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Abstract
MANIPULATING CHROMOSOMAL CONTENT IN ZEBRAFISH EMBRYOS AND
DETERMINING THE EFFECTS OF DIFFERENTIATION OF NEUROMESODERMAL
PROGENITOR CELLS
Elsie Janira Rodriguez
B.S., Appalachian State University
M.S., Appalachian State University
Chairperson: Dr. Cortney Bouldin
A growing body of evidence suggests that increased ploidy can aid cells in
development, differentiation, homeostasis, and wound healing. With increased size
and transcription, polyploid cells are capable of genomic buffering against mutations,
resistance to apoptosis, increased lifespan, and increased metabolism. Currently, the
majority of research surrounding the impact of polyploidy driven cell changes is plant
focused and investigations with animal cells are lacking. Interestingly, our lab has
found neuromesodermal progenitors (NMps) are held in an extended S/G2, with
double the DNA content, prior to differentiating during zebrafish somitogenesis.
These NMps may be mimicking some of the benefits of polyploid cells in order to aid
differentiation.
In order to ask direct questions about the role ploidy may play in
differentiating cells, a system must be set up with various ploidy levels. To achieve
this, the present study uses gynogenetic diploid methodology to generate a protocol
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for the production of haploid, diploid, and tetraploid zebrafish using in vitro
fertilization. Here we note the length and morphology at 5 days post fertilization
(dpf), where suspected haploid and tetraploid zebrafish were both shorter in length
compared to their diploid counterparts. Suspected haploid fish displayed curved tails
and truncated bodies while 70% of suspected tetraploid fish were normally developed
and 30% had curved tails.
Our study followed NMp differentiation by following gene expression
changes during axis elongation. NMps fuel axis elongation in vertebrates by
providing the raw material for posterior mesoderm and ectoderm tissues. NMps
destined to become skeletal muscle express four key genes in consecutive order,
tbxta, tbx16, tbx6, and myoD. Using in situ hybridization, we qualitatively compared
the expression of tbxta, tbx16, tbx6, and myoD across suspected haploid, diploid, and
tetraploid zebrafish. Our results suggest that reduction in ploidy disrupts mechanisms
involved in somite formation while increased ploidy increases the adaptability of cells
to respond to acute stress because NMps remain capable of differentiating normally
toward the muscle fate.
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INTRODUCTION

Early vertebrate development
The development of a multicellular organism begins with a single cell, also known as
a zygote or fertilized egg. Fertilization of an egg is the result of the fusion of mature gametes,
sperm and egg in vertebrates, and their pronuclei. The fusion of pronuclei generates a new
and unique zygotic genome with instructions on how to proceed through development
(Gilbert, 2000). A zygote will balance proliferation, increase in cell number, and
differentiation, specialization of cells by acquiring specific functions, to form the adult body.
This is no small feat as adult humans contain approximately 37 trillion cells comprising 200
different cell types amongst 11 organ systems (Bianconi et al., 2013).
Embryogenesis is the formation and development of an embryo that occurs between
fertilization and birth. Proper development during embryogenesis is critical for the success of
an embryo to enter adulthood. The fine balance of proliferation and differentiation is weaved
in the three main processes that comprise embryogenesis; cleavage, gastrulation, and
organogenesis. During cleavage there is an increase in cell number by rapid cell divisions
which generate a mass of genetically identical cells. Gastrulation involves cell movements
that will reorganize a simple ball of cells into a multilayered organism by defining the 3 germ
layers; endoderm, ectoderm, and mesoderm (Gilbert, 2000). Endoderm will produce the
epithelium of the digestive tube and its associated organs, ectoderm will generate the
epidermis, brain, and nervous system, and the mesoderm will form the blood, heart, muscles,
bones, and connective tissues. Organogenesis then is a series of integrated processes that will
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turn the mass of cells into complete organs of the body through the continued reorganization
and specialization of cells (Trainor and Johnson, 2015).

Potency during embryogenesis
Stem cells are the body’s raw material from which all other cells with specialized
functions are generated, these cells have two major characteristics; self-renewal and
differentiation. Thus, stem cells will fuel vertebrate development by maintaining their
numbers and specializing cells in a controlled manner over time. Potency defines a stem
cell’s ability and potential to become other types of cells and as stem cells acquire
specialized characteristics their potency decreases. A single celled zygote is totipotent,
capable of becoming all cells, both body and germ cells, then as that cell rapidly divides
during cleavage and germ cells are defined, pluripotent cells continue to become all of the
body cells. When germ layers (endoderm, ectoderm, and mesoderm) are defined during
gastrulation, resident multipotent stem cells are maintained within those developing tissues.
Multipotent stem cells generate cell types with restricted specificity for the tissue which they
reside rather than being able to revert back and become any cell across the germ layers
(Gilbert, 2000). For example, cells that are specified as mesoderm are now restricted and
cannot become any cells of the ectoderm or endoderm lineages. When a cell expresses each
of the genes necessary for its final function, a cell is said to be terminally differentiated
(Perdigoto et al., 2011). During organogenesis and beyond there are progenitors with limited
differentiation potential and precursors with limited division potential that reside within
tissues. Progenitors and precursors continue to act as raw material to aid in development and
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homeostasis of organs (Gilbert, 2000). In essence, cells of the developing body are defined in
a stepwise process and as the cells become more specialized their potency decreases.

Neuromesodermal progenitors
In the most posterior end of vertebrate embryos, there is a population of
undifferentiated stem-like cells, termed neuromesodermal progenitors (NMps), that fuel axis
elongation (Kimelman, 2016). NMps are bipotential progenitors, capable of becoming
neurectoderm or mesoderm, that continue specification past gastrulation (Tzouanacou et al.,
2009). NMps remain in the very tip of the tailbud, called the progenitor zone, and move out
of this zone to make neural and mesodermal fate decisions (Garriock et al., 2015). The
vertebrate body elongates when muscle and spinal cord are formed from NMps. This can be
clearly visualized as NMps contribute to the formation of somites, bilaterally paired blocks of
paraxial mesoderm flanking the notochord, during somitogenesis. When the NMps are
exhausted, no more somites will form, and the extension of the posterior body ends
(Kimelman, 2016).
NMps have been identified in all vertebrate species examined from fish to humans,
indicating that they are a conserved feature of development (Kimelman, 2016). Unique
molecular markers for NMps are currently lacking, but studies investigating NMps have been
able to identify this population of bipotential cells by co-expression of brachyury (Bra) and
sox2 (Figure 1; Henrique et al., 2015). Brachyury, a T-box transcription factor, has several
different gene names depending on the species, but regardless of the species, Bra has a role
for induction of mesoderm (Martin and Kimelman, 2012). Without Bra, no posterior
structures form, making it critical for axis elongation (Gluecksohn-Schoenheimer, 1944). The
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gene, Sox2 codes for a transcription factor that functions to maintain neural progenitor
identity and is required for neural differentiation (Graham et al., 2003). Being able to identify
this unique bipotential cell population opened up a new experimental paradigm for studying
the cellular and molecular basis of tissue generation.

Fig 1. Sox2 and brachyury co-expressing cells in the CLE and primitive streak of
mouse. (A) Confocal maximum intensity projection from the posterior end of an E8.5 mouse
embryo labelled with antibodies for Sox2 (green) and brachyury (red). There are doubled
labeled cells in the CLE (white dashed lines) and the NSB. (B-F) Transverse sections at the
levels indicated in A. White arrowheads represent double labelled cells in the primitive streak
and CLE (Henrique et al., 2015).

Neuromesodermal progenitors are stem cell-like
NMps are similar to embryonic stem cells (ESCs). Embryonic stem cells, derived
from the inner cell mass of the pre-implantation blastocyst, have the ability to generate all of
the cells in the body. An embryonic stem cell is characterized by two main features. First,
ESCs must be capable of maintaining an undifferentiated state, which is done through selfrenewal. Second, ESCs must retain pluripotency, the potential to generate cells of all three
primary germ layers, all the cells of the body (Huang et al., 2015). Similarly, NMps have
shown self-renewing capacity in some models (Kimelman, 2016; Tzouanacou et al., 2009).
4

Pluripotent ESCs contribute to cells of all three primary germ layers, while NMps are
restricted and can only become two of the germ layers. Since NMps have the potential to
contribute to two germ layers; mesoderm and ectoderm, they are considered to be in a
pluripotent-like state since they remain unspecified to a particular germ layer past
gastrulation (Davis and Kirschner, 2000; Henrique et al., 2015; Tzouanacou et al., 2009).
NMps resemble the characteristic features of ESCs and are considered to be embryonic stem
cell-like.
The similarities between embryonic stem cells and NMps allow a unique opportunity
to use NMps to study the mechanisms behind what gives embryonic stem cells its
advantageous qualities. Embryonic stem cells are removed from the inner cell mass and
typically put in a petri dish for investigation. NMps, located in the tailbud of a growing
vertebrate body, provide an in vivo system for studying how stem cells maintain their
progenitor state and how differentiation decisions occur.

