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How modifications during development influence large-scale evolutionary changes is
a major emphasis in the field of evolutionary developmental biology (evo-devo).
Comparing the underlying cellular and molecular basis of development in diverse
organisms can provide insight into how alterations of these processes contribute to
morphological diversity. Ctenophores, or comb jellies, are a phylum of marine
invertebrates and, due to their unique phylogenetic position as one of the earliest branching
lineages of extant animals, are an ideal system for investigating the origin and evolution of
metazoan character traits. For example, the animal through-gut is thought to have
originated in the metazoan stem lineage prior to diversification of Bilateria. However, as
part of my dissertation, I showed that ctenophores possess a functional through-gut. These
results suggest that the origin of the through-gut may have been much earlier during
metazoan diversification than previously thought. Additionally, my studies of gene
function in ctenophores provide insight into the molecular mechanisms that, in some part,
may be driving early metazoan diversification. Members of the Kriippel-like factor (KIf)
gene family are known to play a role in many aspects of development, including

maintenance of stem cell renewal and pluripotency, and regulating the balance between



cellular proliferation and differentiation. Functional studies of these transcription factors
have been restricted to only a handful of bilaterian animals, with little investigation into
the evolutionary history of this gene family. To evaluate how the KIf gene family could
influence evolutionary changes driving metazoan diversification, I examined the origins
and evolutionary history of the KIf gene family, and characterized their function in the
ctenophore, Mnemiopsis leidyi. Ultimately, 1 showed that K/f genes were present in the
stem lineage leading to Metazoa, and they regulate cellular proliferation in putative stem
cell niches during development in M. leidyi. My findings suggest that regulation of stem

cell proliferation was an ancestral function of K/fs in metazoans.
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Chapter 1: Introduction

Background

Multicellular animals (Metazoa) are divided into two major groups: bilaterians
(animals that have bilateral symmetry), and non-bilaterians (animals that are thought to
lack bilateral symmetry), see (Dunn, et al. 2014). The four non-bilaterian phyla, Cnidaria,
Placozoa (but see Laumer, et al. 2017), Porifera, and Ctenophora, represent the earliest
branching extant metazoan lineages (Dunn, et al. 2008; Hejnol, et al. 2009; King and
Rokas 2017; Fig. 1.1). These animals display radically different body plans from
bilaterian animals. Genomic studies of non-bilaterians, however, have shown that many
transcription factors and signaling pathways are conserved in non-bilaterians (Putnam, et
al. 2007; Srivastava, et al. 2008; Srivastava, et al. 2010; Ryan, et al. 2013; Moroz, et al.
2014). Comparative molecular and cellular studies between non-bilaterian and bilaterian
animals have provided insight into the early evolution of key metazoan character traits
such as the formation of mesoderm (Martindale, et al. 2004; Steinmetz, et al. 2017),
muscle cells (Dayraud, et al. 2012; Steinmetz, et al. 2012; Ryan, et al. 2013), and a
nervous system (Watanabe, et al. 2009; Simmons, et al. 2012; Moroz, et al. 2014; Leys
2015). Investigations of gene family evolution in non-bilaterians have provided an
improved understanding of gene evolution dynamics potentially driving morphological
diversity, such as transcription factor expansion (Degnan, et al. 2009), and gain/loss of
regulatory domains (de Mendoza, et al. 2013). Additional studies of gene family
evolution and their role in development in non-bilaterians will continue to improve our

insight into the early evolution of metazoans. Here, I explore the functional anatomy of



the ctenophore gut, elucidate the evolution of the Kruppel-like factor (KIf) gene family,

and examine KIf function during development in the ctenophore Mnemiopsis leidyi.

Overview of ctenophores

Ctenophores are a monophyletic group of globally distributed gelatinous,
primarily pelagic, marine predators united by a suite of morphological synapomorphies
(Chun 1880; Hyman 1940; Harbison, et al. 1978; Harbison 1985; Mills and Haddock
2007; Pang and Martindale 2008¢). These include eight longitudinal rows of fused cilia
called ctenes used for locomotion (Chun 1880; Afzelius 1961; Tamm 1973, 2014a),
tentacles with colloblast cells that produce a sticky glue (Chun 1880; Abbott 1907;
Bargmann, et al. 1972; Benwitz 1978; von Byern, et al. 2010), and an aboral gravity-
sensing apical organ used to regulate beating of the ctene rows (Chun 1880; Horridge
1965; Tamm 2014b). Historically the phylum Ctenophora was organized into six orders
based on morphology (Harbison 1985), however recent molecular analyses question the
monophyly of several traditionally recognized relationships (Podar, et al. 2001; Simion,
et al. 2015; Whelan, et al. 2017). Some species exhibit modified life stages, such as adult
individuals of the order Platyctenida who lose their ctene rows and adopt a benthic
lifestyle (Komai 1922) and Beroe species that lack tentacles and feed on other
ctenophores (Chun 1880).

Nearly all ctenophores are considered to be self-fertile hermaphrodites (Hyman
1940; Harbison and Miller 1986) capable of producing thousands of embryos during
spawning events (Baker and Reeve 1974; Reeve, et al. 1978). Availability of large

numbers of transparent embryos from wild caught animals made ctenophores an early



attractive model for embryological studies (Agassiz 1874; Chun 1880; Hertwig 1880;
Driesch and Morgan 1895; Fischel 1897; Yatsu 1911). These studies were among the first
to recognize that ctenophore embryos undergo a unique phylum-specific cleavage
program from which embryos hatch as free-swimming juveniles, or cydippids, roughly
24 hours after fertilization.

Mnemiopsis leidyi is a lobate ctenophore (Fig. 1.2), seasonally abundant in coastal
areas. M. leidyi embryos have been used extensively to examine general aspects of
ctenophore embryogenesis including: cell fate mapping, axis and symmetry formation,
induction signals, organizer activity, and cleavage clocks (Freeman 1976a, b, 1977;
Martindale 1986; Martindale and Henry 1995, 1996, 1997¢, 1999; Henry and Martindale
2000, 2001, 2004; Fischer, et al. 2014). Recent analyses of expression patterns for many
genes in Mnemiopsis embryos and Pleurobrachia adults have provided insight into the
early evolution of transcription factors and signaling pathways involved in cell fate
specification and axial patterning (Yamada and Martindale 2002; Derelle and Manuel
2007; Yamada, et al. 2007; Jager, et al. 2008; Pang and Martindale 2008f; Layden, et al.
2010; Pang, et al. 2010; Ali¢, et al. 2011; Pang, et al. 2011; Reitzel, et al. 2011; Dayraud,
et al. 2012; Schnitzler, et al. 2012; Simmons, et al. 2012; Jager, et al. 2013; Schnitzler, et
al. 2014; Reitzel, et al. 2016).

Recently, growing interest in ctenophore biology (Ryan, et al. 2016) has stemmed
from phylogenomic analyses that have highlighted the relationship of ctenophores to
other animals (Dunn, et al. 2008; Hejnol, et al. 2009; Philippe, et al. 2009; Pick, et al.
2010; Ryan, et al. 2013; Moroz, et al. 2014; Pisani, et al. 2015; Telford, et al. 2015;

Whelan, Kocot and Halanych 2015; Whelan, Kocot, Moroz, et al. 2015; Shen, et al.



2017; Whelan, et al. 2017) and challenged our understanding of early metazoan evolution
(Dunn, et al. 2015). While ctenophores possess many unique traits (e.g., ctene rows,
colloblasts, statocyst, retention of a juvenile cydippid stage, bi-radial rotational
symmetry), they also possess a suite of unique variations on features found in other
animals such as muscle cells despite the absence of canonical muscle specification genes
and a defined mesoderm (Hernandez-Nicaise and Amsellem 1980; Hernandez-Nicaise, et
al. 1984; Mackie, et al. 1988; Ryan, et al. 2013; Moroz, et al. 2014; Vandepas, et al.
2017), a nervous system that lacks many critical neurotransmitters found in other animals
(Jager, et al. 2011; Moroz, et al. 2014), a highly derived mitochondrial genome (Pett, et
al. 2011; Kohn, et al. 2012), and a functional through-gut despite the lack of many
hindgut specification genes (Presnell, et al. 2016). However, the cellular and molecular
mechanisms that regulate the development of these variations and the unique traits
specific to ctenophores (e.g., colloblasts, statocyst, complex ciliated structures) are
mostly unknown (Dunn, et al. 2015). The unique phylogenetic position of ctenophores
(Dunn 2017), suggests that investigating molecular mechanisms regulating aspects of
their development in comparison to other animals may provide useful insight into how

these processes evolved in metazoans.

Objectives

A major challenge in evo-devo has been generating molecular genetic approaches
in a wide variety of animals to examine gene expression and function during
development (Moczek, et al. 2015). Increasing the number of taxa for comparison is

necessary for detailed understanding of how developmental processes have evolved



(Jenner and Wills 2007). As such, generating ways to rear animals in the lab and
developing molecular tools to perform genetic manipulation are keys to increasing the
number of taxa in important phylogenetic positions that are available for evo-devo
comparisons (Moczek, et al. 2015). In Chapter 2 of my dissertation, I detail techniques
and steps for the long-term laboratory culture of Mnemiopsis leidyi. Their fragile nature
and seasonal availability has hindered studies to gain a better understanding of the
molecular, cellular, physiological, and behavioral attributes of these animals (Dunn, et al.
2015). I discuss basic husbandry of M. leidyi adults, spawning on controlled light
regimes, collecting embryos, and rearing juveniles. I also discuss general techniques to
induce spawning and subsequent preparation of embryos for gene expression knockdown
analyses using both morpholino oligonucleotides and CRISPR/Cas9 via microinjection.
The protocols listed in Chapter 2 reduce the need for wild-caught animals, and make
more detailed studies (e.g., routine mutational analyses) practical in ctenophores. This
will allow future evolutionary studies to gain insight from comparisons with functional
molecular genetic work in ctenophores.

An advantage of rearing ctenophores in the lab is the ability to observe
morphological characteristics that would otherwise be difficult to document in the wild.
Comparative morphological studies can provide insight into animal evolution by inferring
both the origin of, and changes to, character traits in a phylogenetic context (Dunn, et al.
2014; Giribet 2015). An essential metazoan trait is the through-gut, which allows
efficient uptake of food and expulsion of waste material (Dunn, et al. 2014; Hejnol and
Martin-Duran 2015). Though ctenophores were known to have anal pores used for waste

removal (Agassiz 1850; Chun 1880; Main 1928), recent work during the last 80 years has



suggested that ctenophores have a blind gut with one opening (Hyman 1940; Hejnol and
Martin-Duran 2015). In Chapter 3, 1 present work that re-evaluates whether ctenophores
possess a single opening for ingestion and egestion or possess an alimentary canal with
two separate openings. The results show that the ctenophore anal pores are dedicated for
the normal removal of waste material from digested food. I discuss the evolutionary
consequences of the presence of the ctenophore through-gut, and whether it is
homologous to the bilaterian through-gut.

Understanding gene family evolution can provide insight into how changes in
gene regulation can influence morphological diversity (King, et al. 2008; Degnan, et al.
2009; de Mendoza, et al. 2013). The Kruppel-like factor (Klf) gene family is comprised
of zinc finger transcription factors (McConnell and Yang 2010) that are crucial for many
molecular and cellular processes during embryonic development (Bialkowska, et al.
2017). Most of the functions have been described in traditional model systems, with little
to no evolutionary context. In Chapter 4, 1 present a bioinformatic pipeline that I
developed to elucidate the evolutionary history of the K/f gene family and their associated
transactivation/repression domains across a wide range of eukaryotes. I identified the KIf
gene complement in a wide range of eukaryotes, and performed phylogenetic analyses to
determine their relationships. I showed that KIf genes are not only present across
Metazoa, but are also present in closely related unicellular organisms within the larger
filozoan taxonomic group that includes the metazoans. I also determined the separate
evolutionary histories of transactivation/repression domains that are associated with
members of the K/f gene family. Overall, Kif gene family expansion is accompanied by a

parallel diversification of transactivation/repression domains via both acquisitions of pre-



existing ancient domains as well as by the appearance of novel domains that appear to be
exclusive to the K/f gene family (Presnell, et al. 2015).

I identified three KIf genes in the genome of Mnemiopsis leidyi, MleKIf5a,
MIeKlIf5h, and MleKIfX. Although much is known about the underlying function of KLFs
in a handful of species, the role of KLFs during development in other animals,
particularly non-bilaterians, is poorly understood. Elucidating the function of K/f genes in
ctenophores will provide insight into the conserved nature of KLF functions in animals,
and provide better understanding of K/f gene family influence on early metazoan
evolution. In Chapter 5, I characterize the expression patterns and functions of the K/f
genes in the ctenophore Mnemiopsis leidyi. Expression patterns for MleKIf5a and
MIeKlIf5h were mostly associated with embryonic tissues undergoing cellular
proliferation. In contrast MleKIfX has a highly restricted expression pattern localized to a
small number of cells associated with the apical organ. To determine the functional role
of Klf genes in Mnemiopsis 1 used two independent gene knockdown approaches;
morpholino oligonucleotides and CRISPR/Cas9. Both approaches showed that
knockdown of zygotic MleKIf5a and MleKIf5bh gene expression results in improper organ
development in the apical organ, tentacle bulb, and gastrovascular cavity. I hypothesized
that during embryogenesis these genes are required for normal organ development, in

part, through the maintenance of cellular proliferation.

Overall
My dissertation seeks to elucidate aspects of K/f gene family evolution within

metazoans using M. leidyi as a model for exploring K/f function in an early branching



metazoan lineage. I took a bioinformatic approach to examine the broad-scale
mechanisms of K/f gene family evolution, and was able to show that many K/f'and Sp
genes are conserved throughout most animal phyla, with the exception of ctenophores
who lack Sp genes and only possess three KIf genes. Next, I investigated the function of
Klfs within the ctenophore M. leidyi. My results suggest that ctenophore MleKIf5a and
MIeKlIf5h genes most likely play a role in regulating stem cell proliferation, as other KIf5
genes do in other animals, suggesting this was most likely an ancestral function in the
Metazoa. Subsequent studies examining downstream targets of MleKIf5a and MleKIf5b in
ctenophores will provide useful insight into the evolution of K/f regulation of stem cell

maintenance and proliferation in metazoans.



Figure 1.1. Phylogenetic tree showing the relationships of the five extant metazoan
clades. The Bilaterian clade consists of animals with bilateral symmetry (e.g., mice,
zebrafish, nematode worms, fruit flies). The four other phyla are Cnidaria (corals,
anemones, jellyfish), Placozoa, Porifera (sponges), and Ctenophora (comb jellies). These
four lineages represent the earliest branching, extant metazoan lineages. The positions of
the ctenophore and sponge lineages at the base of the tree remain uncertain, see (King
and Rokas 2017). The phylogeny above is based on (Dunn, et al. 2008; Hejnol, et al.
2009; Whelan, et al. 2017).
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Figure 1.2. A representative image of an adult Mnemiopsis leidyi. The oral/aboral axis
runs from the mouth (top, arrow) to the apical organ and anal pores (bottom, arrowhead).
M. leidyi adult tentacles (small arrows) are found underneath the expandable oral lobes

(asterisks) and line the feeding grooves. The ctene plates, used for locomotion, are
situated in longitudinal rows along the oral/aboral axis.



Chapter 2: Laboratory culture and breeding of the lobate ctenophore Mnemiopsis
leidyi

Background

Despite long standing interest in ctenophores due to their unique biology,
ecological influence and evolutionary status, much of the previous work with ctenophores
has relied on their periodic and seasonal availability. Consequently, these studies have
largely been restricted in scope due to the absence of reliable methods for long-term
laboratory cultures. I have developed a protocol that can be implemented in any lab to
establish long-term ctenophore cultures for year-round use as models for biological
investigation. The goal of this protocol is to highlight the necessary steps and resources
required for culture conditions amenable to a wide range of biological studies including;
anatomical, behavioral, embryological, genetics and functional genomics. In this report, |
describe continuous laboratory culturing of the Atlantic lobate ctenophore Mnemiopsis
leidyi (Fig. 2.1). I provide recommendations for general husbandry, feeding requirements,
inducing spawning, embryo collection and rearing of juveniles to adults. I also discuss
general techniques to prepare embryos for targeted gene knockdown and genome editing

via microinjection with morpholino oligonucleotides and CRISPR/Cas9, respectively.

Advantages

Most ctenophores are oceanic and deep-water species that are particularly fragile
and often have environmental requirements that are extremely difficult to replicate in the
laboratory. In contrast, the coastal species Mnemiopsis leidyi and Pleurobrachia bachei

are seasonally available in large numbers. Mnemiopsis leidyi is found in a wide swath of
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tropical, subtropical and temperate coastal Atlantic environments (Mayor 1912; Seravin
1994; Bayha, et al. 2015). M. leidyi individuals are self-fertile hermaphrodites and well-
fed adults can spawn thousands of embryos almost daily (Baker and Reeve 1974; Reeve,
et al. 1978) making them amenable to laboratory research. Embryogenesis is rapid and
hatching occurs less than 24 hours after fertilization. Juvenile M. leidyi cydippid stages
can be easily reared to sexual maturity in small aquaria and M. leidyi egg to egg
generation time can be as short as ~3 weeks (Baker and Reeve 1974; Martindale 1986).
Both M. leidyi and P. bachei juveniles and adults are transparent, making observations
and imaging of in vivo tissue and organ function straightforward (Presnell, et al. 2016). A
range of methods have been developed for M. leidyi research including cell lineage fate
mapping during embryogenesis (Martindale and Henry 1999), descriptions of gene
expression patterns (Yamada and Martindale 2002; Pang and Martindale 2008d),
protocols for generating primary cell culture (Vandepas, et al. 2017), use of morpholino
oligonucleotides to examine molecular function (Yamada, et al. 2010; Presnell, et al. in
prep), and use of CRISPR/Cas9 for genome-editing (Presnell, et al. in prep).

A growing number of genomic resources are available for both M. leidyi and P.
bachei including assembled reference genomes (Ryan, et al. 2013; Moreland, et al. 2014;
Moroz, et al. 2014), as well as transcriptomic data (Ryan, et al. 2013; Moreland, et al.
2014; Moroz, et al. 2014; Levin, et al. 2016; Davidson, et al. 2017; Whelan, et al. 2017).
This work has provided insight into unique aspects of the ctenophore genome. Both the
M. leidyi and P. bachei genomes are missing many genes typically found in other animals
including determinants of neural fate and neurotransmitter biosynthesis (Ryan, et al.

2013; Moroz, et al. 2014), HOX genes (Ryan, et al. 2010; Ryan, et al. 2013; Moroz, et al.
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2014), key components of the miRNA biogenesis pathway (Maxwell, et al. 2012) and
mesodermal specification genes (Ryan, et al. 2013; Moroz, et al. 2014).

Importantly, detailed studies required to understand how their unique genomes
contribute to the fascinating biology of ctenophores continue to be hampered by reliance
on seasonal short-term availability of wild-caught animals. Reliable long-term laboratory
cultures and year-round embryo availability for M. leidyi and P. bachei will facilitate
comparative genetic analyses of the differences between the lobate ctenophore body plan
and the putative paedomorphic cydippid body plan as well as the many strikingly unique

aspects of ctenophore biology.

Procedure overview

Here I describe standardized protocols for effective and reliable long-term lab
cultures of ctenophores. These protocols explain the methods I have used to successfully
maintain long-term adult cultures, raise juveniles, and include feeding regimens, as well
as proper water and tank setups. Although I focus on M. leidyi, these protocols have been
used to successfully maintain several other ctenophore species (Pleurobrachia sp.,

Hormifera sp., and Bolinopsis sp.; Personal communication, Wyatt Patry).

Water quality

M. leidyi is a coastal species and can be found in environments with variable
salinity, turbidity and temperature (Baker 1973). To standardize the laboratory cultures,
artificial seawater (ASW) is used exclusively (Instant Ocean Inc). The exclusive use of

ASW offers several advantages: reduced contamination and parasite transmission, precise
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control of multiple water quality parameters and importantly the distance of the
laboratory from a natural seawater source is irrelevant. Large volumes of ASW are
prepared in a mixing cistern to desired salinity, typically 1.017-1.021 specific gravity.
Completely mixed ASW is then transferred to a holding cistern, ready to be used in

culture tanks.

