diploid (A &
C) and triploid (B & D) were not morphologically distinguishable in overall morphology
(A & B; the heart is located within the white circle) or cardiac morphology (C & D). A-
D) Single frames from videos of Tg(myl7:mCherry, h2a.f/z:-H2A.f/z::eGFP) zebrafish
embryo (A and V indicate the atrium and ventricle, respectively). E) Heart rate was not
affected by ploidy at 27°C or at 32°C (p = 0.523, n=10 embryos/ploidy; diploids in black
and triploids in grey) but was affected by temperature (p < 0.001). F) Histogram of
modal nuclear volumes from confocal analysis used to identify diploid and triploid

individuals for subsequent heart rate analysis.
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Abstract:

Whole genome duplications (WGDs) and ploidy transitions have occurred in nearly
every major taxon of eukaryotes (except for mammals), but they are far more common
in plants than in animals. Increased DNA content in polyploids generates organisms with
larger cells and, in plants, polyploids are larger than diploids as cell number does not
change. Conversely, vertebrate body size does not correlate to cell size and ploidy as
they compensate for increased cell size to maintain body size. This was thought to be
explained by a simple reduction in cell number that matches the increase in cell size to
maintain body size as ploidy increases, but here I show that the compensatory
mechanism that maintains body size in triploid zebrafish is tissue-specific: A) blood
cells respond in the classical pattern with a reduced number of larger erythrocytes in
circulation, B) muscle, a tissue comprised of polynucleated muscle fibers, compensates

by reducing the number of larger nuclei in each myofiber such that myofiber and
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myotome size is unaffected by ploidy, and C) vascular tissue compensates by thickening
blood vessel walls at the expense of lumen space. Understanding the physiological
implications of ploidy on tissue function requires a detailed description of the specific
morphological compensation for each tissue in order to truly understand how ploidy
changes affect development and physiology.

3.1 Introduction

Morphogenesis and growth interact during development to produce tissues, organs, and
bodies that are sized appropriately for the environment using mechanisms such as

1,'* or phenotypic-plasticity.>® These processes are regulated by the

developmenta
genome and therefore have been optimized by selection for any ecological niches
occupied by that species. The relationships between organ/body size and function are
typically non-linear as surface area does not scale linearly with volume and organ
function is often limited by functional surface area.!%!?> An example of this is Kleiber’s
Law: metabolic rate scales proportionately to approximately 3/4 of an animal’s mass.'?
Huxley and Tessier'* defined these relationships as allometric, though they were
primarily focused on the relationship between organ size and overall body size. The
study of allometry has expanded beyond physical traits to include physiological (e.g.,
metabolism'>!3) and ecological traits (e.g., habitat and prey preference.'®!7). Our
mechanistic understanding of the interactions among body size, physiological tolerances,
and ecological niches are incomplete, but patterns have emerged as ecological principles
such as Bergmann’s Rule (colder climates favour larger bodies)'®!* and Allen’s Rule
(colder climates favour rounder bodies and short limbs).2?! Evolutionary changes in

body size and morphology must manifest as changes in the number, size, and/or spatial

arrangement of cells (and the extracellular matrix in which they reside) as the animal
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develops?*?3. The evolutionary selective pressures on morphology determining which
genomes survive must therefore be selecting genomes that vary in ways that alter cell
proliferation, apoptosis, matrix remodeling, cell volume, and the number of cells
allocated to specific structures. This linkage between evolutionary and developmental
biology has become a popular field of investigation during the past few decades, as our
understanding of the genetic, molecular, and cellular underpinnings of morphogenesis
grows.?>23

In eukaryotes, nuclear and cell volume (i.e., the N:C ratio) are linked to the
amount of DNA in the cell.'??%2° Genome size varies 80000-fold across eukaryotes*®
and 350-fold across vertebrates?®?’; however, the N:C ratio is remarkably consistent
across taxa and tissues.!? Variation in genome size can be partially explained by
numerous Whole Genome Duplications (WGDs). 3!-3? These ploidy transitions have
persisted more often in plants than in vertebrates.3!*3-3 leading early researchers to
conclude that polyploidy played a negligible role in the evolution of animals.3

Ohno (1970) proposed that two WGD events occurred at the base of the
vertebrate lineage; these ploidy transitions could be advantageous because of increased
redundancy that relaxes selection on highly conserved genes.?” Advances in genomics
have provided clear evidence not only for two WGDs at the root of the vertebrates,*® but
also for others that have occurred since including more than 10 in teleosts alone.?>*° For
example, phylogenomic analyses of ohnologues (paralogous genes having arisen

40-42

through WGDs) have uncovered extensive divergence since these WGDs including

4445 5ox genes,*®

functional diversification of hemoglobins,*’ matrix metalloproteinases,
and circadian rhythm genes.*’ Since the discovery of these WGDs, research has focused

mostly on the genetic consequences of ploidy transitions.?!-32:4048-50 Determining the
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evolutionary fate of ohnologues that arose from WGDs has convincingly refuted the idea
that polyploidy has not been important in animal evolution, but these are not the only
consequences that could influence how ploidy transitions persist in evolution.
Maintaining the N:C ratio requires sudden changes in DNA content from WGD
to be associated with significant changes in cell volume. This highlights a curious
difference between plants and vertebrates in how they respond to ploidy transitions:
vertebrates compensate for larger cells by reducing cell number to maintain organ and

31-53 whereas plants do not compensate for larger cells and polyploid plants are

body size,
therefore larger than diploids.’*> A developmental mechanism that decouples cell
volume from organ size and body size could improve tolerance to WGDs by maintaining
the allometric relationships shaped by evolution for an organism in its ecological
niche.! Differences among tissues and organs with respect to how they compensate for
ploidy changes or in how these changes affect function may shed light on such
mechanisms.

In most teleost species, ploidy can be easily manipulated if in vitro fertilization is
possible.>® Treating zygotes with a sudden temperature shift or with hydrostatic pressure
after DNA replication but before cytokinesis will induce a WGD (a diploid to tetraploid
transition).>6-%! Alternatively, a diploid-triploid transition can be induced by treating
embryos before the extrusion of the second polar body.32¢2-%* Triploids have been
studied more extensively than tetraploids as they are reproductively sterile making them
useful for aquaculture — triploidy prevents gene flow between farmed and wild fish in
the event of escapes and prevents females from allocating resources to gamete

production,®® but triploid fish seem less tolerant of stressful conditions and succumb

more readily to physiological challenges.%®7 Tetraploid fish are fertile, but they are
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typically even less robust than triploids.’’! The observation that ploidy transitions
affect physiological tolerances and increase mortality rate when reared in conditions that
are optimized for diploid performance is intriguing. If polyploids underperform diploids
in conditions that are finely tuned to maximize diploid performance, are there conditions
that would favour polyploids over diploids? Even if performance was equal between
ploidies, polyploidy could be favoured under those conditions over time due to the
presence of ohnologues that can provide adaptive benefits as they evolve novel
functions. WGD generates an immediate reproductive barrier between populations that
occupy the same ecological niches (because hybrids between diploids and tetraploids
would likely be sterile triploids), therefore diploids and tetraploids would be in direct
competition for the same resources. Predicting conditions favourable for polyploids
requires a detailed understanding of the consequences of WGDs and associated changes
in cell volume/cell number on the physiology of the various cell types, tissues and
organs, and on the organism.

WGDs can be induced in zebrafish, but tetraploid zebrafish die within 10 days of
fertilization when reared in standard zebrafish conditions optimized for diploids>®-®!.,
Triploid zebrafish can be reliably produced®?** and ploidy can be measured non-lethally
using confocal microscopy to measure nucleus volume in the developing myofibers
(Chapter 2). %8 The optical clarity of zebrafish embryos and the availability of molecular
tools and transgenic lines to label specific tissues make the triploid zebrafish an ideal
model to study how different cell and tissue types compensate for changes in ploidy, cell
volume, and cell number. Here, I use live imaging of transgenic zebrafish embryos

(bright-field, DIC, and confocal microscopy) and immunohistochemistry to compare
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three very different tissue types — blood, muscle, and vasculature — to demonstrate
tissue-specific differences in their compensatory response to polyploidy.

Blood is a fluid tissue comprised of large numbers of individual mono-nucleated
cells that lack cell-cell and cell-matrix adhesions.®®’° Erythrocytes respond to ploidy
changes in the expected manner — erythrocytes are larger, but there are fewer of them in
circulation in triploid compared to diploid fish.>? The skeletal musculature of the trunk
in fish is a series of chevron-shaped myotomes made of stacked bundles of contractile,
multinucleate myofibers aligned in parallel along the anterior-posterior axis of the
embryo.”"7? In addition to undergoing fusion between myoblasts to generate
multinucleate myofibers,’? these cells maintain extensive cell-matrix adhesions at all
stages of their differentiation,*>”* but it is not yet clear how myotome development is
affected by ploidy changes in vivo. Vascular tissue is an endothelial network of various-
sized tubes that must spread fractally throughout the embryo to circulate blood
throughout the body. These cells maintain both cell-cell and cell-matrix adhesions and
are patterned by extrinsic signaling molecules presented by the extracellular matrix of
the tissue through which they grow but we do not know how these processes are affected
by ploidy transitions.

Using triploid zebrafish, I demonstrate that ploidy transitions and the
concomitant changes in cell volume and cell number have diverse effects on different
tissues in the teleost embryo. Hypotheses regarding developmental mechanisms that
allow vertebrates to compensate morphologically for sudden and dramatic changes in
cell volume and number, and how they affect the evolution of WGDs and polyploidy,
need to account for any physiological implications that arise due to changes in the

cellular composition of the various tissues and organs in the body. Ohnologues do not
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have time to accumulate mutations and diverge if the cell volume/cell number changes
reduce fitness so dramatically that polyploids die before reproducing and passing on
their genes. There is a balance between the consequences of cell volume/cell number
changes that affect selection on individual organisms and the advantages associated with
extra gene copies in polyploids over evolutionary time. Understanding the evolution of
polyploids requires an understanding of these developmental constraints relating to cell
size and the numbers of cells in organ primordia, as well as the evolutionary genetic
consequences.

3.2 Results:

3.2.1 Early cleavage rate and blastomere volume are not significantly different in
diploid and triploid zebrafish

Diploid and triploid zebrafish embryos were morphologically indistinguishable between
the 4-cell and 512-cell stages (Fig. 3.1A-F) and did not differ in the number of cell
divisions during the first 230 minutes of development (to the 512-cell stage) (Fig. 3.1G,
n = 8 embryos per ploidy, p = 0.232). At the earliest stages (4-8 cell), triploid embryos
were consistently one cell cycle behind diploid embryos at any moment in time, but
there was no observable difference at later stages between 128 cells until 512 cells, after
which staging embryos precisely becomes more challenging. At the 16-cell stage,
blastomere width and height (Fig. 3.1B and E, red and green lines, respectively) were
not significantly affected by ploidy (Fig. 3.1H; p = 0.506 and 0.910, respectively).

3.2.2 Triploid embryos have fewer, larger erythrocytes in circulation

At 48 hpf, diploid and triploid zebrafish embryos had a beating heart and robust
circulation of erythrocytes in large blood vessels like the dorsal aorta (Fig. 3.2A and B)

as well as in the intersomitic vessels (ISVs) (Fig. 3.2C and D). Triploid erythrocytes
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were larger (major axis) than diploid erythrocytes in the dorsal aorta where they are
unconstrained by lumen diameter (n = 8 embryos per ploidy, 30 cells per embryo, p <
0.001, Fig. 3.2A, B and E) and in smaller vessels such as the [SVs that force
erythrocytes to stretch and deform during erythrocyte transit (n = 8 embryos, n = 5-8
cells per embryos, p < 0.001, Fig. 3.2C, D and F). Triploid erythrocytes stretched to a
greater degree while traversing an ISV compared to diploid erythrocytes (n = 8 embryos
per ploidy, p < 0.001, Fig. 3.2G). Triploid embryos had fewer circulating erythrocytes
than diploid embryos (n = 8 embryos per ploidy, p <0.001, Fig. 3.2H).

3.2.3 Myofiber length is constrained by myotome size and N:C ratio is maintained
by reducing myonuclear count in triploids

Despite having larger nuclei in the developing myofibers at 48 hpf (Chapter 2),%® triploid
myotomes were no larger than diploid myotomes with average length (anterioposterior)
of 82.6 um £ 5.3 and 81.3 um =+ 8.9 and average height (dorsoventral) of 199.2 uym =+
18.0 and 191.9 pm £ 25.2 in diploids and triploids respectively (n = 5 embryos per
ploidy, 3 myotomes per embryo, p = 0.175 and 0.988 for myotome length and height,
Fig. 3.3A and B). This is consistent at finer resolutions: sarcomere length was always 2
um (n =8, p =1, Fig. 3.3C and D) and myofiber length (2N: 84.7 um + 5.1, 3N: 80.2 +
6.2) and width (2N: 7.1 um £ 1.5, 3N: 7.3 um =+ 2.4) were all unaffected by ploidy (n =3
embryos per ploidy, 10 myofibers per embryo, p = 0.360 and 0.618 respectively,

Fig. 3.4A and B). Furthermore, the number of myofibers per myotome in triploids was
not significantly reduced compared to diploids (n = 3 embryos per ploidy, p = 0.065,
Fig. 3.4C-E) and the somites from which they develop are established at the same rate
(Fig. 3.3E). Diploid myofibers typically had 4 nuclei compared to 3 nuclei in triploids

(Fig. 3.5, n =10 fibers per embryo, 8 embryos per ploidy, p <0.001).
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3.2.4 Triploid blood vessels have thicker vessel walls and lumen diameter is not
increased

At 48 hpf, diploid and triploid embryos have three large vessels that transport blood
along the anterior-posterior axis of the embryo connected by a series of smaller vessels
between each pair of somites.”* Despite the change in nucleus volume, there were no
qualitative differences between ploidies in the patterned network of blood vessels, and
no significant differences in the measured distance between the dorsal aorta and the
dorsal longitudinal anastomotic vessel (120.7 pum = 8.1 in diploids and 116.8 ym = 11.3
in triploids) or the distance between ISVs (70.1 pm + 4.6 in diploids and 72.7 pm + 6.3
in triploids) (n = 5 embryos per ploidy, p = 0.751 and p = 0.476 respectively, Fig. 3.6A
and B). Resliced confocal projections showing the vascular network in cross-section
reveals that the distance ISVs extend out laterally from the midline was also not affected
by ploidy (36.4 um £ 4.5 in diploids and 33.8 um £ 5.1, n = 5 embryos per ploidy, p =
0.087, Fig. 3.6C and D). Diploid and triploid ISVs were consistently made of 3 vascular
endothelial cells (n = 5 embryos per ploidy, Fig. 3.7). The dorsal-most nucleus was
located in the mediolateral section of the vessel just where ISV connects to the dorsal
longitudinal anastomotic vessel before the vessel turns and grows ventrally (Fig 3.7C
and E, magenta arrows). The medial and ventral (blue and yellow arrows respectively)
were found in the dorsoventral running section of the vessel before it connects to the
posterior cardinal vein (Fig. 3.7D, F and G). Renders from FluoRender”>7¢ of the ISV's
(Fig. 3.8A, B, E, and F) and the dorsal aorta (Fig. 3.8 C, D, G, and H) show that the
blood vessel walls were thicker in triploids than in diploids (n = 5 embryos per ploidy, p
< 0.001 1in both cases; Fig. 3.8) and that this expansion of the vessel walls comes at the

expense of lumen space rather than expanding out into neighbouring tissues.
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Figure 3.1. Cell cycle and cell volume are not affected by ploidy in pre-gastrula
zebrafish embryos. Diploids (A-C) and triploids (D-F) are morphologically
indistinguishable at the 8-cell (A and D), 16-cell (B and E) and 512-cell (C and F)
stages. A-F) Bright-field micrographs of pre-gastrula stage diploid and triploid zebrafish
embryos (scale bar = 50 um). G) Cleavage rate from the 4-cell stage until the 512-cell
stage is not significantly affected by ploidy (2 blastomeres per embryo, 8 embryos per
ploidy, p = 0.232). H) Cell size is not significantly affected by ploidy in diploid (blue)
and triploid (red) blastomeres. ‘W’ is cell width and ‘H’ is cell height (n = 8/ploidy, p =