The cell cycle controls cell division
Life depends on the process of cell division. The division of cells is controlled by the
cell cycle. In the most basic understanding of this cycle, a cell will undergo synthesis and
mitosis, replicating internal components and DNA; then dividing into 2 daughter cells. The
four phases of the cell cycle consist of G1 (gap phase 1), S (synthesis), G2 (gap phase 2), and
M (mitosis) (Figure 2). The two gap phases that flank synthesis, G1 and G2, allow the cell
time for growth and cellular assessment (Julian et al., 2016). Because of the energy required
for cell division, continued division only takes places when necessary.
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The timing and coordination of the cell cycle is highly controlled by a plethora of
factors including cyclins, their associated cyclin dependent kinases (Cdks), and various
checkpoints, to ensure that events occur sequentially. The three checkpoints are the G1/S
checkpoint, G2/M checkpoint, and the metaphase to anaphase transition (Crosby, 2007;
Figure 1). Checkpoints serve to ensure that the cell has met the phase qualifications, with no
errors, before entering the next phase. Amazingly, if there are errors, the cell is able to catch
and correct them before proceeding. However, in the case that a cell fails to correct the
errors, uncontrollable replication, cancer, or cell death can result (Bartek and Lukas, 2001).
Cells can even exit the cell cycle and enter a quiescent state, G0, where they stop dividing.
This cell cycle exit can be a temporary resting period or more permanent depending on its
environment. Cells will permanently exit the cell cycle if it has reached an end stage of
development where division is no longer necessary (Gilbert, 2000).

Fig 2. Generalized cell cycle and checkpoints. The cell cycle is made up of 4 phases: G1, S
(synthesis), G2, and M (mitosis). Cells will not expend energy to move forward with division
if there is any indication of error. Checkpoints (shown in red) during the cycle act as stopping
points to assess if a cell is prepared to move to the next phase (from Oncogenes and Their
Role in Cancer)
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The cell cycle and development
During embryogenesis, the cell cycle becomes increasingly more complex. In early
embryonic cycles, cell cycle regulators are contributed maternally until the onset of broad
transcription from the zygotic genome (Budirahardja and Gönczy, 2009). During cleavage
rapid division is accomplished by bypassing the gap phases, simply alternating between
synthesis and mitosis (Budirahardja and Gönczy, 2009). The onset of zygotic transcription
coincides with the introduction of the gap phases (Lu et al., 2009). Timing and movement
through the cell cycle has an influence on whether or not a cell will proliferate or
differentiate (Budirahardja and Gönczy, 2009).
The gap phases have been shown to play a role as critical decision points for
undifferentiated stem cells (Soufi and Dalton, 2016). G1 has been coupled to fate decisions
since early studies in budding yeast (Connolly et al., 1988). Many studies have established
that the cell cycle of ESCs features an abbreviated G1 phase and an extended S phase (She et
al., 2017). It has been suggested that G1 establishes a favorable environment for
developmental programs to be activated (Reddy et al., 2008). Although cell fate decisions
being initiated during G1 or related to the time spent in G1 have been described more in
literature (Calder et al., 2012; Coronado et al., 2013; Singh and Dalton, 2009), G2 is also
potentially important for cellular decisions (Soufi and Dalton, 2016). Cells with an extended
G2 are ready to divide upon injury, which has been observed in intestinal stem cells (Chera et
al., 2009). G2 pausing also confers some additional selective advantages, like a strong
resistance to cell death potentially because of the additional DNA present. For example,
Mammalian epithelial stem cells have been shown to resist cell death in G2 thanks to high
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levels of G2 check point proteins (Harper et al., 1993). More time in G2 is also correlated
with enhanced DNA repair programs, like homologous recombination which is a conserved
mechanism involved in the repair of double stranded DNA (Takata et al., 1998). During G1,
the cell expends its energy to replicate its DNA which coincides with the decision to follow
through with movement through the cycle. Following DNA replication and before moving
into mitosis, G2 is a time where protecting replicated DNA becomes a critical survival
feature. Before moving into mitosis, the G2/M checkpoint assesses DNA for chromosomal
damage meaning various proteins must be meticulous while combing through DNA, making
this an advantageous time for differentiation decisions to be made.
Previous work from our lab found that NMps, stem-like cells in vertebrates, exhibit a
unique cell cycle profile consisting of a relatively short G1 with a prolonged S/G2 required
for normal development (Bouldin et al., 2014). NMps actively divide during gastrulation,
populate the tailbud, and remain in a prolonged S/G2 during somitogenesis until
differentiation is required. When cells were forced out of G2 into mitosis, through ectopic
expression of Cdc25, mesodermal differentiation was disrupted and fewer somites formed
(Bouldin et al., 2014). Thus, differentiation was disrupted when NMps cannot remain in G2,
with double the DNA content, potentially implicating that the time and cellular environment
of G2 had a role in the process of differentiation.

Ploidy and the cell cycle
Eukaryotic organisms have their genomes organized in chromosomes with a
characteristic number, size, and sequence. Ploidy is a term to describe the number of
chromosomes present in the nucleus of a cell. Euploidy, true ploidy, is the ploidy that is
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unique to a particular species; for example, humans are diploid organisms. Ploidy is an
important characteristic of a cell because maintenance of the genome, which contains all the
hereditary information (DNA) for a cell, is a key requisite for the success of all multicellular
organisms (Snustad and Simmons, 2012).
Changes to a cell’s ploidy can arise by modifications of the cell cycle.
Endoreduplication, or endoreplication, is replication of the genome in the absence of mitosis
leading to increased gene content and polyploidy. A cell will replicate the DNA during S
phase and either revert back to a gap phase, skipping mitosis completely (endocycling) or
enter mitosis and fail to complete cytokinesis (endomitosis). Mono- or multinucleate cells
can result from this process and cells can sometimes achieve ploidies greater than 200,000 C
(Øvrebø and Edgar, 2018). Endoreplication and endomitosis is found in all eukaryotic
kingdoms; plants, fungi, protozoa, and animals.
Ploidy can also be altered when a missegregation occurs during mitosis or meiosis.
During anaphase of mitosis or meiosis, following replication, chromosomes separate from
each other and migrate to opposite poles of the cell. Missegregation can occur when there are
incorrect attachments of the spindle microtubules to the kinetochore, which typically leads to
aneuploidy, an abnormal amount of chromosomes (Lee et al., 2009). These strategies are
sometimes programmed but they can also arise by mistake as well.

Potential benefits of polyploid cells
Polyploidization of cells and tissues offers benefits such as genomic buffering against
mutations, resistance to apoptosis, increased metabolism, a role in tissue homeostasis and
regeneration (Øvrebø and Edgar, 2018). We hypothesize that cells occupying a prolonged
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G2, with double the DNA content, before differentiating like what has been seen in NMps,
may be mimicking benefits seen in polyploid cells.
Polyploidy plays an important role in aiding in the development of structures
necessary for successful reproduction across plants and animals. For example, trophoblast
giant cells of the mammalian placenta, that provides oxygen and nutrients to a growing
embryo, will surround the early blastocyst and undergo rapid endocycling resulting in up to
1000C (Lee et al., 2009). Developing hepatocytes of the liver, a highly regenerative organ,
undergo endomitosis to generate multi-nucleate cells, that can later divide to generate cells
with 4C and 8C DNA content (Guidotti et al., 2003). Some other regenerative vertebrate cells
that exhibit developmental endoreplication are endometrial stromal cells, cardiac myocytes,
epicardial cells, megakaryocytes, and vascular smooth muscle cells (Lee et al., 2009).
Some organisms use endoreplication as part of terminal differentiation. When the
DNA content is increased via endocycling, the additional DNA content can facilitate growth
and provide key functions to the adult organism, from nutrient uptake to defense, while
sustaining the mass production of proteins and high metabolic activity without continued
division (Lee et al., 2009). Moreover, terminally differentiated polyploid cells from
endoreplication maintain viability for long periods of time whereas polyploid cells from
DNA damage will activate apoptotic pathways (Sroga et al., 2012).
Polyploid cells have been shown to support organ growth, tissue homeostasis, and
wound healing. There are organs with dispersed polyploid cells that influence the structure or
shape of the overall organ. Proper formation of the Drosphila rectum requires papillar
protusions to become polyploid during pupation (Schoenfelder et al., 2014). A possible
explanation for this might be that increasing incidences of polyploidy among those cells
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generates a pool of cells that might be poised to respond to future tissue stress. When
zebrafish hearts were injured, surrounding polyploid cardiomyocytes showed to aid in the
regeneration the heart more efficiently than diploid counterparts (Cao et al., 2017). In sum,
additional DNA content provides stability and adaptability to cells, which could be
advantageous for differentiating cells.