Housing

Proper housing for pelagic organisms such as ctenophores is crucial (Fig. 2.2).
Ctenophores are susceptible to damage by repeated physical contact with tank walls,
vigorous currents and aeration. The long-term culture tanks are based on a
‘planktonkreisel” design (Greve 1968; Ward 1974; Raskoff, et al. 2003) with angled
bottoms, no substrate, and very low flow rates producing a slow rotating current that
minimizes contact with tank walls and keeps the ctenophores suspended in the water
column (developed in consultation with Midwater Systems Inc.; Fig. 2.2a). Each main
culture tank holds a volume of ~350L and is split into two chambers; a narrow rear
standpipe area that maintains a constant tank volume irrespective of water flow rate and a
front main chamber that houses the ctenophores (Fig. 2.2a). Water exchange between the
two sections is through cutouts screened with 200um nylon mesh. The slow circular
current in the main chamber is achieved with a ‘spray bar’ fashioned from PVC piping
with small holes positioned just below the water surface. The ‘spray bar’ directs water
perpendicular to the nylon mesh screens dividing the main front chamber from the rear
chamber (Fig. 2.2a). Filtration and waste removal is accomplished via a sump style wet-

dry trickle biofilter and a venturi driven protein skimmer (Fig. 2.2b). Efficient protein
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skimming is critical for reducing the organic waste load that results from continuous
feeding. Debris that settles to the bottom of the culture tanks is removed periodically
during partial water changes by vacuum (Fig. 2.2g). While M. leidyi tolerate temperatures
from 18-32°C (Baker 1973), the cultures are maintained at temperatures of 20°C via an
in-line seawater chiller (Fig. 2.2¢). Cool water temperatures have the dual benefit of
reducing physiological stress and improving long-term water quality. Each main culture
tank supports ~10-15 mature adults and each healthy adult can produce hundreds to
thousands of embryos on a nearly daily basis. Overcrowding adults reduces both

individual feeding rates and gamete production.

Feeding

Ctenophores are voracious predators and require a constant food supply. This is
particularly important for reliable production of gametes and regular breeding. There are
currently no artificial diets that are suitable for long-term ctenophore maintenance. Live
marine rotifers, Brachionus plicatilis (Reed Mariculture Inc.), are the staple food for
long-term maintenance of both juvenile and adult ctenophores (Fig. 2.2¢). Rotifer
cultures are fed a concentrated algal paste diet (either RGcomplete or Rotifer Diet, Reed
Mariculture Inc.). Rotifers are delivered directly to the ctenophore cultures in regularly
spaced ~20min intervals via electronic dosing pumps (Fig. 2.2f). Extended periods of
robust gamete production are achieved by supplementing rotifers with once or twice daily
feedings of fish larvae (Fig. 2.2d). I have had success using freshwater zebrafish larvae
(Danio rerio) that can be easily sourced from stock centers (e.g. UM Zebrafish Facility)

or commercial aquarium stores. Freshwater fish larvae should be briefly washed in ASW
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and target fed to ctenophores with a pipette. Marine larval fishes can be added directly to
ctenophore culture tanks without the need for targeted feeding. Species successfully fed
to ctenophores include Coryphaena hippurus (mahi-mahi) and Rachycentron canadum
(Cobia). Large juvenile and adult ctenophores also receive periodic feedings of Artemia
nauplii.

It is critical to avoid overfeeding (Presnell, et al. 2016). Ctenophores are prone to
regurgitate the entire contents of their pharynx if overwhelmed with food. The
transparency of ctenophores allows for rapid assessment of feeding rates. Pharyngeal

occupancy of ~15-40% food is typically a sign that the feeding rate is adequate.

Parasites

A common and detrimental parasite of M. leidyi is the sea anemone Edwardsiella
lineata (Reitzel, et al. 2007; Reitzel, et al. 2009). These parasitic anemones are typically
observed embedded within a host ctenophore’s mesoglea adjacent to the pharynx and
endodermal canals. Thorough screening of wild caught ctenophores for Edwardsiella
infection is necessary before founding long-term cultures, as heavy infestations of these
parasites generally kill the host ctenophore. A culture system inadvertently inoculated
with Edwardsiella requires disassembly and bleaching to ensure that all free-living stages
of the parasite are destroyed. Some protistan epibionts (ciliates and amoebas) are known
to be associated with M. leidyi (Moss, et al. 2001). The ciliate Trichondina ctenophorii
can often be observed attached to the ctenes of wild caught M. leidyi. These ciliates and
other epibionts typically detach with a few washes of clean artificial seawater and do not

persist in culture. However, as with any closed loop aquaria system, a buildup of harmful
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ciliates and bacteria can occur over time, thus frequent water changes and proper

filtration are required to keep harmful populations in check.

Spawning, embryogenesis, juvenile staging
Spawning

Like many ctenophore species, M. leidyi is a self-fertile hermaphrodite (Harbison
and Miller 1986), thus only a single individual is required to obtain viable embryos. Both
female and male gonads are located along each ctene row (Fig. 2.3a), flanking the
underlying endodermal canal (Freeman and Reynolds 1973). In gravid animals, sperm
and eggs can be seen accumulating between the ctene plates at the gonopores flanking the
underlying endodermal canal about an hour prior to release. During spawning, sperm
compacts between the ctene rows on the male side, becomes iridescent and can be seen
streaming out of the male gonopores. Mature sperm is normally released ~10 minutes
prior to egg release. Mature eggs are squeezed through the female gonopores on the
opposite side of the underlying endodermal canal and are fertilized almost immediately
by motile sperm in the surrounding seawater. An individual spawning event can last
~1hr. Spawning can be easily entrained to artificial light cues and thus the timing of
spawning can be precisely controlled. Our lab-reared southern Florida M. leidyi spawn 4
hours after lights off. In contrast, northern populations of M. leidyi near Woods Hole, MA

typically spawn 8 hours after lights off (Pang and Martindale 2008e).
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Embryogenesis

First cleavage occurs ~1-hour post fertilization (hpf; Fig. 2.3c, ¢”), and embryos
undergo gastrulation around 3-5 hpf. By 9 hpf (Fig. 2.3e, f) the four pairs of ctene rows
have formed on the ectodermal surface of the embryo. Additionally, this stage of
development is marked by organization of different tissues in the embryo. At the oral
end, ectodermal cells around the blastopore invaginate to form the pharynx. On both
lateral sides of the embryo, cellular thickenings will give rise to the tentacle bulbs. At
~14 hpf (Fig. 2.3g, h) the mesoglea, made up of ECM extruded from the endoderm,
hydrates as the entire embryo swells and increases in size. During this time, the pharynx
elongates aborally and contacts the epithelium of the gastrovascular cavity. Ectodermal
cells of the two lateral cellular thickenings invaginate and, along with the underlying
endodermal cells, form the tentacle bulb. At the aboral end of the embryo, the apical
organ floor thickens. Mineralized cells called lithocytes form within the epithelial floor
and will eventually merge together to form the statocyst. Supporting the statocyst are four
clusters of modified cilia, balancer cilia, that send signals to the ctene rows to regulate
beating based on gravity-induced deflection of the statocyst (Tamm 2014b; Tamm 2015).
At this stage of development, the infundibulum of the gut also becomes visible as a thin
layer of endoderm enclosing a gastrovascular space that connects the pharynx, tentacles,
and apical organ (Martindale and Henry 1999). Much later in development the
infundibulum is remodeled to give rise to the branched endodermal canal system
(Presnell, et al. 2016). Swimming juvenile cydippids hatch approximately ~18-24 hpf

(Fig. 2.31, j) and start feeding with extended tentacles about an hour after hatching.
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Juvenile

After hatching, juvenile cydippid ctenophores are transferred to ~9.5L ASW
rearing tanks saturated with rotifers, in which they are raised to sexual maturity, ~16 days
post hatching (dph), before transferred to long-term culture tanks. Juvenile ctenophore
tentacles are easily damaged and thus juveniles must be handled gently. Large transfer
pipettes, with the tips cut back to enlarge the openings, are used for moving juvenile
ctenophores between juvenile rearing tanks. These tanks do not require aeration or
filtration. Juveniles are resistant to rapid changes in water quality, thus the still water
environment of rearing tanks are generally well tolerated for several days. When the
surfaces of a rearing tank become fouled, the juvenile cydippid ctenophores are moved to
a clean tank with fresh ASW saturated with rotifers. A single rearing tank can initially
support hundreds of juveniles if enough rotifers are provided. However, to maintain
maximal growth rates for juvenile ctenophores, typically no more than ~20-30 juveniles
are raised in a rearing tank. Under conditions in which food is not limiting, juvenile
cydippid stage M. leidyi will approximately double in size each day for the first eleven
days (Fig. 2.4). Post-hatching descriptions under ideal feeding conditions are briefly

described.

1 to 4 days post hatching (dph)

After hatching, Mnemiopsis juveniles are ~0.2-0.3 mm in size. In culture,
juveniles swim through the water column with extended tentacles and mouth facing
forward. When actively feeding, juveniles will swim a looping pattern deploying both

tentacles and tentilla that hang in a dense ‘net’ similar to adult Pleurobrachia (Tamm and
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Moss 1985). In 1 dph juveniles (Fig. 2.4a), the infundibulum remains unbranched. At 2
dph, juveniles are morphologically similar but twice as large (Fig. 2.4b). The aboral canal
visibly emerges from the infundibulum, and is typically bifurcated into two short anal
canals which lead to anal pores. At 3 dph, endodermal protrusions can be seen on the oral
side of the infundibulum flanking the pharynx in the tentacular plane (Fig. 2.4c). These
protrusions corresponded to the developing paragastric canals. At 4 dph, the paragastric
canals have extended the length of the pharynx and the gastrovascular protrusions that
will become the radial and adradial canals appear. At 4 dph juvenile cydippids are

approximately 1-2 mm in size (Fig. 2.4d).

5to 8 dph

By 5 dph (Fig. 2.4e), the distance between the tentacle apparatus and the apical
organ has increased and more plates have been added to the ctene rows as they extend
with the meridional canals along the oral-aboral axis (Tamm 2012). By 6 dph, the
stomodeum begins to enlarge (Fig. 2.4f) and by 7 dph (Fig. 2.4g) the oral lobes begin to
form. Concurrently, the infundibulum and associated radial and adradial endodermal
canals form and the anal canals become distinct from the aboral canal. By 8 dph, the
meridional canals have extended orally beyond the ctene rows and converge around the
stomodaeum, just prior to the outgrowth of the oral lobes (Fig. 2.4h). During this stage, at
least some juveniles are capable of dissogony (Martindale 1987) and produce a small
number of viable gametes. Progeny of these dissogony events are apparent as an
additional class of ‘new’ smaller juveniles in rearing tanks. At 8 dph juvenile cydippids

are approximately 5-6mm in size.
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9to 12 dph

By 9 dph transformation to the adult morphology is visible as outgrowths of the
oral lobes continue (Fig. 2.4i, 1’). Oral lobe outgrowth is pioneered by the extension and
growth of the meridional canals that have now merged in the developing oral lobes. Oral
lobe outgrowth and associated underlying endodermal canal system patterning continues
through 12dph (Fig. 2.4i-1, 1’-1"). The auricles first appear as protuberances flanking the
developing oral lobes by 11 dph (Fig. 2.4.k, k’) and begin to extend by 12 dph. Extended
tentacles remain visible and are still used for prey capture. At 12 dph, juveniles are

transitioning to adult morphology and are approximately 8-10mm in size (Fig. 2.41, I’).

13 to 16 dph

By 13 dph, the juvenile cydippid body plan has been extensively remodeled and
closely resembles the adult lobate form (Fig. 2.4m, m’). Between 13 and 16 dph several
morphogenetic patterning events associated with the final adult body plan occur (Fig.
2.4m-o0, m’-0’). The characteristic, tentilla-lined, feeding grooves situated between the
auricles and lobes begin to form by 14 dph (Fig. 2.4n, n’). The free hanging tentacles of
the cydippid body plan begin to retract as the feeding grooves become lined with tentilla.
The feeding groove tentilla are derived from the branching of the main tentacle as it
emerges from the tentacle sheath and extends along the medial cleft of the feeding
groove. As early as 16 dph (Fig. 2.40,0”), mature gametes can be observed underneath the

ctene rows as the animals attain sexual maturity, approximately 15-20mm in size.
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Microinjection

Spawning of sexually mature M. leidyi can be entrained to a new user defined
photoperiod within 24 hours. Thus, spawning can be induced whenever it is convenient
for the researcher. Briefly, to boost gamete production and obtain single-cell embryos for
microinjection, adult animals are fed fish larvae 24 hours before spawning and
immediately before being placed in the dark 4 hours prior to injection. Individual gravid
adults are kept in large (8 inch-diameter) glass bowl incubation dishes (Carolina
Biological Supply Inc). After ~3.5 hours of darkness, animals can be re-exposed to light
and screened under a dissection microscope for the presence of mature gametes. M. leidyi
adults are broadcast spawners that produce large amounts of active sperm. When mature
oocytes are presented too many sperm, high rates of polyspermy and early embryonic
failure occur. To reduce polyspermy in spawning bowls, gravid M. leidyi are washed 2-3x
during sperm release with clean ASW to lower sperm concentration during spawning.
Approximately 10 minutes after sperm release, eggs are extruded through female
gonopores located on the opposite side of the underlying endodermal canal. Extruded
eggs are maximally competent for fertilization for a relatively short period of time. Eggs
are kept in the spawning bowl for at least 10 minutes post extrusion to ensure high rates
of fertilization.

To remove excess mucus, egg jelly, bacteria and soften the egg envelope,
fertilized embryos are collected via pipette and successively passed through 0.5um and
0.4pm nylon mesh filters and then rinsed three times in filtered sterile seawater (FSW)
with 1% penicillin plus streptomycin (Pen/Strep) solution. Sharpened tungsten needles

are then used to remove the egg envelope. Embryos must be removed from their egg shell
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prior to microinjection (Martindale and Henry 1999). Dechorionated embryos are kept in
gelatin-coated dishes to prevent adhesion to charged surfaces such as glass and plastic.
First cleavage typically begins ~60 minutes after fertilization.

An injection dish containing a shallow trough is used to hold the embryos in place
for microinjections. The injection trough is made by placing a glass slide at an angle of
about 45° into a 30mm or 60mm petri dish and pouring molten 2% agar (dissolved in
50% FSW/50% H20) into the dish until the agar touches the top edge of the slide. Once
solidified, the injection mold is rinsed with FSW. The injection mold can be re-used over
multiple sessions when spiked with 1x Pen/Strep and stored at 4°C. Prior to injection, a
few drops of FSW are added to the trough. Dechorionated embryos are then placed into
the mold and gently lined up in a row along the back of the depression trough via mouth
pipette. Due to the relatively quick early cleavage events and necessary embryo
preprocessing, efficient ctenophore embryo microinjections require two people to work in
tandem; one to collect, clean and dechorionate embryos, and one to prepare injection
reagents and perform microinjections. These two activities are simultaneous. A pair of
researchers can easily inject ~30-60 embryos in a single session. The use of reliable and
uniformly sharp injection needles is key to rapid microinjection of embryos. While many
options exist for making microinjection needles, we typically use aluminosilicate needles
(Sutter Instrument Company) with beveled tips (Sutter Instrument Company BV-10).
Injection needles are typically backfilled with an injection cocktail spiked with a trace
amount of fluorescent dextran for rapid visualization of injection success. Injected

embryos are then gently removed via mouth pipette from the injection dish and placed in
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gelatin coated dishes with FSW. Injected embryos are kept at room temperature until the
desired embryonic stage is reached.

The techniques outlined in this report can reduce and, in many cases, eliminate
the need for wild-caught animals, allowing laboratories far from the ocean to perform
detailed biological analyses in these remarkable animals. These protocols permit more
nuanced observations of ctenophore biology than previously possible and make routine

mutational analyses practical in ctenophores.
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Figure 2.1. Body plan of Mnemiopsis leidyi with major axes labeled. a) Lateral view of
an adult in the pharyngeal plane. b) Same individual as in (a), but viewed from the
tentacular plane. ¢) Adult viewed from the aboral pole. The ctene rows can be seen
oriented around the oral/aboral axis. d) Oral view, showing the mouth. e) 6 dph juvenile
with extended tentacles (arrowhead) and branching tentilla (small arrows). The tentilla
are covered with colloblasts, which are used for prey capture. At this stage, we feed
juveniles marine rotifers (small dots in the background). The auricles (Arrows in a, d),
are ciliated projections that help funnel prey into the mouth. Asterisk in a and d indicates
the food grooves in the adult. The food groove is lined with the sticky tentilla, and
extends underneath the lobes. TA = tentacular axis; PA = pharyngeal axis.
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Figure 2.2. Equipment used for housing, feeding, and tank maintenance. a) Custom ~300
L pseudokreisel tank used to house adult individuals. b) The biofiltration unit of the sump
is on the left. On the right is the venturi driven protein skimmer. At the bottom is the
pump that is used to control the flow rate in the main tank. ¢) 15 L bucket filled with
rotifers. d) Bowl of zebrafish larvae. e) Water chiller. f) Dosing pump used to deliver
rotifers from bucket (c) through holes in the top of the main tank (a, inset). g) Vacuum
used to siphon organic waste from the bottom of the tank and perform water changes.
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Figure 2.3 Mature gametes and stages of embryonic development in Mnemiopsis leidyi.
a) Mature gametes in a gravid adult are positioned underneath the comb rows along the
endodermal canals. Mature sperm (left), and mature eggs (right, arrow) can typically be
seen at least an hour or two before spawning. b-d, b’-d”) Early development of M. leidyi.
Differential interference contrast (DIC) images in (b-d), fluorescent images of vital dyes
in (b’-d’). b) The zygote is characterized by a thin ring of cytoplasm (magenta) around a
yolky center (yellow). The next two cleavages are equal and unipolar. ¢) 2-cell stage
embryo, and d) 4 cell stage embryo. e-j, e’-j”) Mid- to late- embryogenesis. DIC images
of live animals in (e-j), fluorescent images of vital dyes in (e’-j”). Vital dyes can be used
to label different tissues in live animals. Lysotracker (yellow) preferentially labels
vacuolated cells in the endoderm, while Mitotracker (magenta) brightly stains the ctene
producing cells. Tissue organization begins around 9 hpf (e, f), and organs start to
develop by 13 hpf (g, h). Overall, development is rapid with hatching occurring about 18-
20 hpf (i, j) in our lab reared M. leidyi. ao = apical organ, ct = ctene rows, gv =
gastrovascular cavity, tb = tentacle bulb, ph = pharynx. Lateral view in (e, g, 1, €’, g’,1°),
with aboral end facing down. Aboral view in (f, h, j, f°, h’, j*).
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Figure 2.4. Stages of juvenile development in Mnemiopsis leidyi. a-d) 1 day post
hatching (dph) through 4 dph. e-h) 5 dph through 8 dph. g) Oral lobes begin to take shape
by 7 dph, indicated by the arrow. If well-fed, juveniles can double in size for the first few
days after hatching (a-d). Asterisk in (I) highlights the formation of the auricles. Juveniles
can reach sexual maturity as early as 16 dph (0’). In all panels, the oral end of the
juvenile is facing up. Scale bars are Imm in A-H; Smm in i-o, and i’-0’.
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Chapter 3: Presence of a functionally tripartite through-gut in Ctenophora has
implications for metazoan character trait evolution’

Background

The current paradigm of gut evolution assumes that non-bilaterian metazoan
lineages either lack a gut (Porifera and Placozoa) or have a sac-like gut (Ctenophora and
Cnidaria) and that a through-gut originated within Bilateria (Sedgwick 1884; Von Graff
1891; Arendt and Niibler-Jung 1997; Hejnol and Martindale 2008; Martindale and Hejnol
2009; Dunn, et al. 2014; Hejnol and Martin-Duran 2015; Telford, et al. 2015). An
important group for understanding early metazoan evolution is Ctenophora (comb
jellies), which diverged very early from the animal stem lineage (Dunn, et al. 2008;
Hejnol, et al. 2009; Ryan, et al. 2013; Moroz, et al. 2014; Whelan, Kocot, Moroz, et al.
2015). The perception that ctenophores possess a sac-like blind gut with only one major
opening remains a commonly held misconception (Buchsbaum, et al. 1987; Pang and
Martindale 2008e; Martindale and Hejnol 2009; Hejnol and Martin-Duran 2015; Telford,
et al. 2015). Despite descriptions of the ctenophore digestive system dating to Agassiz
(Agassiz 1850) that identify two openings of the digestive system opposite of the
mouth—called ‘‘excretory pores’’ by Chun (Chun 1880), referred to as an ‘‘anus’’ by
Main (Main 1928), and coined ‘‘anal pores’’ by Hyman (Hyman 1940)—contradictory
reports, particularly prominent in recent literature, posit that waste products are primarily

expelled via the mouth (Hyman 1940; Gardiner 1972; Buchsbaum, et al. 1987; Pearse, et

! The results presented here were published as part of the following paper: Presnell IS, Vandepas LE,
Warren KJ, Swalla BJ, Amemiya CT, Browne WE (2016) The Presence of a Functionally Tripartite
Through-Gut in Ctenophora Has Implications for Metazoan Character Trait Evolution. Current
Biology 26:2814-2820 doi:10.1016/j.cub.2016.08.019.
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al. 1987; Bumann and Puls 1997; Martindale and Henry 1998; Martindale and Hejnol
2009; Hejnol and Martin-Durén 2015; Telford, et al. 2015). Here we demonstrate that
ctenophores possess a unidirectional, functionally tripartite through-gut and provide an
updated interpretation for the evolution of the metazoan through-gut. Our results resolve
lingering questions regarding the functional anatomy of the ctenophore gut and long-
standing misconceptions about waste removal in ctenophores. Moreover, our results
present an intriguing evolutionary quandary that stands in stark contrast to the current
paradigm of gut evolution: either (1) the through-gut has its origins very early in the
metazoan stem lineage or (2) the ctenophore lineage has converged on an arrangement of

organs functionally similar to the bilaterian through-gut.