0.506 and 0.910 respectively).
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Figure 3.2. Erythrocytes are larger, but fewer in number in triploid zebrafish embryos.
A+B) DIC micrographs of embryonic erythrocytes in the dorsal aorta at 48 hpfin a
diploid (A) and a triploid (B) embryo. C+D) DIC micrographs of embryonic
erythrocytes traversing an ISV at 48 hpf in a diploid (C) and triploid (D). E) Triploid
erythrocytes are larger than diploid erythrocytes in the dorsal aorta (n=8 embryos per
ploidy [30 cells per embryo], p <0.001) and F) in the ISVs (n=8 embryos per ploidy (5-
8 cells per embryo), p <0.001). G) Triploid erythrocytes deform relatively more than
diploid cells when traversing ISVs (8 embryos per ploidy, p < 0.01). H) Triploid

embryos have fewer circulating erythrocytes (n=8 embryos per ploidy, p < 0.001).
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Figure 3.3. Ploidy does not affect myotome size, sarcomere size, or the rate of
somitogenesis in zebrafish embryos. A+B) Confocal micrographs of anti-laminin
immunostains (magenta channel) co-stained with Drag5 (cyan channel) of diploid (A)
and triploid (B) myotomes. Myotome size was not significantly different along the
anterioposterior axis or the dorsoventral axis (n = 5 embryos per ploidy, p=0.175, and p
= 0.988 respectively). C+D) DIC micrographs of diploid and triploid myofibers.
Sarcomere size was not significantly affected by ploidy (n = 8 embryos per ploidy, p =
1). E) The rate of somitogenesis is not affected by ploidy (n = 8 embryos per ploidy, p =

0.22).
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Figure 3.4. The size and number of myofibers in each myotome are not affected by
ploidy. A+B) Confocal micrographs of diploid (A) and triploid (B) myotomes with actin
immunostained with anti-phalloiden 568 (red channel) and DNA stained with DAPI
(cyan channel). Scale bars are 100 pm. C+D) Single-frame images from confocal stacks
from A+B resliced along the AP axis. The number of myofibers in a diploid myotome
(C) is not significantly different than the number in triploid myotomes (D) (n =3

embryos per ploidy, p = 0.065) (E; diploid in blue, triploid in red).
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Figure 3.5. The number of nuclei per myofiber is significantly reduced in triploid
embryos. A+B) Confocal projections of myotomes in diploid (A) and triploid (B)
Tg(h2a.f/z:-H2A f/z::eGFP) embryos at 48 hpf. C+D) Higher magnification, single
planes of polynucleated myofibers from A+B. E) Diploid myofibers have significantly
more nuclei than triploid myofibers (blue and red, respectively; n = 10 fibers per

embryo, 8 embryos per ploidy, p < 0.001).
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Figure 3.6. Vascular patterning is not significantly affected by ploidy. A+B) Composite

confocal micrographs of the developing vascular system of diploid (A) and triploid (B)
Tg(h2a.t/z:H2A.1/z::eGFP; Flk1:mCherry) embryos. ISV length and the distance
between each ISV along the AP axis are not significantly affected by (n = 5 embryos per
ploidy, p =0.751 and p = 0.476, respectively). Red line indicates the plane projected in
C+D. C+D) Confocal projections of resliced stacks from A and B. The distance between
the midline of the dorsal aorta (red line) and the lateral-most point in the ISV (green

line) was not significantly affected by ploidy (n = 5 embryos per ploidy, p = 0.087).
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Figure 3.7. Triploid ISVs are not comprised of fewer cells than diploid ISV in 48 hpf

zebrafish embryos. A+B) Composite confocal micrographs of diploid (A) and triploid
(B) Tg(h2a.f/zzH2A.1/z::eGFP; Flk1:mCherry,) embryos, showing endothelial cell nuclei
(yellow arrows). C+D) Cropped, single plane micrographs at Z-planes selected to
highlight endothelial cell nuclei in the dorsal (C, magenta arrow), medial (D, blue
arrow), and ventral (D, yellow arrow) planes in a diploid embryo. E-G) Cropped, single
plane micrographs at Z-planes selected to highlight endothelial cell nuclei in the dorsal
(E, magenta arrow), medial (F, blue arrow), and ventral (G, yellow arrow) in a triploid
embryo. There is no effect of ploidy on the number of cells in the ISVs at 48 hpf (n =3

embryos per ploidy).
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Figure 3.8. Vascular endothelial cells are thicker in triploid zebrafish. A+B) Lateral
view of rendered confocal projections of an ISV and a section of the dorsal aorta in a
diploid (A) and triploid (B) Tg(h2a.f/z:H2A.f/z:eGFP; Flk1:mCherry) embryo (red
channel only). C+D) Rendered confocal projections from A and B rotated 90° to see the
dorsal aorta in cross section in a diploid (C) and triploid (D) embryo. E+F) Optical
longitudinal section at the midline of an ISV from the renders in A (E, diploid) and B (F,
triploid). G+H) Optical longitudinal section at the midline of the dorsal aortal from the
render in A (G, diploid) and B (H, triploid). I) Blood vessel walls of the dorsal aorta
(from G and H) are an ISV (from E and F) are thicker in triploid than in diploid embryos

(red and blue, respectively; n = 5 embryos per ploidy, p < 0.001 in both cases).
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3.3 Discussion

As we discover more examples of genetic innovations and increasing morphological
diversity after ploidy transitions, we reinforce Ohno’s statement that “natural selection
merely modifies, while redundancy creates”.>’ Tracing the fates of ohnologous gene
pairs using genomics has revealed that sub-functionalization and neo-functionalization
are far more common than previously thought,*>*4° Jeading some to wonder if there are
patterns that influence which genes are retained as ohnologous pairs and which lose one
member as a pseudogene.*>** Focusing only on the genetic implications of polyploidy is
not sufficient for truly understanding the roles that ploidy transitions have played in
evolution if we consider the physiological differences between fish of different ploidies
that would affect survival. Most studies that have documented physiological differences
between ploidies have focused on triploids,3?77-8" but given that tetraploids are even less

robust than triploids’¢-¢!

it is likely that these physiological differences would affect their
survival after a ploidy transition. WGDs and ploidy transitions are also associated with
sudden changes in cell volume and we do not fully understand the physiological
implications of these effects. In vertebrates, these increases in cell size are compensated
for by reducing cell number in the organism'?26-2°. This compensation maintains the
overall body size of the animal, making it more likely that it will be able to occupy the
same ecological niche as its diploid ancestor/new competitor, but the developmental
mechanism(s) that maintain allometric relationships between tissues and organs, and
other developmental constraints such as limitations on the minimum number of cells in a
primordium, are poorly understood.

Using triploid zebrafish embryos, I have uncovered several alternative strategies

that different tissues and cell types utilize to compensate for increased nuclear volume as
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ploidy increases and I discuss how these different strategies could have different
implications that are specific to each tissue. The classical “fewer, but larger cells”

5152 is not true for all tissues. It is

explanation for body size compensation in polyploids
important to know how these compensations affect each organ’s or tissue’s function in
order to understand how and when fertile polyploids will survive to pass on their genes.
3.3.1 Early development

I have shown that triploid embryos are morphologically indistinguishable from sibling
diploids during cleavage. Interestingly, the duration of the cell cycle is not affected by
ploidy suggesting that DNA replication is not rate-limiting during early cleavage. In

30,64,81 sol

most cases, the length of the cell cycle is inversely proportional to ploidy,
predicted that developmental rate would be slower in cleavage-stage triploids. However,
despite triploid cells having 50% more DNA to replicate during each cell cycle, triploid
embryos progressed from the 4- or 8-cell stage until the 512-cell stage no slower than
sibling diploids. The early cleavage stage is unique in that blastomeres are dividing
rapidly by skipping the G1 and G2 phases of the cell cycle.®? By switching to M phase
and dividing immediately after DNA replication, the number of cells can increase
rapidly but blastomeres get smaller with every division. These results suggest that at
these early stages, the capacity for DNA replication is not limiting the cell cycle in
cleavage stage zebrafish embryos.

The observation that blastomere size is not affected by ploidy at these earliest
embryonic stages implies that the N:C ratio is not an inherent property of all zebrafish
cells; rather, it becomes locked in at some later point in development as seen in urchin

and frogs.®? This suggests a possible mechanism explaining the difference in cell size

between diploid and triploids. The N:C ratio is set at the mid-blastula transition (MBT)
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when the rapid cell cycling of blastomeres stops and cells no longer get smaller with
each cell division.* In Xenopus, there is a sudden drop in the cytoplasmic concentration
of maternally-provided Importin a at the MBT #+85 and a concurrent activation of
zygotic genome transcription.®® Importin « regulates the transport of cytoplasmic
proteins (including maternally-provided nuclear structure proteins such as LaminB) into
the nucleus® acting as a cell surface-area-to-volume sensor by becoming progressively
more sequestered to the plasma membrane as the ratio of membrane:cytoplasm increases
with each cell division.®® Eventually, most of the maternally-provided pool of Importin o
is bound in the plasma membranes and the import of cytoplasmic proteins into the
nucleus slows, triggering the MBT and the end of reductive blastomere division. A
triploid embryo (with larger nuclei) would consume more of the maternally-provided
nuclear structure proteins with each cell division. Perhaps triploid animals have larger
cells because the supply of nuclear structure proteins dilutes more rapidly and becomes
limiting one cell cycle earlier, thereby triggering the MBT before the cells can undergo
one more round of reductive cell division.

The establishment of the N:C ratio and zygotic genome activation both occur at
the MBT, but it is becoming clear that these processes are linked and not merely a
temporal coincidence. Zygotic genome activation (ZGA) occurs in haploid Drosophila
one cell cycle later than in diploids, as would be predicted by this model®”#® and
manipulating the N:C ratio by injecting exogenous DNA triggers ZGA early.*® Xenopus
embryos in which cell size has been reduced experimentally by manually removing
cytoplasm have precocious zygotic genome activation,’®®! presumably due to the sudden

drop in cytoplasm:membrane ratio that causes Importin a to become limiting sooner.
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Since blastomeres are skipping the G1 and G2 phases, they are getting smaller with each
division so by undergoing the mid-blastula transition after fewer cell cycles, the N:C
ratio is maintained by altering how many reductive cleavage divisions occur before the
zygotic genome activates. Testing this model would require the ability to modulate the
amount of LaminB in the cytoplasm perhaps by microinjecting in vitro translated
proteins into the cytoplasm of triploid zebrafish zygotes or 2-cell embryos to see if cell
size increase can be decoupled from ploidy increase.
3.3.2 Blood
The blood is the most-studied tissue in the biology of polyploid vertebrates because
triploid fish are particularly susceptible to physiological stressors that affect aerobic
metabolism such as hypoxia, temperature, and exercise.”’%92 Also, erythrocyte analyses
are the classic diagnostic tools for measuring ploidy either by comparing length of the
major axis using microscopy®’ or by measuring DNA content using flow cytometry.®*
Most of these studies focus on adult blood since samples can be collected easily from
larger fish, but here I show that embryonic erythrocytes conform to the same “fewer but
larger” pattern of compensation to polyploidy that is known to occur in adult blood.
Embryonic erythrocytes differentiate directly from the mesoderm without a stem cell
phase,”>® making them distinct from adult erythrocytes that differentiate from
hematopoietic stem cells, but it seems they conform to the same pattern of
compensation.

Blood is unique in being a viscous liquid rather than the typical solid, static
tissues that make up most of the organism. The lack of cohesion means that blood cells
are not constrained by neighbouring tissues and can therefore compensate for increased

ploidy by getting larger in all dimensions. The physiological consequences of increased
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cell volume on erythrocyte function are not well-understood, but this strategy of
compensation maintains hematocrit and hemoglobin so that these hematological
variables generally are not affected by ploidy.>?

A long-standing mystery in triploid hematology has been the preponderance of
erythrocytes with bisected nuclei when examined on blood smear.*? The circulating
blood is a population of mostly mature cells with a short half-life, and most studies of
triploid hematology focus only on these cells. If bisected nuclei are indicative of
damage, these erythrocytes will be eventually be removed by macrophages and replaced
by new erythrocytes that differentiate from a pool of hematopoietic stem cells that
colonize the anterior lobe of the kidney. To our knowledge, the only studies comparing
the number of stem cells for any tissue between animals of different ploidy level were
cell culture studies comparing the differentiation rate and number of myoblasts in
diploid and triploid trout and salmon muscle showing that triploids had slower/reduced
differentiation rates and fewer myoblasts.””*® If these patterns hold true in the blood as
well, this could limit the ability of fish to replace erythrocytes that accumulate damage
while squeezing through narrow capillary vessels. The zebrafish is an ideal model
system for this line of investigation as there are already hundreds of hematopoiesis-
relevant mutants and transgenics available due to decades of research on development of
the hematopoietic system and its relation to cancers of the blood.®%-70:%°
3.3.3 Muscle
Studies focused on understanding the effects of ploidy changes on skeletal muscle

development and physiology?7-28:100-102

are relatively scarce compared to the
hematological studies. Myofibers are multinucleated cells that form by membrane fusion

of myoblast precursor cells,’? and then cells elongate along the anterior-posterior axis

93



until they span the distance between somite boundaries.”’"”3 Previously, I have shown
that these myofiber nuclei are larger in triploid embryos than in diploids and I can use
these nuclei to identify triploid individuals from a pool of mixed ploidy embryos
(Chapter 2).%® Somite morphology and the rate of somitogenesis are not affected by
ploidy, likely because somite boundaries are spaced equally in diploid and triploid
embryos and the length of the myofibers that span the somite are not affected by ploidy.
I predicted that these cylindrical myofibers would have a larger cross-sectional diameter
in order to maintain the N:C ratio, but did not detect a difference in the width of
individual myofibers in cross-section or in the total number of myofibers in an optical
cross-section of a myotome, suggesting that this tissue responds to ploidy change
differently than in blood. Close examination of diploid and triploid myofibers revealed
the mechanism: myofibers are constrained in size along the A-P dimension by the somite
boundaries, but because they are multinucleated cells, they can reduce the amount of
DNA in any given myofiber by reducing the number of nuclei per myofiber. Diploid
myofibers typically have four nuclei per fibre whereas most triploid myofibers have only
three. Presumably, this is a result of the fusing together of fewer myoblast precursor
cells, which suggests an interesting N:C sensitive mechanism regulating myoblast
fusion. Despite this compensation in the number of nuclei, it is still curious that triploid
myofibers do not appear to be larger than diploid myofibers. A diploid myofiber with
four nuclei would have eight copies of the genome per cell whereas a triploid with three
nuclei per fibre would have nine copies, so there could still be a subtle effect of ploidy
on the cross-sectional area or on the number of myofibers. Indeed, the difference in the
number of myofibers between diploid and triploid in this study approaches significance.

The poor signal-to-noise ratio in the deep tissues near the midline of immunostained
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embryos limited the analysis of myofiber cross-sectional area to measurements of
myofiber width in 2-dimensional confocal projections rather than 3-dimensional analysis
of resliced confocal projections. Labelling cell membranes by injecting mRNA encoding
for a membrane-targeting fluorescent protein'®® in Tg(h2a.f/z:H2A.f/z::eGFP) embryos
would allow for more precise measurements of cross sectional area to detect for subtle
effects on the size and number of myofibers in a diploid (with 2 copies of the haploid
genome in ~4 nuclei) compared to triploid myofibers (with 3 copies of the haploid
genome in ~3 nuclei).