Zebrafish as a model system
Zebrafish are commonly used in studies related to development, and in recent years,
they have become an excellent model organism for stem cells in vivo. Zebrafish share 70%
of genes with humans and are external fertilizers with transparent embryos. Because of this,
visualization of development is possible under a simple transmission microscope and
manipulation can be done as early as the single cell stage. Zebrafish are able to breed
yearlong and many embryos can be obtained in a single clutch, which are advantageous in a
research lab setting. In addition, they also provide a benefit of short development times, with
less than a week being required for the development of the cardiovascular, nervous, and
digestive systems (Westerfield, 2000).
Because the manipulation of zebrafish is easy, they have become a common
alternative to cell culture techniques. While cell culture allows direct observation of stem cell
behavior, the cell environment may not be fully replicating the in vivo cell environments,
which leaves questions about the biological relevance of such studies. Zebrafish offer an in
vivo alternative, with shorter generation times and cheaper housing costs. Zebrafish make a
great candidate for studying stem cell behavior considering they will develop similarly to
humans.
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To begin investigating the connection between stem cell differentiation and ploidy,
the present study establishes a zebrafish model with three ploidy levels. Employing methods
used for production of gynogenetic diploid embryos for mutagenesis screens (Westerfield,
2000), we have generated protocols to produce haploid, diploid, and tetraploid zebrafish in
the Bouldin lab. Next, we documented morphology and length differences across suspected
ploidy levels. Finally, we qualitatively followed gene expression changes from NMps to their
muscle fate using in situ hybridization with probes for tbxta, tbx16, tbx6, and MyoD to begin
elucidating the role ploidy may play in differentiation of stem cells in vivo.

MATERIALS AND METHODS
Zebrafish husbandry
Zebrafish were maintained following the guidelines by the Institutional Animal Care
and Use Committee (IACUC) (Protocols 17-13 and 17-15) and by The Zebrafish Book: A guide
for the laboratory use of Zebrafish (Danio Rerio) (Westerfield, 2000)12/1/20 10:54:00 AM.
Fish were kept on a light cycle consisting of 14 hour light/10 hour dark with water maintained
between 26°C and 29°C, 450 and 850 microSiemens, and pH above 6.8. Fish were fed dry
food daily at 9 am and live brine shrimp in the afternoon.

In vitro fertilization
The afternoon prior to IVF, male and female zebrafish were selected and separated in
a breeding tank. No more than 3 males and 3 females were placed in a single breeding tank.
Males with slender bodies were selected. Females with large bellies and obvious protruding

12

genital pores were selected for IVF. The breeding tanks, with males and females separated,
were left overnight in the vivarium.
Prior to gamete collection, 1X Tricaine was made using 25X Tricaine stock and the
facility water from the breeding tanks for anesthesia. Fish were individually anesthetized
immediately before squeezing by netting individuals into 100 mL beaker with at least 25 mL
of 1X Tricaine. When movement of a fish in the beaker slowed, the fish was transferred to a
flat surface to be dried. 1X Tricaine was reused until it was evident that fish were not slowing
their movement after being placed into the solution or if the solution turned yellow. Fish
were lightly dried by flipping on a paper towel and patting with a kimwipe.
Under a light source, male zebrafish were placed ventral side up in the slit of a foam
plug. The ventral side of the male, with special attention to the anal fins, were patted with
kimwipes once more. Anal fins were gently pushed aside, using the 10 µl microcapillary
tube, to expose the cloaca. The capillary tube was held at an angle less than 90° from the
cloaca. Using a pointer finger, gentle pressure was applied to the ventral body moving
posterior toward the anal fins until sperm was collected into the capillary tube. Sperm was
transferred into 50 µl of pre aliquoted Hanks solution via mouth pipette and placed on ice
(Westerfield, 2000). Microcapillary tubes were reused for all males within a zebrafish line,
per collection day. The amount of sperm collected per fish varied, but a very small amount
was sufficient for fertilization. Sperm from 2-3 fish were pooled into a single 50 µl Hanks
solution aliquot.
In a 35 mm glass dish, female zebrafish were placed laterally. Females were patted dry
once more using a kimwipe. With the middle finger supporting the dorsal side, gentle pressure
was applied while sliding the thumb across the body toward the genital pore. Eggs were easily
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expelled from the genital pore onto the petri dish creating a mound. Using a dry plastic spoon,
eggs were scraped away from the body and onto the dish very carefully without rupturing any
eggs. Eggs were checked for viscosity, and if gentle pressure failed to produce eggs no more
attempts were made.
Upon egg clutch acquisition, cold sperm mixture was expelled onto the clutch and
gently mixed using a p100 tip. To the sperm and egg mixture, 1 mL of embryo media (15 mM
NaCl, 0.8 mM KCl, 1.3 mM CaCl • 2H2O, 0.1 mM KH2PO4, 0.05 mM Na2HPO4, 2 mM
MgSO4 • 7H2O, 0.07 mM NaHCO3) was added and incubated for 2 minutes, filled with
embryo media, and left to develop in a 28°C incubator. This was determined to be the
beginning of fertilization, otherwise known as, 0 minutes post fertilization (mpf) (Westerfield,
2000). Males and females were returned to a recovery tank and were not used again for 4 weeks
following the procedure.

Zebrafish strains
This study utilized petshop, AB*, and transgenic EF1α:NLS-Kikume zebrafish, which
contains Kikume with a nuclear localization signal (Bouldin et al., 2014). This line facilitates
visualization of a cell’s nucleus, which can be photoconverted from green to red by use of short
pulse ultra violet light (Bouldin et al., 2014). The coding sequence for the fluorescent molecule
is placed downstream of the Xenopus EF1α promoter, which results in ubiquitous expression
in zebrafish (Burket et al., 2008).
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Ploidy manipulation
To generate haploid embryos, collected sperm were subjected to UV irradiation in a
UV protective box before being expelled onto eggs. In the UV box, sperm in Hank’s saline
were pipetted onto a depression slide and placed 45 centimeters away from UV bulb (Sylvania
18 in 15W germicidal lamp) and irradiated for 2 minutes. Irradiated sperm were then added to
collected eggs, 2 mL of embryo media was added to the mixture, gently mixed using a
micropipette tip, and incubated at room temperature for 2 minutes. The dish with the sperm
and egg mixture was then filled with embryo media and placed into a 28°C incubator
(Westerfield, 2000).
To generate tetraploid embryos, fertilized embryos were subjected to heat shock at 22
minutes post fertilization (mpf) to interrupt the first mitotic cell division (Heier et al., 2015).
Approximately 20 mLs of embryo media were pre warmed in a water bath set to 41.5°C, prior
to heat shock embryos were transferred into a 50 mL conical tube with most embryo media
removed. At 22 mpf, prewarmed embryo media was poured over the embryos and placed in
the water bath for 2 minutes. Post-heat shock, the embryos were returned to 28°C incubator
immediately following heat shock. Between 50-60 mpf, during the second cell cycle, embryos
were selected that had a two-cell arrangement exhibiting a stall in cytokinesis.

Zebrafish staging
Embryos were staged according to Stages of embryonic development of the zebrafish
(Kimmel et al., 1995). At 4 hpf, staging was recognized by their spherical shape with a flat
border between the embryo and yolk. Embryos at the 15-somite stage were distinguished by
counting the number of somites present. These cues were used to accurately determine the
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staging throughout embryogenesis. For larvae, starting at fertilization (0 mpf), the time was
monitored until zebrafish reached 120 hours or 168 hours for experiments at 5 dpf or 7 dpf,
respectively.