Methods
Feeding Experiments

Lab-reared Mnemiopsis leidyi were kept at room temperature and starved for ~24
hours prior to feeding experiments. For lateral views, adult animals were pinned in 8-inch
silicon coated dishes (SYLGARD-184, Dow Corning, Inc.) and fed zebrafish larvae.
Time-lapse video was captured with a RED EPIC camera (RED, Inc.). For aboral views,
4-day post hatching juveniles were fed Brainbow fluorescent zebrafish larvae (Pan, et al.
2011), and filmed on a Zeiss SteREO Discovery.V8 with a Zeiss AxioCam MRm rev3
using Zeiss AxioVision software (Release 4.8.2). Annotations, images and video were
processed with REDCINEX-PRO (RED, Inc.), Adobe Photoshop, and QuickTime Pro

(Apple, Inc).
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Immunohistochemical Staining

Whole Mnemiopsis juveniles and excised lobe tissue were relaxed in a 6.5%
MgCI2 solution mixed with FSW in a 1:1 volumetric ratio and fixed in 4%
paraformaldehyde at room temperature. Fixed samples were washed with PTw (0.1%
Tween-20 in PBS) and incubated with phalloidin (Alexa Fluor 568 phalloidin, Molecular
Probes) in PBS (1:100) for 1 hour at room temperature, washed with PBS, and incubated
in SlowFade Diamond Antifade Mountant with DAPI (Molecular Probes) at room
temperature. Fixed excised endodermal canals were permeabilized with 0.2% Triton X-
100 in PBS, incubated in blocking solution (10% Goat serum, 0.2% Triton X-100, in
PBS), and incubated with E7 antibody (Developmental Studies Hybridoma Bank) diluted
1:20 in blocking solution overnight at 4°C. Samples were incubated overnight at 4°C
with secondary antibody at 1:250 in blocking solution and phalloidin-488 (Cytoskeleton,
Inc.) at 100 nM in PBS. Either Alexa Fluor Goat anti-Mouse 594 or Alexa Fluor Chicken
anti-Mouse 647 was used (Jackson ImmunoResearch Laboratories, Inc.). Samples were
mounted in SlowFade Diamond Antifade Mountant with DAPI (Molecular Probes).
Images were acquired using a Zeiss Axio Imager.Z2 with a Zeiss AxioCam MRm rev3
and Zeiss AxioVision software (Release 4.8.2), or with a Leica SP5 laser scanning
microscope. Images were processed with either Adobe Photoshop or FIJI (Schindelin, et

al. 2012).

Vital Dye Staining
Mnemiopsis juveniles 2 days post-hatching were incubated in FSW containing

Spug/mL Hoechst (Molecular Probes) and 100nM Lysotracker® Red DND-99 (Molecular
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Probes). Tissue envelopes and cell cultures were incubated with Sug/mL Hoechst and
66nM Lysotracker® Red DND-99 (Molecular Probes). Images were acquired using a
Zeiss Axio Imager.Z2 with a Zeiss AxioCam MRm rev3 and Zeiss AxioVision software

(Release 4.8.2) and edited using Adobe Photoshop or FIJI (Schindelin, et al. 2012).

Results and Discussion

The evolutionary origins of the animal through-gut are crucial for understanding
the coordinated patterning of organ systems. The prevailing paradigm of gut evolution
asserts that the metazoan through-gut (alimentary canal) and anus originated within
Bilateria (Schmidt-Rhaesa 2007; Hejnol and Martindale 2008, 2009; Martindale and
Hejnol 2009; Dunn, et al. 2014; Hejnol and Martin-Durdn 2015; Telford, et al. 2015).
The implication of this view of gut evolution, that non-bilaterians either lack a gut
altogether or possess a blind, sac-like gut characterized by a single functional opening at
the oral pole, the stomodeum, is misinformed. The idea that ctenophores possess a blind
gut (Gardiner 1972; Buchsbaum, et al. 1987; Pearse, et al. 1987; Martindale and Henry
1998) appears to stem from the historical misconception that ctenophores and other non-
bilaterians are simple animals lacking complex traits (Dunn, et al. 2015). Though recent
evidence supports Ctenophora as the earliest-branching extant metazoan phylum (Dunn,
et al. 2008; Hejnol, et al. 2009; Ryan, et al. 2013; Moroz, et al. 2014; Whelan, Kocot and
Halanych 2015; Whelan, Kocot, Moroz, et al. 2015), ctenophores possess many
““‘complex’’ traits found in other animals, such as definitive muscles and a nervous
system (Jager, et al. 2011; Dayraud, et al. 2012; Ryan, et al. 2013; Moroz, et al. 2014).

Thus, the revised phylogenetic position of Ctenophora has also lead to novel hypotheses
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reconsidering the origin of both muscles and nerves (Ryan, et al. 2013; Moroz, et al.
2014; Ryan 2014). Here we provide new data for and discuss previous evidence of the
presence of a through-gut in ctenophores and the broader implications for evolution of
the metazoan through-gut and anus.

As early as the work of Louis Agassiz (Agassiz 1850), it was known that
ctenophores possess digestive system openings opposite of the mouth. Despite this,
contradictory reports suggest that the mouth alone is used to eliminate food waste,
whereas other studies have proposed that the pores are used only occasionally to expel
small waste products such as nitrogenous or intracellularly digested wastes (Hyman
1940; Pearse, et al. 1987; Bumann and Puls 1997; Martindale and Henry 1998; Hejnol
and Martindale 2009; Martindale and Hejnol 2009). Collectively, these reports have
misconstrued the function of the ctenophore anal pores, resulting in support for the
misconception that ctenophores have a simple, blind gut (Hyman 1940; Pearse, et al.
1987; Bumann and Puls 1997; Hejnol and Martindale 2009; Hejnol and Martin-Duran
2015; Telford, et al. 2015).

The incongruence among these previous observations motivated our experiments,
which were explicitly designed to explore ctenophore gut functional anatomy. Here we
provide an update to previous literature on the ctenophore digestive system using high-
resolution in vivo time-lapse videography combined with fluorescent labeling techniques
and primary cell culture. The main longitudinal body axis in ctenophores is the oral-
aboral axis, with the mouth at the oral pole and two anal pores at the aboral pole (Dunn,
et al. 2015) (Figure 3.1). The unidirectional ctenophore gut is highly differentiated and

organized into three functional domains (Figure 3.1A). Our results resolve conflicting
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reports on the function of the ctenophore anal pores, confirming their role in relation to
the overall digestive system as secondary gut openings function- ally equivalent to an
anus. We unequivocally show that ctenophores possess a functional through-gut from
which digestion waste products and material distributed via the endodermal canals are
expelled to the exterior environment through terminal anal pores that are anatomically
and physiologically specialized to control outflow from the branched endodermal canal
system (Figure 3.2).

Ctenophores are highly transparent, allowing for easy in vivo observation of
internal processes (Agassiz 1850; Chun 1880; Main 1928; Bumann and Puls 1997; Tamm
2014a). To visualize food passage through the ctenophore gut, we monitored the
digestion of zebrafish expressing fluorescent proteins (Figure 3.2). Digestion is spatially
and temporally regulated by coordinated activities throughout the ctenophore gut that
include characteristic cells functioning in nutrient uptake and cells with functionally
specialized cilia that control particulate and fluid movement, as well as access to the
mesoglea (Figure S1) (Franc 1972; Hernandez-Nicaise 1991). Food entering the
stomodeum is transported aborally in the pharynx by combined ciliary beating and
muscular contractions toward the pharyngeal folds in the aboral medial third of the
pharynx (Figure 3.1A). Within the pharynx, combined mechanical and enzymatic action
results in the pre-digestion of food into large particles (Hernandez-Nicaise 1991; Bumann
and Puls 1997) that then enter the morphologically distinct ciliary mill (Figure 3.1A). The
ciliary mill is uniquely characterized by dense arrays of stiffened cilia (Tamm 2014a) that
act as a physical sieve and disrupt large particles, allowing only small particles to pass

through into the infundibulum (transverse canal), the first chamber of the endodermal
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canal system. The filtrated material is then supplied to four radial canals, one for each
radially symmetric quadrant of the ctenophore body plan (Figure 3.1). Each radial canal
bifurcates into paired adradial canals that closely associate with several prominent organ
systems, including ctene rows, photocytes, and gonads. In the tentacular plane, two
paragastric canals extend orally and medially on either side of the pharynx, and two
tentacular canals extend laterally through the mesoglea supplying the tentacle apparatus.
Cilia lining the endodermal canal lumen sweep food particles through the branched canal
system toward the periphery during nutrient distribution (Tamm 2014a). Collectively, the
endodermal canals function in both nutrient absorption and distribution (Figure 3.5)
(Chun 1880; Main 1928; Franc 1972; Hernandez-Nicaise 1991; Bumann and Puls 1997).
Both nutrient distribution and waste elimination are aided by peristaltic activity
within the pharynx and the endodermal canals that direct flow of material. During waste
removal, ciliary beating reverses direction, collecting waste material at the centrally
located infundibulum, prior to moving into the aboral canals. The function of the aboral
canals contrasts with the remainder of the endodermal canal system during both nutrient
distribution and waste collection due to differentially regulated muscle and ciliary
activity. The isodynamic ciliary beat cycle associated with nutrient distribution and waste
elimination is a regulated process that occurs with a temporally cyclic regularity of
approximately 2—2.5 hr under our continuous feeding regime. During nutrient
distribution, ciliary beating within the aboral canal actively excludes particle entry.
Additionally, muscles surrounding the aboral canal are relaxed, reducing the canal
diameter and further limiting particle ingress. During waste elimination, these muscles

contract, pulling on the canal walls and significantly enlarging canal diameter. The
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muscles controlling the relative diameter of the aboral and anal canals are stereotypically
localized (Figure 3.3A). In Mnemiopsis, muscle bundles extend in the pharyngeal plane
along the oral-aboral axis on both sides of the pharynx. At the aboral end, they
anastomose with aboral and anal canals; toward the oral end, muscle fibers separate from
the bundle and anchor along the feeding grooves. As these muscles contract, the aboral
and anal canal diameters widen, and the cilia lining the aboral canal simultaneously
reverse beat direction, transporting material collected in the infundibulum into the lumen
of the aboral canal immediately preceding defecation. These activities were most likely
not detected in previous studies because the transparent muscles are difficult to visualize,
their anastomosing ends are often lost during fixation, and the cyclical biphasic changes
associated with nutrient distribution and waste elimination make detection difficult
without high resolution time-lapse video.

Our results reveal that each anal canal culminates with a sphincter, consistent with
a highly regulated system. The anal pores are composed of actin-rich cells in a ring
configuration, consistent with a role in contraction (Figure 3.3). This actin distribution,
coupled with the previous report of myosin heavy chain expression in Pleurobrachia
pilius anal pores (Dayraud, et al. 2012), provides molecular evidence that the anal pores
function as contractile, ring-like sphincters. During defecation, the sphincter of a single
anal canal opens and waste is forcefully expelled (Figure 3.2). After defecation, the anal
pore closes and the anal and aboral canals constrict. This temporally regulated process
results in the expulsion of the entirety of material circulating in the endodermal canals
(Figure 3.2). Therefore, in ctenophores, the anal pores function as the main excretory

organs for defecation and serve as the terminal end of a functional through-gut.
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Our functional anatomy study of the path of digestion in ctenophores confirms
some of the historical observations made over the past 150 years that the anal pores open
to the external environment (Agassiz 1850; Chun 1880; Main 1928; Hyman 1940;
Bumann and Puls 1997). However, many previous works have differed significantly in
their interpretations of ctenophore digestive system function broadly, and of the role of
the anal pores in particular. While some early work referred to the anal pores as an anus
that allowed for ‘‘defecation of fecal material’’ (Agassiz 1850; Main 1928), more
recently the ctenophore digestive tract has been interpreted as a flow-through system,
with the majority of excretion occurring through the mouth and the minor passage of
intracellular waste products occurring through the anal pores (Bumann and Puls 1997).
The results presented here contradict the two prevailing ideas about waste removal in
ctenophores: (1) the relatively more recent dogma stating that ctenophores have only one
functional opening to the gut (Hejnol and Martindale 2009; Martindale and Hejnol 2009;
Dunn, et al. 2014; Hejnol and Martin-Duran 2015; Telford, et al. 2015) and (2) the
historical perspective that both the mouth and anal pores are used to remove digested
food waste (Hyman 1940; Bumann and Puls 1997; Tamm 2014a). Notably, authors have
also disagreed as to whether the aboral pores constitute an anus (e.g., Hyman 1940).

In contrast to prior studies, we did not observe food waste expulsion or
regurgitation through the mouth during our feeding experiments with Mnemiopsis.
Ctenophore regurgitation is associated with three events: (1) over- feeding (Baker and
Reeve 1974; Reeve, et al. 1978; Bumann and Puls 1997), (2) ingestion of material that
cannot be predigested and/or preprocessed in the pharynx for distribution through the

endodermal canals (Baker and Reeve 1974; Reeve, et al. 1978), and (3) ingestion of
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unpalatable material (Baker and Reeve 1974). Unsurprisingly, most metazoans will
regurgitate material through the mouth under these conditions. When captive ctenophores
are over-handled or fed excessively, they will regurgitate material from the pharynx. The
ctenophore pharynx can also reach a maximum concentration threshold, after which
material contained within the pharynx is regurgitated (Reeve, et al. 1978). In their natural
environment, the likelihood of reaching critical prey threshold within the pharynx is low.
We argue that in previous studies supporting the mouth as a major site of waste removal,
feeding regimes surpassed this threshold and the resulting regurgitation behavior was
thus interpreted as a normal mode of waste removal. In addition, it is clear that prey with
significant cuticle and/or chitinous exoskeletons can reside in the pharynx for as long as 7
hr during digestion (Granhag, et al. 2011). In our long-term lab-cultured animals, we
observe extended residence time in the pharynx for rotifer and crustacean exoskeletons
during digestion. As long as the pharynx is not overwhelmed, exoskeletons are typically
broken down, passed into the endodermal canals, and expelled from the anal pores.

Our long-term, multigenerational ctenophore cultures coupled with our functional
anatomical results and previous descriptions of ctenophore digestion clearly demonstrate
that ctenophores possess a functionally tripartite through-gut. This directly refutes the
historical characterization of ctenophores as possessing a sac-like gut with a single
opening. The results presented here show that ingested food processed by the pharynx
and distributed through the endodermal canal system is subsequently expelled en masse
at regular intervals through the anal pores.

Comparatively, the functional anatomy of the Mnemiopsis digestive system is

typical of Ctenophora, though some ctenophore body plans have modifications to
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endodermal canal peripheral branching patterns. We have observed the same digestive
system function across a range of ctenophore body plans, including representatives from
the genera Beroe, Bolinopsis, Ocyropsis, Cestum, Coeloplana, and Vallicula. Among
other non-bilaterians, pores connecting the gastric cavity to the external environment
have been reported in Cnidaria, including both hydrozoan medusa and some sessile corals
exhibiting true fluid flow-through systems (Gardiner 1972; Aria and Chan 1989;
Schlichter 1991). However, cnidarians are still considered to possess a blind gut (Hyman
1940; Bumann and Puls 1997; Martindale and Henry 1998; Martindale, et al. 2002;
Martindale, et al. 2004; Dunn, et al. 2014; Hejnol and Martin-Duran 2015). Thus, our
results represent an additional significant morphological challenge to the historical
grouping of ctenophores with cnidarians as the Coelenterata (Frey and Leuckart 1847;
Haeckel 1875; Telford, et al. 2015).

The recognition of a through-gut in ctenophores has broad implications for our
understanding of the evolution of the metazoan anus and the unidirectional alimentary
canal (Figures 3.4 and 3.6). One scenario for the evolution of the extant ctenophore
through- gut is that an anus formed independently in the ctenophore stem lineage (Figure
3.4A). This scenario does not explicitly reject current hypotheses regarding bilaterian
through-gut evolution (Hejnol and Martindale 2008; Martindale and Hejnol 2009; Hejnol
and Martin-Duran 2015). A second scenario is that the sophisticated morphological and
cellular organization of the through-gut has very early origins in the metazoan stem
lineage, suggesting the loss of a functional through-gut in several non-bilaterian lineages
(Figure 4B). Secondary loss of organ systems is not atypical. Loss of the through-gut and

anus has occurred multiple times within Bilateria, for example within the deuterostomes
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among the echinoderms and among members of the Platyzoa (Hejnol and Martin-Duran
2015). The latter scenario would reject current hypotheses that posit that the anus first
evolved after the divergence of the Acoelomorpha (Hejnol and Martindale 2008;
Martindale and Hejnol 2009; Hejnol and Martin-Duran 2015). Though functionally
analogous, the homology of the ctenophore anal pore to the bilaterian anus remains
unclear. For the two evolutionary scenarios to be resolved, further research will be
needed to distinguish between the functional and structural similarities of the ctenophore
and bilaterian anus (Giribet 2015).