An intriguing observation from this study is that sarcomere length is consistent
between ploidies. Scaling of subcellular structures to cell size has been demonstrated for

other organelles, 385,105,106

so it is not surprising that sarcomere size is maintained when
myofiber size is not affected by ploidy. Perhaps this unique strategy utilized by
myofibers ensures that the force-generating contractile apparatus in the skeletal muscle
remains unchanged in the face of ploidy and cell size changes. Sudden changes in the
force-generating ability of the sarcomeres could affect even the most basic functions like
swimming and ventricular contractions. Preventing these changes increases the
likelihood of a polyploid surviving and reproducing in the niche once occupied by its
diploid ancestors.
3.3.4 Blood Vessels

The lack of apparent differences in the patterning of the vascular network
between diploids and triploids in 48 hpf old embryos suggests that this repulsion-based
mechanism, which is directed by Semaphorin-Plexin signalling,'%”-1% is sufficiently

robust to tolerate changes in cell size without affecting the pattern produced. I predicted

that triploids would reduce the number of vascular endothelial cells for any given length
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of blood vessel, but rejected this hypothesis by counting three flattened nuclei embedded
in vessel walls (rather than inside the lumen) in both diploid and triploid ISVs. Vascular
endothelial cells are thicker in triploids embryos compared to those in diploids thereby
maintaining the N:C ratio. Strikingly, rather than increasing the diameter of the vessel
wall, the cells expand into the empty space of the lumen decreasing lumen diameter.
This contradicts my initial prediction that lumen diameter would increase in order to
accommodate the increased size of the erythrocytes that circulate within these vessels.
Recent work using zebrafish to test models of microcapillary flow emphasized the
importance of pressure-feedbacks driven by vessel occlusion to evenly distribute
erythrocytes throughout the vascular network,!? but it is unclear how a sudden change
in the cell size without a concomitant increase in vessel diameter affects erythrocyte
flow patterns. The observation that the larger triploid erythrocytes must traverse a
network of vessels that are smaller in diameter than those travelled by the smaller
diploid erythrocytes could contribute to the well-documented limitations of triploid fish
to cope with oxygen stress, whether it be due to high temperatures, hypoxia, or exercise.
When the animal becomes reliant on the efficient delivery of blood to all of its
tissues for aerobic metabolism, perhaps the network of vessels compensates since it is so
plastic. There are no studies comparing oxygen diffusion distance or distance between
vessels in capillary beds between adult animals of different ploidies but it could be that
animals will compensate for ploidy changes by modifying capillarization of tissues. It is
also possible that the altered thickness of the vascular endothelial cells affects the rate of
oxygen transported from the blood into the tissues, so there could well be angiogenic
differences that emerge as the fish grows and the vascular system is shaped by local

oxygen demands in the adjacent tissues. At this early stage, lumen diameter is largely
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regulated by the size of the vascular endothelial cells that form the tube and by internal
pressure from blood flow. Later, from 4-6 days post-fertilization onwards, pericytes and
vascular smooth muscle cells adhere to the abluminal surface of blood vessels,
conferring the ability to dynamically regulate vessel lumen diameter.!'* It would be
interesting to study to number and function of these cells on vessels that have thicker
endothelial cells to see if lumen diameter and vasocontractility are affected by ploidy.
3.3.5 Conclusions and future directions

Morphology and physiology are inextricably linked.>!'%!1? Vertebrates have evolved
developmental mechanisms that compensate for the cell size increases that accompany
WGDs and ploidy transitions so that organ and body size are maintained in polyploids.
Does changing the cellular density of an organ or tissue affect its function if organ size
1s maintained? Individual triploid erythrocytes contain more hemoglobin than diploid
erythrocytes, but the reduction in the number of erythrocytes compensates so that the
concentration of hemoglobin per unit blood volume typically is consistent in diploids
and triploids.>?> Does packaging hemoglobin into fewer, larger units affect the ability of
an organism to efficiently transport oxygen from its respiratory surfaces to its tissues?
Functional studies of respiratory surfaces suggest that thicker epithelial layers
significantly affect the rates of oxygen diffusion into the blood,!*!'° but little is known
about how blood vessel thickness affects physiology and oxygen transport. Erythrocytes
with bisected nuclei are frequently observed in triploid blood smears,>? perhaps due to
squeezing through blood vessels that have not increased in diameter to accommodate
larger erythrocytes. Packing more hemoglobin into each erythrocyte means that a
triploid loses a larger proportion of the total amount of circulating hemoglobin whenever

a cell is damaged than would a diploid, thereby amplifying the consequences of
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erythrocyte damage. In mammalian erythrocytes, cell size is inversely proportional to

respiration rate due to a reduced surface to volume ratio'!>'12

suggesting that respiration
rate would be reduced in a triploid erythrocyte despite having more hemoglobin. There
must be a metabolic cost associated with replacing erythrocytes at a faster rate and with
having more damaged erythrocytes in circulation, but little is known about erythrocyte
turnover in fish. Simonot and Farrell!'3'* noted that triploid rainbow trout
(Oncorhynchus mykiss) were not able to recover from phenylhydrazine-induced
anaemia, whereas diploids had, suggesting that triploids had a reduced capacity for
erythropoiesis and further implicating erythrocyte turnover as a limiting factor for
triploid physiology.

This study focuses on triploid zebrafish, but most evolutionarily-relevant ploidy
transitions would be diploid to tetraploid transitions. It is possible to produce tetraploid
zebrafish, but they are usually very deformed and do not survive to adulthood® (our
unpublished observations). This is curious as tetraploids are viable in other species of
teleost.’”3*60 McMillen and colleagues''® argue that the zebrafish somite is an extremely
reduced tissue consisting of two border cells that abut the anterior and posterior
myotendinous junction and two interior cells that have a different fate because they lack
this attachment to the extracellular matrix at the myotendinous junction. It seems likely
that triploid somites would be even further reduced to having only three cells in total,
but still able to define two distinct cell types (border and interior) and form a functional
myotome. However, a tetraploid somite would be reduced even further to two cells, both
of which would therefore become border cells and thus making it impossible to form a
functional myotome. The reason why tetraploid zebrafish are not viable may be due to

their size: an animal with so few cells dedicated to each developmental primordium may
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not be able to establish all necessary cellular identities from which to build essential
structures when these rudiments are now comprised of only half the number of cells. A
larger fish can afford to the reduce the number of cells by half because there is still a
sufficient number of precursor cells remaining to differentiate into the various cell types
needed for a tissue or organ to function, but a myotome that is only two cells across can
only produce border cells.

This study has revealed that the mechanism of compensation to maintain body
size in the face of cell size changes is not conserved across tissues. Blood compensates
for ploidy transitions by reducing the number of cells thereby maintaining the
concentration of hemoglobin in the tissue. Muscle compensates by reducing the number
of myoblast fusions to produce myotomes, myofibers, and sarcomeres whose size is not
affected by ploidy. The vascular system compensates by thickening vessel walls and
maintaining the dimensions of the network. The zebrafish is well-suited to testing the
functional consequences of these changes on whole-animal physiology that could shed
light on the conditions that would minimize the negative consequence of WGD in
evolution and on conditions that will ameliorate the performance of triploids in
aquaculture.

3.4 Experimental Procedures

3.4.1 Animal husbandry

Adult zebrafish were reared in flow-through dechlorinated municipal water in the
University of New Brunswick Zebrafish Facility in standard 25 x 11 x 15 cm tanks
(Pentair Aquatic Ecosystems, Apopka, FL) at 28°C on a 14:10 h light:dark photoperiod.
They were fed adult zebrafish pellets (Gemma Micro, Skretting) twice per day

supplemented with live Artemia once per day. Embryos were reared in glass Petri dishes
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in Embryo Rearing Medium (ERM: 13 mM NaCl, 0.5 mM KCl, 0.02 mM Na,HPO4,
0.04 mM KH2PO4, 1.3 mM CaCl,, 1.0 mM MgSOs4, 4.2 mM NaHCOs, pH 7.4) with
0.01% methylene blue at 28.5°C until 120 hpf when they were transferred to 1L larval
tanks. Larvae were fed a series of increasingly larger pellets (Gemma Micro 75-300,
Skretting) using automated feeders set to feed 4 times per day. Transgenic lines used in
this study were Tg(h2a.f/z:H2A.f/z::eGFP),''” Tg(Flk1:eGFP),''® and crosses between
Tg(h2a.f/z:H2A .f/z::eGFP) and Tg(Flk1:mCherry).'!°

3.4.2 Triploid production and identification

Triploids and diploid controls were produced and identified using the protocol described
in Chapter 2. Briefly, triploidy was induced by applying hydrostatic pressure (58.6 MPa
for 5 minutes) to in vitro fertilized zygotes 70-80 seconds after fertilization. Unless
otherwise noted below, triploids were always identified using confocal microscopy to
measure nucleus volume in the myofibers at 48 hpf.®® This was done in vivo for
Tg(h2a.t/z:-H2A.1/z::eGFP) embryos, whereas Tg(Flk1:eGFP) and Tg(Flk1:mCherry)
embryos were fixed and stained in 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA) with 20 uM of Draq5 (Thermo Scientific, Waltham, MA,
USA) in PBS with 0.1% Triton-X100 (PBSTx) overnight at 4°C and then washed thrice
in PBSTx prior to confocal microscopy.

3.4.3 Blastomeres

3.4.3.1 Cleavage rate

Symmetrically dividing diploid and triploid Tg(h2a.f/z:H2A.f/z::eGFP) embryos (8 per
ploidy) were sorted individually into four-chambered Petri dishes at the 4- to 8-cell stage
and held at 28°C in an incubator until the 512-cell stage. Bright-field images were taken

periodically (Leica MZ205A dissecting microscope), with the embryos quickly returned
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to the incubator after imaging to maintain temperature. Several pressure-derived
embryos were asymmetrical at the 8-cell stage and therefore not likely to be viable;
these were replaced with embryos from the same pressure treatment and kept in the
same incubator. Hence, some of the triploid embryos were first imaged at the 16-cell
stage. Embryos were staged as described in Kimmel et al.'?° and images were processed,
annotated, and assembled in FIJI.!2! The rate of cell division (number of cell divisions /
elapsed time [minutes]) was compared between diploids and triploids using a two-
sample Student’s t-test in R.'??

3.4.3.2 Blastomere volume

Blastomere volume was approximated by measuring the width and height of blastomeres
from these same images using the line tool in FIJI (8 embryos per ploidy at the 16-cell
stage). The two lateral-most blastomeres in each embryo were measured and averaged
(these cells were selected because their edges were easier to resolve clearly) and the
effect of ploidy on blastomere dimensions was analyzed using separate two-sample
Student’s t-tests for width and height.

3.4.4 Erythrocytes

Diploid and triploid Tg(h2a.f/z:H2A.f/z::eGFP) embryos were raised at 28°C in Petri
dishes (<50 embryos per dish) until 48 hpf, at which time they were anaesthetized with
tris-buffered MS-222 (0.168 mg/ml), mounted onto a slide in anaesthetic using a
coverslip with vacuum grease footpads, and imaged on a Leica SP8 confocal
microscope. DIC XYT stacks of blood flow in the dorsal aorta and in the ISVs were
collected. Individual erythrocytes could not be resolved in most of the XY frames
(Figure S1), but occasionally a frame would capture cells between heart beats and then

they could be resolved. Erythrocyte number was estimated from these images by
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counting the cells along a 100 um line drawn parallel to the blood vessel. DIC XYT
stacks of the ISVs were collected until at least 5 cells had been imaged. Erythrocyte
major axis lengths in the dorsal aorta and ISV were measured using the line tool in FIJI
(dorsal aorta (DA): 30 erythrocytes per embryos, ISV: 5-8 erythrocytes per embryo, 8
embryos per ploidy). Erythrocyte deformation was calculated by dividing mean
erythrocyte length in an ISV by mean erythrocyte length in the dorsal aorta for each
embryo. Erythrocyte length was averaged for each embryo and the effect of ploidy on
mean erythrocyte length (DA and ISV), erythrocyte deformation, and erythrocyte
number were analyzed by independent two-sample Student’s t-tests in R. Ploidy of each
embryo was confirmed by myofiber nucleus volume analysis after blood flow images
were collected.

3.4.5 Muscle

3.4.5.1 Myotome morphology

Diploid and triploid Tg(h2a.f/z:H2A.f/z::eGFP) embryos were fixed in Dent’s fixative
(80% methanol, 20% DMSO) overnight at 4°C and then blocked for 8 h in 5% BSA in
PBSTx (blocking buffer) at 4°C. They were then incubated in primary antibody (rabbit
anti-laminin at 1:1000 in blocking buffer, catalogue #PA1-16730; ThemoFisher
Scientific, Waltham, MA, USA) overnight at 4°C, washed thrice in PBSTX, incubated in
secondary antibody (goat anti-Rabbit Alexa-488 at 1:2000 in blocking buffer;
Invitrogen, Carlsbad CA, USA) with 20 uLL Draq5 (Thermo Scientific, Waltham, MA,
USA) overnight at 4°C, and again washed thrice in PBSTx. Myotome dimensions
(anterior-posterior = length, dorsal-ventral = height) were measured in three adjacent
myotomes beginning with the one immediately dorsal to the tip of the yolk extension.

Embryos treated identically except for no primary antibody incubation exhibited very
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weak and ubiquitous autofluorescence. Confocal stacks were collected using a Leica
SP8 confocal microscope, fitted with a 25x 0.9 NA lens. Images and plate assembly, Z-
projection, and annotation were done in FIJI. The effects of ploidy on myotome height
and length were assessed using two-sample Student’s t-tests in R (n = 5 embryos per
ploidy).

3.4.5.2 Rate of somitogenesis

At 12 hpf, 8 diploid and 8 triploid Tg(h2a.f/z:H2A.f/z::eGFP) embryos were manually
dechorionated using #5 watchmaker forceps, pooled in a Petri dish, and blindly sorted
into individual wells of 4-welled Petri dishes. Somites were counted on a Leica
MZ205A dissecting microscope at 17, 20 and 23 hpf, with the embryos kept separated
until ploidy confirmation at 48 hpf. Rate of somitogenesis was calculated as the number
of new somites formed during the 6-hour experiment (final somite number — initial
somite number) and the effect of ploidy on this value determined by two-sample
Student’s t-test in R (n = 8 embryos per ploidy).

3.4.5.3 Myofiber morphology

Diploid and triploid Tg(h2a.f/z:H2A.f/z::eGFP) embryos were fixed in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA ) overnight at
4°C, blocked for 8 h in 5% BSA in PBSTx (blocking buffer) at 4°C, and then incubated
in Alexa Phalloidin 568 (1:20 in blocking buffer; Molecular Probes Eugene, OR, USA)
with DAPI (1:10000 in blocking buffer; Thermo Scientific, Waltham, MA, USA)
overnight at 4°C. Embryos were washed thrice in PBSTx after each step. Embryos
treated identically without the stains exhibited very weak and ubiquitous
autofluorescence and a barely visible GFP signal in cell nuclei. Confocal stacks were

collected using a Leica SP8 confocal microscope fitted with a 25x 0.9 NA lens. Images
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were assembled, Z-projected and made into annotated composites using FIJI. A
myotome dorsal to the tip of the yolk sac extension was isolated using the Crop tool.
Myofiber length and width were measured by drawing lines bisecting the nuclei at the
centre of the fibre (Figure S2 red line) and perpendicular to the widest part of the fibre
(Figure S2 blue line), respectively, with 10 fibers measured in each embryo. Myofibers
were counted using the same confocal stacks resliced along the anterior/posterior axis in
FIJI with 0.568 pum stepsize. In these resliced stacks, a myofiber appears as bundles of
red actin that surround blue nuclei. These myofibers were counted manually from the
resliced stacks in one half of the embryo (the lateral side of the embryo nearest to the
objective from notochord to the ectoderm). The effects of ploidy on myofiber length,
width and number (n=3 embryos per ploidy, 10 fibers per embryo) were determined
using two-sample Student’s t-tests in R.

3.4.5.4 Sarcomere length

DIC micrographs of sarcomeres from the embryos in section 4.4.2 were collected (Leica
SP8 confocal microscope, fitted with a 25x 0.9 NA lens) at 48hpf during ploidy
determination. Sarcomere length was measured in the myotome immediately dorsal to
the posterior tip of the yolk extension using the line tool in FIJI. Mean sarcomere lengths
(5 measurements from 8 myofibers per embryo) between diploids and triploids were
compared using a two-sample Student’s t-test.