Length measurement
Zebrafish were placed in methylcellulose in a ceramic depression dish. Images were
taken of individual zebrafish on an Olympus IX81. Images were imported into ImageJ to
collect length measurements (Schneider et al., 2012). Using the measurement tool, lengths
were taken in mm by measuring across the dorsal side of the fish, from the tip of the mouth to
the end of the tail (Abràmoff et al., 2004).

Microscopy
Morphological differences were compared across suspected haploid, diploid, and
tetraploid zebrafish raised to 5 dpf. Images of living zebrafish was collected by placing
zebrafish in methyl cellulose in a ceramic depression dish. Images were taken of individual
zebrafish on an Olympus IX81 at 4x or 10x magnification.
Nucleus volumes were compared using EF1α:NLS-Kikume zebrafish, containing a
kikume green nuclear localization signal. Diploid and haploid zebrafish embryos were raised
to 4-5 hours post fertilization and whole mounted in methylcellulose. Nuclei were detected
with an Argon 488 nm laser on a Zeiss LSM 880. Using the ZEN 2.3 software, Z-stack images
were taken and the diameter of the nuclei were measured using the profile tool, and nuclear
volumes were calculated using the diameter measurement and the following formula:
4 𝑑!
𝑉= 𝜋
3 2
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Flow cytometry
DNA content was measured in zebrafish raised to 7 dpf. At 168 hours, fish were
anesthetized using 25X Tricaine, dropwise, until euthanasia could be confirmed by a lack
of gill movement. Larvae were dissociated into a single cell suspension (Bresciani et al., 2018)
and fixed in 66% ethanol at 4°C for 2 hours. To prepare for flow cytometry, the cells were
rehydrated in PBS and stained with propidium iodide and RNaseA (50 µl/ml) and incubated
for 30 minutes on ice using Propidium Iodide Flow Cytometry Kit for cell cycle analysis (cat.
no. ab139418; Abcam). Prepared cells were analyzed using a Beckman Coulter FC500 with
FSC vs SSC and propidium iodide fluorescence collected in FL2. Ploidy of cells were
determined by analyzing cell cycle distributions using FlowJo software (Darzynkiewicz et al.,
2010).

Whole mount in situ hybridization
Embryos were fixed at the 15-somite stage in 4% paraformaldehyde overnight and then
dehydrated in methanol for storage. To perform single-probe whole-mount in situ
hybridization, embryos were rehydrated in PBT (Thisse et al., 2001). Proteinase K digestion
(2 µg/mL) was performed for 5 minutes, re-fixed in 4% paraformaldehyde, then washed twice
with PBT. All PBT was removed and hybridization mix (hyb-) was added for 2-5 hours at
65°C. Hyb- was removed and hybridization mix (hyb+) with a 1:200 dilution of RNA probe
was added before incubating at 65°C overnight. Hyb+ with RNA probe was subsequently
removed from the embryos and a series of washes were performed. The washes include: 1 min
in hyb-, 45 minutes in 50% hyb-/50% 2X SCC, 15 minutes 2X SCC, 60 minutes 0.2X SCC,
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and three 5-minute PBT washes. Embryos were then blocked using 2% goat serum and BSA
(2 mg/mL) in PBT for three hours at 4°C. After the block was removed, a solution of block
plus anti-DIG antibody fragments was added to the embryos before incubating overnight at
4°C. Six 15-minute washes with PBT were performed the next day followed by three 5-minute
washes with alkaline phosphatase buffer. Embryos developed in an alkaline phosphatase buffer
plus BCIP/NBT solution. When color was visible the reaction was stopped with PBT and
dehydrated with methanol for storage (Thisse et al., 2001).
Embryos stained by in-situ hybridization were rehydrated and transferred stepwise to a
75% glycerol and 25% PBS solution and left on a shaker overnight at 4°C. The following day
embryos were deyolked by gently scraping platelets away from the body under a dissection
microscope. Embryos were then mounted on a 1.0 mm thick slide with a Corning 22 x 22 mm
cover slip. Images were collected at 4x or 10x magnification and processed on Olympus
cellSens software and edited using adobe software.

RESULTS
Polyploid cells have been shown to support organ growth, tissue homeostasis, wound
healing, aid in development of structures necessary for reproduction, and play a role in
terminal differentiation (Lee et al., 2009). To begin asking ploidy related questions in the
Bouldin lab, we have worked to set up a model system using zebrafish with three ploidy
levels: haploid, diploid, and tetraploid. Techniques intended for generating gynogenetic
diploid embryos were modified in order to manipulate the ploidy of zebrafish (Westerfield,
2000).
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Gamete Collection
Methods for manipulating the ploidy of zebrafish requires precise timing of
fertilization and development. In order for such timing, in vitro fertilization (IVF) serves
better than traditional timed mating strategies using breeding tanks. IVF gives temporal
control by manually performing fertilization, rather than waiting for fertilization events to
take place in the tank. Collection of gametes for IVF were done by following protocols
provided by ZFIN (Zebrafish Information Network) with modifications, which we outline.
Preparation is critical to the success of IVF. Males and females were selected the
afternoon prior to IVF, separated in a breeding tank, and left overnight in the vivarium. The
following day, equipment used for squeezing was set up in the laboratory (Figure 3D). Fish
were individually euthanized using 1X Tricaine prior to their respective squeezing strategy.
Under a light source, males were placed in the slit of a foam plug with its ventral side
facing up (Figure 3A). Using the 10 µl microcapillary tube (Figure 3B) to expose the cloaca
gentle pressure was applied to the ventral body moving posterior toward the anal fins until
sperm was collected into the capillary tube. Sperm was transferred into pre aliquoted Hanks
solution via mouth pipette (Figure 3B) and placed on ice. A small amount of sperm was
sufficient for fertilization of a single egg clutch.
Females were placed laterally (Figure 3C) in a 35 mm glass petri dish. With a finger
supporting the dorsal side, gentle pressure was applied while sliding the thumb across the
lateral body moving toward the posterior. Eggs were expelled easily from the genital pore
onto the petri dish creating a mound. Eggs were then scraped away from the body and onto
the dish very carefully using a dry plastic spoon.
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Following fish squeezing procedures, fish were immediately returned to a breeding
tank. Fish were not squeezed for a month following the procedure, in order to allow for
recovery.

A

D

C

B

Male squeezing station

Female squeezing station
• 35 mm glass petri dish
• Kimwipes
• 50 mL conical for embryo media

• Foam plug from Drosophila bottle
*cut with slit to use as prop*
• Kimwipes
• 10 µl microcapillary tube
• Mouth pipette
• 1.5 mL eppendorf tube filled with 50 µl
full strength Hanks solution
*prepare 1 per tube per male*
• Light source
• Quickspin centrifuge

Both
• 1X Tricaine made with facility water
• 100 mL beaker
• Plastic spoon
• Gloves
• Paper towels
• Ice bucket with ice
• Fish net