Our findings draw attention to the evolutionary importance of the anus. The
mouth is currently considered to be homologous across most of Metazoa (Arendt, et al.
2001; Martindale and Hejnol 2009). In ctenophores, as well as many protostomes, the
position of the mouth corresponds with the blastopore (Freeman 1977). Moreover, the
ctenophore blastopore exhibits the same conserved gene expression patterns seen in
bilaterians and cnidarians (Arendt, et al. 2001; Scholz and Technau 2003; Yamada, et al.
2007). However, the anal opening among bilaterians has a varied phylogenetic
distribution, suggesting independent evolution of the through-gut and anus in many
lineages (Hejnol and Martindale 2008; Hejnol and Martin-Duran 2015). Genes with clear
orthology to those expressed in the bilaterian hindgut and anus (e.g., NK2.1, fox genes,
and FGF8/17/18) (Hejnol and Martin-Duran 2015) are not present in either the
Mnemiopsis or Pleurobrachia genomes (Ryan, et al. 2013; Moroz, et al. 2014), whereas a
number of genes expressed in the bilaterian gut have clear orthologs that are expressed in
ctenophores (Figure 3.7). Additional investigation of gene expression in ctenophore anal

pores and more detailed functional and structural morphology analyses in these and other
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non-bilaterian animals will certainly provide more insight into the evolution of the anus
and the metazoan alimentary canal (Giribet 2015; Hejnol and Martin-Duran 2015). An
improved understanding of the through-gut organ system is crucial for improving our

understanding of body plan evolution and diversification in the metazoans.
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Figure 3.1. Ctenophore digestive system anatomy. (A) Schematic of the major features
of the ctenophore digestive system. The pharyngeal axis (PA) is to the left, and the
tentacular axis (TA) is to the right. Food enters the stomodeum and moves aborally
through the pharynx (light gray), where digestive enzymes are secreted by the pharyngeal
folds (purple). Large particles are then mechanically processed by a region of stiffened
cilia, the ciliary mill (dark gray). Small food particles then transit into the central
chamber, the infundibulum (1), of the endodermal canal system (blue), where isodynamic
ciliary beating distributes particles for absorption in the radial canals (2), the paired
adradial canals (3), and the paragastric canals and tentacular canals. Both solid and fluid
wastes are eliminated from the branched endodermal canal system by transport through
the aboral canal and anal canals (green) and evacuation through the anal pores. (B)
Aboral schematic highlighting the major endodermal canal system branches. The
infundibulum, or transverse canal (1), serves as the central hub from which two tentacular
canals (tc) and four radial canals (2) branch. Each radial canal bifurcates into adradial
canals (3). The green circle marks the aboral canal branch. (C) Adult Mnemiopsis leidyi
are characterized by feeding grooves medial to oral lobes (arrows) lined with tentacles
bearing colloblasts (asterisks) that transport prey to the stomodeum (arrowhead). (D)
Aboral view of a juvenile cydippid stage Mnemiopsis leidyi showing the principal
branches of the endodermal canal system as schematized in (B).
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Figure 3.2. Waste evacuation in ctenophores. (A) Frame grab from time-lapse showing
waste material being ejected from open anal pore of Mnemiopsis leidyi. (B) Frame grab
showing an aboral view of a dilated anal pore during waste ejection from Mnemiopsis
leidyi. Asterisks mark the position of the aboral apical organ, arrowheads mark the
position of the open anal pore, and arrows denote waste plumes. (A) is a lateral view,
with the oral end to the left; (B) is an aboral view.
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Figure 3.3. Aboral region of Mnemiopsis. (A) Differential interference contrast image of
Mnemiopsis. Arrows highlight organized giant smooth muscle bundles that contact and
regulate the diameter of the aboral and anal canals. (B) Mremiopsis stained with
phalloidin in red and DAPI in blue. The arrowhead and dashed circle mark the ring of F-
actin-rich cells that contribute to the circumference of the contractile sphincter associated
with the anal pore. (C) Mnemiopsis aboral view from merged brightfield and fluorescence
microscopy. The arrowhead and dashed circle mark the position of a fully dilated anal
pore. Digested fluorescent fish particles appear as bright spots in the anal canals. (D)
Mnemiopsis stained with phalloidin in red and DAPI in blue. The arrowhead and dashed
circle mark the position of F-actin associated with one of the two contractile anal pores.
In all panels, arrowheads indicate the position of anal pores. Lateral views of the
pharyngeal plane are shown in (A), (B), and aboral views are shown in (C), (D).
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Figure 3.4. Evolutionary scenarios for the origins of the animal through-gut. (A)

Scenario for the convergent acquisition of a functional through-gut in Ctenophora. After
the divergence of Ctenophora, the through-gut organ system evolved independently in
both the ctenophore lineage and the bilaterian lineage after the divergence of
Acoelomorpha (Hejnol and Martindale 2008; Hejnol and Martin-Duran 2015). (B)
Scenario for a single origin of the through-gut prior to the divergence of the ctenophore
lineage. Under this scenario, several non-bilaterian lineages and the Acoelomorpha would
be inferred to have subsequently lost a functional through-gut, rejecting the initial origins
of a functional through-gut within Bilateria. Although phylogenetic relationships between
early branching animals remain contentious, our animal phylogeny is based on recent
phylogenomic inferences (Dunn, et al. 2008; Hejnol, et al. 2009; Ryan, et al. 2013;
Moroz, et al. 2014; Whelan, Kocot, Moroz, et al. 2015). Organism silhouettes by Noah
Schottman, Mali’o Kodis, Oliver Voigt, and Joseph Ryan are available from the PhyloPic
database (http://phylopic.org) and are used here under the Creative Commons Attribution

3.0 license. See also Figure 3.6.
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Figure 3.5. Specialized cell types associated with the ctenophore gut. Related to Figure
3.1. A and B are live Mnemiopsis leidyi 2 days post hatching. Oral end is oriented up and
arrows highlight the pharynx and gut lumen. (A) DIC image. (B) Fluorescence image,
nuclei are stained with Hoechst in blue and lysosomes are stained with Lysotracker in
yellow. Lysosome signal strongly marks cells lining the oral region of the gut as well as
cells scattered throughout the pharynx. (C) Bright-field image of endodermal canal in ex
vivo tissue envelope isolated from an adult Mnemiopsis. Arrows highlight the
asymmetrically distributed digestive cells that contain darkly pigmented lysosome
vacuoles. (D) Adult Mnemiopsis endodermal canal with Hoechst stained nuclei in blue.
(E) Adult Mnemiopsis endodermal canal with Lysotracker stained lysosomes in yellow.
(F) Merged image of D and E showing the distinct asymmetric localization of digestive
cells containing lysosomes in the endodermal canal wall. (G) Adult Mnemiopsis
endodermal canal with Hoechst stained nuclei in blue. (H) Adult Mremiopsis endodermal
canal with RFP signal derived from digested Brainbow zebrafish. (I) Merged image of G
and H showing the differential retention of RFP in digestive cells along the endodermal
canal wall. (J) DIC image of cells in the endodermal canal wall organized into a ciliated
rosette. The mesogleal space is at the top and the endodermal canal lumen is at the
bottom. Each ciliated rosette contains a central pore that provides access between the
lumen of the gut and the mesoglea. The asterisk marks specialized stiffened cilia that
project into the gut lumen, the arrowhead marks long cilia that project into the mesoglea.
(K) Merged fluorescent confocal image of a ciliated rosette. Nuclei are marked by DAPI
in blue. F-actin is marked by phalloidin in yellow. B-tubulin is marked by E7 in purple.
The ciliated rosette is formed from two concentric rings of eight cells, each having a -
tubulin rich region facing the central pore. The lower ring of cells project cilia into the
gut lumen, indicated by an asterisk. The upper ring of cells project cilia into the
mesoglea, indicated by an arrowhead. The two groups of specialized cilia function as
ultrafilters preventing transit of, and/or blockage by, large particles between the two
compartments.
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Figure 3.6. Alternative scenarios of animal through-gut evolution. Related to Figure 4.
Panels represent alternative phylogenetic hypotheses for the position of Ctenophora
relative to other major lineages of metazoans based on recent phylogenomic analyses.
Blue squares represent the presence of a through-gut while a red X represents an inferred
loss of the through-gut. Panels (A) and (B) depict Ctenophora as the earliest branching
extant metazoan lineage based on data from (Dunn, et al. 2008; Hejnol, et al. 2009).
Panels (C) and (D) depict the divergence of Porifera at the base of the Metazoa based on
analyses from (Pick, et al. 2010). Panels (E), (F), and (G) depict the ‘Coelenterata’ clade
inferred by (Philippe, et al. 2009; Nosenko, et al. 2013). All three scenarios allow for the
independent, convergent acquisition of a through-gut within the Ctenophora lineage as
presented in panels A, C, and E. Explicit scenarios for the ancestral evolution of a
through- gut in the metazoan stem lineage with subsequent losses among Porifera,
Placozoa, Cnidaria, and/or Acoelomorpha are presented in panels B, D, and G. Panel F
represents a scenario in which the independent, convergent evolution of a through-gut
occurred in the ‘Coelenterata’ stem lineage and was subsequently lost in Cnidarians. The
phylogenetic placement of Acoelomorpha along with the absence of a through-gut is
based on (Hejnol and Martindale 2008).
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Figure 3.7. Gene expression associated with the ctenophore gut. Related to Figure 3.1.
(A) Schematic of the ctenophore tripartite digestive system. The oral end is oriented to
the left and major features are labeled as in Figure 3.1. The digestive system has been
divided into four regions of gene expression based on prior gene expression studies
highlighted in panel B. (B) Table of known gene expression in the ctenophore digestive
system by region, including relevant citations (Yamada, et al. 2007; Pang and Martindale
2008f; Pang, et al. 2010; Pang, et al. 2011; Reitzel, et al. 2011; Dayraud, et al. 2012;
Simmons, et al. 2012; Jager, et al. 2013; Schnitzler, et al. 2014).
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Chapter 4: KLF/SP transcription factor family evolution: expansion, diversification,
and innovation in eukaryotes?

Background

One of the most ancient and abundant classes of DNA binding domains (DBDs) is
the C2H2 zinc finger class (Rubin, et al. 2000; Ravasi, et al. 2003; de Mendoza, et al.
2013). The C2H2 zinc finger domain has two cysteine and two histidine residues that
coordinate a zinc ion, and typically consists of the amino acid sequence C-X(2-4)-C-C-
X(12)-H-X(3-5)-H (Brown, et al. 1985; Miller, et al. 1985). C2H2 zinc finger motifs are
found in many transcription factors and based on their arrangement and number can be
subdivided into different families (Tuchi 2001). The Kriippel-like factor and specificity
protein (KLF/SP) transcription factor gene family is characterized by a highly conserved
triple-C2H2 DBD located toward the C-terminus composed of three tandem zinc fingers
that are evenly spaced by conserved linker regions (Iuchi 2001) and share similarity with
the Drosophila Kriippel gene (Rosenberg, et al. 1986). This C2H2 zinc finger DBD
(KLF-DBD) binds to guanine-cytosine-rich regions and CACC elements (GT boxes)
(Kadonaga, et al. 1987). The more N-terminal regions of KLF/SP transcription factors are
typically highly variable and consist of different combinations of
transactivation/repression domains. Historically, mammalian KLFs have been divided
into 3 groups based on shared domain architecture: The KLF1, 2, 4, 5, 6, and 7 groups;
the KLF3, 8, and 12 groups; and the KLF9, 10, 11, 13, 14, 16 groups (McConnell and

Yang 2010), whereas SPs, which differ from KLFs by the presence of the Buttonhead

2 This chapter presented here was published as the following paper: Presnell JS, Schnitzler CE, Browne
WE (2015) KLF/SP Transcription Factor Family Evolution: Expansion, Diversification, and
Innovation in Eukaryotes. Genome Biology and Evolution 7:2289-2309 do0i:10.1093/gbe/evv141.
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(Btd) box domain just 5° of the KLF-DBD, are typically divided into 2 groups: SP1-4
and SP5-9 (Suske, et al. 2005).

KLF/SP genes within each domain architecture group share similar functions
based on the retention of explicit transactivation motif complements. A range of studies
present a complex picture in which KLF/SP genes can be singly or in combination
involved in temporally and spatially disparate cellular and developmental processes. For
example, fly embryos mutant for /una, the Drosophila KLF6/7 ortholog, die early during
development due to mitotic defects (De Graeve, et al. 2003; Weber, et al. 2014), whereas
cabut, a KLF9/13 ortholog in Drosophila, is required for proper dorsal closure during
gastrulation (Mufioz-Descalzo, et al. 2005). However, cabut also plays a role later in fly
organ development by coordinating signaling for proper wing disc patterning (Rodriguez
2011). Among the vertebrates, KLF genes are often associated with balancing stem cell
proliferation and differentiation, as well as regulating metabolic homeostasis. The most
notable member is KLF4, one of the four pioneer transcription factors required to induce
pluripotency in human and mouse fibroblasts (Takahashi and Yamanaka 2006; Soufi, et
al. 2012; Soufi, et al. 2015) and a component of a core circuit of genes that maintain self-
renewal in mammalian embryonic stem cells along with KLF2 and KLF5 (Jiang, et al.
2008). However, in gut epithelia, KLF4 regulates terminally differentiated cells while
KLFS5 is expressed in the proliferating crypt cells (McConnell, et al. 2007). In mammals,
KLF2 together with KLF1 and KLF13 also regulate erythrocyte maturation and
differentiation as well as globin gene activity (Miller and Bieker 1993; Basu, et al. 2005;
Gordon, et al. 2008). KLF2 in zebrafish contributes to the differentiation of ectoderm

derived tissues (Kotkamp, et al. 2014). In mammals, including humans, KLF11 and
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KLF14 play an important role in the regulation of genes associated with diabetes and
metabolic syndrome phenotypes, respectively (Small, et al. 2011; Lomberk, et al. 2013).
Similarly, complex intersections with both development and metabolism exist for
members of the SP subfamily. For example, in mammals, SP1, SP3, and SP7 regulate
osteoblast mineralization and differentiation (Nakashima, et al. 2002; Suttamanatwong, et
al. 2009). SP1 is also an important regulator of metabolic genes involved in the glycolytic
pathway, fatty acid synthesis, and ribosome biogenesis (Archer 2011; Nosrati, et al.
2014). Overall, members of the KLF/SP gene family are known to function in a wide
variety of biological processes (Black, et al. 2001; Zhao and Meng 2005; Wierstra 2008;
McConnell and Yang 2010; Zhao, et al. 2010; Tsai, et al. 2014).

In contrast to the extensive studies highlighting the importance of the KLF/SP
genes to core cellular processes, comparatively few studies have investigated the
evolutionary relationship of KLF/SP genes in lineages outside of mammals (Kolell and
Crawford 2002; Materna, et al. 2006; Shimeld 2008; Chen, et al. 2009; Meadows, et al.
2009; Schaeper, et al. 2010; Seetharam, et al. 2010). A KLF gene was recently identified
in the choanoflagellate Monosiga brevicollis genome; however, that study’s conclusions
were restricted to examining porcine KLF paralogy (Chen, et al. 2009). A more recent
study, focused on the phylogenetic distribution of C2H2 zinc finger families in
eukaryotes, also showed that KLLFs were present in Monosiga but absent in the fungal
taxa surveyed (Seetharam and Stuart 2013). No study had examined the phylogenetic
context of the different transactivation/repression domains associated with the KLF/SP
gene family. Pinpointing the origin and evolutionary history of this gene family and

associated domains can help determine possible relationships of the KLF/SP repertoire
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expansion to key innovations in the evolution of metazoan cellular diversity. Hypotheses
of metazoan gene evolution are greatly aided by sampling a wide range of taxa that
include non-metazoan representatives. Here, we infer the evolutionary history of the
KLF/SP gene family and their associated transactivation/repression domains across a
wide range of eukaryotes. Species were chosen to represent well established groups
across the Eukarya including the following: Bikonta, Amorphea (Amoebozoa +
Apusozoa + Opisthokonta), Opisthokonta (Holomycota + Holozoa), and Holozoa
(Ichthyosporea + Filasterea + Choanoflagellata + Metazoa) (fig. 4.1) (Adl, et al. 2012;
Derelle and Lang 2012; Paps, et al. 2013). Several transactivation/repression domains
found in KLF/SPs are also present in the genomes of ancient unicellular lineages that lack
KLF/SPs, lending support for domain shuffling playing a major role in the acquisition of
transactivation/repression domains during the expansion and diversification of the
KLF/SP gene family. We show that domain connectivity and resulting unique domain
architectures among these transcription factors have become increasingly complex in
metazoans. Thus, a pattern of gene duplication along with domain shuffling and the rare
emergence of de novo domains have collectively played a vital role in the evolution of

the KLF/SP gene family.

Methods
KLF Identification Pipeline

To broadly identify C2H2 zinc finger and KLF/SP proteins associated with a
diverse range of Eukaryote lineages, publicly available sequenced genomes listed in table

1 were comprehensively searched including 26 metazoans, 4 unicellular holozoans, 7
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holomycotans, 1 apusozoan, 4 amoebozoans, and 6 bikonts. We used the HMMER 3.0
program (Eddy 1998), to identify proteins that contained C2H2 zinc fingers. The Hidden
Markov Model (hmm) of the C2H2 zinc finger domain PF00096 (Punta, et al. 2012) was
downloaded from the Pfam database. The hmmsearch command was then used to search
protein models of the representative 48 Eukaryote species using the PF00096 hmm as a
query. HMMER identified all protein sequences (using default settings) that contained at
least one C2H2 zinc finger corresponding to the hmm. This output was used for
subsequent analyses. Raw outputs for this and subsequent steps of the pipeline can be
found online at https://goo.gl/dbdBil.

We then used a perl script modified from Zeng et al. (Zeng, et al. 2011) to search
the protein sequences of the HMMER output for the 81-amino acid triple-C2H2 zinc
finger DBD conserved in KLF/SPs (KLF-DBD:; fig. 4.2). The amino acid sequence is as
follows: C-X4-C-X12-H-X3-H-X7-C-X4-C-X12-H-X3-H-X7-C-X2-C-X12-H-X3-H,
where X can be any amino acid. Sequences meeting the following criteria were initially
considered putative KLF/SPs: 1) Presence of the KLF-DBD and 2) presence of only three
zinc fingers (i.e., no additional zinc fingers other than the KLF-DBD). Sequences fitting
these initial criteria were only found within the Filozoa (online at https://goo.gl/dbdBil).
We additionally found 13 non-filozoan amorphean sequences possessing a KLF-DBD;
however, in all cases these sequences also contained additional zinc fingers (online at
https://goo.gl/dbdBil). To determine the relationship between the non-filozoan
amorphean sequences and the putative filozoan KLF/SPs, all sequences were aligned and

included in our phylogenetic analyses.
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Where possible, partial KLF/SP gene models were manually extended by
obtaining genomic scaffold regions spanning the location of incompletely annotated gene
models. Briefly, the CLCBio software package was used to map partial KLF/SP
nucleotide sequences to genomic scaffolds and identify associated open reading frames.
Extended exonic nucleotide sequences were then translated to obtain enhanced annotation
of KLF/SP amino acid sequences. Protein schematics were created using the PROSITE
MyDomians Image Creator (http://prosite.expasy.org/cgi-bin/prosite/mydomains/, last
accessed April 30, 2014). Scripts for the KLF/SP identification pipeline are publicly

available online at https://goo.gl/dbdBil.

Transactivation/Repression Domain Identification and Characterization

Custom perl scripts were used to search for KLF/SP-associated
transactivation/repression domains. The motifs used for the perl scripts followed these
amino acid sequences: Btd box, C-X-C-P-X-C (Wimmer, et al. 1993); SP box, S/T-P-L-
X-¢-L-X-X-X-C-X-R/K-¢ (Harrison, et al. 2000); SID, D-X1-4-X-A-¢-X-X-L-M/V/L/A-
X-F/M/L/T (Zhang, et al. 2001); PVDLS, P-V-D-L-S/T (Crossley, et al. 1996); R2, S-V-I-
R-H-T-X-D/E (Cook, et al. 1999); and R3, ¢-X-X-G-X-0-¢-¢p-¢-9-P/S-Q/P (Cook, et al.
1999), where X can be any amino acid and ¢ represents one of V, I, L, M, F, W, G, A, or
P. To confirm the accuracy of the automated identification of transactivation/repression
domains, we first searched the completely annotated human KLF/SP amino acid
sequences. In all cases, our searches identified the human KLF/SP sequences that had
previously been characterized and annotated as containing the specified domains. For

example, the search with the Btd box model identified all 9 human SP sequences. Thus,
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our models are both specific and sensitive enough to capture the intended domains. To
identify the nine-amino-acid transactivation domain (9aaTAD), we utilized a prediction
tool from http://www.med.muni.cz/9aaTAD/index.php (last accessed April 30, 2014),
using the “moderately stringent pattern” option (Piskacek, et al. 2007). Compositionally
biased, low complexity regions (LCRs) associated with KLF/SPs were identified using
four independent assessments: The CAST algorithm, http://athina.biol.uoa.gr/cgi-
bin/CAST/cast cgi (Promponas, et al. 2000); ScanProsite,
http://prosite.expasy.org/scanprosite/ (last accessed April 30, 2014) (de Castro, et al.
2006); the SEG algorithm, http://mendel.imp.ac.at/METHODS/seg.server.html (last
accessed April 30, 2014) (Wootton 1994); and manual curation based on criteria from
(Sim and Creamer 2004). A putative LCR was assigned if it was identified in at least two
of the four methods (supplementary table S2, online at https://goo.gl/dbdBil).