3.4.5.5 Myonuclear count

Myonuclear counts were performed in diploid and triploid Tg(h2a.f/z:H2A.f/z::eGFP)
embryos by panning through confocal stacks to find a series of nuclei that could
unequivocally be assigned to a single myofiber and manually counting them. Ten fibres

were counted per embryo. The effect of ploidy on the mean number of nuclei per
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myofiber (n = 8 embryos per ploidy) was determined using a two-sample Student’s t-test
in R.

3.4.6 Vasculature

3.4.6.1 Vascular patterning

Overlapping confocal stacks were collected from the yolk extension to the vascular
plexus of diploid and triploid Tg(h2a.t/z:H2A.1/z::eGFP; Flk1:mCherry) embryos using
a Leica SP8 confocal microscope fitted with a 25x 0.9 NA lens. Images were assembled,
Z-projected and made into annotated composites using FIJI. Inter-ISV space (mean of 3
adjacent ISV pairs dorsal to yolk sack extension) and ISV length (measured as the
distance between the dorsal aorta (DA) and the dorsal longitudinal anastomotic vessel
(DLAV, mean value of 3 measurements made at the centre of each ISV pair)) was
measured using the line tool in FIJI. The lateral growth of the ISV was measured by
reslicing the confocal stacks from anterior to posterior (0.568 um stepsize) and
measuring the distance between the midline of the dorsal aorta and the outermost part of
the ISV (always below the lateral line) (Figure 6 C+D, green line). The effects of ploidy
on inter-ISV distance, DA-DLAYV distance and ISV lateral growth (n = 5 embryos per
ploidy, p = 0.087) were assessed using two-sample Student’s t-tests in R.

3.4.6.2 ISV cellularity

From the confocal stacks in 4.5.1, the number of nuclei in each ISV was determined by
manually scanning through stacks and counting the flattened, GFP-positive nuclei
embedded in the mCherry-positive blood vessels for 3 ISVs per embryo (Fig. 7A+B; 5
embryos per ploidy). ISVs are 3-dimensional structures and do not lie in a single plane
in vivo, making it impossible to show a single image with all nuclei visible in a single

blood vessel without nuclei from the surrounding myotome tissue impeding the view.
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Individual planes from the stack were selected to highlight the dorsal (Fig. 7C+E,
diploid and triploid respectively), medial (Fig. 7D+F, diploid and triploid respectively),
and ventral (Fig. 7D+G, diploid and triploid respectively) ISV nuclei. Image were
cropped, stitched and annotated using FIJI.

3.4.6.3 Vessel wall thickness

The red channel from the confocal stacks in 4.5.1 was imported into Fluorender’>’° to

facilitate 3D rotation and optical slicing so I could measure thickness of the ISV (Figure

8 A+B and E+F) and dorsal aorta (Figure 8 C+D and G+H) vessel walls. Using the

orthoslice functions in Fluorender, I navigated to the widest section of the blood vessel

(excluding any nuclei) and measured the thickness of the vessel wall at three places

along the vessel wall (averaged for each embryo). For the ISVs, I measured three ISVs

per embryo and averaged them. Mean vessel thickness was compared between diploids
and triploids by two-sample Student’s t-test (n = 5 embryos, p <0.001 in both cases).
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Figure 3.S1. DIC micrograph of streaking blood cells in dorsal aorta (white arrow).
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Figure 3.S2. Cartoon model of a multi-nucleated myofiber spanning a myotome.
Chevron-shaped lines represent the myotendinous junction. Red line denotes myofiber

length, blue line denotes myofiber width, green ovals denote the nuclei.
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4.0 Chapter 4:

Triploids have fewer hematopoietic stem cells and slower steady-state rate of
erythropoiesis
Christopher D. Small, Krista MacRae, Bryan D. Crawford, and Tillmann. J.
Benfey.
Abstract

The blood of triploid fish is comprised of fewer, larger cells such that
hemoglobin concentration is not affected by ploidy, but it is not yet clear if erythrocyte
turnover is affected by ploidy. By adapting standard hematological assays for use in
small fish, I have shown that this “fewer, larger cells” pattern holds true in triploid
zebrafish making them a viable model for studying triploid hematology. Using myotome
myofiber nuclear volume analysis to determine ploidy in vivo combined with transgenic
fish with tissue-specific fluorescent reporters, I have demonstrated that triploids have
fewer hematopoietic stem cells and a slower rate of steady-state erythropoiesis.
Curiously, triploids were able to recover from experimentally-induced anemia within the
same time frame as diploids but it is still not clear if triploids take longer to recover as
the time frame of the experiment was too long to capture the rate of recovery.
4.1 Introduction

Ploidy transitions have been relatively rare in the evolution of animals compared
to their frequency in plants (Miiller, 1925; Masterson, 1994; Braasch and Postlethwait,
2012; Mueller, 2015). Ohno’s (1970) prediction that there were two rounds of genome
duplication at the base of the vertebrate lineage (referred to as the 2-R hypothesis) has

since been supported through the advent of genomic technologies (Ohno, 1970; Dehal
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and Boore, 2005; Braasch and Postlethwait, 2012). Most subsequent ploidy transitions
(often referred to as Whole Genome Duplications — abbreviated WGDs) among
vertebrates have occurred in teleost and amphibian lineages (Mable, 2004; Mable et al.,
2011; Braasch and Postlethwait, 2012; Mueller, 2015). Research on WGDs has
traditionally focused on underlying genetic mechanisms and consequences to understand
what happens to duplicated genes in subsequent generations (Postlethwait, 2007;
Braasch and Postlethwait, 2012; Lien et al., 2016; Braasch et al., 2016; Conant, 2020).
These studies have emphatically revealed the role genome duplication has played in
evolution by relaxing selection on conserved genes, thereby allowing one copy to mutate
and potentially evolve novel functions (Richards et al., 2003; Bystrianki et al., 2006 and
2007; Fagernes et al., 2015). Increasing evolvability could certainly be advantageous per
se, but little is known about the negative consequences of increased ploidy that have
limited its occurrence in evolutionary history.

The correlation between DNA content and cell size is consistent across tissues
and taxa (Gregory, 2001; Gregory and Mable, 2005; Gillooly et al., 2015), but the
organismal-level response to increased cell size varies among plants, invertebrates, and
vertebrates. In plants and many invertebrates, body size is positively correlated with
ploidy as the number of cells in tissues and organs is independent of ploidy (Aversano et
al., 2012; Nell, 2002; Clarke et al., 2018). In contrast, vertebrates (and some
invertebrates) respond to increased ploidy by reducing cell number such that polyploid
organisms are no larger than conspecific diploids (Fankhauser, 1939; Benfey, 1999;
Piferrer et al., 2009; Miller et al., 2020). Although the physiological implications of
building an organism from fewer, larger subunits are not well-studied from an

evolutionary perspective, there has been decades of research striving to tease apart the
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subtle physiological differences between diploid and experimentally-produced triploid
fish (especially salmonids) for the purpose of optimizing triploid performance in
aquaculture. By extrapolating what we learn from these more common diploid/triploid
comparisons, we can improve our understanding of ploidy transitions in the evolution of
vertebrates.

Interest in triploid physiology revolves around the observation that triploid fish
are reproductively sterile (Benfey, 1999; Piferrer et al., 2009; Benfey, 2016). If farmed
fish escape their physical confinement, this added layer of genetic confinement prevents
gene flow from farmed to wild populations and the establishment of invasive species.
Moreover, the ovary fails to develop in triploid females so there is no sexual maturation
and, therefore, maturation-induced deterioration of flesh quality is prevented (Poontawee
et al., 2007; Piferrer et al., 2009; Benfey, 2016). However, triploids are not widely used
in aquaculture as they tend to underperform compared to diploids (Maxime, 2008; Fraser
et al., 2012; Benfey, 2016). Taking into account the number of ploidy transitions that
have persisted in evolution along with the fact that captive rearing conditions are
typically optimized for diploids has led some to surmise that maybe polyploids are not
well-suited for environments that favour diploids (Riseth et al., 2020). A mechanistic
understanding of the trade-offs between the advantages of increased gene copy number
at higher ploidy levels and the physiological consequences of having fewer, larger cells
is necessary to predict which conditions favour WGDs in evolution perhaps by
minimizing the disadvantages associated with polyploidy that have discouraged their
adoption by fish farmers.

The physiological differences between diploids and triploids typically relate to

their ability to meet oxygen demands. Triploids succumb sooner and more frequently,
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and experience more negative sub-lethal effects, than diploids when challenged at high
temperature and low oxygen (Ojolick et al., 1995; Verhille et al., 2013; Hansen et al.,,
2015; Scott et al., 2014; Sambraus et al., 2017 and 2018) or when exercised (Hyndman
et al.,, 2003; Bernier et al., 2004) so research has focused on hematology, aerobic
metabolism, and the cardiorespiratory system. While I have recently shown that different
tissues have distinct compensatory strategies in response to ploidy changes (Chapter 3),
blood is the classic example of a tissue with a “fewer but larger cells” pattern typically
ascribed to triploid tissues. Hematocrit and hemoglobin concentration remain constant as
ploidy increases due to the reduction in cell number matched by an increase in the
amount of hemoglobin per cell (Benfey, 1999; Benfey and Sutterlin, 1984). Although
there have been many studies comparing hematology between diploids and triploids,
most have focused on the biochemical and metabolic properties of whole blood or
mature erythrocytes without considering how erythropoiesis, erythrocyte senescence,
and erythrocyte turnover are affected by ploidy. In this chapter, I investigate the effects
of ploidy on erythrocyte age demographics in an effort to elucidate the cellular
mechanisms underlying physiological differences between diploid and triploid fish.
Vertebrate erythrocytes are continuously produced from a population of self-
renewing hematopoietic stem cells (HSCs) that reside in a highly conserved
hematopoietic niche (though the anatomical location of this niche varies among taxa)
(Martinez-Agosto et al., 2007; Wattrus and Zon, 2018; Kapp et al., 2018; Mahony and
Bertrand, 2019). Mammalian erythrocytes are enucleated during differentiation and so
they are unable to respond transcriptionally when perturbed (Nikinmaa, 1990). As such,
mammalian erythrocytes are short-lived with an average half-life of ~30 days in mice

and ~120 days in humans (Franco, 2012; Franco et al., 2013; Higgins, 2015). In order to
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replenish and maintain this tissue, mammals must produce billions of new erythrocytes
every day and so have large numbers of HSCs that colonize the bone marrow throughout
the body (Franco et al., 2013; Higgins, 2015; Kapp et al., 2018; Mahony and Bertrand,
2019). In contrast, teleost erythrocytes remain nucleated and transcriptionally active for
most of their lifespan (Nikinmaa, 1990; Gétting and Nikinmaa, 2017), but there are very
few studies that provide empirical measurements of steady-state erythropoiesis,
erythrocyte lifespan, and erythrocyte turnover in fish (Witeska, 2013). Teleosts have
relatively few HSCs, and they reside only in the anterior kidney. Absolute numbers
defining erythrocyte half-life for any species of teleost are scarce and often conflicting
(Weinberg et al., 1976; Avery et al., 1992; Fischer et al., 1998; Morera and MacKenzie,
2011), but the discovery that fixed-angle centrifugation can be used to sort cells into
distinct age cohorts provides a means to test for differences between young and old cells
even without precise estimates for their chronological age (Lund et al., 2000; Lewis et
al., 2012; Gétting and Nikinmaa, 2017).

Lund and colleagues (2000) demonstrated in rainbow trout (Oncorhynchus
mykiss) erythrocytes that while DNA content and total protein concentration do not
decline as cells age, there is 90% less total RNA in the oldest age cohort compared to the
youngest. Similarly, the rate of total protein synthesis in the oldest cohort is 80% lower
than that of the youngest cohort and there is a dramatic reduction in the cellular heat
shock response in older erythrocytes at both the mRNA level and the protein level for
various genes in this pathway (Lund et al., 2000). The reduction in transcription from
young to old cells is also accompanied by a reduction in the number of mitochondria
(Moyes et al., 2002) and reduced aerobic metabolism (Phillips et al., 2000; Moyes et al.,

2002). Using RNAseq, Gotting and Nikinmaa (2017) recently showed that this markedly
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reduced transcription appears to be a programmed shut-down rather than a random
process since many key housekeeping genes are still expressed in older cells, thus
demonstrating that erythrocyte senescence and turnover is a highly regulated process.
Taken together, these data suggest that there is a non-negligible population of senescent
erythrocytes in circulation that function solely as carriers of hemoglobin that can no
longer respond transcriptionally to environmental perturbations. In line with this idea,
erythrocyte age demographics are shifted towards a younger cohort following thermal
stress in rainbow trout, with a massive increase in the number of young erythrocytes
without an increase in hematocrit or hemoglobin (Lewis et al., 2012).

The simplest explanation for these observations is that older erythrocytes are
unable to mount a heat shock response in reaction to thermal stress and are rapidly
cleared from circulation to be replaced by newer erythrocytes generated by a burst of
erythropoiesis. Indeed, transcriptome analysis of rainbow trout blood following heat
stress reveals that hematopoietic genes are significantly upregulated 24 hours after stress
(Lewis et al., 2010). It follows, then, that a fish with a greater proportion of these aged,
transcriptionally-inert erythrocytes in circulation would be less able to respond to
physiological stressors and return itself to homeostasis. Intriguingly, Saranyan et al.
(2017) recently demonstrated that triploid brook charr (Salvelinus fontinalis) and
Atlantic salmon (Salmo salar) consistently had lower blood titres of HSP70, HSP90,
HSF1, and ubiquitin (free and total), indicative of reduced capacity to mount a heat
shock response and of impaired protein turnover. These data are consistent with a model
in which triploids have a preponderance of aged, senescent erythrocytes and therefore
are limited in their ability to cope with aerobic stressors. In agreement with these data,

triploids were independently shown to have lower basal titres of bilirubin in circulation
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indicative of reduced erythrocyte turnover (Hansen et al., 2015), further supporting this
idea regarding reduced capacity for erythropoiesis in triploids.

Until recently, little was known about erythropoiesis in non-mammalian
vertebrates, making it difficult to pursue these questions mechanistically (Nikinmaa,
1990; Murad et al., 1990). With its hundreds of mutants and transgenics specific to the
hematopoietic system, the zebrafish (Danio rerio) now provides a powerful system in
which to study vertebrate erythropoiesis (Carradice et al., 2008; Wattrus and Zon, 2018).
The “Odyssey of the Hematopoietic Stem Cell” (Burns and Zon, 2006) has been
characterized in exquisite detail from specification, when HSCs first intravasate through
the ventral wall of the dorsal aorta at 26 hours post-fertilization (hpf) into circulation,
until they extravasate into the caudal hematopoietic tissue at 36 hpf (Murayama et al.,
2006; Kissa et al., 2008). While in this transient hematopoietic niche, HSCs
differentiate, proliferate, and mature before re-entering circulation to colonize the
definitive hematopoietic organs (anterior kidney for erythropoiesis) (Murayama et al.,
2006; North et al., 2007). By taking advantage of transgenic tools built to visualize and
dissect hematopoiesis in zebrafish, such as transgenics with HSC-specific fluorescent
reporters (Tg(c-myb:eGFP; flk1:mCherry)) and erythrocyte-specific fluorescent
reporters (Tg(gatala:dsRed)), we can design experiments to test hypotheses pertaining to
erythropoiesis and erythrocyte turnover in triploids.

Triploidy can be induced in zebrafish by preventing the extrusion of the second
polar body using an abrupt shift in temperature (Kavumpurath and Pandian, 1990; Van
de Pol et al., 2020) or by rapidly increasing hydrostatic pressure (Chapter 2). Ploidy
level can be determined in embryos using myofiber nuclear volume analysis either in

vivo using Tg(h2a.t/z:-H2A.1/z::eGFP) embryos with a fluorescent histone subunit or in
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fixed embryos stained with fluorescent markers that bind to DNA, such as DAPI or
Drag5. In adults, ploidy can be determined by measuring erythrocyte length from a
blood smear (Chapter 2).