Fig 3. Set up for zebrafish gamete collection. A) Male zebrafish placed with ventral side up
in foam holder. B) Mouth pipette (left) and 10 µl microcapillary pipette (right) for collecting
sperm. C) Female zebrafish placed laterally on 35 mm glass petri dish. D) Materials needed
for IVF.
An individual clutch of eggs, from a single female, was fertilized immediately
following collection. Iced sperm in Hanks solution were mixed by pulsing in a quick spin
centrifuge prior to pipetting onto eggs. Once eggs and sperm were combined in the petri dish,
2 mL of embryo media was added to the dish. The dish was gently mixed before being
incubated for 2 minutes, filled with embryo media, and left to develop in a 28°C incubator.
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Ploidy manipulation
Gynogenetic diploid embryos, or embryos with only maternal chromosomes, have
been generated in zebrafish in order to identify new mutations in mutagenized females
(Westerfield, 2000). Parthenogenesis techniques allow reproduction of an egg without
fertilization, developing with only maternal DNA content. DNA can be doubled to generate a
gynogenetic diploid. We set out to take advantage of these techniques, which allow for the
manipulation of ploidy, to generate zebrafish embryos with haploid, diploid, and tetraploid
DNA content.
For haploid zebrafish generation, the DNA of sperm was destroyed by subjecting it
UV irradiation for 2 minutes before being mixed with eggs. To accomplish this consistently,
I built an irradiating box, which holds a Sylvania 18 inch 15W germicidal lamp 15 inches
away from where the sperm is held (Figure 4). Beneath the light source, the sperm in Hanks
solution was placed on a depression slide on a centrifuge rack packed with ice. The UV light
was turned on for two minutes, before the solution was returned to an ice bucket. UVirradiated sperm was then combined with eggs, mimicking fertilization, using the same
fertilization procedure as stated preciously. UV-irradiated sperm could not contribute
paternal chromosomes and the resulting zygotes were presumed to be haploid.
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Fig 4. Sperm irradiation box. Box built with UV resistant plexiglass used to irradiate
sperm. Box built with 15W germicidal lamp placed 15 inches away from depression slide,
placed on tube rack.
To double the DNA content and generate tetraploid embryos, cytokinesis was delayed
during the first cell cycle using the Heat Shock 2 method (Baars et al., 2016). This method
inhibits centriole duplication during heat shock which blocks spindle formation and furrow
induction during the following cell cycle (Baars et al., 2016). Eggs were fertilized with
normal sperm and transferred into a conical tube with excess embryo media removed. These
embryos were subjected to heat shock at 22 mpf and placed into a 28°C incubator to recover.
The success of the Heat Shock 2 method is attributed to the unique timing of the heat
shock followed by a qualitative selection process. Embryos that exhibited stalling in the first
cell cycle were in a 1:1 arrangement when observed at 50-65 mpf, were selected and moved
into a new petri dish containing embryo media and returned to 28°C (Baars et al., 2016;
Figure 5).
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22 mpf

50-65 mpf

Fig 5. Heat Shock 2 tetraploid sorting strategy. Embryos are subjected to a 2 minute
41.5°C heat shock at during the first cell cycle, 22 mpf, to interrupt centriole duplication. The
embryos are then sorted by cell arrangement at 50-65 mpf: 2:2 means no stall, 2:1 means
partial stall and 1:1 means stalled. Those embryos exhibiting stalling, represent tetraploid
embryos with double DNA content. Embryos with 2:2 and 2:1 cell arrangement were
disposed of (Baars et al., 2016).
Nucleus volume measurement
The size of a nucleus increases with increasing ploidy levels (Robinson et al., 2018).
We measured the volumes of nuclei across haploid and diploid fish in an attempt to identify
differences in the size of the nuclei across ploidy levels in zebrafish. We used the transgenic
EF1α:NLS-Kikume line, which made nuclei visible using fluorescence microscopy.
Suspected, haploid and diploid EF1α:NLS-Kikume embryos were raised to 4-5 hpf (hours
post fertilization) and individual embryos were mounted onto a slide. Using a scanning laser
confocal microscope, Z-stack images of cells on the perimeter of the embryo were collected.
A line across the diameter of the cell was drawn and a measurement value was obtained. 5
perimeter cells were selected from each biological replicate. Diameters were recorded and
the volumes calculated using the formula:
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4 𝑑!
𝑉= 𝜋
3 2
The calculated volumes of the haploid and diploid embryos were plotted using an
individual point plot with their 95% confidence intervals (Figure 6). The average volume of
the haploid nucleus was 5.66 µm3 while the diploid nucleus was 16.88 µm3, showing that
doubling the DNA content from haploid to diploid increases the nucleus volume by 2.9 times

Nucleus volume
( µ m3)

(p = <0.00).

Fig 6. Diploid versus haploid zebrafish nuclei volumes. Nucleus quantification determined
that diploid nuclei were 16.88 µm3 on average while haploid nuclei were 5.66 µm3 on
average. The two groups were determined to be statistically different by a students t-test (p =
<0.01).
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Morphological analysis
While working to document our methods and confirm the efficacy of our techniques,
we also documented the morphology and length of the suspected haploid, diploid, and
tetraploid zebrafish to draw comparisons across the various ploidy levels. To assess
differences across suspected haploid and tetraploid fish we incubated fish to 5 dpf. According
to The Zebrafish Book, haploid zebrafish embryos display a characteristic syndrome
(Westerfield, 2000). Haploid embryos have shorter, thicker bodies, swollen pericardial
cavity, problems with organogenesis, less sculptured brains and variable number of ears
(Westerfield, 2000). Blood cells are too large for the blood vessels resulting in circulation
problems, which that haploid zebrafish rarely survive past 5 days post fertilization
(Westerfield, 2000). Although morphology of tetraploids are not well described in literature
or on ZFIN, one report where triploid zebrafish were generated observed no morphological
difference in size or development compared to diploid counterparts (van de Pol et al., 2020),
which we also predicted to be true for tetraploids.
Suspected haploid larvae displayed the expected characteristics (Westerfield, 2000).
More specifically, we observed smaller bodies, curved tails, and heart edema at 5 dpf (Figure
7). Comparison of diploid and suspected tetraploid morphology showed that 70% of
tetraploids had normal body morphology while 30% curved body morphology (n = 47), heart
edema and underdeveloped eyes (Figure 7).
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Tetraploid

Diploid

Haploid

A

E

33/47

Fig 7. Haploid, diploid, and tetraploid petshop larvae raised to 5 dpf. Images shown of
haploid and diploid larva, shown in the first and second row respectively, display a lateral (A
and C) and dorsal view (C and D) of a single fish. Haploid larvae show to have shorter
bodies and curved tails when compared to the diploid control. Tetraploid image, in the third
row, represent two phenotypes observed, similar to diploid (E) or curved with
underdeveloped eyes (F). Scale bars on all images represent 1 mm.
To quantify the body size differences observed at 5 dpf, we measured the lengths of
all ploidy levels. Lengths of the haploid, diploid, and tetraploid larvae were measured using
ImageJ and plotted into an individual point plot with their 95% confidence intervals (Figure
8). The length data showed that haploid larvae were significantly shorter than the diploid
control, 2.0 mm and 3.6 mm respectively (p = <0.01). Surprisingly, tetraploid larvae were
also significantly shorter than the diploid control. On average, tetraploid larvae were 3.2 mm
while diploid larvae were 3.6 mm (p = <0.01).
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Fig 8. Body lengths of haploid, diploid, and tetraploid petshop zebrafish larvae at 5dpf.
For the haploid experiments, diploid larvae were 3.6 mm on average while haploid larvae
were 2.0 mm on average and were shown to be statistically different by a student t-test (p =
<0.01). The tetraploid experiment displayed that the diploid larvae were 3.6 mm on average
while the tetraploid larvae were 3.2 mm on average, these groups were shown to be statically
different by a student t-test (p = <0.01).