Additionally, we searched the entire genomes from our representative 48
eukaryotes for the following transactivation/repression domains in proteins excluding
identified KLF/SP genes: Btd box, SP box, SID, PVDLS, R2, and R3 domain motifs. Perl
scripts for each transactivation/repression domain model were run against the complete
set of protein models from each genome (Supplementary Material online at

https://goo.gl/dbdBil).

Domain Co-occurrence Networks
To visually represent the different domain architectures of the identified KLF/SP
proteins, we created co-occurrence network maps. For each species network map, all

unique domain combination pairs were identified, summed, and divided by the total
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number of proteins (KLFs only, SPs only, or both KLF/SPs) to obtain a percentage of co-
occurrence for a particular domain pair. Composite network maps reflecting an
organismal clade or grade were generated by the same procedure as for individual species
maps. The size of the circles (domains) reflects how often specific domains appear
relative to the KLF-DBD, which has 100% representation. Lines connecting two domains
represent that unique combination pair. Line weights represent the relative frequency of
that specific pair combination. A given domain pair combination was only counted once.

Network maps were visualized using Microsoft PowerPoint.

Phylogenetic Analysis

Putative filozoan KLF/SP and non-filozoan amorphean KLF-DBD amino acid
sequences were aligned using default settings of the MUSCLE alignment package in
CLCBio (Edgar 2004). To improve statistical support in our analyses, we concatenated
the transactivation/repression domains with the KLF-DBD. The highly variable 9aaTAD
and LCR sequences were excluded from the alignment. Individual aligned sequences
ranged from 81 to 112 amino acids in length. Each domain, including the KLF-DBD, can
be distinguished as separate blocks within the alignment (Supplementary Material online
at https://goo.gl/dbdBil). For the non-filozoan amorphean sequences, only the core three
zinc fingers corresponding to the KLF-DBD model were included in the alignment.
Duplicate sequences were removed and are listed in supplementary table S5,
Supplementary Material online at https://goo.gl/dbdBil. ProtTest v2.4 was used to
determine the LG+I+G model as the best-fit model for protein evolution (Abascal, et al.

2005).
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Maximum likelihood (ML) analyses were performed using the MPI version of
RAxMLv7.2.8 (Stamatakis 2006). We executed 300 independent ML searches on
randomized maximum parsimony starting trees using the standardized RAXML search
algorithm, followed by comparison of likelihood values among all 300 resulting ML
trees. The final log-likelihood score of the best ML tree was —12974.002279. One
hundred bootstrap replicates were computed and applied to the best scoring ML tree. ML
bootstrap values are indicated on the ML tree (supplementary fig. S2, online at
https://goo.gl/dbdBil). Bayesian analyses were performed with MrBayes3.2.5 (Ronquist
and Huelsenbeck 2003). We ran two independent 5 million generation runs of five chains
each with default heating and with the “LG+I+G” amino acid model option. The
“average standard deviation of split frequencies” between the two runs was 0.048635.
This diagnostic is an indicator of how well the two runs converge. A value below 0.01 is
a strong indication of convergence, while a value between 0.01 and 0.05 is typically
acceptable for convergence. Additional convergence diagnostics were examined with
AWTY (Nylander et al. 2008), which was used to determine if a sufficient number of
generations had been completed for posterior probabilities to stabilize, and to determine
the amount of burn-in. From 60,001 trees, 45,001 were sampled (25% burn-in was
confirmed as adequate with Tracer v1.6) (Rambaut and Drummond 2007) and used to
create a consensus tree. The runs reached stationarity, and adjusting the burn-in did not
affect the topology of the tree. Bayesian posterior probabilities (BPP) were calculated and
are shown on the Bayesian consensus tree (supplementary fig. S3, online at
https://goo.gl/dbdBil). FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/) was used

for tree visualization.
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Results
C2H?2 Zinc Finger and KLF Identification

To better understand the evolution of the KLF/SP gene family and to gain insight
into the genetic repertoire of transactivation/repression domains known to regulate
disparate aspects of metabolism, and growth and development, we comprehensively
searched for, identified, and characterized KLF/SP gene family complements from 48
eukaryotic genomes using a combination of hmms and custom perl models (Table 1) with
the assumption that the amorphean bikont split occurred at or near the origin of the
Eukarya (Derelle and Lang 2012). We found C2H2 zinc finger proteins highly
represented in all 48 eukaryotic genomes. The 81 amino acid KLF-DBD contains 3
highly conserved C2H2 zinc fingers separated by 2 highly conserved linker sequences
(fig. 4.2). We found this domain architecture to be restricted to the opisthokont lineage
(fig. 4.1). Among a small number of non-filozoans, represented by Sphaeroforma and
several holomycotans, sequences containing the KLF-DBD motif were also found to
possess additional zinc fingers. Further analyses revealed the presence of a conserved
aspartic acid residue in the second zinc finger of the KLF-DBD at position 44 (D44)
among 397 putative KLF/SP filozoan sequences, the single exception being a ctenophore
gene. The D44 residue is critical for stabilizing proper KLF/SP DNA binding (Feng, et al.
1994; Schuetz, et al. 2011) and is notably absent from all non-filozoan KLF-DBD motifs
and the ctenophore sequence MIeKLFX. Our phylogenetic analyses consistently
recovered a moderately supported clade that represents the 397 filozoan genes possessing
the canonical D44 aspartic acid residue in the second zinc finger of the KLF-DBD to the

exclusion of the remaining 13 non-filozoan sequences, along with MleKLFX (fig. 4.3).
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We then searched the human genome with a refined KLF-DBD model including the
canonical D44 residue. We recovered the 26 human KLF/SPs plus Wilms Tumor 1
(WT1). The WT1 gene contains an extra zinc finger and is phylogenetically distinct
(Shimeld 2008). Therefore the high stringency D44 KLF-DBD model is specific and
sensitive. When the D44 KLF-DBD model is run against the eukaryotic genomes, we
recover only putative KLF/SP protein sequences along with a small number of WT1
orthologs and WT1-like sequences that contain additional zinc fingers (Supplementary
Material online at https://goo.gl/dbdBil). Therefore, we operationally define bona fide
KLF/SP orthologs as containing only 3 zinc fingers that conform to an 81 amino acid, 3
zinc finger KLF-DBD motif containing a canonical aspartic acid residue at position 44,
D44 (fig. 4.2). Thus in our analyses KLF genes first appear in the filasterean Capsaspora
while the SP subfamily first appears near the base of the metazoan lineage in sponges and
is absent from ctenophores (fig. 4.1). The full set of KLF/SPs identified in this study with
their corresponding accession numbers or protein/transcript identifiers are available
online in supplementary table S1, at https://goo.gl/dbdBil. Gene names given to each
KLF/SP gene from this study can be found in supplementary table S4, online at
https://goo.gl/dbdBil.

C2H2 zinc finger proteins were identified in both unicellular and multicellular
bikont species. However, the KLF-DBD was not present in any of the bikont genomes
searched (fig. 4.1). A phylogenetically diverse range of unicellular species, including
amoebas and fungi, were used in this study. Although C2H2 zinc finger proteins were
identified in all unicellular amorpheans, the KLF-DBD was only found in Fonticula

(sister to fungi), fungi (with the exceptions of Mortierella and Encephalitozoon), the
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ichthyosporean Sphaeroforma, the filasterean Capsaspora, and choanoflagellates (fig.
4.1). Among unicellular taxa bona fide KLF genes were only found in Capsaspora and
choanoflagellates, two sister groups to the Metazoa (fig. 4.1). Within the metazoans
C2H2 zinc finger proteins along with the KLF-DBD were present in all species.
However, neither representative ctenophore, Mnemiopsis or Pleurobrachia, show
evidence for SP genes and both have fewer KLF genes as compared with other non-
bilaterian metazoans. Sponge, placozoan, and cnidarian KLF/SP complements are similar
to bilaterian protostome lineages and early branching deuterostome lineages. The total
complement of KLF/SP genes substantially increases within the jawed vertebrates (fig.
4.1) and teleosts have an average of 33 KLF/SPs, which is slightly higher than

cartilaginous fishes (22) and tetrapods (25).

Transactivation/Repression Domains

The defining characteristic of the KLF/SP family, the highly conserved KLF-
DBD, is located near the C-terminal region of nearly all identified KLF/SP proteins
(supplementary figs. S4, online at https://goo.gl/dbdBil). In contrast, N-terminal regions
of KLF/SP proteins are generally less conserved. These more variable N-terminal regions
encode a variety of transactivation/repression domains, some of which have been well
characterized in mammalian model systems (Suske, et al. 2005; McConnell and Yang
2010). We generated custom perl script models for the following
transactivation/repression domains to facilitate their identification across filozoan
KLF/SP proteins (Supplementary Material online at https://goo.gl/dbdBil): SID repressor

domain, PVDLS repressor domain, R2/R3 repressor domains, the Btd box, and the SP
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box. We screened for the presence of a conserved 9aaTAD (Piskacek, et al. 2007). We
also identified several nonrandom LCRs implicated in transactivation/repression that are
highly biased for a particular amino acid residue (Wootton and Federhen 1993). After
determining the distribution of transactivation/repression domains within KLF/SPs (fig.
4.4), we extended our search to include the full set of 48 eukaryotic genomes
(Supplementary Material online at https://goo.gl/dbdBil) used in the study to better
understand the representation of these domains in other proteins and to determine the
extent domain shuffling may have played in the expansion of the KLF/SP gene family.
Low Complexity Regions (LCRs) are nonrandom regions of protein sequences
that are highly biased for a particular amino acid residue (Wootton and Federhen 1993).
LCRs are commonly found in transcription factors (Faux, et al. 2005), have been shown
to influence transcriptional regulation (Gerber, et al. 1994), and are typically c-LCRs
located centrally within the protein (Coletta, et al. 2010). The composition of LCRs
typically found in KLF/SP proteins includes serine/threonine (S/T)-rich, glutamine (Q)-
rich, and proline (P)-rich regions. S/T-rich regions are generally associated with
enhanced transcriptional activation, whereas P-rich regions have been associated with
transcriptional repression (Hanna-Rose and Hansen 1996). Q-rich regions, which are
more frequently found among members of the SP subgroup, are known to interact with
TAFII110 to activate transcription (Hoey, et al. 1993; Gill, et al. 1994). We used four
different algorithms (see Materials and Methods) to identify putative LCRs present in
filozoan KLF/SP protein sequences (supplementary table S2, Supplementary Material
online at https://goo.gl/dbdBil). We further required a putative LCR to be detected by a

minimum of two methods for annotation as an LCR. S/T-rich LCR regions occur most
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frequently and are found in at least one KLF/SP family member in all filozoan taxa
except the poriferan Oscarella (fig. 4.4). P-rich LCR regions have lower representation
among KLF/SPs, and are found in all filozoans except for Ciona, Daphnia, Tribolium,
Lottia, Trichoplax, Oscarella, and Monosiga (fig. 4.4). KLF/SPs with Q-rich LCR
regions were present in all filozoans except Ciona, Tribolium, Capitella, Lottia,
cnidarians, Oscarella, ctenophores, and Monosiga (fig. 4.4).

The 9aaTAD, first identified in yeast transcription factors (Piskacek, et al. 2007),
is a short motif highly conserved throughout eukaryotes. The 9aaTAD has been shown to
interact with TAF9 of the RNA polymerase Il holoenzyme and this domain motif has
been identified in many transcription factors (Piskacek 2009). Using a 9aaTAD
prediction tool (Piskacek, et al. 2007), we found corresponding motifs in all filozoan
KLF/SPs except Capitella, Lottia, and Salpingoeca (fig. 4.4).

The Btd box and SP box are conserved domains that, in combination with the
KLF-DBD, characterize the SP subfamily. The Btd box was first identified in the
Drosophila gene buttonhead (Wimmer, et al. 1993) and the associated SP box was
subsequently discovered in SP5 (Harrison, et al. 2000). The Btd box motif is typically
found just N-terminal of the KLF-DBD, while the SP box motif is located proximal to the
N-terminus of the protein. Although not definitive, there is evidence suggesting that the
Btd box is involved in transactivation (Athanikar, et al. 1997). We examined filozoan
KLF/SP sequences for the presence of the Btd and SP boxes. Both Btd and SP box motifs
are absent in unicellular KLFs, absent in both ctenophore KLFs, but present in all other
metazoan phyla (fig. 4.4). Uniquely within the poriferans, the SP box was not found in

any Amphimedon KLF/SP, but was identified in Oscarella KLF/SPs.
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Using the same domain models to screen the complete set of 48 eukaryotic whole
genomes, we identified Btd box motifs in a number of genes other than the KLF/SP
family with the notable exception of the fungi, Encephalitozoon and Saccharomyces
(Supplementary Material online at https://goo.gl/dbdBil). In contrast, the distribution of
the SP box motif is highly restricted. This domain motif first appears coincident with the
SP subfamily in poriferans. The SP box is present in one out of two SP genes in
Oscarella but is not detected in the two SP genes identified in the Amphimedon genome.
Excluding the ctenophores, metazoan genomes outside the poriferans have SP box
domain motifs among a small set of genes to the exclusion of the SPs.

The Sin3a protein acts as a transcriptional repressor, and is able to recruit and
bind histone deacetylases (Laherty, et al. 1997; Silverstein and Ekwall 2005).
Mammalian KLF9, 10, 11, 13, 14, and 16 are known to interact with the Sin3a protein
through a Sin3a interacting domain (SID) which binds the PAH domain of the Sin3a
protein (Imataka, et al. 1992; Blok, et al. 1995; Cook, et al. 1998; Song, et al. 1999;
Kaczynski, et al. 2002). No SID motif was detected in unicellular KLF/SP sequences.
Within metazoans a SID-containing KLF was identified in all taxa except ctenophores
and the protostomes Capitella, Lottia, and Drosophila (fig. 4.4). To gain further insight
into the evolutionary history of the SID motif, we searched the complete set of 48 whole
genomes and identified a conserved SID in a number of genes in all representative
eukaryote genomes (Supplementary Material online at https://goo.gl/dbdBil).

KLF10 and KLF11 proteins contain R2 and R3 repressor domains in combination
with an SID motif (Cook, et al. 1999). We searched filozoan KLF/SP complements and

were only able to identify R2 and R3 domains in representative vertebrate taxa (fig. 4.4).
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We then searched the complete set of 48 whole genomes for the presence of the R2 and
R3 domains. Our search revealed the presence of an R3 domain in all representative
eukaryotic genomes, while the R2 domain was restricted to vertebrate KLF10/11 genes
(Supplementary Material online at https://goo.gl/dbdBil).

KLF3, KLF8, and KLF12 can co-repress transcription through interaction with
the C-terminal binding protein mediated by the PVDLS domain (Crossley, et al. 1996;
Turner and Crossley 1998; Imhof, et al. 1999; van Vliet, et al. 2000). A PVDLS domain
was identified in at least one KLF/SP in all jawed vertebrates and in Drosophila (fig.
4.4). To help resolve this relationship between the fly PVDLS containing KLF and the
vertebrate KLF3/8/12 genes, we searched additional protostome genomes for the
presence of KLF genes containing the PVDLS motif. Curiously, the association of this
motif with KLF genes was not detected in other Drosophilid species, but was identified
in two hymenopterans Apis millifera and Nasonia vitripennis (data not shown). Analysis
of the complete set of 48 whole genomes revealed the PVDLS domain in multiple genes
in all representative eukaryote species (Supplementary Material online at

https://goo.gl/dbdBil).

Co-occurrence Networks

Co-occurrence networks are visual representations of domain pair occurrences
within a given protein or protein family. Typically, domains are represented as circles,
and lines connect domains that appear together within a protein. These maps can be
useful for visualizing the frequencies of certain domains occurring with each other, that

is, domain architectures. To explore differences in domain architecture complexity, we
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generated domain co-occurrence maps for different KLF/SP domain networks (fig. 4.5).
These maps can also show the general N-terminal to C-terminal relationship between
different domains (fig. 4.5A). Our co-occurrence maps indicate the frequency of unique
domain pairs as well as how often an individual domain appears within a given network
in extant species (fig. 4.5B—I). Composite networks of larger taxonomic groupings
represent the consensus map of all included species. The composite networks are additive
and thus do not compensate for missing data due to poor genome annotations.
Importantly, these co-occurrence maps are not intended to be ancestral reconstructions.
They are used to show observed domain relationships in, or among groupings of, extant
species. Nonetheless, evolutionary inferences can be drawn from these network maps
when combined with inferences of ancestral presence or absence of discrete
transactivation/repression domains as represented in figure 7.

The unicellular KLF/SP network (Capsaspora + choanoflagellates) is one of the
least complex with only LCR domains linked to the KLF-DBD (fig. 4.5C ). Within
metazoans, there appears to be a gradient of network complexity; the non-bilaterian
network (fig. 4.5D) is less complex than the invertebrate bilaterian network (fig. 4.5E),
and both of these are less complex than the vertebrate network (fig. 4.5F). A small
number of lineage-specific networks showed a significant departure from larger
composite networks. For example, the Ctenophora network (fig. 4.5G), in contrast to both
the Poriferan network (fig. 4.5H) and larger non-bilaterian composite network (fig. 4.5D),
is composed of only S/T-rich and P-rich LCRs, with the P-rich LCRs + KLF-DBD
domain pair occurring at greater frequency. The Poriferan network (fig. 4.5H) bears

substantially greater similarity to the more inclusive non-bilaterian composite network
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(fig. 4.5D). The urochordate Ciona also presents an interesting departure from composite
networks (fig. 4.51), diverging dramatically from the invertebrate bilaterians in having
S/T-rich LCRs as the most prevalent domain linked to the KLF-DBD. The relationship of
Ctenophora and Porifera to other metazoans shown in figure 5J and 5K are based on

recent hypotheses of metazoan phylogeny (Dunn, et al. 2008; Ryan, et al. 2013).

KLF Domain Architecture and Phylogenetics

All KLF/SP gene family members share homology at the conserved KLF-DBD,
typically located toward the C-terminus. The N-terminal regions share very little
similarity across the entire family. Distinct KLF/SP subgroups can, however, be defined
based on comparable structure and function (McConnell and Yang 2010). These
subgroups share domain architectures defined by unique combinations of
transactivation/repression domains occurring with the KLF-DBD (fig. 4.6; supplementary
table S3, Supplementary Material online at https://goo.gl/dbdBil). Domain architectures
have been described for mammalian KLF/SP genes (Kaczynski, et al. 2003; Suske, et al.
2005; McConnell and Yang 2010; Archer 2011). Historically, KLFs have been divided
into five domain architectures and named according to the genes in each class: KLF1/2/4,
KLF6/7, KLF3/8/12, KLF9/13, and KLF10/11. Similarly, the SPs have been divided into
two architecture classes: SP1-4 and SP5-9. Using this existing classification scheme as a
foundation, we determined the distribution of domain architectures for all filozoan
KLF/SP genes. The 9aaTAD was not used in determining domain architecture as it does

not contribute to any unique domain combination.
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We performed ML and Bayesian phylogenetic analyses on an alignment of non-
filozoan amorphean and filozoan concatenated sequences that included the KLF-DBD
and transactivation domains (supplementary figs. S2 and S3, Supplementary Material
online at https://goo.gl/dbdBil). The overall topologies of the ML and Bayesian trees
share significant overlap, albeit with only moderate support for deeper nodes, for
example, BPP = 0.84 (fig. 4.3). A number of informative clades with congruence across
both ML and Bayesian analyses were recovered. We primarily focused on overlapping
nodes with BPP > 0.90. Most of these nodes are consistent with explicit domain
architectures and well-accepted inferences of metazoan phylogeny. Many of the well-
supported orthologous sequence clades are composed of vertebrates with corresponding
nonvertebrate putative orthologs diverging prior to the highly supported vertebrate nodes
(fig. 4.3; supplementary figs. S2 and S3, Supplementary Material online at
https://goo.gl/dbdBil).