The aim of this study was to compare the erythropoietic system between diploid
and triploid zebrafish by quantifying the number of hematopoietic stem cells and
comparing the relative proportion of young, newly differentiated erythrocytes in the
blood. Due to the small size of the zebrafish, I first designed pilot studies to confirm
that: A) I could make accurate hematological measurements from very small volumes of
blood (<10 puL), B) it is feasible to repeatedly (two weeks apart) sample small volumes
of blood from adult zebrafish, and C) triploid zebrafish exhibit the pattern of
hematological differences between ploidies in other species. I then quantified the
number of definitive HSCs in diploid and triploids using both an assay relying on a
single genetic marker (Tg(c-myb:eGFP)) (Dimri et al., 2014) and another, more specific
assay that uses two genetic markers to label only the definitive HSCs (Esain et al.,
2016). Using another transgenic that produces the fluorescent protein dsRed only during
erythrocyte differentiation (Long et al., 1997; Di Maria et al., 1999; Travers et al., 2003;
Lenard et al., 2016), I then designed and validated an assay to characterize erythrocyte
age demographics and the relative rate of erythropoiesis in adult Tg(gatala:dsRed)
zebrafish in order to compare steady-state and stress-induced erythropoiesis in diploids
and triploids.

4.2 Methods
4.2.1 Animal care
Juvenile brook charr were haphazardly selected from a population of fish bred

and reared at the University of New Brunswick Brook Charr Facility. Fish were fed once
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daily to apparent satiation (Floating Trout Feed #5, Corey Aquafeeds, Fredericton, NB,
Canada). Adult zebrafish were reared in flow-through dechlorinated municipal water in
the University of New Brunswick Zebrafish Facility in standard 25 x 11 x 15 cm tanks
(Pentair Aquatic Ecosystems, Apopka, FL) at 28°C on a 14:10 h light:dark photoperiod.
They were fed adult zebrafish pellets (Gemma 500 Micro, Skretting, Vancouver, BC,
Canada) twice per day supplemented with live Artemia once per day. Embryos were
reared in glass Petri dishes in Embryo Rearing Medium (ERM: 13 mM NacCl, 0.5 mM
KCl, 0.02 mM Na;HPOj4, 0.04 mM KH;PO4, 1.3 mM CaCly, 1.0 mM MgSOs, 4.2 mM
NaHCOs, pH 7.4) with 0.01% methylene blue at 28.5°C until 120 hpf when they were
transferred to 1L larval tanks. Larvae were fed a series of increasingly larger pellets
(Gemma Micro 75-300, Skretting,) using automated feeders set to feed 4 times per day.
The transgenic lines used in this study were Tg(h2a.f/zzH2A:f/z::eGFP) (Pauls et al.,
2001), Tg(c-myb:eGFP) (North et al., 2007) in a mifta-/-, royr-/- background (Travers et
al., 2003), Tg(c-myb:eGFP; flk1:mCherry) (Wang et al., 2010) in a mifta-/-, royr-/-
background, and Tg(gatala:dsRed) (Travers et al., 2003). All procedures involving
animals were approved by the UNB Animal Care Committee, according to the
guidelines of the Canadian Council on Animal Care.

4.2.2 Hematology

Small volume hematocrit experiment

Blood from three juvenile brook charr anaesthetized in 1% tertiary amyl alcohol (Sigma-
Aldrich) was collected into heparinized Vacutainer tubes (Thomas Scientific,
Swedesboro, New Jersey, USA) and kept on ice for no longer than 1 hour before
analysis. A micropipette was used to transfer specific volumes (0.5, 1, 2, 5 and 10 pL) of

this blood onto a piece of waxed paper and each entire drop was then drawn up into a
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separate hematocrit tube (Sigma-Aldrich) and centrifuged for 10 minutes (IEC
International Micro-capillary centrifuge Model MB; Fisher Scientific, Waltham, MA,
USA), after which they were laid flat and imaged using a Leica MZ205A dissecting
microscope with a DFC360 FX greyscale low-light camera attachment. Hematocrits
were calculated in triplicate from each image using the line tool in FIJI (Schindelin et
al., 2012).

Blood was collected from eight adult Tg(gatala:dsRed) zebrafish using a
modified protocol from Zang et al. (2013). Hypodermic needles (28.5 gauge) attached to
1 mL hypodermic syringes were pre-heparinized by drawing a heparin-saline solution
(18 I.U. / mL in 0.9% (w/v) NaCl) up and down and given at least two hours to air dry.
Fish were anaesthetized in tris-buffered MS-222 (168 pg / mL) (Westerfield, 2000) and
10-15 pL of blood was collected from the caudal vasculature through the body wall,
ventral to the lateral line. The blood was then expelled from the syringe (after first
removing the needle) into 0.5 mL microfuge tubes. Any blood that could not be expelled
from the syringe after removing the needle was collected using a 20 uL pipette and
added to the microfuge tube. Blood was kept on ice for up to 15 minutes before analysis.
Specific volumes of blood (0.5, 1, 2 and 5 uL) were then collected in 9 uL
microhematocrit tubes (Sigma) by pipetting the desired volumes of blood onto waxed
paper and drawing it up using capillary action. Hematocrit was measured using a
microhematocrit centrifuge (StatSpin CritSpin, Beckman-Coulter, Brea, California,
USA). Due to the small volume of blood obtained from zebrafish, hematocrit was only
measured once at each volume for each fish. All blood samples collected from adult
zebrafish hereafter used this protocol except the sampling volume was adjusted for each

experiment.
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Repeated blood sampling in zebrafish

Blood samples (6-8 pL) were collected and hematocrit measured from 20 adult
Tg(gatala:dsRed) zebrafish as described above. Fish were promptly returned to their
home tank to recover, but one fish did not recover from the procedure. Fourteen days
after the initial sampling, blood was collected from these same 19 fish and hematocrit
was again measured. There were no mortalities after this second sampling. The effect of
repeated sampling on hematocrit was analyzed using a paired Student’s t-test (R Core
Team, 2019).
Diploid/Triploid comparison

Diploid and triploid Tg(h2a.f/z:H2A.f/z::eGFP) zebrafish were produced by in
vitro fertilization followed by a hydrostatic pressure treatment (58.6 MPa for 5 minutes)
starting between 70 and 85 seconds post-fertilization in half of the zygotes to induce
triploidy (Chapter 2). Triploid embryos were identified using myofiber nuclear volume
analysis as described in a previous study (Chapter 2) and 30 individuals of each ploidy
reared to adulthood in separate tanks. At 6 months old, 10 puL of blood was collected (as
described above) from the surviving 27 diploid and 22 triploid adults. Blood smears
were made from 0.5 pL of blood and imaged using DIC microscopy (Leica DM RXA25
microscope with a 63X lens with a Leica DC500 camera attachment) within 1 hour of
sampling. Erythrocyte length (major axis) was measured (30 cells per fish) using the line
tool in FIJI. Cell counts were made in triplicate using a Neubauer hemocytometer after
diluting blood 1:200 into Ringer’s solution (116 mM NacCl, 2.9 mM KCl, 1.8 mM CaCl,,
5.0 mM HEPES, pH 7.2; Westertfield, 2000). Hematocrit was measured in triplicate

using the zebrafish hematocrit protocol described above from 1 pL of blood per tube.

130



The effect of ploidy on erythrocyte length, cell count and hematocrit were each analyzed
by unpaired Student’s t-tests using R.
4.2.3 Counting hematopoietic stem cells in 36 hpf embryos
Single transgene label

HSCs were first quantified in the caudal hematopoietic tissue at 36 hpf using a
single transgenic label (Tg(c-myb:eGFP)) in a mitfa-/-, royr-/- background, relying on
the well-described anatomical position of HSCs in the caudal hematopoietic tissue as the
more dorsal of two strips of cells that express c-myb at this time point, the other (more
ventral) being precursor primordial germ cells (Dimri et al., 2014; Esain et al., 2016).
Diploids and triploids were produced as above except that ploidy was determined post-
hoc (as described below) due to the lack of the Tg(h2a.tf/z:H2A.1/z::eGFP) transgene.
The microscopy was performed while blind to presumptive ploidy to avoid any bias.
Embryos were anaesthetized in MS-222 (168 ng / mL) at 36 hpf, mounted onto a slide,
and caudal hematopoietic tissue imaged using a Leica SP2 confocal microscope fitted
with a 20x 0.5 NA lens. Embryos were imaged as rapidly as possible, alternating
between controls (n=8) and putative triploids (n=8) for an elapsed time of one hour to
minimize the effects of HSC proliferation and developmental rate on HSC number. One
putative triploid was determined to be a diploid and was therefore excluded from further
analysis. Z-projections of the confocal stacks were produced using FIJI and HSCs (GFP-
positive cells in the dorsal strip) were counted manually. The effect of ploidy on this
number was analyzed using an unpaired Student’s t-test.
Double transgene label

In a subsequent experiment, specificity of HSC identification was improved by

using the double transgenic label Tg(c-myb:eGFP; flk1:mCherry) in a mitfa-/-, royr-/-
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background. Similar to the single transgene protocol, three untreated (diploid) control
and three putative triploid embryos were anaesthetized and imaged (blind to ploidy) at
36 hpf using a Leica SP8 confocal microscope fitted with a 25 %< 0.9 NA water
immersion lens. Confocal stacks from the green channel (c-myb) and the red channel
(fIk 1) were overlaid in FIJI so that bona fide HSCs (that express both c-myb and fIk1)
appear as yellow. HSCs were counted by manually scrolling through the stacks and the
effect of ploidy on the number of HSCs was compared using an unpaired Student’s t-
test. To ensure that only cells located in the caudal hematopoietic tissue were counted,
the overlaid confocal stacks were resliced in FIJI from left to right and cells that did not
reside within the vasculature of the caudal hematopoietic tissues were not counted.
Ploidy validation without the Tg(h2a.f/z:H2A.{/z::eGFP) transgene

Diploid and triploid zebrafish were produced using the early pressure protocol
described above (Chapter 2) except that myofiber nuclear analysis to determine ploidy
was conducted post-hoc in fixed embryos stained using the nucleic acid stain Draq5
(Sigma). Briefly, embryos were carefully removed from the slide after imaging using
watchmaker forceps, sorted into individually labelled microfuge tubes, and fixed
overnight at 4°C in Dent’s fixative (80% methanol, 20% dimethyl sulfoxide) to abolish
most of the fluorescence from the transgenic fluorescent proteins. Embryos were then
washed thrice with PBS with 0.1% Triton-X100 (PBSTx) and stained overnight at 4°C
with 20 uM Draq5 in PBSTx. Stained embryos were washed thrice in PBSTx, mounted
and imaged again using a Leica SP2 confocal microscope fitted with a 63x 0.7 NA lens,
and myofiber nuclear volume analysis was performed in FIJI as described in Chapter 2.
4.2.4 Measuring erythropoiesis using Tg(gatala:dsRed) zebrafish

Bleeding-induced erythropoietic recovery pilot study
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Thirty adult, homozygous Tg(gatala:dsRed) zebrafish were haphazardly sorted
into three groups of 10 fish: initial control (C1), final control (C2) and bled treatment
(T). Groups C1 and T were anaesthetized in MS-222 (168 pug/ mL) and ~10-15 puL of
blood collected using the protocol described in section 4.2.2, with no mortalities. Three
blood smears were generated from each blood sample and erythrocytes were imaged
precisely 10 minutes after blood smears were produced, providing only enough time for
cells to settle. DIC and epifluorescence micrographs were captured sequentially using a
Leica DM RXA25 microscope with a 63% 0.7 NA lens using a Leica DC500 camera
attachment. Images for each fish were sorted into individual folders and assigned a
random number as a folder name by an independent observer (www.random.org) so the
data could be analyzed while blind to treatment. One hundred erythrocytes were selected
and marked on the DIC image to blind the observer to the fluorescent signal while
identifying cells for fluorescence intensity measurements. Care was taken to select cells
that were not damaged or overlapping any other cells. Using a custom macro in FIJI that
measures mean fluorescence intensity in a circle (radius of 5 pixels) centred on a mouse-
click, I measured cytoplasmic fluorescence intensity for each of the 100 erythrocytes
marked on the DIC micrograph. Fluorescence intensity was measured 3 times for each
erythrocyte (in non-overlapping regions of the cytoplasm) and then averaged. Cells were
then grouped by mean fluorescence intensity into two bins using a threshold of 150 A.U.
to calculate how many erythrocytes express gatala (highly fluorescent, newly
differentiated erythrocytes) relative to weakly- or non-fluorescent erythrocytes. Cell
count and hematocrit were determined for each blood sample as described in section
4.2.2, using 1 pL per microhematocrit tube. After a two-week recovery period, this

protocol was repeated using the second control group (C2; naive fish) and the bled
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treatment group. Differences in number of highly fluorescent erythrocytes, hematocrit
and cell count between groups C1, C2, T (initial) and T (final) were analyzed using one-
way ANOVAs followed by Tukey’s Honest Significant Differences post-hoc analyses to
identify differences among groups.
Diploid/Triploid comparison

Diploid and triploid Tg(gatala:dsRed) embryos were generated from adults that
were homozygous for the transgene as described in section 4.2.2. Thirty diploid and 30
putative triploid embryos were raised in separate tanks (as in section 4.2.1). At 6
months, 6-8 pL of blood was collected from each fish using the protocol from section
4.2.2 to produce blood smears (in triplicate; 0.5 pL per slide) and to measure hematocrit
(in triplicate; 1 pL per microhematocrit tube). Blood smears were analyzed using the
fluorescence intensity protocol described in section 4.2.4, and hematocrit and circulating
cell count was measured as in section 4.2.2. Ploidy was determined by measuring
erythrocyte length using the DIC micrographs of the blood smears confirming that all
fish in the experiment were of the expected ploidy. This process was repeated after a
two-week recovery period. The effect of ploidy on the number of strongly fluorescent
cells, cell count and hematocrit were analyzed using two-way ANOV As with ploidy and
sampling time as factors.
4.3 Results
4.3.1 Hematology

Hematocrit measurements from small volumes of brook charr blood (Figure 4.1A)
were consistent from 10 uL down to 1 pL, never varying by more than + 2% for any
individual fish. At 0.5 pL, mean hematocrit was 10-15% lower than in larger samples and

the within-individual replicates varied by more than 10% in two of the three fish assayed
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(Figure 4.1B). This same pattern was found for zebrafish, including a cut-off between 0.5
uL for repeatable measurements (Figure 4.1C). Repeated sampling of small volumes of
blood (6-8 pL) from adult zebrafish was feasible (only one mortality between blood
samples) and hematocrit recovered between sampling events (p = 0.953; Figure 4.1D).
Triploid erythrocytes were significantly larger than diploid erythrocytes (p <0.001, Figure
4.2A-C). Cell count was significantly lower in triploids (p < 0.001, Figure 4.2D) but
hematocrit was not affected by ploidy (p = 0.078, Figure 4.2E).

4.3.2 Hematopoietic stem cells in 36 hpf embryos

The number of HSCs in the dorsal-most strip of GFP+ cells in Tg(c-myb:eGFP)
embryos at 36 hpf was significantly lower in triploids (15 + 3, n = 7) than in diploids (20
+ 3 HSCs, n = 8) (p < 0.01, Figure 4.3). The same pattern was observed in the double
transgenic with significantly fewer GFP+/mCherry+ HSCs in the triploids (9 = 2, n = 3)
than the diploids (14 = 1, n = 3) (p < 0.05, Figure 4.4). HSC counts were higher in the less
specific, single transgenic assay, but the difference between ploidies was fairly consistent,
with approximately 25 and 35 % fewer HSCs in triploids when counted using only c-myb
expression and more precisely using both c-myb and flkl expression as markers,
respectively.