Changes in NMp differentiation
The elongation of the vertebrate posterior body is driven by a population of
bipotential stem-like cells called neuromesodermal progenitors (NMps). NMps, located in the
most posterior end of an embryo, can adopt either mesodermal or ectodermal fates (Attardi et
al., 2018; Garriock et al., 2015; Tzouanacou et al., 2009). Short-tailed larvae, like the haploid
larvae we collected, could have a defect in mesoderm production (Kimelman, 2016). Because
differentiation of NMps into muscle is accomplished by the progressive expression of key
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genes, we can track progress of differentiating NMps by monitoring changes in gene
expression.
There are four critical genes that are progressively expressed as NMps progress
toward differentiated muscle: tbxta, tbx16, tbx6, and myoD. The least differentiated cells will
express tbxta, an essential T-box gene that maintains the bipotential progenitor state in
coordination with Wnt signaling regulation (Martin and Kimelman, 2008; Martin and
Kimelman, 2010; Martin and Kimelman, 2012). In an area called the maturation zone the Tbox factor, tbx16 is activated as cells move toward mesodermal lineages (Fior et al., 2012;
Row et al., 2011). Exiting the maturation zone, cells continue differentiating and move into
into the presomitic mesoderm (PSM) and express tbx6, where cells will be divided into
epithelialized blocks called somites by a molecular clock and wavefront (Ban et al., 2019;
Holley, 2007; Oates et al., 2012). Cells within somites are capable of becoming bone, dermis,
and muscle (Christ et al., 2007). Muscle differentiation is induced by myogenic regulatory
factors (MRFs) and in zebrafish myoD is expressed when myogenic determination occurs in
paraxial cells (Hinits et al., 2009).
Since the posterior haploid and tetraploid fish showed curvature and shorter body
lengths (Figure 7), we monitored the gene expression changes from NMp toward the skeletal
muscle fate in order to investigate if differentiation was disrupted due to changes in ploidy.
To observe the expression of critical genes in zebrafish with increasing DNA content,
zebrafish with haploid, diploid, and tetraploid DNA content were all fixed at 16.5 hpf, during
somitogenesis, and in situ hybridization performed using probes for tbxta, tbx16, tbx6, and
myoD.
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Comparison across diploid and suspected haploid zebrafish showed tbxta expression
with 2 phenotypes among haploid fish. All embryos showed a split notochord and about half
had tbxta in the tailbud and the other half had no tailbud expression (Figure 9D and C).
Diploid tbxta expression is found in the notochord and in the tip of the tailbud where the
NMps reside (Figure 9A), which matches original documentation of expression (SchulteMerker et al., 1994). The expression of tbx16 in diploid fish is located in the tailbud and into
the adaxial cells (Griffin et al., 1998), haploid fish displayed expression in the same domain
(Figure 9B and E). tbx6 was expressed in diploid fish as previously reported (Nikaido et al.,
2002), but in haploid fish we saw four possible expression patterns (Figure 10C-F). Haploid
fish displayed expression of tbx6 in the PSM and tailbud (Figure 10C), expression in the
axial cells, PSM, and residually in the tailbud (Figure 10D), in the chordoneural hinge (CNH)
immediately posterior of the notochord (Figure 10E), and expression in the tailbud but not in
the very tip of the tailbud (Figure 10F). Expression of myoD is expressed farther posterior in
the haploid embryos (Figure 10G) compared to diploid embryos (Figure 10G) (Hinits et al.,
2009).
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Fig 9. Gene expression of tbxta and tbx16 across diploid and haploid petshop zebrafish
during axis elongation. Zebrafish raised to 16.5 hpf were fixed and RNA in situ
hybridization was performed using probes for tbxta (A, C, and D) and tbx16 (B and E).
Diploid zebrafish are shown in the first row (A and B) while tetraploid zebrafish are shown
in the second row (C-D). All embryos are oriented with head to the left in dorsal view at 4X
(A) and 10X magnification (B-E), scale bars represent 0.5 mm.
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Fig 10. Gene expression of tbx6 and myoD across diploid and haploid petshop zebrafish
during axis elongation. Zebrafish raised to 16.5 hpf were fixed and RNA in situ
hybridization was performed using probes for tbx6 (A, C-F) and myoD (B and G). Diploid
zebrafish are shown in the first row (A and B) while tetraploid zebrafish are shown in the
second row (C-D). All embryos are oriented with head to the left in dorsal view at 4X and
scale bars represent 0.5 mm.
Suspected tetraploid fish displayed gene expression patterns similar to diploid
controls (Figure 11). Expression of tbxta, tbx16, tbx6 and myoD show no clear differences in
expression patterns across diploid and tetraploid fish.
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Fig 11. Gene expression changes of diploid and tetraploid petshop zebrafish during axis
elongation. Zebrafish raised to 16.5 hpf were fixed and RNA in situ hybridization was
performed using probes for tbxta, tbx16, tbx6, and myoD (Left to right). Diploid zebrafish are
shown in the first row (A-D) while tetraploid zebrafish are shown in the second row (E-H).
All embryos are oriented with head to the left in dorsal view at 4X (tbxta and myoD) and 10X
magnification (tbx16 and tbx6), scale bars represent 0.5 mm.
AB* experiments
The variation seen in the expression domains of tbxta and tbx6 in suspected haploid
fish revealed that there may be issues with using a petshop line of zebrafish for these
experiments. The petshop line of zebrafish are not an inbred line, so we elected to follow-up
on the experiments with the petshop line using the AB* line which has been meticulously
inbred (Holden and Brown, 2018). The advantage to using this inbred AB* line is that
experiments with it should reduce variability in polymorphisms, leading to potentially less
diversity in gene expression.
Comparison of diploid and suspected haploid AB* larvae shows that haploid larvae
have morphological differences, similar to what was observed in petshop fish (Figure 12).
Haploid AB* larvae had two distinct phenotypes. The first phenotype (Figure 12B) was
similar to what was seen in the haploid petshop fish, including a short body, curved tail and
heart edema (compare Figure 12B to Figure 7). The second haploid AB* phenotype was
unique, and we see a short body, no tail, and underdeveloped eyes (Figure 12C).
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Fig 12. Haploid and diploid AB* zebrafish larvae raised to 5 dpf. Images shown of
diploid and haploid larva at 5dpf in lateral view. (A) Representative image of diploid AB*
larva shown in the first row. Haploid AB* larvae images in the second row represent two
phenotypes observed. (B) One phenotype displayed shorter bodies, curved tails, and heart
edema. (C) Second phenotype with truncated body with no tail, underdeveloped eyes, and
heart edema. Scale bars represent 0.5 mm.
Length measurements were collected for suspected haploid and diploid AB* fish at
5dpf. The length was measured using ImageJ and plotted into an individual point plot with
their 95% confidence intervals (Figure 13). Suspected haploid AB* fish had an average of
3.1 mm and diploid AB* had an average length of 3.8 mm (p = <0.01).
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Fig 13. Body lengths of haploid and diploid AB* zebrafish larvae at 5dpf. Diploid larvae
were 3.8 mm on average while haploid larvae were 3.1 mm on average and were shown to be
statistically different by a student t-test (p = <0.01).

Consistent with experiments using petshop fish, NMp differentiation was monitored
by performing in situ hybridization on suspected haploid AB* fish with probes for tbxta,
tbx16, tbx6, and myoD at 16 hpf. Haploid fish expressed tbxta, present in NMps, in a split
notochord and in the tailbud (Figure 14A and E). tbx16 expression in haploid fish and diploid
fish showed no gross phenotypic differences (Figure 14B and F). In diploid fish, the domain
of tbx6 expression is in a chevron shape in the PSM, while in haploid fish we see a circular
domain (Figure 14C and G). Lastly, diploid fish show uniform and symmetrical myoD
expression in the somites while haploid myoD is expressed in the somites appears in a
tapered fashion with larger domains in the posterior (Figure 14H).
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Fig 14. Gene expression changes of diploid and haploid AB* zebrafish during axis
elongation. AB* zebrafish raised to 16.5 hpf were fixed and RNA in situ hybridization was
performed using probes for tbxta, tbx16, tbx6, and myoD (Left to right). Diploid zebrafish are
shown in the first row (A-D) while haploid zebrafish are shown in the second row (E-F). All
embryos are oriented with head to the left in dorsal view at 4X (tbxta and myoD) and 10X
magnification (tbx16 and tbx6), scale bars represent 0.5 mm.
Segmentation of the PSM into somites occurs by a clock and wavefront mechanism
(Dubrulle and Pourquié, 2004). Prior to the morphological formation of somite boundaries in
vertebrates, the future boundaries are established in the anterior PSM with tbx6 providing
crucial positioning information (Tam and Trainor, 1994). An important player in the
initiation of the segmentation program is mesp2 (mespb in zebrafish) where tbx6 directly
regulates mespb (Windner et al., 2015; Nomura-Kitabayashi et al., 2002). mespb is expressed
in the anterior PSM and is immediately down regulated after the somite is segmented (Saga
et al., 1997). The expression of tbx6 showed to have an irregular shape in suspected haploid
zebrafish (Figure 14G), so we investigated mespb expression to see if irregular segmentation
of the somites could explain the short bodies observed at 5dpf.
Suspected haploid and diploid AB* zebrafish were fixed at 16.5 hpf and situ
hybridizations were performed using a probe for mespb (Figure 15). Diploid mespb
expression shows symmetrical singular lines on either side of the notochord (Figure 15A).
Haploid expression shows asymmetry across the notochord by having unclear domain size
and shape on either side of the notochord (Figure 15B).
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Fig 15. Mespb expression of haploid and diploid AB* zebrafish at 16.5 hpf. RNA in situ
hybridization was performed using a probe for mespb. Embryos are oriented with posterior
toward the bottom in dorsal view at 10X. Diploid zebrafish are shown in the first row and
haploid zebrafish are shown in the second row. This data represents one round of in situs
with at least 15 embryos per group. Scale bars represent .2 mm.
Flow Cytometry
Although the generation of haploid and tetraploid embryos used previously reported
methods, confirmation of ploidy manipulations remains necessary. Flow cytometry was
attempted in order to reliably assess ploidy manipulations. An initial attempt at flow
cytometry utilized 20 zebrafish at 5dpf and were fixed in a single cell suspension for 2-4
weeks before staining in propidium iodide in preparation for the flow cytometer. This attempt
showed to have fewer than 500 cells (data not shown) potentially due to cell death during the
weeks of incubation prior to running samples in the flow cytometer. Subsequent attempts
used a single cell suspension with 80 zebrafish that were raised to 7dpf. Importantly, cells
were fixed for no more than 2 hours prior to propidium iodide staining for flow cytometry
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analysis. This increased the cell count but did produce the expected result (Figure 16). In
histogram we collected, there are 5 peaks that do not resemble the pattern we suspected.
Following this experiment, the flow cytometer was clogged, and no further attempts were
completed.