Among the unicellular KLF representatives, the Capsaspora and Salpingoeca
domain architectures consist of alternating S/T- and Q-rich LCRs (fig. 4.6) with scattered
P-rich LCRs at low frequency (fig. 4.5C). Although the S/T- and Q-rich LCR
organization superficially resembles the architecture found among SP1-4 genes, these
unicellular KLFs lack the characteristic Btd box and SP box motifs that define the SPs.
Therefore, we created a unicellular specific KLF architecture class (fig. 4.6). Although a
single unicellular KLF clade composed of CowKLFa, SroKLFa, and MbrKLFa branch
sister to a highly supported cnidarian + bilaterian KLF15 clade (BPP = 0.99), the

remaining unicellular KLF sequences are divergent and characterized by long branches
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(fig. 4.3; supplementary figs. S2 and S3, Supplementary Material online at
https://goo.gl/dbdBil).

The KLF6/7 and KLF1/2/4 classes are defined by the presence of mostly S/T-rich
or P-rich LCRs, respectively. KLF6/7 domain architectures were identified in Monosiga
and all metazoans except for Oscarella and Lottia (fig. 4.6). The single Monosiga KLF
gene superficially consists of a KLF6/7 domain architecture; however, phylogenetically
this sequence groups with other unicellular KLFs. Amphimedon sequences with KLF6/7
architecture grouped more closely with KLF1/2/4 and KLFS5, albeit with low statistical
support. Our phylogenetic analysis recovered a well-supported clade (BPP = 0.91) that
includes bilaterian KLF6/7 along with representative cnidarian and Trichoplax KLF6/7.
The KLF1/2/4 class was identified in all metazoans except Oscarella, Trichoplax, Lottia,
Drosophila, Daphnia, and Ciona (fig. 4.6). Our phylogenetic analyses recovered a KLF
1/2/4 clade including invertebrate bilaterians (BPP = 0.96), a teleost-specific KLF1 clade
(BPP = 1), and a mammalian KLF1 clade (BPP = 1; fig. 4.3).

The KLLF9/13 class possesses a SID near the N-terminal region and typically
contains one or more c-LCRs located between the SID and KLF-DBD. The related
KLF10/11 class shares the SID with KLF9/13, but uniquely contains the R2 and R3
repressor domains situated between the SID and the KLF-DBD. The R2 and R3 repressor
domains are generally flanked by one or more P-rich or S/T rich c-LCRs. Based on
phylogenetic analyses, all metazoans, with the notable exception of ctenophores, have at
least one KLF9/13 gene (supplementary figs. S2—S4, Supplementary Material online at
https://goo.gl/dbdBil). Mammalian KLF14 and KLF16 form a unique, highly supported

(BPP = 1) clade within the 9/13 group supporting the assignment of these orthologs to a
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mammalian-specific lineage (fig. 4.3; supplementary fig. S5, Supplementary Material
online at https://goo.gl/dbdBil). The KLF10/11 class has a more restricted distribution
and is exclusively found in vertebrates (fig. 4.6). All SID containing KLF sequences form
a clade with low support (BPP = 0.75; supplementary figs. S2 and S3, Supplementary
Material online at https://goo.gl/dbdBil).

Finally, the KLF3/8/12 class is characterized by a PVDLS domain and often has
additional c-LCRs between the PVDLS and the KLF-DBD. According to domain
architecture, this class is found in all the jawed vertebrates and in the Endopterygota as
represented in this study by Drosophila (fig. 4.6). Our phylogenetic analyses recovered a
KLF3/8/12 clade with high support (BPP = 0.95; fig. 4.3). Notably, the Drosophila KLF
sequence that contains a PVDLS domain (CG42741) falls outside of the KLLF3/8/12 clade
which consists exclusively of vertebrate sequences. Within this clade the KLF8 orthologs
are recovered with BPP = 1. Despite poor annotation in the lamprey genome, we
identified a lamprey sequence within the vertebrate KLF3/8/12 clade (supplementary
figs. S2 and S3, Supplementary Material online at https://goo.gl/dbdBil).

The SP subfamily is defined by the presence of a Btd box 5' proximal to the KLF-
DBD and generally possesses an additional SP box located near the N-terminus. The SP
factors can be further separated into two domain architecture classes, SP1-4 and SP5-9
(Bouwman and Philipsen 2002; Archer 2011). The SP1-4 class typically has S/T-rich c-
LCRs adjacent to Q-rich c-LCRs. The SP5-9 class is characterized by having either
predominately S/T, or with lesser frequency, P-rich c-LCRs. Notably, the SP subfamily is
absent in both ctenophore genomes. The SP1-4 domain architecture is found in all

metazoans except Oscarella, cnidarians, Capitella, Lottia, Tribolium, and Ciona. The
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SP5-9 domain architecture is found in all metazoan genomes excluding ctenophores,
Drosophila, and Daphnia (fig. 4.6). Phylogenetic analyses recovered moderate support
(BPP = 0.84) for a metazoan SP clade (fig. 4.3; supplementary figs. S2 and S3,
Supplementary Material online at https://goo.gl/dbdBil). Well-supported SP clades (BPP

> 0.9) include vertebrate SP2, SP6, and SP7.

Discussion
KLF/SP Gene Family Origins in Eukarya

The evolution of the KLF/SP family and associated transactivation/repression
domains is represented in figure 7. Although C2H2 zinc finger domains are ubiquitous
across a wide range of eukaryotes (de Mendoza, et al. 2013), the KLF-DBD first appears
in the Holomycota (figs. 1 and 7). Historically, the single criteria for defining the KLF/SP
gene family has been the presence of a highly conserved KLF-DBD composed of three
C2H2 zinc fingers each separated by a seven amino acid linker region (McConnell and
Yang 2010). The first 2 zinc fingers are 23 amino acids long (from C to H), while the
third zinc finger is only 21 amino acids long. Our analyses reveal that all filozoan
KLF/SP sequences recovered except one, the highly divergent MleKLFX ctenophore
sequence, contains a canonical aspartic acid residue in the second zinc finger, D44, which
is critical for proper DNA binding (fig. 4.2; Feng, et al. 1994; Schuetz, et al. 2011). All
non-filozoan KLF-DBD containing genes lacked this diagnostic residue and possess
additional zinc fingers. Furthermore, none of the transactivation/repression domains
considered in this study were found in the non-filozoan KLF-DBD containing sequences,

despite several relevant domains being well represented in all eukaryotic genomes
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examined (fig. 4.7, Supplementary Material online at https://goo.gl/dbdBil). Thus the
non-filozoan KLF-DBD sequences were not classified as bona fide KLF/SP orthologs.
Moreover, our phylogenetic analyses recovered a moderately supported filozoan clade
that possesses the canonical D44 residue to the exclusion of all non-filozoan sequences
and the highly divergent MleKLFX ctenophore sequence (fig. 4.3). We operationally
define a bona fide KLF/SP gene as containing only 3 zinc fingers conforming to 81
amino acid, 3 zinc finger KLF-DBD motif typically found in the C-terminal region of the
parent sequence and containing a canonical aspartic acid residue at position 44, D44,
following the general consensus sequence C-X4-C-X12-H-X3-H-X7-C-X4-C-X7-D-X4-
H-X3-H-X7-C-X2-C-X12-H-X3-H.

Therefore, the KLF-DBD likely has its origins in the opisthokont stem lineage
prior to the divergence of the Holomycota (figs. 1 and 7). In our study, KLF genes first
appear in the filasterian Capsaspora, while the SP subfamily is restricted to metazoans,
notably excluding the ctenophores. Thus we infer the origin of KLF genes in the filozoan
stem lineage and a later origin of the SP genes after the divergence of the metazoan
lineage (figs. 1 and 7). Our phylogeny assumes an early divergence of the ctenophore
lineage from the metazoan stem (Dunn et al. 2008; Ryan et al. 2013). An alternate view
of early animal phylogeny (Philippe et al. 2009; Nosenko et al. 2013) would infer the
origin of SP genes prior to the divergence of the poriferans and assume a subsequent loss
of SP orthologs in the ctenophore lineage. Under either scenario of early metazoan
lineage divergence, the appearance of KLF genes precedes the origin of the SP gene

subfamily.
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Apart from the KLF-DBD, the most common sequence features are the presence
of one or more S/T-, P-, or Q-rich c-LCRs (figs. 4-6; supplementary fig. S4,
Supplementary Material online at https://goo.gl/dbdBil). Our results highlight
promiscuous variation in LCR composition and length between KLF/SP gene family
members (supplementary fig. S4, Supplementary Material online at
https://goo.gl/dbdBil). In contrast to earlier studies with more restricted sampling, we are
unable to discriminate phylogenetic relationships between KLF/SP architectural classes
composed of explicit c-LCR compositional types linked to the KLF-DBD. For example,
many representative genes nested within the KLF1/2/4 and KLF6/7 clades include all
three predominant c-LCR compositional types (figs. 3 and 6; supplementary fig. S4,
Supplementary Material online at https://goo.gl/dbdBil). Variability, expansion, and
extinction of LCRs have been associated with gene conversion due to mismatch repair of
DNA heteroduplexes (Radding 1982) and higher rates of recombination relative to
flanking sequences due to unequal crossing over and replication slippage (DePristo, et al.
2006). Both of these core genetic mechanisms would contribute to our observations of
significant LCR homoplasy within and between orthologous domain architectures.

Our analyses of the frequency of appearance of explicit compositionally biased c-
LCRs and their frequency of co-occurrence with flanking transactivation domains suggest
functional consequences. For example, S/T- and Q-rich LCRs are typically acidic and
associated with transcriptional activation, whereas P-rich regions, with their bulky side
chains, are typically neutral and associated with context-dependent repression. The high
frequency of S/T-rich c-LCRs suggests an ancestral KLF that was likely involved in

transcriptional activation. Despite high rates of gene conversion and unequal crossover
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associated with LCRs, we observe P-rich c-LCRs at low frequency. Conversely, among
the KLF/SP genes that retain P-rich c-LCRs, our analyses also show an increase in the
frequency of connectivity with other repressor motifs in metazoans (fig. 4.5). This
suggests the evolution of coordinated multidomain repression during the expansion of the
KLF/SP gene family. For example, known repressor domains such as the SID and
PVDLS motifs are typically located 5’ of c-LCRs and show a similar pattern of increased
frequency during metazoan lineage diversification (figs. 5 and 7). This pattern suggests
that within the KLF/SP gene family, despite a selective preference for acidic c-LCRs as
evidenced by their high frequency, the evolution of a repertoire of transcriptional
repressor combinations through the differential pairing of c-LCRs with repressor motifs
occurred. Our analyses further suggest that these shuffling events may be associated with
cell type diversification in metazoans. For example, chordates possess >100 distinct cell
types, whereas earlier diverging metazoan lineages range from 4 to 59 distinct cell types
(Chen, et al. 2014). This pattern mirrors the increased frequency of repressor domain
connectivity observed across members of the KLF/SP gene family in metazoans (figs. 5-
7).

The total complement of KLF/SP genes across non-bilaterian metazoans,
protostomes, and invertebrate deuterostomes shows only a ~2-fold variance of 6—12
genes. Vertebrates have an average number of 24 KLF/SPs, likely due to the 2 rounds of
whole genome duplication (WGD) in the vertebrate stem lineage (supplementary fig. S5,
Supplementary Material online at https://goo.gl/dbdBil). Despite the additional round of
WGD in the teleosts, their KLF/SP gene complement is not substantially greater than

other jawed vertebrates. It seems that KLF/SP gene duplicates were not necessarily
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preferentially retained, which has been shown to be the case with other transcription
factors (de Mendoza, et al. 2013). The lamprey Petromyzon marinus has an atypically
depauperate KLF/SP complement as compared with other vertebrates. It has been shown
that during embryogenesis lampreys can lose ~20% of germline DNA in somatic tissues
due to genomic rearrangements (Smith, et al. 2009; Smith, et al. 2012). The lamprey
genome was derived completely from somatic tissue, thus the true P. marinus KLF/SP
complement may be underrepresented in our analyses (Smith, et al. 2013).

Ctenophores have a reduced KLF/SP complement compared with other
nonbilaterian metazoans and lack members of the SP subfamily altogether (fig. 4.1). This
pattern of gene underrepresentation in ctenophores relative to other metazoans has been
observed in a number of studies (Ryan, et al. 2010; Maxwell, et al. 2012; Sebé-Pedros, et
al. 2013; Moroz, et al. 2014). Among the filozoan KLF orthologs, a single member, the
highly divergent ctenophore gene MleKLFX, possesses atypical domain architecture in
which a KLF-DBD lacking the canonical D44 residue is located in the N-terminal region
of the protein instead of the C-terminal region (supplementary fig. S4, Supplementary
Material online at https://goo.gl/dbdBil). This gene consistently groups with the non-
filozoan amorphean KLF-DBD sequences presumably due to the effects of long-branch
attraction (fig. 4.3; supplementary figs. S2 and S3, Supplementary Material online at
https://goo.gl/dbdBil).

The Btd box is found in SPs and along with the KLF-DBD represents the defining
characteristic of the SP subfamily. The Btd box was initially described in the Drosophila
btd gene which has high similarity to mouse SP1 and SP3 (Wimmer et al. 1993). Most of

the amino acid sequence conservation resides in the zinc fingers, and b#d is often
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classified as an SP homolog in flies. However, the second zinc finger of the btd gene is
slightly different than the corresponding zinc finger in the KLF-DBD. The second zinc
finger of bt¢d is only 21 amino acids long, lacking 2 residues between the 2 C residues.
According to this structural difference, btd would be classified in the Zif268/EGR-1
family of zinc finger transcription factors (Iuchi 2001). However, phylogenetic analysis
of btd shows that it is more similar to SPs than to EGR-1 family genes and btd-like
orthologs were not found in other organisms (data not shown). These suggest that at some
point along the stem lineage leading to Drosophilia, there was a lineage-specific deletion
of 2 amino acid residues in the second zinc finger of btd. Notably, the loss of these two
residues does not hinder b#d from binding transcription factor binding sites similar to SP
factors (Wimmer et al. 1993).

Recently, three SPs in the cnidarian Nematostella and the placozoan Trichoplax
were identified and grouped into three separate clades: SP1-4, SP5/btd, and SP6-9
(Schaeper, et al. 2010) leading to a proposed ancestral complement of three SPs in the
Metazoa. In our study, we recovered two SPs in sponges, two SP genes in Trichoplax,
and four SP genes in Nematostella. The Trichoplax btd gene and SP6-9 gene from
Schaeper et al. (2010) match with two Trichoplax SPs from our study (supplementary
table S1 and supplementary fig. S4, Supplementary Material online at
https://goo.gl/dbdBil). However, the Trichoplax SP1-4 gene from Schaeper et al. (2010)
matches with the Trichoplax KLF9/13 gene in our study. We were able to extend this
Trichoplax sequence and identified a SID motif in the previously unannotated 5’ end of
this gene model thus confirming the placement of this sequence within the KLLF9/13

group (supplementary fig. S4, Supplementary Material online at https://goo.gl/dbdBil).
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Therefore, our analyses suggest an ancestral complement of a single SP1—4 ortholog and
a single SP5-9 ortholog in the early metazoan stem lineage followed by an expansion
after the divergence of the Placozoa (fig. 4.1).

Our analyses also suggest that two KLF9/13 genes were present early in Metazoa
(figs. 6 and 7; supplementary figs. S2 and S3, Supplementary Material online at
https://goo.gl/dbdBil). In mammals, two additional genes with similar domain
architecture, KLF14 and KLF16, were present and a recent study provided evidence that
KLF14 evolved from KLF16 through a retrotransposon event (RTE) within the
mammalian stem lineage (Parker-Katiraee, et al. 2007). Thus, we infer that KLF16 arose
by a tandem duplication of one of the two ancestral KLF9/13 genes in the mammalian
stem lineage followed by KLF14 evolution by RTE of KLF16 (supplementary fig. S5,

Supplementary Material online at https://goo.gl/dbdBil).

Transactivation/Repression Domains Show Unique Evolutionary History

Our results highlight that individual transactivation/repression domains associated
with KLF/SP transcription factors have unique evolutionary histories (fig. 4.7). The Btd
box, PVDLS, R3, and SID are ancient domain motifs present in other genes in all
representative eukaryote genomes in this study. The notable exceptions being the
Saccharomyces and Encephalitozoon fungal genomes in which no Btd box domains were
detected. These four ancient domains first appear in differential combinations with the
KLF-DBD in KLF/SP genes after the divergence of the metazoans and correlate strongly
with the observed expansion of domain architecture repertoires (fig. 4.6). Given the

phylogenetic distribution of domain architectures associated with the putative acquisition
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of ancient motifs by domain shuffling, we infer that particular domain architectures stem
from unique independent ancestral shuffling events along the metazoan stem lineage
(figs. 4.6 and 4.7).

Our analyses also infer two instances of de novo domain origin within the
KLF/SP gene family (fig. 4.7). The SP subfamily appears early in metazoan evolution in
the Poriferan lineage (fig. 4.1) coincident with the appearance of the SP box motif (fig.
4.4). However, in contrast to the Btd box motif, the SP box motif has a very limited
genomic and phylogenetic distribution. In sponges, the SP box motif is uniquely
associated with the SP genes. In later diverging lineages of metazoans, the SP box is
associated with a small number of genes in addition to the KLF/SP family. Thus the SP
genes provide an example of a metazoan-specific multidomain protein that consists of
both ancient domains, including the Btd box and the KLF-DBD, coupled with the de
novo origin of a metazoan-specific domain motif, the SP box. Another example of de
novo domain motif origin within the KLF/SP family is the vertebrate-specific KLF10/11
genes (fig. 4.7; supplementary fig. S5, Supplementary Material online at
https://goo.gl/dbdBil). This architectural class is composed of ancient SID, R3, and KLF-
DBD domains combined with a vertebrate-specific R2 domain. Our exhaustive search
uncovered no R2 domains in any invertebrate genome or outside of the KLF10/11 genes
within the vertebrate genomes in this study. Interestingly, the R3 domain is present in all
eukaryote genomes but there is no evidence for it being shuffled into KLFs until much
later than the SID motif (fig. 4.7).

The PVDLS domain represents an intriguing case of putative convergence. In our

analyses, the PVDLS domain appears in vertebrate KLFs defining the 3/8/12 architecture
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group and in a lone Drosophila KLF (CG42741). Our phylogenetic analyses suggest,
however, that the fly sequence is not nested within the highly supported KLF3/8/12 clade
(supplementary figs. S2 and S3, Supplementary Material online at https://goo.gl/dbdBil).
To help elucidate the incongruous relationship between the representative fly gene
containing a PVDLS motif and the PVDLS containing vertebrate KLF3/8/12 class, we
searched a number of additional protostome genomes for the presence of KLF genes
containing the PVDLS motif (data not shown). Our search yielded only two other
instances, both within the hexapods, of a KLF gene also containing a PVDLS motif: the
hymenopterans A. mellifera and N. vitripennis. Exhaustive searches of 12 other
Drosophilid species did not uncover any PVDLS containing KLFs. Based on these
additional results, we infer that a putative ancestral KLF3/8/12 gene most likely evolved
early in the vertebrate stem lineage, whereas the PVDLS motif was likely also
convergently acquired in the hexapod lineage leading to the Endopterygota.