4.3.3. Measuring rate of erythropoiesis using Tg(gatala:dsRed) zebrafish.

The effect of removing blood from adult Tg(gatala:dsRed) zebrafish on the
proportion of highly-fluorescent erythrocytes was significant (Figure 4.5A-C, n = 10 fish
per group, p < 0.001). Tukey’s post-hoc analysis revealed that there were no significant
differences among the two control groups and the initial treatment group, but the final
treatment group of previously bled fish had a significantly greater proportion of highly-

fluorescent erythrocytes in circulation. There were no significant differences in hematocrit
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(Figure 4.5D, n = 10 fish per group, p = 0.115) or cell count (Figure 4.5E, n = 10 fish per
group, p = 0.6) among any of the groups.

The proportion of highly-fluorescent erythrocytes in circulation was significantly
affected by both ploidy and sampling time (p < 0.001 in both cases), but the interaction
between ploidy and time was not significant (p = 0.21). Triploids had significantly fewer
highly-fluorescent erythrocytes at both time points, and the number of these cells was
higher at the second sampling than the first in both ploidies (Figure 4.5F). Relative to
initial values, the proportions of highly-fluorescent erythrocytes increased by 61% in
diploids and 67% in triploids in the two weeks between sampling events. Hematocrit was
not affected by ploidy or sampling time (Figure 4.5H; p = 0.470 and 0.232, respectively).
Cell count was significantly affected by ploidy (p < 0.001) but not sampling time (p =
0.138) or the interaction term (p = 0.160), with triploid cell counts significantly lower than
diploid (Figure 4.5H).

4.4 Discussion

Vertebrate erythrocytes come in a surprisingly diverse variety of shapes and sizes
despite sharing the primary function of delivering oxygen to tissues and removing
carbon dioxide from them (Nikinmaa, 1990; Snyder and Sheafor, 1999). Mammalian
erythrocytes extrude their nucleus and mitochondria during erythropoiesis, and so,
despite being much smaller, their hemoglobin concentration is very high relative to other
vertebrates (Ji et al., 2011). Avian erythrocytes are similarly small and packed with
hemoglobin, but their mitochondria remain intact and active while their nucleus is highly
condensed but likely still transcriptionally active (Morera and MacKenzie, 2011; Stier et
al.,, 2013; Clark, 2014). Fish and amphibian erythrocytes are substantially larger and

their nucleus occupies a significant amount of the space inside the cell, therefore
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limiting the amount of hemoglobin that can be carried by each cell (Snyder and Sheafor,
1999). Despite these fascinating taxonomic patterns across vertebrate phyla, the
literature is dominated by studies focused on mammalian or fish erythrocytes so we must
make inferences relying mostly on data from these two taxa (Nikinmaa, 1990; Snyder
and Sheafor, 1999; Goétting and Nikinmaa, 2015).

In mammalian erythrocytes, small size and lack of the nucleus facilitates
deformability and perfusion of capillaries with a lumen diameter smaller than that of the
cells that traverse them (Chien, 1987; Nader et al., 2019) at the cost of transcriptional
regulation of the proteome. This inability to transcribe genes and thereby change the
proteins being produced necessitates the rapid turnover of these very short-lived cells
(Franco, 2012; Franco et al., 2013; Higgins, 2015). In contrast, fish erythrocytes
maintain transcription throughout most of their lifespan allowing them to respond to
environmental stressors at the level of gene expression (Lewis et al., 2010 and 2012;
Saranyan et al., 2017; Gotting and Nikinmaa, 2017), but their rheology is impaired as a
result of the retained nucleus and larger size (Nash and Egginton, 1993). Fish typically
have fewer circulating erythrocytes and lower blood hemoglobin concentration than
mammals, perhaps reflective of their lower metabolic rates or limiting the upper limits
of their metabolic rate (Nikinmaa, 1990; Hillman et al., 2013; Van de Pol et al., 2017).
We are lacking rigorous, empirical measurements of erythrocyte lifespan and turnover
for fish, but we can infer that fish erythrocytes will likely be longer-lived with much
slower turnover rates due to their ability to maintain transcription and recycle their
proteins to maintain function as they age.

In order to maintain homeostasis, mammals must produce billions of new

erythrocytes every day (Franco, 2012; Franco et al., 2013; Higgins, 2015) and this
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requires an extensive network of hematopoietic tissues. As such, HSC niches in adult
mammals are located throughout the bone marrow so there are large numbers of these
cells distributed throughout the body that can produce the enormous numbers of newly
differentiated erythrocytes required (Baron et al., 2012; Palis, 2014; Martinez-Agosto et
al., 2017, Kapp et al., 2018). There have been fewer studies on the rate of erythropoiesis
in adult fish aside from studies aimed at measuring erythropoietic recovery following the
induction of anemia using phenylhydrazine (Chudzik and Houston, 1983; Murad et al.,
1990; Houston and Murad, 1992; Simonot and Farrell, 2007 and 2009) or bleeding
(Weinberg et al., 1976; McLeod et al., 1978). The primary hematopoietic niche in adult
fish is localized entirely in the anterior-most section of the kidney (known as the head
kidney) (Burns and Zon, 2006, Esain et al., 2016; Kobayashi et al., 2019). Comparing
the size of the hematopoietic tissues relative to overall body size in mammals to that in
fish suggests that the demand and capacity for erythropoiesis is much lower in fish. If
the triploid hematopoietic system conforms to the standard triploid pattern of fewer,
larger cells (Benfey, 1999), then we would predict that triploids will have even fewer
HSCs than diploids and produce erythrocytes at a slower rate.

In this study, I have shown that it is feasible to use classic hematology techniques
to make reliable hematological measurements in adult zebrafish despite their small size,
and that hematology of triploid zebrafish conforms to the typical pattern shown for other
triploid fishes, i.e., larger, fewer erythrocytes and no difference in hematocrit (Benfey,
1999). Using two transgenic lines to visualize and count HSCs in embryonic zebrafish, |
observe that triploid zebrafish consistently have fewer HSCs in the caudal hematopoietic
tissue at 36 hpf. Although these assays do not directly compare the number of HSCs in

the anterior kidney of adult triploids, several groups have demonstrated that the number
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of HSC:s in this transient tissue correlates to the number of HSCs in adults when
measured using flow cytometry on dissected and dissociated kidneys (Harris et al., 2013;
Dimri, et al., 2014; Esain et al., 2016; Choudhuri et al., 2017; Kapp et al., 2018; Mahony
and Bertrand, 2019; Kobayashi et al., 2019). It would be interesting to confirm that this
correlation holds true for triploids as well, as it is conceivable that the number of HSCs
in adults is somewhat plastic and that they expand this HSC pool to a greater degree due
to having a smaller pool initially. Without the ability to confirm this empirically in my
thesis, I proceed under the assumption that this correlation is true but acknowledge that I
have not ruled out this alternative hypothesis.

Expression of gatal is a highly conserved feature in the differentiation and
maturation of both mammalian and fish erythrocytes but in both cases, gatal expression
ceases before terminal maturation (Long et al., 1997; De Maria et al., 1999; Yaqoob et
al., 2009). Tg(gatala:dsRed) zebrafish produce a red fluorescent protein in their
differentiating erythrocytes (Long et al., 1997; Yaqoob et al., 2009) that should no
longer be produced upon erythrocyte maturation when gatala expression ceases. This
transgenic has been recently used to directly image erythrocyte toxicity (Eum et al.,
2016; Lenard et al., 2016) and subsequent regeneration (Lenard et al., 2016) in vivo in
embryos, but I am not aware of any studies using Tg(gatala:dsRed) zebrafish to study
erythropoiesis and erythrocyte demographics in adults. This transgenic line has been
used extensively to study erythropoiesis and hemorheology in embryos when all of the
circulating erythrocytes are newly differentiated and therefore express high levels of
dsRed, making them strongly fluorescent (Yaqoob et al., 2009; Lenard et al., 2016; Eum
etal., 2016). I observe that only 10%-20% of circulating erythrocytes are strongly

fluorescent in adult Tg(gatala:dsRed) zebrafish consistent with other studies that noted
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that approximately 10%-12% of circulating erythrocytes (depending on species) were
immature erythrocytes (erythroblasts) based on their morphology (Keen et al., 1989;
Quentel and Obach, 1992). The remaining 80%-90% circulating cells are either weakly
fluorescent or not fluorescent at all. The weak fluorescence is likely caused by residual
amounts of dsRed protein that remains in the cytoplasm after cessation of gatala
expression that has not yet been turned-over by the proteosome. I therefore grouped
these cells with the non-fluorescent cells for analyses. I reasoned that the relative
proportion of highly-fluorescent erythrocytes in circulation compared to the number of
non-fluorescent cells would be a measure of the rate of erythropoiesis and erythrocyte
demographics if hematocrit and circulating cell numbers remain constant, i.e., as the
number of highly-fluorescent erythrocytes in circulation increases, the more young,
transcriptionally active cells are present. Inducing anemia by bleeding fish is a classic
technique to induce erythropoiesis (Weinberg et al., 1976; McLeod et al., 1978), so I
stimulated erythropoiesis in this way in adult Tg(gatal:dsRed) and observed that the
ratio of fluorescent to non-fluorescent cells does indeed increase. Having validated this
model for measuring the rate of erythropoiesis, I produced triploid Tg(gatala:dsRed)
zebrafish and observed that triploids consistently have fewer young, gatala expressing
erythrocytes in circulation. Surprisingly, the rate of recovery from anemia was
comparable between ploidies with a 61% increase in the proportion of gatala expressing
cells in diploids compared to a 67% increase in triploids. Since hematological values of
both diploids and triploids returned to homeostatic levels between sampling events, there
could be a difference in the recovery time but I was unable to capture this difference
because I sampled after recovery rather than during recovery due to fish welfare

concerns. Measuring the rate of erythropoietic recovery would require reducing the
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amount of time between samples in order to collect samples before hematocrit and
circulating cell counts return to baseline levels. Regardless, the proportion of newly-
differentiated, gatala expressing cells was significantly lower in triploids at baseline
and after recovery from anemia suggesting that triploids will have proportionally fewer
new, transcriptionally-active cells and therefore, by extension, more aging, senescent
cells.

The transcriptional response of circulating erythrocytes in teleosts is a widely-
studied phenomenon, especially with respect to probing mechanisms of tolerance and
acclimation to environmental challenges such as high temperature (Currie et al., 2005;
Lewis et al., 2010; Jeffries et al., 2012; Ooman and Hutchings, 2017) and hypoxia
(Martos-Sticha et al., 2017; Ooman and Hutchings, 2017; Pan et al., 2017; Pelster and
Egg, 2018). Recent work demonstrating that erythrocytes lose the ability to respond
transcriptionally as they age (Gotting and Nikinmaa, 2017) suggests that we need to
consider erythrocyte age demographics along with the standard hematological variables
such as hematocrit and hemoglobin. If a significant proportion of the cells in a blood
sample are not able to respond to an experimental treatment, then standard gene
expression techniques such as qPCR and RNAseq are unable to distinguish between low
levels of transcript expressed by all cells in circulation from a large number of
transcripts expressed by only a few cells in circulation. Studies such as repeated thermal
challenges (Lewis et al., 2012; Corey et al., 2017) or hypoxic challenges (Williams et
al., 2019) that demonstrate an increased response or increased tolerance in subsequent
exposures of a stressor could be interpreted as an abrupt shift in erythrocyte age
demographics following pre-treatment. Having more cells in the young,

transcriptionally-active age class means that more of the cells are able to mount a heat
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shock response thereby improving tolerance (Lund et al., 2000, Lewis et al., 2012;
Phillips et al. 2000).

Triploids have been shown to have higher routine or standard metabolic rates,
and hence reduced aerobic scope, when tested at temperatures optimized for diploids,
leading many to suggest that triploids have lower thermal optima (Atkins and Benfey,
2008; O’Donnell et al., 2017; Leal et al., 2019; Riseth et al. 2020). Saranyan et al.
(2017) posited that the lower basal titres of heat shock proteins at any temperature in
triploids suggests that they would have higher standard metabolic rates as they would
have to spend more energy refolding damaged proteins. To compound this, data I
present here showing that triploids cycle their erythrocytes more slowly suggests that
triploids have more old, transcriptionally-inactive erythrocytes, and that the lower titres
of heat shock proteins could be a result of the breakdown of the proteosome and protein
recycling. This would exacerbate the small metabolic inefficiencies predicted by
Saranyan and colleagues (2017) and could explain the higher standard metabolic rate
that is thought to be the culprit for their reduced aerobic scope at higher temperatures.
4.5 Conclusion

From an evolutionary perspective, the effects of ploidy on erythrocyte
demographics highlights another physiological difference between fish of different
ploidy levels that is relevant for understanding the evolutionary consequences of
polyploidy. Evolutionary innovations are clearly made possible by genome duplications,
and so it is essential to understand the trade-offs. Fish at higher ploidy levels have fewer
HSCs and this slows erythrocyte turnover thereby shifting erythrocyte age demographics
to an older cohort perhaps causing consequences such as a reduced capacity to mount an

appropriate transcriptional response to stressors and higher basal metabolic rates. The
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benefits of extra gene copies have been demonstrated, but it is still unclear what sorts of
environments would minimize the physiological disadvantages of polyploidy such that
evolution has time to innovate. The zebrafish model will be an invaluable asset for
elucidating these mechanisms.
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Figure 4.1. Hematocrit can be reliably measured in small volumes (>1 uL) of
blood (A, black arrow is putty, red arrow is erythrocyte fraction, white arrow is
plasma; brook charr blood). Samples smaller than 1 pL are unreliable in B)
brook charr blood (mean = SEM for 3 replicates per sample; different colours
represent individual fish) and C) zebrafish blood (different colours represent
individual fish; note that lines are not intended to suggest a continuum but are
included to demonstrate the threshold below which samples are too small to
reliably measure hematocrit). Note that the lines in Figure 4.1C are not intended
to suggest a continuum but were included to visually demonstrate the threshold

after which samples are too small to reliably measure hematocrit. D) Collecting
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small volumes of blood (6-8 uL) at two-week intervals did not significantly

reduce hematocrit (mean + SEM for 20 (initial) and 19 (final) fish; p = 0.953).
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Figure 4.2. Triploid zebrafish have fewer, larger erythrocytes than diploids.
A+B) DIC micrographs of erythrocytes from diploid (A) and triploid (B) adult
zebrafish. C) Triploid erythrocytes are larger than diploid erythrocytes

(p <0.001). D) Cell count is reduced in triploids (p < 0.001), but E) hematocrit is

unaffected by ploidy (p = 0.078). Mean = SEM; n = 27 diploids and 22 triploids.
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Figure 4.3. Triploids have fewer GFP-positive cells in the caudal hematopoietic
tissue of Tg(c-myb:eGFP) zebrafish embryos than diploids at 36 hpf. A+B)
Stitched Z-projections from confocal stacks of the section of the caudal
hematopoietic tissue dorsal to the yolk stack extension of a diploid (A) and a

triploid (B). Presumptive hematopoietic stem cells are indicated by the arrows.
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Figure 4.4. Triploid zebrafish embryos have fewer hematopoietic stem cells than
diploid embryos at 36 hpf. A) Z-projections of an overlay from confocal stacks
of Tg(c-myb:eGFP; flk1:mCherry) of a zebrafish embryo. Arrows indicate the
double positive GFP+ / mCherry+ hematopoietic stem cells that appear as yellow
in the overlay of the green and red channels. B) An optical cross-section made by
reslicing the confocal stacks from (A) along the x-axis. Z-projection of the
resliced stacks confirm that yellow hematopoietic stem cells (arrows) are
restricted to the caudal hematopoietic tissue. C-D) The number of hematopoietic

stem cells is significantly affected by ploidy. Cropped Z-projections of the
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caudal hematopoietic tissue in a diploid (C) and a triploid embryo (D). Arrows

indicate hematopoietic stem cells.
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Figure 4.5. Erythropoietic recovery can be measured using Tg(gatala:dsRed) zebrafish.
A+B) Epifluorescent micrographs overlaid onto DIC micrographs of blood smears from
a control (A) and previously-bled (B) Tg(gatala:dsRed) zebrafish (both diploid). C-E)
The number of strongly fluorescent erythrocytes increased significantly in previously
bled fish (T2) compared to when blood was collected 14 days earlier (T1) and to naive,
unbled control fish at both times (C1 and C2) (C, 100 cells per fish, n = 10 fish per
group, p < 0.001). There was no effect of treatment on hematocrit (D, p=0.115) or cell
count (E, p = 0.6). F-H) The number of strongly fluorescent erythrocytes was
significantly affected by ploidy (2N= diploid and 3N = triploid) and sampling time (F,
100 cells per fish, 30 fish per ploidy, p < 0.001 for both factors). Hematocrit (G) was not

affected by ploidy (p = 0.47) or sampling time (p = 0.232). Cell count (H) was
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significantly affected by ploidy (p < 0.001) but was not sampling time (p = 0.138).