Fig 16. Flow cytometry attempting to detect diploid cells. DNA histogram of 80 diploid
larvae pooled into one sample. Using FL2, propidium iodide fluorescence was detected.
DISCUSSION
The body of research surrounding polyploidy and cellular function suggests that with
increased ploidy, cells are more capable of adapting to external stresses and increased
metabolism due to the increase in transcription and cell size (Schoenfelder and Fox, 2015).
Collectively, an increased number of polyploid cells can facilitate cellular states not typically
tolerated by diploid cells. In humans, many critical tissues normally contain polyploid cells;
for example, the liver and placenta (Øvrebø and Edgar, 2018; Wang et al., 2017). Despite
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this progress, the functions of polyploidy and its roles and impacts on biological processes
remain unclear.
Our results demonstrate that zebrafish are a suitable model system for asking ploidy
related questions. Techniques for manipulating ploidy in zebrafish are available, but in the
past have been used largely for the purpose of generating gynogenetic diploid fish as part of
efforts to screen after mutagenesis. I modified these in vitro techniques in the Bouldin lab for
the purpose or reliably generating fish with haploid, diploid, and tetraploid DNA content.

Haploid zebrafish production
Fish generated with irradiated sperm, or suspected haploid zebrafish, had visible
morphological differences at 5 dpf compared to their diploid controls (Petshop: Figure 7;
AB*: Figure 12). From previous reports of haploid production, we expected smaller, thicker
bodies, heart edema, problems with organogenesis and mortality before 6 days post
fertilization (Westerfield, 2000). Both petshop and AB* haploid fish exhibited smaller
bodies, heart edema, and curved tails, while 25% of AB* fish also lacked a posterior.
Measurement revealed that suspected haploid fish were shorter in length than their
diploid counterparts. Haploid zebrafish length has not been previously reported, but here we
observed 2.0 mm for petshops and 3.1 mm for AB* zebrafish at 5 dpf. Petshop fish had a
44% reduction, while AB* fish had an 18% reduction in length from their diploid controls at
5dpf.
While we presumed AB* fish would produce less variation, the second phenotype,
without a posterior (Figure 12 C), may be a more extreme result of issues in axis elongation
resulting from having smaller haploid cells. We know that instances of reduced ploidy, cell
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size is also reduced (Robinson et al., 2018). Interestingly, this mutant phenotype, with a
truncated tail, resembles ntl/bra mutants in zebrafish that only develop the first 8-12 somites
(Martin and Kimelman, 2008). This may indicate that the mechanisms involved with
maintaining progenitor state, by expression of ntl and Wnt regulation, were disrupted in these
fish.
Consistent with other findings, we predicted that haploid fish would have cells with
smaller nuclei volume than diploid fish (Robinson et al., 2018), which could serve as an early
indicator of successful ploidy manipulation. While developing the protocol to perform such
measurements using the tg(EF1α:NLS-Kikume) transgenic line, we found that suspected
haploid fish showed to have nearly 3x smaller nuclei than diploid nuclei, 5.66 µm3 and 16.88
µm3 respectively. A study comparing haploid and diploid strains of Aspergillus nidulans
found that the diploid nuclei were 1.8 times larger than the haploid nuclei (Clutterbuck,
1969). In another study looking at Arabidopsis sepals, containing an internal endopolyploidy
series, found that there is a 1.82 fold volume increase from diploid to tetraploid cells and
from tetraploid to octoploid cells (Robinson et al., 2018). Although both studies provide
evidence that doubling ploidy proportionally doubles the nucleus volume, both studies are
done in plants where increases in ploidy occur more frequently (Lee et al., 2009). Currently
studies measuring nuclear volume across haploid and tetraploid zebrafish have not been
done, but a zebrafish study comparing diploid to triploid fish showed that cell volume
increased by a factor of 1.5 with concomitant effects on cell size (van de Pol et al., 2020).
Possible timing irregularities in measurement of nuclei could explain why our results
show a drastic 3-fold increase in nucleus volume. As the window of 4-5 hpf is a period where
cellular movement occurs from a blastula to a gastrula with morphogenic movements
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(Kimmel et al., 1995). As development proceeds and the number of cells increases, the
volume of the nucleus decreases, thus small differences in staging and imaging times could
have a larger effect on the shape of nuclei being measured and recorded creating a greater
difference in nuclei volumes of haploid and diploid cells. In the future, staining with H&E
(hematoxylin and eosin) and measuring cell area on imageJ using the automatic particle
analysis and calculating cell volume (cell volume = cell area3/2) may be a more accurate way
to determine the difference between haploid and diploid fish (van de Pol et al., 2020). Fixing
all the embryos and then measuring would ensure appropriate staging across fish types and
sample replicates.

Tetraploid zebrafish production
Generation of tetraploids involved heat shocking embryos at 22 minutes post
fertilization (mpf) to interrupt the first mitotic cell division, causing the DNA to be replicated
a second time before division (Baars et al., 2016). This method has been used to double the
DNA of haploid embryos to restore diploidy, making embryos homozygous for the maternal
genome (Baars et al., 2016).
Heat shocking is a common technique used in zebrafish labs to activate transgenes.
Although heat shocking embryos was not new to our lab, sorting the embryos using Heat
Shock II (HSII) was critical to ensuring that tetraploid embryos were selected following heat
shock. Embryos were monitored between 50-65 mpf, and embryos that displayed a stall in
division were presumed to be tetraploid and selected for because that meant its first division
was interrupted (Figure 5; Baars et al., 2016).
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Using the HSII method produced 30% of zebrafish with morphological differences
and 70% of zebrafish with morphology similar to the diploid control (Figure 7). The 30% of
suspected tetraploid fish that displayed morphological differences displayed curved bodies,
underdeveloped eyes, and heart edema. Surprisingly, length measurements of suspected
tetraploid fish revealed that tetraploids were shorter than diploids (Figure 8), an 11%
reduction in length.
Presumed tetraploids were on average 11% shorter and they displayed a range in
lengths with two different morphologies observed. No morphological analysis of tetraploid
zebrafish at 5 dpf exists in the literature, but triploid zebrafish at 5 dpf showed no distinct
morphological differences to their diploid counterparts (van de Pol et al., 2020). We suspect
that the phenotype with diploid like morphology (Figure 7E) representing 70% of the fish,
represents the desired tetraploid zebrafish. Heat shock timing irregularities could potentially
explain why 30% of fish displayed curved bodies. Because eggs are fertilized by pipette, the
heat shock designed to be at exactly 22 mpf could be off if all eggs are not starting
development at the exact same time, which is possible when all eggs are said to be at 0 mpf
immediately after combining sperm with eggs. In the future, we can resolve this issue by
preforming a multiple heat shock experiments to test whether or not heat shocking creates
curved bodies in zebrafish. zebrafish embryos could be heat shocked before and after 22 mpf;
for example, heat should could be done at 20 mpf and 30 mpf. If curvature occurs when heat
shocked at different times, then we can say that the curvature is a result of the treatment and
not a change in ploidy.
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Confirming ploidy manipulations
Our attempts at using flow cytometry to confirm ploidy manipulations were
unsuccessful. Our final attempt did not match what we expected to see for our diploid control
fish, which could be because too many cells were forced through the cytometer (Figure 16).
Zebrafish generated via in vitro fertilization were prepared into a single cell suspension and
were stained by propidium iodide. A critical difference between the protocol referenced
(Bresciani et al., 2018) and what proved to be efficient in this work was allowing the cells to
fix for 2 hours then immediately staining before analysis by flow cytometry instead of
allowing cells to be fixed for up to 4 weeks before use. Using fresh cells increased the
number of cells we were able to visualize on the flow cytometer potentially by reducing cell
clumping over time. Remaining work for this protocol should identify an appropriate number
of larvae needed for an accurate reading. Initial attempts suggest that the number of
dissociated larvae might need to be somewhere between 40 and 80 larvae per sample.
Although ploidy was unable to be definitively confirmed, we did see clear
morphological differences among our manipulated groups and the appropriate diploid
controls. It is important to note that morphological and length differences do not equate to
confirmation of ploidy manipulation. However, for the sake of simplicity, we will refer to
presumed haploids and presumed tetraploids as haploids or tetraploids, respectively.