Our analysis across 48 eukaryotic genomes illuminates the origin and
evolutionary history of the KLF/SP gene family. We also identify and characterize
associated transactivation/repression domains, including LCRs, enabling us to develop
models of KLF/SP domain co-occurrence evolution. By extending our domain search to
include entire proteomes, we find evidence for a complex intersection of domain
shuffling, gene duplication, and de novo domain evolution as the primary mechanisms for
the diversification of the KLF/SP gene family across the Metazoa. Our results uncover a
pattern of an increased frequency of repressive domain connectivity repertoires (P-rich
LCRs, SID, R2/R3, and PVDLS domains) in the KLF/SP gene family among metazoans

suggesting a role in mediating diverse transcriptional repression activity. Our



phylogenetic results further suggest that the expansion of the KLF/SP gene family
mirrors increased cell type diversity during metazoan lineage diversification. The
expansion and diversification of the KLF/SP gene family within the Metazoa may thus
reflect the accumulation of differential transcriptional repression strategies associated
with the development of extensive repertoires of cell types required to support complex

tissues.
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Figure 4.1. Distribution of C2H2 zinc finger proteins, KLF-DBD containing proteins,
and KLF/SP proteins in representative Eukarya taxa. Rows indicate representative
genomes searched. Columns indicate the total number of protein sequences that contain
at least one C2H2 zinc finger using the Pfam PF00096 HMM model, the total number of
protein sequences that contain the archetypical KLF-DBD, the total number of bona fide
KLF sequences recovered, and the total number of SP sequences recovered. Phylogeny is
based on Adl et al. (2012), Derelle and Lang (2012), Dunn et al. (2008), Ryan et al.
(2013), and Sebé-Pedros et al. (2013).
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Figure 4.2. KLF DNA binding domain (KLF-DBD). A) Sequence logo from alignment
of filozoan KLF-DBDs. Schematic represents the consensus sequence of the highly
conserved 81 amino acid KLF-DBD from the identified filozoan KLF/SP sequences in
this study. The height of the red bars indicates percent conservation of each residue, with
the tallest bar representing 100%. The height of individual lettered residues in the
sequence logo reflects their conservation. Each zinc finger is indicated with blue text and
bounded with a black box. The red arrows point to amino acid residues critical for
mediating sequence specific DNA binding (Feng, et al. 1994; Schuetz, et al. 2011). B)
Stringent KLF-DBD consensus sequence model which includes the canonical D44
aspartic acid.
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Figure 4.3. Combined gene tree estimates for the concatenated KLF/SP data set using
Bayesian criterion (MrBayes) and ML criterion (RAXxML). Gray node labels indicate
congruent topology with BPP support = 84%. Black node labels indicate congruent
topology with BPP support >90%. Clades collapsed to triangles indicate congruent
topologies with BPP support >90%. The single highly divergent ctenophore MleKLFX
sequence clusters with non-filozoan KLF-DBD presumably due to long-branch attraction.
Bayesian and ML trees with support values and branch lengths are available in
supplementary figs. S2 and S3, Supplementary Material online at https://goo.gl/dbdBil.
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Figure 4.4. Phylogenetic distribution of transactivation/repression domains and LCRs
associated with KLF/SP proteins. The + indicates the presence of the corresponding
domain or LCR in at least one KLF/SP protein in the indicated taxa. Only filozoan
lineages containing bona fide KLF/SP proteins are shown. An asterix indicates that RNA-
seq data were used for that species. Phylogeny is based on Dunn et al. (2008), Ryan et al.
(2013), and Sebé-Pedros et al. (2013).
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Figure 4.5. KLF/SP protein domain co-occurrence networks. In all networks, each circle
represents a transactivation/repression domain or an LCR. A line connecting two domains
indicates a co-occurrence of those two domains. Domains are arranged in approximately
the same 5'—3’ spatial orientation as they appear encoded in KLF/SP sequences. (A)
General network diagram showing connectivity and unidirectional spatial relationships
between transactivation domains among filozoan KLF/SPs. Blue arrows represent
connectivity upstream of the KLF-DBD; the gold arrow represents connectivity
downstream of the KLF-DBD. (B-I) KLF/SP co-occurrence networks from different
taxonomic groups. Circle size indicates the relative frequency of occurrence in the
network, with the KLF-DBD always representing 100%. Circle color follows the same
convention as seen in figure 4.4. Repeated domains were counted as occurring only once.
Lines connecting circles indicate the presence of that specific domain pair co-occurrence
in at least one KLF/SP. Line width indicates the frequency of domain pair co-occurrence.
Only LCR domains which are found N-terminal of the KLF-DBD are represented in
these networks (supplementary fig. S4, Supplementary Material online at
https://goo.gl/dbdBil). (B) Complete filozoan KLF/SP network. (C) Representative
unicellular KLF/SP network. (D) KLF/SP network from nonbilaterian metazoans. (E)
Invertebrate bilaterian KLF/SP network. (F) Vertebrate KLF/SP network. (G-H)
Representative Ctenophora and poriferan KLF/SP networks for comparison with each
other and with the network in D. (I) Ciona KLF/SP network for comparison with the
networks in E and F. (J, K)) Co-occurrence network maps for the KLF subfamily and SP
subfamily mapped onto the filozoan phylogeny (Dunn et al. 2008; Ryan et al. 2013) for
evolutionary comparison. Each network represents a composite for the taxonomic group
indicated. (J) Co-occurrence maps for domains found in the KLF subfamily. (K) Co-
occurrence maps for domains found in the SP subfamily. The unicellular filozoan
genomes and ctenophore genomes do not contain SP genes.
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Figure 4.6. Phylogenetic distribution of explicit domain architectures represented among
KLF/SP proteins. The key at lower left identifies LCRs and transactivation/repression
domains used to determine domain architectures. The protein schematics along lower
right represent the particular combinations of domains and LCRs with the KLF-DBD that
define each specific KLF/SP protein architecture. All groups, except for the ancient
unicellular KLF architecture recovered, are named according to established human
KLF/SP paralogy groups that conform to each specific architecture. The three C-terminal
zinc fingers of the KLF-DBD are indicated with grey boxes labeled zf1, zf2, and zf3.
Architecture schematics are not to scale.
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Figure 4.7. Inferred relationships between key events during the evolution and expansion
of the KLF/SP gene family. Symbol key is at upper left. Colored rectangles represent the
origin of particular transactivation/repression domains or LCRs co-occurring with the
KLF-DBD (fig. 4.5). Yellow hexagons represent the origin of specific KLF/SP domain
architectures (fig. 4.6). A black X over a hexagon represents the loss of specific domain
architecture. Colored triangles represent the presence of specific transactivation domain
motifs within whole eukaryote genomes to the exclusion of the KLF/SP gene family. (A)
We infer the origin of the KLF-DBD in the opisthokont stem lineage prior to the
divergence of the Holomycota. However, bona fide KLF gene architectures do not appear
until the divergence of the filozoan lineage (KLF origin). The ancient unicellular KLF
domain architecture is not recovered in metazoan lineages. The ancient PVDLS, SID, Btd
box, and R3 domains were recovered, to the exclusion of KLF/SPs, in all eukaryote
genomes searched. Notably, the Btd box was not recovered in Saccharomyces and
Encephalitozoon fungal genomes. Our analysis suggests that the origin of the SP
subfamily is in the metazoan stem lineage prior to the divergence of the poriferans; it is
not present in Ctenophora. The SP box motif only appears in SP genes in poriferans and
is not found in additional genes until the divergence of Trichoplax. The R2 repressor
domain appears to be a de novo innovation restricted to KLF genes in the vertebrate stem
lineage, contributing to the KLF10/11 architecture class. Composite domain co-
occurrence maps for each taxonomic group are shown to the right of the tree.
Representative examples of putative domain shuffling events during the evolution and
expansion of the KLF/SP gene family. (B) An ancient Btd box and a metazoan SP gene
may have contributed to the origin of the SP gene subfamily early in metazoan evolution.
(C) An ancient SID likely combined with a pre-existing ancestral KLF gene to form the
KLF9/13 group, also early in metazoan evolution. (D) An ancient PVDLS domain
combined with a pre-existing ancestral KLF gene to form the KLF3/8/12 group. We infer
an independent convergent acquisition of the PVDLS domain within a KLF gene in the
Protostomia lineage (see Discussion). Domain icon colors are the same as figure 4.4.
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Table 4.1. Species used in this study with genome/transcriptome reference and
abbreviations from phylogenetic trees

Species

Reference

Species Abbreviation

from phylogenetic trees

Homo sapiens

Mus musculus
Xenopus tropicalis
Latimeria
chalumnae

Danio rerio
Takifugu rubripes
Gasterosteus
aculeatus
Callorhinchus milii
Leucoraja erinacea

Scyliorhinus
canicula
Petromyzon
marinus

Ciona intestinalis
Branchiostoma
floridae
Strongylocentrotus
purpuratus
Daphnia pulex
Drosophila
melanogaster
Tribolium
castaneum
Capitella teleta
Lottia gigantea
Nematostella
vectensis
Acropora digitifera
Trichoplax
adhaerens
Amphimiedon
queenslandica

Lander et al. (2001)
Chinwalla et al. (2002)
Hellsten et al. (2010)
Amemiya et al. (2013)

Howe et al. (2013)
Aparicio et al. (2002)
Jones et al. (2012)

Venkatesh et al. (2014)

http://skatebase.org/downlo

ads

http://skatebase.org/downlo

ads
Smith et al. (2013)

Dehal et al. (2002)
Putnam et al. (2008)

Sodergren et al. (2006)

Colbourne et al. (2011)
Adams et al. (2000)

Richards et al. (2008)
Simakov et al. (2013)
Simakov et al. (2013)
Putnam et al. (2007)

Shinzato et al. (2011)
Srivastava et al. (2008)

Srivastava et al. (2010)

Hsa
Mus
Xtr

Lch

Dre
Tru

Gac

Cmi
Ler

Sca

Pma

Cin
Bfl

Spu

Dpu
Dme

Tca
Cte
Lgi

Nve

Adi
Tad

Aqu
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Oscarella carmela

Mnemiopsis leidyi
Pleurobrachia
bachei

Monosiga
brevicollis
Salpingoeca rosetta
Capsaspora
owczarzaki
Sphaeroforma
arctica

Ustilago maydis
Saccharomyces
cerevisiae
Mortierella
verticillata

Allomyces
macrogynus

Spizellomyces
punctatus

Encephalitozoon
cuniculi
Fonticula alba

Thecamonas
trahens

Entamoeba
histolytica
Dictyostelium
purpureum
Polysphondylium
pallidum
Acanthamoeba
castellani
Naegleria gruberi

http://www.compagen.org/d
atasets.html

Ryan et al. (2013)

Moroz et al. (2014)

King et al. (2008)

Fairclough et al. (2013)
Suga et al. (2013)

http://www.broadinstitute.org/ann
otation/genome/multicellularity p
roject/MultiDownloads.html
Kamper et al. (2006)

Goffeau et al. (1996)

http://www.broadinstitute.org/ann
otation/genome/multicellularity p
roject/MultiDownloads.html
http://www.broadinstitute.org/ann
otation/genome/multicellularity p
roject/MultiDownloads.html
http://www.broadinstitute.org/ann
otation/genome/multicellularity p
roject/MultiDownloads.html

Katinka et al. (2001)

http://www.broadinstitute.org/ann
otation/genome/multicellularity p
roject/MultiDownloads.html
http://www.broadinstitute.org/ann
otation/genome/multicellularity p
roject/MultiDownloads.html

Loftus et al. (2005)
Sucgang et al. (2011)
Heidel et al. (2011)
Clarke et al. (2013)

Fritz-Laylin et al. (2010)

Oca

Mle
Pba

Mbr

Sro
Cow
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Cyanidioschyzon
merolae
Arabidopsis
thaliana
Paramecium
tetraurelia
Bigelowiella natans
Phytophtora
infestans

Matsuzaki et al. (2004)

Arabidopsis Genome
Initiative (2000)
Aury et al. (20006)

Curtis et al. (2012)
Haas et al. (2009)
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Chapter 5: Zygotic function of Kriippel-like factor genes during embryogenesis in
Mnemiopsis leidyi is associated with cell proliferation

Background

Kriippel-like factor (Klf) genes belong to the C2H2 zinc finger family. KLF
transcription factors are defined by a highly-conserved zinc finger DNA binding domain,
with variable N-terminal domains that mediate various protein-protein interactions
(Presnell, et al. 2015). Some KLFs can bind directly to condensed chromatin, and through
the recruitment of various chromatin remodeling complexes, can alter the chromatin state
(Soufi, et al. 2015). For example, KLFs bound to condensed chromatin enable the
recruitment of protein machinery necessary for transcription, such as the activation of the
zygotic genome (Iwafuchi-Doi and Zaret 2014). The K/f gene family is found in all
metazoan lineages, and is found in closely related unicellular organisms including
filozoans and choanoflagellates (Presnell, et al. 2015). However, most of what is known
about the function of K/f'genes comes from work done in vertebrates and cell lines (see
Nagai, et al. 2009). Within mammals, 17 KIf genes have been identified and functions
associated with many of these genes have been characterized, ranging from metabolism
and homeostasis, to apoptosis and tumorigenesis, and balancing cell proliferation and
differentiation (reviewed in McConnell and Yang 2010; Bialkowska, et al. 2017; Kim, et
al. 2017). In vertebrates, the role of K/fs in stem cell renewal and pluripotency has been
thoroughly investigated (Takahashi and Yamanaka 2006; Takahashi, et al. 2007; Jiang, et
al. 2008; Parisi, et al. 2008; Nandan and Yang 2009; McConnell and Yang 2010; Parisi,
et al. 2010). For example, overexpression of the four transcription factors Oct4, Sox2,

Klf4, and c-myc (OSKM) can induce pluripotency in differentiated mammalian cells
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(Takahashi and Yamanaka 2006; Takahashi, et al. 2007). Additionally, in mouse
embryonic stem cells (mESCs) KlIf2, KIf4, and KIf5 participate in an autoregulatory
activation loop and together participate in maintaining a transcriptional circuit with Oct4,
Sox2, c-myc, and Nanog, that regulates stem cell self-renewal (Jiang, et al. 2008).

Although much is known about the underlying function of K/f genes associated
with embryonic stem cell maintenance and cell proliferation/differentiation in a handful
of vertebrate species, the role of Klfs during development and their potential to regulate
stem cell proliferation and differentiation in other animals is poorly understood. I was
interested in how Klf function has evolved during metazoan diversification, and whether
its role in stem cells has been conserved in metazoans. My recent phylogenetic analysis
identified three KI/f genes in the lobate ctenophore Mnemiopsis leidyi (Chapter 4
Presnell, et al. 2015). Ctenophores are one of the earliest branching extant metazoan
lineages, making them fundamental to understanding early animal evolution (Dunn, et al.
2015). Therefore, understanding the role of KIf genes in ctenophores will provide insight
into the relationship between Klfs and stem cell proliferation and differentiation during
the course of animal evolution.

Ctenophores are a phylum of marine, invertebrate predators that are characterized
by unique morphological features such as rows of plates of fused giant cilia (ctenes) used
for locomotion, an aboral and neuronal-rich gravity-sensing (apical) organ which controls
ctene row beating, and muscular tentacles that are lined with sticky cells (colloblasts)
used for prey capture (Chun 1880; von Byern, et al. 2010; Ryan, et al. 2013; Moroz, et al.
2014; Tamm 2014a). Adults have remarkable regenerative capabilities (Coonfield 1936;

Freeman 1967; Martindale 1986) and possess tissues that undergo constant cell-turnover
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to replace old or damaged cells (e.g., tentacles; von Byern, et al. 2010). Along with the
ability to rear individuals in the lab, the recent development of primary cell culture
techniques (Vandepas, et al. 2017), and an emerging molecular genetic toolkit (Pang and
Martindale 2008a, b, ¢, d; Yamada, et al. 2010), make ctenophores a valuable system for
investigating the molecular mechanisms underlying stem cell regulation.

Three axes define the ctenophore body plan: the oral/aboral axis which runs
longitudinally, and two orthogonal axes, the pharyngeal axis bisecting the pharynx, and
the tentacular axis bisecting the tentacles and perpendicular to the pharyngeal axis (see
Chapter 3, Fig. 3.1). Mnemiopsis leidyi embryos undergo a stereotypical, ctenophore-
specific cleavage program (Freeman 1976b). The first cleavage typically begins at ~1
hour post fertilization (hpf), with subsequent cell divisions occurring every 20 minutes
(Fischer, et al. 2014). The pharyngeal and tentacular axes are established during the first
and second cleavages, respectively (Freeman 1977). During gastrulation, which takes
place between 3 and 5 hpf, ectodermal, aboral micromeres migrate via epiboly to the oral
side of the embryo and then invaginate, forming the blastopore (Martindale and Henry
1997a). After gastrulation, ~9 hpf, the M. leidyi embryo has begun to establish different
tissues. Four pairs of ctene rows, one pair in each quadrant towards the aboral end of the
embryo, are typically one of the first structures to form (Fischer, et al. 2014). Each ctene
plate is made up of thickened ectodermal cells which produce motile cilia that are fused,
forming paddle-like structures that beat and propel the animal through the water column
(Tamm 1973). These cilia-bearing cells are called polster cells (Tamm 1973). Ctene
plates are situated in rows in an oral/aboral fashion, and each quadrant of the animal

possesses two ctene rows. At the oral pole, ectodermal cells surrounding the blastopore
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invaginate forming the stomodeum and pharynx. Along the tentacular axis, on either side
of the embryo, are two cellular thickenings that will ultimately give rise to the tentacle
bulbs and tentacles.

By 14 hpf, organs have started to take shape. As the embryo develops, ectodermal
cells associated with the two lateral thickenings invaginate and, along with the medial
internal most cells derived from the endoderm, form the tentacle bulb (Martindale and
Henry 1997b, 1999). The newly formed tentacles are rooted within this protective sheath.
Blastomere fate maps from M. leidyi embryos demonstrated that multiple cell lineages
contribute to both the tentacle and tentacle bulb (Martindale and Henry 1997b, 1999). For
example, the core tentacle muscles are derived from endodermal cells, whereas the
colloblasts and other epithelial cells of the tentacle are derived from ectodermal cells
(Martindale and Henry 1997b, 1999). As the tentacle develops, it emerges from the
medial-most aboral endodermal region of the tentacle bulb.

During this period of development, the pharynx also begins to elongate towards
the aboral end of the embryo. Aborally, the pharynx connects with the endoderm of the
developing gastrovascular cavity. At this stage, ECM is extruded from the endoderm into
the mesogleal space and the embryo increases dramatically in size. The gastrovascular
cavity is clearly visible by 14 hpf and gives rise to the infundibulum and endodermal
canal system (Presnell, et al. 2016).

The ctenophore apical organ, located at the aboral pole, is composed of an
epithelial floor that supports four clusters of specialized balancer cilia. Each tightly
clustered set of balancer cilia is situated within a quadrant of the animal and connected to

the ctene rows by a ciliated groove. The balancer cilia play an integral role in supporting
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the statocyst. The statocyst is a small spheroid structure composed of mineralized cells
called lithocytes (Horridge 1964). Deflection of the statocyst by gravity on the balancer
cilia propagates a signal along the ciliated grooves that influences the rate of ctene row
beating (Tamm 2014b). The lithocytes of the statocyst initially develop within two
discrete territories of the apical organ epithelial floor along the tentacular axis (Tamm
2014b). Newly born lithocytes emerge from these two territories and migrate aborally
along balancer cilia to ultimately merge with other lithocytes to form the mature statocyst
(Tamm 2014b). Also embedded within the apical organ epithelial floor are putative
photoreceptor cells (Horridge 1964; Schnitzler, et al. 2012) and other types of neurons
(Jager, et al. 2011).

Using EdU pulse/chase assays, discrete territories of rapidly proliferating cells
expressing genes associated with somatic stem cells such as paralogs of Piwi, Nanos,
Vasa, and Sox have been identified in adult Pleurobrachia pileus in the ctene rows, apical
organ, and tentacle apparatus (Jager, et al. 2008; Alié, et al. 2011). In the ctene rows,
putative stem cells were identified at the lateral edges of each ctene plate which give rise
to the polster cells (Ali¢é, et al. 2011). Within the tentacle apparatus, putative somatic
stem cells were in the basal portion (tentacle root) along the median and lateral ridges
which harbor tentacle muscle cell progenitors and colloblast progenitors, respectively
(Alié, et al. 2011).

By comparing the expression patterns of these genes from adult P. pileus to M.
leidyi embryos, it was shown that Sox 1, Sox3, Piwil, and Vasal expression during the
embryonic development of M. leidyi corresponded to similar territories in these

developing organs (Schnitzler, et al. 2014; Reitzel, et al. 2016). EdU staining of recently
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hatched juvenile cydippids also demonstrated that the expression of these genes was
found in areas of cell proliferation, including the apical organ and the tentacle bulbs
(Schnitzler, et al. 2014; Reitzel, et al. 2016). These data are consistent with the
hypothesis that Sox/ and Sox3 genes in ctenophores are expressed in embryonic stem
cells and thus could be playing a role in stem cell maintenance and/or cell proliferation
and renewal.