Asterisks denote significant differences among groups.
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5.0 Chapter 5:

General Discussion

Whole genome duplications (WGD) produce polyploids and are found on nearly
every major branch of the eukaryotic tree of life, but we still know very little about the
circumstances under which polyploids survive and out-compete their diploid
conspecifics in evolutionary history (Braasch and Postlethwait, 2012; Mueller, 2015).
Most research on the evolution of polyploids has focused on genetics and, specifically,
on how duplicated genes (referred to as ‘ohnologues’) evolve and diverge after
duplication without considering the developmental and physiological consequences that
arise from increasing genome size and cell size. Scientists have been studying the
physiology of triploid fish for decades in the context of its utility for the aquaculture
industry, and have highlighted several physiological limitations associated with
polyploidy that would likely affect a polyploid’s ability to thrive and successfully pass
on their genes (Benfey, 1999; Piferrer et al., 2009). My intent for this thesis was to blend
ideas from both of these fields of research to develop and test hypotheses regarding the
developmental and physiological consequences of triploidy that would pertain to the
evolutionary fitness of polyploids as well as the performance of triploids in aquaculture.

The zebrafish (Danio rerio) has become a popular model vertebrate for
developmental biology and is rising in prominence among physiologists as well (Piferrer
and Ribas, 2020). In Chapter 2, I developed a novel technique to non-destructively
determine ploidy in zebrafish embryos to harness the power and utility of this model
system for questions pertaining to the biology of polyploids. Using a transgenic line with

fluorescent chromatin, confocal microscopy, and open-source image processing
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software, | have optimized a protocol for efficiently producing and identifying triploid
zebrafish that can subsequently be used for further experimentation. To demonstrate its
utility, I used this technique to unequivocally establish the ploidy of individuals and
measured their heart rate at standard (27.5°C) and warm (32°C) temperatures and was
able to reproduce a pattern that was observed in a previous study on heart rate in triploid
salmonids (Benfey and Bennett, 2009). Now that ploidy can be determined in vivo, the
zebrafish becomes a valuable resource for studying triploid biology as we can take
advantage of the incredible array of tools and techniques that have been established and
are continuing to be developed in this model vertebrate.

The developmental consequences of polyploidy piqued the curiosity of early
developmental biologists who noted that polyploid animals had larger cells but were no
larger than diploid conspecifics (Fankhauser, 1939; Fankhauser, 1945; Swarup, 1959).
To compensate for the increase in cell size, polyploids seemed to reduce the number of
cells in their tissues such that organ size and body size was largely unaffected by ploidy.
This “fewer, larger cells” pattern of compensation was assumed to be true for all tissues,
but the technology of the time was limited to bright-field microscopy and so this was
only validated for cells in a few easily visualized tissues, such as pigment and blood
cells (Fankhauser, 1939; Fankhauser, 1945; Swarup, 1959). In Chapter 3, I took
advantage of transgenic zebrafish strains with tissue-specific fluorescent reporter genes
stably integrated into their genome and immunohistochemistry with validated antibodies
to show that this “fewer, larger cells” pattern is not true for all tissues. The physiological
consequences of these tissue-specific compensatory mechanisms that maintain organ
size and body size independent of cell size are still not clear, but already we can see the

value and utility of the zebrafish system for triploid research. By applying some of the
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widely-available tools developed in the zebrafish research community, I was
successfully able to refine our view of polyploid development and demonstrate clearly
that we should not assume that all tissues in a polyploid animal respond to cell size
changes in the same way.

Blood is the classic example of a tissue that conforms to the “fewer, larger cells”
pattern of compensation in triploids to the point that erythrocyte size is typically used as
a diagnostic measurement to determine ploidy (Benfey, 1999). There have been many
hematological comparisons between diploid and triploid blood (e.g., Benfey and
Sutterlin, 1984; Saranyan et al., 2017), but these studies have focused on the physiology
of mature blood cells and less on the homeostatic mechanisms that maintain hematology
in an adult fish. Erythrocyte turnover is a highly-regulated and well-studied phenomenon
in mammals (Franco, 2012; Higgins, 2015), but has been largely overlooked in non-
mammalian vertebrates as a whole except as a tool for ecologists interesting in
determining how energy flows through ecosystems (Vander Zanden et al., 2015). In
Chapter 4, I once again made use of the zebrafish system to quantify the number of
hematopoietic stem cells in triploid embryos using a highly-specific assay that combines
two transgenic strains (Esain et al., 2016). After confirming that triploids have fewer
hematopoietic stem cells, I then developed an assay to measure the rate of steady-state
erythropoiesis in adult zebrafish using another transgenic strain to show that triploids
produce new erythrocytes at a slower rate than diploids.

Having established a technique to measure the rate of erythropoiesis, I then
designed an experiment using [10]-gingerol as a feed additive to boost erythropoiesis but
this was not successful due to an unexpected effect of the solvent on the hematology of

the fish (Appendix 1). The erythropoietic-stimulatory effects of ginger (Ferri-Lagneau et
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al., 2012; Haghighi and Rohani, 2013; Kanani et al., 2014; Ferri-Lagneau et al., 2019)
should not be overlooked due to the results of this experiment as any positive effects
were overshadowed by the negative consequences caused by the solvent. Including
ginger compounds in the formulation of the feed pellets increased hematological values
in several species of fish, so perhaps this strategy of stimulating erythropoiesis would be
viable for increasing the rate of erythrocyte cycling in triploids. This may provide the
aquaculture industry with a simple, effective, and inexpensive means of mitigating some
of the current drawbacks of farming triploid fish.

Although I have demonstrated that triploids have fewer young, newly
differentiated erythrocytes, the conclusion that triploids have more aged, senescent cells
is still based on inference rather than anything empirical. I designed a diet-switch
experiment using stable isotopes to determine how long it takes for diploids and triploids
to turn over their blood (Appendix 2) to address this. I developed a novel technique to
infuse standard fish pellets with a '3C-labelled amino acid to produce an isotopically
distinct feed that I hoped would allow me to unequivocally demonstrate that the rate of
erythrocyte turnover is slower in triploids, and that their blood therefore consists of more
older cells. Like the gingerol experiments, this remains a promising approach, and I was
clearly able to observe changes in the isotopic composition of the blood over time.
Unfortunately, a water failure at the UNB aquatic facility resulted in mass mortality of
experimental fish before the experiment reached the half-way point so I was unable to
obtain data to determine if erythrocyte turnover is slower in triploids.

Within the last 20 years, several independent studies have demonstrated that
erythrocyte aging and senescence is relevant for teleost erythrocytes (Lund et al., 2000;

Moyes et al., 2002; Phillips et al., 2000; Gotting and Nikinmaa, 2017) as it is in
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mammalian erythrocytes (Franco, 2012; Franco et al., 2013; Higgins, 2015). Little is
known about the consequences of erythrocyte senescence on physiology in teleosts aside
from the fact that extreme thermal challenges produce a marked shift in erythrocyte
demographics likely because old erythrocytes are unable to mount a heat shock
response, thereby reducing the mean age of remaining erythrocytes (Lund et al., 2000). I
have confirmed that triploid zebrafish do indeed have fewer hematopoietic stem cells
and that steady-state rate of erythropoiesis is reduced, suggesting that triploid blood
likely has proportionally more senescent, sub-optimally functioning erythrocytes in
circulation. Despite the expense and duration of the stable isotope diet shift experiment,
I would argue that there is value in repeating this for triploid biology and for fish
physiology as a whole.

Most hematological studies focus on whole blood rather than on the physiology
of individual erythrocytes, but it is becoming clear that not every erythrocyte in
circulation is equal (Lund et al., 2000; Moyes et al., 2002; Phillips et al., 2000; G6tting
and Nikinmaa, 2017). Intriguingly, comparing the heat shock response of triploid blood
to diploid blood (Saranyan et al., 2017) produces patterns reminiscent of comparisons
between young and old erythrocytes (Lund et al., 2000; Moyes et al., 2002). Erythrocyte
demographics is relevant to physiology since older cells have lost their ability to respond
to environmental changes, and so the relative proportion of these aged cells must be
relevant to an animal’s ability to tolerate physiological challenges. The establishment of
the zebrafish as a powerful model for triploid development and physiology has improved
our ability to address these questions. Understanding the developmental and

physiological consequences that arise from building an animal with fewer, larger cells
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will help us to understand the trade-offs between the advantages associated with extra

gene copies and the disadvantages associated with polyploidy.
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6.0 Appendix 1:

Stimulating erythropoiesis by using [10]-gingerol as a feed additive in adult
zebrafish.
6.1 Introduction

Mammalian erythrocytes are unique among vertebrates in that they are
enucleated during differentiation and therefore cannot respond to environmental
perturbations at the level of gene expression to replace or make new proteins as needed.
Consequently, these erythrocytes are very short-lived, with a half-life of ~30 days in
mice and ~120 days in humans, and so mammals must produce millions of new
erythrocytes every day to replace cells as they are removed from circulation (Franco,
2012; Franco et al., 2013; Higgins, 2015). Teleost erythrocytes, on the other hand, retain
their nuclei and maintain gene expression for part of their lifespan (Gotting and
Nikinmaa, 2017), leading many to suggest that teleost erythrocytes survive for much
longer than mammalian erythrocytes (Morera and MacKenzie, 2011; Witeska, 2013),
thereby reducing the need to maintain such high rates of erythropoiesis in fish. In line
with this idea, mammals have massively expanded their hematopoietic tissues relative to
other vertebrates (Martinez-Agosto et al., 2007; Kapp et al., 2018). Treatment strategies
to stimulate erythropoiesis in humans in response to pathological anemias are an
ongoing research focus, with one popular strategy being a search for ingredients that
stimulate erythropoiesis. Large-scale screens for bio-active molecules have highlighted
gingerols as potent immunostimulants and erythropoietic-stimulants (Chen et al., 2013;

Ho et al., 2013; Semwal et al., 2015; Smith et al., 2018).
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Erythrocyte cycling is not as well studied in fish compared to mammals, but
several studies have demonstrated that aged, senescent erythrocytes have greatly reduced
transcription (Gotting and Nikinmaa, 2017), translation (Lund et al., 2000),
mitochondrial activity (Phillips et al., 2000), and aerobic capacity (Moyes et al., 2002).
This strongly suggests that the rate of erythrocyte cycling is relevant for a fish’s
physiology as the proportion of these inefficient, senescent erythrocytes in circulation
will significantly impact the aerobic scope of the animal. In fish, ginger-infused feeds
increased hematocrit and hemoglobin concentration in rainbow trout (Oncorhynchus
mykiss) (Haghighi and Rohani, 2013) and beluga sturgeon (Husa husa) (Kanani et al.,
2014). In zebrafish (Danio rerio), incubating embryos in [10]-gingerol was sufficient to
expand their hematopoietic tissues, increase the rate of erythropoiesis, and improve
recovery after phenylhydrazine-induced anemia (Ferri-Lagneau et al., 2012; Ferri-
Lagneau et al., 2019). However, there are no reports of the effects of supplementing feed
with [10]-gingerol on erythropoiesis or hematology in adult zebrafish.

In Chapter 3 of this thesis, I demonstrated that hematocrit is unaffected by ploidy
in zebrafish, but the blood of triploids is comprised of fewer, larger cells compared to
diploids. In Chapter 4, I showed that triploids also have fewer hematopoietic stem cells,
suggesting that they could have reduced erythropoietic capacity. I then developed and
validated an assay using Tg(gatala:dsRed) to quantify relative age demographics of
erythrocytes based on their fluorescence to show that triploids have proportionally fewer
young, newly differentiated erythrocytes, suggesting a slower erythrocyte turnover rate.
As outlined in this appendix, I then designed an experiment to make use of the
Tg(gatala:dsRed) erythropoiesis assay to test for erythropoietic-stimulatory effects of a

[10]-gingerol infused diet.

179



6.2 Methods

Fish rearing

90 diploid Tg(gatala:dsRed) were produced and reared until four months old and then
randomly sorted among nine tanks using a random number generator
(www.random.org): three control tanks (C1-C3), three vehicle control tanks (V1-V3)
and three treatment tanks (T1-T3) with ten fish per tank. At 5.5 months old, fish were
anesthetized in tris-buffered MS-222 (168 pg/mL), blotted dry with a Kimwipe, and
their body mass measured in order to calculate the amount of feed required such that
each treatment group would be fed 0.5% biomass per day (split over two feedings).
Diet preparation

The treatment group diet was produced by dissolving 10 mg of [10]-gingerol (catalogue
number: G5798-10mg, Sigma-Aldrich, St. Louis, Missouri, US)] into 1 L of methanol
and immersing 50 g of adult zebrafish feed pellets (Gemma 500 micro, Skretting,
Vancouver, BC, Canada) into this solution in a 2 L glass beaker. The beaker was placed
in a fume hood and the methanol allowed to evaporate (with regular mixing) to infuse
the [10]-gingerol into the feed pellets. Vehicle control pellets were similarly immersed
in methanol (without [10]-gingerol) and the control diet was the untreated pellets. Once
completely dry, 0.45 g of each feed type (control, vehicle, and treatment) was measured
out into 2 mL microfuge tubes and stored at -20°C until used.

10-gingerol experiment

At six months old, fish were anesthetized in MS-222 and 6-8 pL of blood was sampled
from each fish for a baseline assessment. Blood smears were produced for erythrocyte
fluorescence intensity analysis (0.5 puL per slide) and hematocrit and erythrocyte count

were measured as described in Chapter 4. Two fish (one from C1 and one from T2) did
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not recover. After a two-day recovery period to ensure all fish were swimming strongly,
fish were switched to their experimental diets for six weeks, after which blood was
sampled again for the same analyses. Three fish died during the experiment (two in T3
and two in V1) and three did not recover from the final sampling (one in each of T1, V3,
and C3). Each tank initially had 10 fish, but at the final sampling point this was reduced
to 9 in tanks C1 and T2, and 8 in tanks T3 and V1. A one-way ANOVA was performed
for each diet, time, and response to rule out any tank effects within treatments. The
effects of diet and time point (and any interactions) on the number of strongly
fluorescent erythrocytes, hematocrit, and erythrocyte count were each analyzed by
repeated measures two-way ANOVA. Tukey’s Honest Significant Differences post-hoc
analysis was used to detect significant differences within each treatment between the
initial and final sampling event.