Ploidy and effects on NMp differentiation
It has been previously reported that issues surrounding NMp establishment or
differentiation, either by signaling environment or lack of morphological movement of cells,
can result in issues in posterior elongation (Kimelman, 2016). During somitogenesis, NMps
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are the raw material that contribute to both the elongating spinal cord and the adjacent
paraxial mesoderm which form the posterior body (Kanki and Ho, 1997; Henrique et al.,
2015; Tzouanacou et al., 2009). Our ploidy manipulations lead to haploid fish displaying
curvature and truncation in the posterior, leading us to monitor the progression of key genes
expressed as NMps move toward the skeletal muscle fate: tbtxa, tbx16, tbx6, and myoD via in
situ hybridization (Bouldin et al., 2015; Fior et al., 2012; Hinits et al., 2009; Martin and
Kimelman, 2008).

Haploid zebrafish have disruptions in tbx6 and myoD expression
Our findings revealed that in the suspected haploid zebrafish, tbx6 and myoD
expression were most effected by the reduction in ploidy. In petshop and AB* haploid fish,
tbx6 expression were in domains different than their diploid counterparts (Figure 10 and 14).
Petshop haploid fish showed 4 different expression phenotypes (Figure 10), and AB* haploid
fish showed a circle shaped domain (Figure 14). Specifically, in the petshop haploid fish we
see degrees of expression located in the posterior. Both petshop and AB* haploid zebrafish
displayed tapered myoD expression with smaller domains in the anterior and larger domains
in the posterior, suggesting shortening of the PSM.
In addition to the irregular expression domains of tbx6 and myoD, we saw
asymmetrical expression of mespb in AB* haploid fish (Figure 15), leading us to believe
there may be an issue within the PSM or somite border formation, which may explain the
curved tail phenotype at 5dpf. Cells are added to the posterior of the PSM from the tailbud
and are removed from the anterior to form somites (Oates et al., 2012). The PSM length
gradually grows and then shrinks as somites are formed (Gomez et al., 2008), and our results
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show an irregular PSM domain, tbx6 expressing cells (Figure 14), which could lead to
irregularly shaped somites thus leading to curved tails (Figure 7). This could be answered by
performing in situ hybridization using a probe for cb1045 would show the somite boundary,
revealing any shape irregularities. In my efforts, I synthesized an anti-sense probe for
cb1045, but was unable to use it to acquire data. This should be an excellent place to start
future experiments.

Examining tetraploid zebrafish gene expression
Presumed tetraploid fish had no discernable no issues with NMp differentiation
toward the muscle fate. Gene expression across tbxta, tbx16, tbx6, and myoD showed no
major differences between tetraploid fish with their diploid counterparts (Figure 11). Without
any differences in gene expression, I presume that the 70% of tetraploids exhibiting
morphology similar to diploids represent tetraploids. The 30% of zebrafish that displayed
curved bodies at 5dpf are potentially an artifact of heat shocking cleavage stage zebrafish
embryos (Figure 7). Initially, we expected that tetraploid fish to be slightly larger than
diploids due to larger domains of expression for these key genes. With the data collected, I
argue that the tetraploidy resulted in normal development for the zebrafish because of the
adaptability of polyploid cells to respond to acute stress.
Previous studies have shown that increased ploidy benefits cells in many ways
including, wound healing, regeneration, organogenesis, roles in early development and
terminal differentiation (Lee et al., 2009; Losick, 2014 ;Øvrebø and Edgar, 2018).
Considering that extra gene copies results in extra repair templates and higher damage doses
needed to cause detrimental genome changes, thus polyploidy promotes DNA damage
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insensitivity (Fox et al., 2020). Beyond extra gene copies, the increase in cell size drives
many expression and metabolome changes in polyploid cells (Schoenfelder and Fox, 2015).
For example, in Drosophila, it has been revealed that this DNA insensitivity is due to
epigenetic silencing of proapoptotic genes and enhanced proteolysis of the DNA damage
regulator p53 (Zhang et al., 2010). A body of evidence shows that there are specific DNA
damage alterations that occur in many polyploid cells which attribute to the adaptability that
these cells have (Schoenfelder and Fox, 2015), in turn when the DNA was doubled in
zebrafish the processes of early development and NMp differentiation were able to
compensate and differentiate properly, without errors.

Future directions
There is work to be done to determine the ploidy of the manipulated zebrafish. I have
designed techniques and set up equipment in the Bouldin lab for further manipulations to be
done. Confirmation of haploid and tetraploid generation has not been completed.
Other additional experiments remain. First, to address the normal and curved
phenotypes of tetraploid zebrafish at 5 dpf (Figure 7), a control heat shock must be
performed. In order to determine whether the 30% of curved bodies represents tetraploid fish
or is due to the heat shock, heat shocks should be performed to zebrafish at some time before
and after 22 mpf. If fish are curved, then it could be inferred that inaccurate timing of the
heat shock generated a curved body. Next, nucleus volume measurements should be done to
measure tetraploid nuclei between 4-5 hpf and compared with the haploid and diploid
zebrafish volumes (Figure 6), where we would expect increasing volumes with increasing
ploidy levels. Finally, flow cytometry should be completed across haploid, diploid, and
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tetraploid zebrafish for definitive ploidy confirmation. A protocol has been worked out for
the preparation of cells for measurement with the flow cytometer, but adjusting the amount
of fish per sample still needs to be determined. If flow cytometry cannot be performed, it
would be useful to attempt giemsa staining and karyotyping, in order to visual the DNA and
compare across ploidy levels. Once confirmation of ploidy manipulations is done, the
Bouldin lab would be prepared to ask many more ploidy related questions using zebrafish.
Although our data shows issues in somite border formation in suspected haploid fish,
I’m not confident that the differences in gene expression are associated with errors in
differentiation due to reduced ploidy or potentially smaller or fewer cells present. Early work
in Xenopus discusses zones of space devoted to specific development and not the counting of
cells (Cooke, 1973), with this logic maybe these smaller haploid cells are differentiating in
their zones rather than being affected by the reduction in ploidy. A next step to address this
may to be quantify how many cells are present across haploid, diploid, and tetraploid
zebrafish somites. This could be accomplished by using fluorescent cb1045, staining the
myotome borders, in conjunction with DAPI to stain the DNA. This double staining will
allow visualization of nuclei, which will allow counting of individual cells, within somites
across ploidy levels.

Conclusions
The present study sought to investigate the connection between ploidy and
differentiation of stem-like cells. In order to understand this relationship, I first developed a
zebrafish model with ranging ploidy levels: haploid, diploid, and tetraploid. While
troubleshooting manipulating ploidy levels in zebrafish, I documented length and
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morphology at 5 dpf. I found that both haploid and tetraploid fish were shorter in length than
their diploid controls. Haploid fish displayed curved tails and truncated bodies while 70% of
tetraploid fish were normally developed and 30% had curved tails. Confirmation of ploidy
still remains, but nucleus quantification of haploid and diploid embryos at 4-5 hpf, showed
2.9X increase in volume respectively. While following NMp differentiation, our stem-like
cell model, across suspected ploidy levels, we found that reduced ploidy effected expression
of tbx6 and myoD, which we suspect to be issues within the PSM and cleaving of somites
leading to the curved bodies we observed at 5dpf. When ploidy was increased, we found no
issues in differentiation of NMps, potentially because of the additional genomic copies
providing a buffer against deleterious mutations and being more able to respond to acute
stress. Overall, we see that zebrafish serve as an excellent model for future investigations
between ploidy and stem cells.
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