6.3 Results

Initially, there were no differences among groups in the number of strongly fluorescent
cells, hematocrit, or erythrocyte count. There was no effect of tank within treatment,
timepoint, or response (p > 0.05 in all cases) so tanks were pooled for later analysis.
After 6 weeks on the experimental diets, the effects of diet, time and their interaction on
the number of fluorescent gatala expressing cells were all significant (p <0.001). Post-
hoc analysis indicated that the number of fluorescent cells was significantly reduced in
the vehicle control and the [10-gingerol] diet (both p < 0.001), but not in the control diet
(p =0.773) (Fig. 6A). The proportion of fluorescent gatala expressing cells in
circulation at the end of the experiment was approximately 10% lower in both the 10-
gingerol and vehicle control groups than in fish fed untreated pellets. The effects of diet,

time and the interaction on hematocrit and on cell count were also significant (both p <
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0.001) and post-hoc analysis revealed a similar pattern in that hematocrit and cell count
were significantly reduced in the vehicle control and in the [10]-gingerol treatment (p <
0.001), but not in the control (hematocrit: p = 0.991, cell count: p = 0.999) (Fig. 1B+C).
Final hematocrit and erythrocyte count values were approximately 10% and 30% lower,
respectively, in 10-gingerol and vehicle control groups compared to fish fed the

untreated pellets.
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Fig 6.1 Erythropoiesis is impaired in Tg(gatala:dsRed) zebrafish fed methanol-treated
pellets, regardless of addition of [10]-gingerol. Fish fed [10]-gingerol- and methanol-
treated feed had significantly reduced proportion of strongly fluorescent erythrocytes (A;
p <0.001), hematocrit (B; p <0.001) and erythrocyte count (C; p < 0.0001). Asterisks
denote significant differences between initial and final values within treatment groups (C

= control, V = vehicle, T = treatment).
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6.4 Discussion
This experiment was designed to determine the effect of [10]-gingerol on hematopoiesis
in adult fish, however, the negative effect of the solvent completely obscures any
potential effect this compound may have on hematology. Methanol was selected as the
solvent because it was convenient and gingerol had a high solubility, but it appears the
solvent may have leached some essential nutrient(s) from the feed and fish health
suffered as a consequence. [10]-gingerol was identified as the bioactive molecule in the
ginger plant that stimulates erythropoiesis in zebrafish larvae (Ferri-Lagneau et al.,
2012; Ferri-Lagneau et al., 2019), but infusing standard zebrafish pellets by evaporating
away a methanol solvent had negative effects in this case. Other studies investigating the
effect of ginger compounds on fish hematology have had success by including ground
ginger in the feed (Haghighi and Rohani, 2013; Kanani et al., 2014). Perhaps including
[10]-gingerol or ground ginger into the formulation of the pellets would allow the
erythropoietic stimulatory effects seen in embryos to manifest themselves in adult fish.
If the rate of steady-state erythropoiesis is slower in triploids, then perhaps including an
erythropoietic stimulant in their diet would mitigate some of the physiological
vulnerabilities associated with farming triploids in conditions optimized for diploids.
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7.0 Appendix 2:

Measuring tissue turnover in diploid and triploid brook charr (Salvelinus
fontinalis) using a diet shift experiment with stable isotopes.
7.1 Introduction

The lifespan of most cells is shorter than the lifespan of the organism itself, so
cells must be continuously replaced in order to maintain tissue function. This process of
replacing aged or damaged cells with newly differentiated cells is known as tissue
turnover (Spalding et al., 2005). Pulse-chase experiments, in which a population of cells
is biochemically labelled (the pulse) and then the tissue is sampled periodically until the
labelled cells are no longer detectable (the chase) (Franco, 2012), are the gold standard
for these analyses when tissues can be non-destructively sampled (i.e., blood). This
experimental approach can be technically challenging since it requires reintroducing
blood cells into circulation after a sample is collected and labelled in vitro. Thus far, the
reintroduction of blood cells labelled ex vivo has only been used in mice (Mus musculus)
(Franco et al., 2013) but should work in any species if the challenge of returning blood
into the vasculature system can be overcome.

Although not a direct measure of the amount of time that an individual cell
survives, another approach to measuring the rate of cell turnover is stable isotope
analysis in tissues during a diet-shift experiment (Buchheister and Latour, 2010; Charest,
2016; Busst and Britton, 2017; Winter et al., 2019) which allows determination of the
length of time that cells survive within that tissue (Faragher, 2003; Spalding et al., 2005;
Bergmann et al., 2015; Karin et al., 2019). Unlike radioisotopes, stable isotopes do not

undergo radioactive decay, and their proportions in a given mixture of organic molecules
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do not change over time, making them a useful label. Thus, the stable isotope ratios of
carbon and nitrogen in an animal’s tissues depend on their ratios in its diet and by
measuring the relative amounts of these elements in the tissues using mass spectrometry,
we can gain insight about what that animal has been eating (Petersen and Fry, 1987;
Vander Zanden et al., 2015). This logic is very useful for ecologists to monitor nutrient
flux through an ecosystem (Samways et al., 2018; Landsman et al., 2018) and for
building food webs (Hayden et al., 2017; Nielsen et al., 2017). Despite the utility of
stable isotope analysis in these fields, there are still many unknowns about this technique
that need to be examined to improve the inferences that can be drawn from such
experiments (Vander Zanden et al., 2015). One critical question that must be addressed
1s how long it takes for the isotopic signature of any given tissue to shift when the
i1sotopic signature of the diet changes (Post, 2002).

Stable isotope diet-shift studies typically switch between diets with proteins
derived from isotopically distinct sources (Charest, 2016; Busst and Britton, 2017,
Winter et al., 2019) but that are not necessarily nutritionally identical. The development
of a technique to experimentally manipulate the isotopic ratio of a manufactured feed
would enhance the utility of these experiments by removing a potential confound. Stable
isotope labelling by amino acid in culture (SILAC) is a widely-used technique in
quantitative proteomics (Mann et al., 2006; Wang et al., 2018) that has also been used in
studies on tissue regeneration in zebrafish (Danio rerio) using a manufactured SILAC
rodent diet (Westman-Brinkmalm, et al., 2011; Konzer et al., 2013). Here, I present a
novel technique to infuse standard fish-feed pellets with a commercially available '3C-

labelled amino acid (alanine) to generate an isotopically distinct diet for diet-shift
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experiments without having to switch to different pellets that may not be nutritionally
identical.

In Chapter 4 of this thesis, I determined that triploids have fewer hematopoietic
stem cells and that the rate of steady-state erythropoiesis is slower with proportionally
fewer newly differentiated erythrocytes in circulation. Consequently, I predicted that
erythrocyte turnover would be slower in triploids compared to diploids due to increased
life span of individual erythrocytes. I designed a diet-shift experiment using a diet
produced using a modified SILAC protocol to measure the rate at which diploid and
triploid brook charr turnover over their blood cells to determine if ploidy affects
turnover rate, as has been suggested elsewhere (Simonot and Farrell 2009; Hansen et al.,
2015; Chapter 4). The experiment was designed to run for 12 weeks (84 days) based on
data from Charest (2016) who measured the turnover rate of blood in diploid brook charr
using sulphur isotopes at 14°C and determined that 50% turnover of the blood was
achieved at 50 days, but it was nearly 150 days until 90% turnover was achieved.
Unfortunately, five weeks (35 days) into the experiment there was a water failure in the
UNB aquatic facility that resulted in the death of all the triploids and more than half of
the remaining diploids so I was unable to complete the experiment. However, as a proof
of principle, this study demonstrated that it is possible to make use of SILAC to produce
an isotopically-distinct diet for fish and that animal tissues will shift to match this new
diet after a diet-switch.

7.2 Methods:
Fish rearing:
110 diploid and 110 triploid juvenile brook charr from the UNB aquatic facility were

anesthetized in 1% tert-amyl alcohol (Sigma-Aldrich, St. Louis, Missouri, USA), size
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matched based on mass (mean 125.9 g for diploids and 124.2 g for triploids, ranging
from 100 g to 150 g), tagged with coded passive integrated transponders, and sorted into
separate tanks (one per ploidy). During the experiment, fish were fed 0.5% of tank
biomass per day (divided over two feedings) adjusted each week when fish mass was
measured at each sampling event. Temperature during the experiment was measured
every day and was always between 16°C and 17°C.

Diet formulation:

500 mg of L-alanine-1-'*C (Sigma-Aldrich) was dissolved in 7 L of 70% ethanol.
Twenty kg of trout feed (Floating Trout Feed #5, Corey Aquafeeds, Fredericton, NB,
Canada) were submerged in the L-alanine-1-'3C solution in flat-bottomed plastic trays
and the ethanol was allowed to evaporate in a fume hood until completely dry. The
pellets were well-mixed and stored at -20°C until use. To confirm that the infused pellets
were isotopically distinct, infused and control pellets (three pellets per sample, three
samples per treatment) were oven-dried at 60°C for two days, ground into a homogenous
powder, and analyzed by the Stable Isotope in Nature lab at UNB to determine the mean
8'3C and &' N ratios (described in detail below).

Diet-shift experiment:

One week after sorting into experimental tanks but before the diet switch, samples were
collected from five fish per ploidy to establish the baseline isotopic signature of blood
cells, blood plasma, skin, mucus, and muscle tissue. Fish were haphazardly selected
from their home tanks, anaesthetized in 1% tert-amyl alcohol, and measured (fork length
and body mass). Blood samples were collected using heparinized vacutainers (Thomas

Scientific, Swedesboro, New Jersey, USA) and epidermal mucus samples were collected
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using a spatula and stored in a scintillation vial. Fish were then euthanized in 10% tert-
amy]l alcohol followed by decapitation. Muscle tissue from the lateral body wall ventral
to the lateral line was collected using a razor blade. The skin was removed from the
muscle tissue and scales were removed by scraping with a razor blade. Muscle and skin
samples were also stored in scintillation vials. Muscle, skin, and mucus samples were
stored on ice until tissues could be dried in the oven at 60 for two days. Blood was
stored on ice until all other samples were collected. Blood samples were centrifuged for
5 min at 10000 rpm in an Eppendorf model 5424 centrifuge to separate cells from
plasma, and then a micropipette was used to transfer the plasma to a scintillation vial.
Blood and plasma were then dried in the oven at 60 for two days. This same protocol
was used to sample 5 fish per ploidy at weekly intervals after the diet switch. Only blood
cell samples were analyzed due to cost constraints.

Stable isotope analysis:

Oven-dried tissue samples were ground into a homogenous powder using a mortar and
pestle, then 1.000 — 1.200 mg was weighed out into tin capsules. Carbon and nitrogen
stable isotope analyses were conducted at the Stable Isotope in Nature Laboratory at
UNB on a Costech 4010 (Milan, Italy) elemental analyzer interfaced through a Thermo
Finnigan (Bremen, Germany) Conflo III to a Thermo Finnigan Delta XP continuous
flow isotope ratio mass spectrometer. Each sample was analyzed in triplicate and data
are reported in the standard per mil (%o) & notation.

7.3 Results:

There was an enrichment of 8'3C ratio in the spiked pellets (-22.65 £ 0.10) compared to

the untreated control pellets (-19.96 & 1.20), a shift of approximately 2.5-3.0 %o but there
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was no effect on the 39N ratio (spiked pellet: 3.44 £ 0.16, control pellet: 3.43 + 0.09).
At baseline sampling of the fish, the 8'°C ratio of the blood (-20.30 %o + 0.07) was
enriched by approximately 2.5 %o compared to the untreated pellets (-22.65 %o + 0.10).
After feeding with L-alanine-1-'>C-spiked feed, there was an enrichment of the 8'3C
ratio in the blood for both diploid and triploid fish (Figure 1). A linear trendline

produced the best fit for the first five weeks of data in both ploidies but R? values were

low.
A 9s0 * B 1930
L]
y=0.0756x - 20.429 y=0.0837x - 20.424
-19.90 R*=0.6781 19.90 R*=0.3241 .
° L4 °
L]
-20.00 ¢ . 20.00 .
. . o
20.10 > . -20.10
6 13 C %0 . 6 13 C %0 . °
L ] L] L] L]
-20.20 ' ¢ . -20.20 .
° L]
° [ ° . °
L] L]
-20.30 . s -20.30
L] [} L]
L] L]
-20.40 H o -20.40 o
-20.50 -20.50
-20.60 -20.60
Baseline 1 2 3 4 5 Baseline 1 2 3 4
Weeks ‘Weeks

Figure 7.1 5"°C increases in blood cells over time after a diet-switching to an
isotopically distinct diet in triploid (A, red) and in diploid (B, blue) juvenile brook charr,
Salvelinus fontinalis.
7.4 Discussion:

This experiment demonstrates that application of a SILAC-based strategy to shift
the stable isotope signature of fish pellets for diet-switch experiments is a viable

alternative to using distinct feeds derived from different protein sources. The L-alanine-
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1-13C spike resulted in a 2.5-3.0 %o 8'*C enrichment in the feed, and baseline blood
values from fish fed this diet were enriched by approximately 3%o. compared to those
from fish fed untreated pellets. This shows that the L-alanine-1-'*C spiked feed was
sufficiently distinct for use in a diet-shift experiment.

The 8'3C ratio in the spiked feed was between -19.5 and -20.0 %o. Given the
2.5%o enrichment in §'3C values between untreated pellets and baseline values from
blood samples, I expected the §'*C ratio of the blood to eventually equilibrate between -
16.5 and -17.0 %o, a shift of 3%0 compared to the spiked pellets. According to the data
from Charest (2016) using sulphur isotopes, tissue equilibration with the diet would take
approximately 150 days at 14°C in the blood of adult, diploid brook charr (90%
turnover) but this was not feasible for my experiment due to cost and time constraints.
Since Charest continued her experiment until tissues had equilibrated, she was able to
calculate that 50% turnover of the blood was achieved 49 days after the diet shift. On
this basis, my experiment was intended to run for 84 days, which I anticipated would be
long enough to reach 50% turnover in triploids even if erythrocyte turnover was slower.
I expected 8'°C ratios to be between -18.0 and -18.5 %o by week seven in diploids and 1
predicated that triploids would take slightly longer to reach these values. Unfortunately,
the experiment was terminated after 35 days, before we expected the blood to reach 50%
turnover. Although 3'3C was becoming more enriched in the blood, after 35 days the
813C were only ~0.5%0 more enriched than baseline values. Without any indication that
tissues had reached 50% turnover (either by reaching 49 days or by 8'3C ratios reaching
1.5%0 enrichment), any inferences drawn from these data would be heavily reliant on

extrapolation. A linear trendline produced the best-fit for these data based on R?, but
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these were included only to highlight to positive trend of increased 8'3C ratio over time
rather than for quantitative purposes. I expected that these data would produce a
logarithmic curve with rapid change initially (since every cell being removed has no
label and every cell being produced is labelled) that slowed over time as the unlabelled
cells become rarer (Petersen and Fry, 1987; Vander Zanden et al., 2015; Charest, 2016).
Logarithmic curves are frequently produced when biochemists measure enzyme kinetics,
but to calculate the maximum rate of reaction (vMax), biochemists use only the initial
time points in the reaction when rate of product formation is linear (since every unit of
enzyme produces a precise amount of product per unit time). I presume that the linear-fit
calculated is an artifact of the fact that we only measured the initial few time points of
the shift in 8'3C ratios of the tissue. Unlike enzyme kinetics assays, there are still too
many unknowns regarding the effects of ploidy on the rate of tissue turnover (discussed
below) for this initial rate to be useful for comparison.

A critical assumption underlying the logic in this experiment is that the 2%o - 3%o
enrichment in 8'3C ratios as carbon moves up a trophic level is not affected by ploidy.
There are no data to suggest that this might be affected by ploidy, but that is because it
has not yet been tested empirically to rule out this possibility. My experimental design
assumed that the scale of the increase in isotope ratios would not be affected by ploidy
(i.e., diploids and triploids would both start at X %o and equilibrate at (X + 3) %o), so that
I could simply compare how much time had elapsed before diploids and triploids
reached a (X + 1.5) %o enrichment in the 8'3C ratio. Repeating Charest’s experiments
using this modified SILAC protocol for a long-term diet shift experiment until

equilibration would certainly be valuable for further study of tissue turnover in triploids
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and in fish physiology as a whole. Using a warm-water species such as zebrafish might

be a viable alternative strategy to reduce cost since they would both consume far less

feed and be expected to turnover their tissues much more rapidly than cold-water species
such as brook charr. SILAC experiments in zebrafish for quantitative proteomics are
becoming commonplace in research on development (Konzer et al., 2013) and tissue
regeneration (Westman-Brinkmalm, et al., 2011), but I am unaware of studies using

SILAC diets on adult fish to measure tissue turnover. This novel way to manipulate the

isotopic signature of fish pellets provides an alternative way to perform diet-shift

experiments that does not require changing to a different feed that may not be
nutritionally equivalent.
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