The major transcription factors that regulate self-renewal of stem cells and induce
pluripotency in mammals include the Oct4, Sox2, Kif4, and c-myc (OSKM) genes
(Takahashi and Yamanaka 2006; Takahashi, et al. 2007). While the expression patterns
of Sox paralog genes are associated with putative stem cells (Jager, et al. 2008;
Schnitzler, et al. 2014), M. leidyi lacks the Oct4 ortholog but contains other Pou family
genes (Ryan, et al. 2010). Nothing is known about Pou, KIf, or c-myc expression and
function in ctenophores. Here I examine the expression patterns of K/f genes and use both
morpholino oligonucleotides (MOs) and CRISPR/Cas9 to disrupt zygotic K/f expression
during the embryonic development of M. leidyi. Determining the role of KIf genes will
help elucidate the transcriptional regulatory network controlling stem cell fate in
ctenophores and provide insight into the mechanisms underlying the evolution of

metazoan stem cells.

Results
My previous phylogenetic analysis of K/f genes in eukaryotes identified three Kifs
in M. leidyi: MleKlf5a, MleKIf5b, and MleKIfX (Chapter 4, Presnell, et al. 2015).

MleKlf5a and MIeKIf5b genes are closely related to other K/f5 genes. These two genes
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appear to be the result of a lineage-specific duplication. MleKIfX, however, is highly
derived with no clear orthology to any specific K/f clade (Presnell, et al. 2015). Gene
models generated from the reference genome (Ryan, et al. 2013) and transcriptomic data
(Davidson, et al. 2017) show that MleKIf5a (ML00922a), MleKIf5b (ML25776a), and
MleKIfX (ML20061a) span roughly 23.8, 26.5, and 4.2 kb and contain 4, 9, and 5 exons,
respectively (Fig. 5.1A). I performed in situ hybridization to examine the expression
patterns of these genes during embryogenesis, followed by assessment of gene function
using both splice-blocking morpholino oligonucleotides (sbMOs) and CRISPR/Cas9
(Jinek, et al. 2012).

The sbMOs were designed to target the junctions between intron 2 and exon 3
(#1), and intron 3 and exon 4 (#2) for MleKlf5a; and exon 6 and intron 6 (#1), and exon 7
and intron 7 (#2) for MleKIf5b (Fig. 5.1B). Mechanistically, sbMOs can cause retention
of introns or cause exons to be skipped during mRNA processing (Draper, et al. 2001),
and RT-PCR can be used to assess mis-splicing events caused by the sbMOs. The
percentage of embryos injected with the control MO that developed normally (79.6%;
n=49) was similar to both un-manipulated embryos (85.1%, p=0.28) and dechorionated,
uninjected embryos (80.6%, p=0.70; Fig. 5.11). Closely related KLFs bind to shared
downstream targets which can result in complex functional outcomes. For example,
KLF2, KLF4, and KLF5 have redundant roles in regulation of Nanog (Jiang, et al. 2008),
while KLF1 and KLF3 compete for binding sites to exert different functional outcomes
(Ilsley, et al. 2017). For this reason, to maximize the efficiency of generating an
observable phenotype I injected #1 and #2 MOs for both MleKIf5a and MleKIf5b,

simultaneously (KLF-MO).
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Guide RNAs (gRNAs) were designed to target sites spanning the entire genes for
all three MleKlIf genes. Similar to the sbMO injections, I simultaneously injected
solutions that contained recombinant Cas9 protein combined with multiple gRNAs for
both MleKlIf5a and MleKIf5b (KLF-Cas9). To assess which gRNAs were effective in
shuttling the Cas9 nuclease to its target site, I sequenced short regions spanning each
putative cut site from individual embryos (Fig. 5.1C). Uninjected embryos from the same
batches as injected embryos were also sequenced for comparison. Sequence traces from
KLF-Cas9 injected embryos showed a noticeable degradation of signal caused by
INDELS, compared to control traces (Fig. 5.1C). This indicated that the gRNAs were
successful in shuttling the Cas9 nuclease to its target site followed by efficient nuclease
activity. For instance, out of 10 KLF-Cas9 injected embryos sequenced, only 1 embryo
had sequence traces that showed no evidence of Cas9 activity for both MleKIf5a or
MIleKIf5b. The remaining KLF-Cas9 injected embryos had sequence traces that showed
INDELS around the cut sites, indicating successful Cas9 activity. To test the possibility
of nonspecific binding of the gRNAs, I sequenced top putative off-target sites and
observed no evidence of Cas9 activity (Table 5.2). These lines of evidence, coupled with
similar phenotypes generated from KLF-MO injections (see below), suggest that the
KLF-Cas9 phenotypes observed in injected embryos were due to the successful

disruption of MleKlf5a and MleKIf5b gene expression.

MleKlf5a and MleKIf5b transcripts are maternally deposited
Transcriptional profiling in M. leidyi during early embryonic cleavage stages

found high levels of MleKlf5a and MIeKIf5b transcripts and showed that zygotic genome
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activation most likely occurs ~1.5 hpf (Davidson, et al. 2017). I detected ubiquitous
expression of MleKlf5a and MleKIf5b transcripts in the zygote, early cleavage stages, and
during gastrulation (Fig. 5.2). KLF-MO and KLF-Cas9 injected embryos developed
normally through gastrulation, suggesting that zygotic, not maternal, expression of

MleKlIf5a and MleKIf5b was disrupted.

Zygotic MleKlf5a and MleKIf5b regulate cellular proliferation during development
I first observed spatially localized expression patterns of both MleKlf5a and
MIeKIf5b just after gastrulation at mid-embryogenesis, ~9 hpf, and persisting through
hatching, ~20 hpf (Fig. 5.3). In general, expression patterns of MleKlf5a and MleKIf5bh
were found in the pharynx, gastrovascular cavity, tentacle bulbs, and apical organ (Fig.
5.3). Additional MleKlIf5b expression was observed in cells surrounding the ctene rows

(Fig. 5.7A).

Pharynx and Gastrovascular cavity

At ~9 hpf, the ectodermal cells surrounding the blastopore invaginate to form the
stomodeum and pharynx. As development continues, by ~14 hpf, the mesoglea (situated
between the ectoderm and endoderm) is hydrated and the embryo dramatically increases
in size. This is accompanied by growth of the pharynx in the aboral direction where it
connects with the endoderm of the newly formed gastrovascular cavity. Initially the
endoderm is made up of large, vacuolated cells that are preferentially labeled with the
vital dye Lysotracker. As extracellular matrix (ECM) is extruded from these cells during

development, Lysotracker signal becomes restricted to the epithelial cells of the
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gastrovascular cavity (Fig. 5.4B, D). Spatially distinct expression patterns of MleKlf5a
and MleKIf5b were observed along the oral/aboral axis of the pharynx beginning at 9 hpf.
Throughout development, transcript signals of MleKIf5a and MleKIf5b were localized to
the inner cells of the aboral most portion of the pharynx (Fig. 3B, D, F, HJ, L), and was
absent in the stomodeum. I also observed MleKlf5a and MleKIf5b expression in the
epithelial cells of the gastrovascular cavity (Fig. 5.3D, F, J, L). This suggests that zygotic
MleKlIf5a and MleKIf5b expression most likely plays a role in the development of the
pharynx and gastrovascular cavity. To test this, I knocked down MleKlf5a and MleKIf5b
expression using both sbMOs (KLF-MO) and Cas9 (KLF-Cas9).

Upon knockdown of MleKIf5a and MleKIf5b expression, I observed disrupted
endodermal patterning associated with the gastrovascular cavity 52% and 77% of the
time in KLF-MO and KLF-Cas9 injected embryos, respectively. The two types of
endodermal phenotypes were characterized as mild and severe (Fig. 5.5). Embryos with
mild phenotypes typically underwent mesogleal hydration accompanied by the increase
in embryo size and pharynx elongation, however patterning of the gut endoderm was
disorganized (Fig. 5.5B, C.). Embryos that failed to undergo mesogleal hydration and
overall size increase were classified as exhibiting a severe phenotype (Fig. 5.5.F, G). In
these embryos, Lysotracker positive cells remained throughout the endoderm due to a
lack of ECM release into the mesoglea. I observed a higher percentage of KLF-Cas9
injected embryos exhibit the severe phenotype (71% Cas9 vs 26% sbMOs), while more
KLF-MO injected embryos presented the mild phenotype (6% Cas9 vs 26% sbMOs).
Overall, KLF-MO injected embryos presented an allelic series in which phenotypes

ranged from mild to severe. The observed broad range of phenotypes was due to the
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varying penetrance caused by KLF-MO activity. This is due to the lower efficiency of
sbMOs, which must target many mRNA transcripts. Compared to sbMOs, however, the
efficiency of Cas9 activity is higher due to the relatively fewer genomic DNA sites it
must target, thus producing more consistent, severe phenotypes, as seen in the higher
percentage of severe endodermal phenotypes in KLF-Cas9 injected embryos.

Embryos with the mild endodermal phenotypes also had defects in pharyngeal
patterning, mostly in the aboral region of the pharynx (Fig. 5.5D). For example, the
junction between the gastrovascular cavity endoderm and the pharynx was disrupted and
in some cases [ observed instances in which the aboral end of the pharynx was bifurcated
(Fig. 5.5E). MleKlf5a and MleKIf5b were expressed in this part of the pharynx, and could
play a role in the development of specialized structures found in the aboral portion of the
pharynx, such as the ciliary mill and pharyngeal folds (Tamm 2014a; Presnell, et al.
2016). In M. leidyi, the pharynx is derived from the ectoderm while the gastrovascular
cavity is derived from the endoderm, and thus may be analogous to the foregut/midgut
junction boundary. In the severe embryos, pharynx formation was also severely disrupted
(Fig. 5.5F, G). This suggests that MleKIf5a and MleKIf5bh may be playing a role in
patterning the junction between the gastrovascular cavity and the pharynx.

The failure of mesogleal hydration accompanied by an increase in embryo size,
and disruption of pharynx formation in the severe embryos was similar to the phenotypes
seen in M. leidyi embryos in which Brachyury (MIBra) translation was blocked with MOs
(Yamada et al. 2010). Brachyury, a member of the T-box transcription factor family, is
known for its roles in mesoderm specification and regulation of morphogenesis during

development (Papaioannou 2014). Characterization of this gene in non-bilaterians
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suggests that in these animals Brachyury regulates morphogenetic movements, such as
invagination of the stomodeum and pharynx (Technau 2001; Yamada, et al. 2010;
Yasuoka, et al. 2016; Servetnick, et al. 2017). Therefore, I decided to knockdown
Brachyury expression with Cas9 (Bra-Cas9) to compare the pharyngeal phenotype to
what was seen in KLF-Cas9 injected embryos. Bra-Cas9 injected embryos had a cluster
of stomodeal cells which had initially invaginated, but additional pharyngeal tissue was
not present (Fig. 5.5H, K), like that seen in the Bra-MO injected embryos from (Yamada,
et al. 2010). In KLF-Cas9 injected embryos, ectodermal cells that initially invaginated
and gave rise to the stomodeum were present, as seen in Bra-Cas9 injected embryos.
However, in KLF-Cas9 injected embryos, additional pharyngeal tissue was observed
(Fig. 5.51, J). This pharyngeal phenotype observed in the KLF-Cas9 injected embryos
was slightly different than the phenotype generated by a loss of Bra expression. This
suggests that the pharyngeal phenotype in KLF-Cas9 injected embryos was not caused by
Cas9 artifacts, but by loss of MleKlf5a and MIeKIf5b expression. One possible cause of
pharyngeal growth failure in KLF-Cas9 embryos was the loss of the proliferation in the
aboral portion of the pharynx, where both MleKlf5a and MIeKIf5b are expressed.

Next, I investigated the distribution of EAQU incorporation in the pharynx to test
the idea that MleKIf5a and MleKIf5b are regulating pharyngeal growth through cellular
proliferation. EAU incorporation was observed in two spatially distinct regions of the
pharynx, one in the stomodeum and oral portion of the pharynx, and the other in the
aboral most region near the junction with the gastrovascular cavity (Fig. 5.6A, B). High
levels of cellular proliferation in the aboral portion of the pharynx was most likely due to

the formation of the pharyngeal folds and numerous cilia that will, during feeding, propel
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food from the mouth to the infundibulum (Tamm 2014a; Presnell, et al. 2016). EAU
assays on KLF-Cas9 injected embryos, showed that proliferation was unaffected in the
oral-most portion of the pharynx however, proliferation was lost in the aboral-most
portion (Fig. 5.6G). Genes such as Piwil, Vasal, Sox1, and Sox3 are also expressed in the
developing pharynx in M. leidyi (Schnitzler, et al. 2014; Reitzel, et al. 2016), consistent
with the presence of an active stem cell niche in this organ. My results suggest that
MleKlIf5a and MleKIf5b are required for normal endodermal patterning and mesoglea
expansion, and, additionally, regulate pharyngeal morphogenesis through the

maintenance of proliferative cells in the aboral most portion of the pharynx.

Ctene rows

Ctene rows take shape around 9 hpf, as a pair of ectodermal thickenings in each
quadrant of the embryo. The ctenes are produced from a set of cells called polster cells,
which have a high abundance of mitochondria, as seen with Mitotracker staining (Fig.
5.4A, C). From 9-20 hpf, MleKIf5b expression was observed in a set of ectodermal cells
that surrounded each ctene row pair (Fig. 3G-L; 5.7A). These cells meet in a central
location on the oral side of each ctene row pair, and extend aborally on both sides of each
ctene row pair (Fig. 5.7A).

Injection with KLF-MO and KLF-Cas9 produced no effect on polster cell or ctene
formation, as indicated by normal Mitotracker signal (Fig. 5.7C, D). This is not surprising
given the evidence that ctene row fate is specified by maternal factors (Fischer, et al.
2014). Next, I examined the proliferative nature of these ctene row associated cells and

observed EdU incorporation, suggesting these may be polster cell progenitors similar to
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those identified in Pleurobrachia (Alié, et al. 2011). However, new ctene plates and
polster cells do not form during embryogenesis, only after hatching (Tamm 2012). One
possibility for observing EdU incorporation in these cells is that they may play a role in
overall growth and maintenance of the ectodermal epithelia around the ctene rows. Once
the embryo hatches, these cells could give rise to new polster cells. Examining the post-
embryonic expression and function of MleKIf5b will provide insight into its role in ctene

row growth in juveniles.

Tentacle Bulbs

Ctenophore tentacles are comprised of a muscular core surrounded by epithelial
cells which include colloblasts, specialized cells unique to ctenophores that contain a
glue-like substance for prey capture. In adult Pleurobrachia, both muscle and colloblast
progenitor cells are in the tentacle root, the basal portion of the tentacle bulb (Ali¢ et al
2011). Muscle stem cells are found within the median ridge, a column of cells along the
basal-most portion of the tentacle root, while colloblast stem cells are in the lateral ridges
which extend outward on either side of the median ridge. At 9 hpf, and through 14 hpf, I
observed expression of MleKIf5a and MleKIf5b in the endodermal, medial extensions of
the initial tentacle bulb thickenings (Fig. 5.3). Once ectoderm invagination took place,
and the tentacle bulbs started to take shape, the expression patterns of MleKlf5a and
MleKlIf5b were localized to the median ridges (Fig. 5.3).

I examined the effects of knockdown of MleKlf5a and MIeKIf5b expression on
tentacle bulb formation, and observed a decrease in the size of the tentacle bulbs in both

KLF-MO and KLF-Cas9 embryos. To quantify these results, I measured the length of the
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median ridge (Fig. 5.8H), and found significant differences in this parameter between the
control and injected embryos (Mann Whitney U test, p<0.05; Fig. 5.8G). In control
embryos the median ridge was, on average, 23 um in length (Fig. 5.8A). In embryos
injected with KLF-MO and KLF-Cas9, the average lengths of the median ridge were
18.29 pm (Fig. 5.8C, D) and 9.88 um (Fig. 5.8E, F), respectively. In some instances, |
observed embryos that lacked tentacle bulb tissue altogether, about 15% of the KLF-MO
embryos and 29% of the KLF-Cas9 embryos. These results suggest that MleKIf5a and
MIeKIf5b play a role in tentacle bulb development through regulating proliferation of the
median ridge.

To test the idea that MleKlf5a and MleKIf5b are regulating maintenance of
proliferative cells in the median ridge, I examined EdU incorporation in the tentacle bulb
in both control and KLF-Cas9 embryos. EdU signal was localized in the endodermal cells
of the cellular thickenings in control embryos, where I observed MleKlf5a and MleKIf5bh
expression (Fig. 5.6A-D). Additionally, in the fully developed tentacle bulb, I observed
proliferative cells in both the median ridge and in the outer epithelium of the tentacle
bulb (Fig. 5.6B, D). In KLF-Cas9 embryos, proliferation in the tentacle bulb epithelium
was unaffected, but I observed a loss of EQU incorporation in the median ridge (Fig.
5.6G). Stem cell genes, Piwil, Vasal, Sox1, and Sox3 are expressed in the median ridge
in both M. leidyi and Pleurobrachia (Alig, et al. 2011; Schnitzler, et al. 2014; Reitzel, et
al. 2016), and the median ridge harbors stem cells for tentacle muscle cells (Alié, et al.
2011). These results suggest that MleKIf5a and MleKIf5b are required for normal

development of the tentacle bulb, through maintenance of the proliferative cells in the
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median ridge stem cell niche. The absence of tentacle bulbs could be due to the loss of

the stem cell niche that initially gives rise to cells fated to become tentacle bulbs.

Apical Organ

At 14 hpf, the ectodermal cells that give rise to the epithelial floor of the apical
organ invaginate. This is shortly followed by extension of the balancer and dome cilia.
Mature lithocytes travel along the balancer cilia where they merge and form the statocyst.
Prior to invagination, I did not observe expression of MleKIf5a or MleKIf5b in the aboral
ectodermal cells (Fig. 5.3B, H). At 14 hpf, I observed expression of both Ml/eKIf5a and
MIleKIf5b in the epithelial floor (Fig. 5.3D, J), and by cydippid stage, expression of
MileKlIf5a and MleKIf5b was restricted to two territories in the apical organ floor where
new lithocytes form before leaving the epithelial floor (Fig. 5.3F, L).

Knockdown of MleKlf5a and MleKIf5b resulted in fewer number of lithocytes
compared to control embryos (Mann Whitney U, p<0.05; Fig. 5.9). I observed, on
average, 6.5 lithocytes in control embryos (Fig. 5.9A, B). KLF-MO injected embryos
had, on average 4.36 lithocytes, and three of these embryos had lost lithocytes entirely
(Fig. 5.9C, D). KLF-Cas9 injected embryos also had fewer lithocytes, average of 2.25,
and five embryos completely lacked lithocytes (Fig. 5.9E, F). In embryos which lacked
lithocytes, balancer cilia and dome cilia were still present (Fig. 5.9C, E). MleKIf5a and
MleKlIf5b expression was not observed in the cells that give rise to these ciliated
structures (Fig. 5.6H). Lithocytes and the cilia are derived from separate cell lineages,

endodermal and ectodermal respectively (Martindale and Henry 1999).
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Cell proliferation in the apical organ was observed in the developing polar fields,
ciliated cells that extend from the aboral pole in the pharyngeal axis, and in a small subset
of cells located in the tentacular axis deep within the epithelial floor (Fig. 5.6E, F). These
deeper proliferative cells may be lithocyte progenitor cells, due to their proximity to
where new lithocytes are formed. MleKlf5a and MleKIf5b expression was found in the
apical organ where lithocytes are born (Fig. 5.6H). My results suggest that lithocyte
production is regulated by both MleKlf5a and MIeKIf5b possibly through regulation of

cell proliferation in lithocyte progenitor cells found in the apical organ.

Zygotic MleKIfX expression is restricted to a small subset of cells in the apical organ

MIeKIfX is unique due to its highly derived sequence, in which the DNA binding
domain is located on the opposite end of the protein compared to what is found in other
KLFs. According to my phylogenetic analyses (see Chapter 4), MleKIfX is not closely
related to other filozoan K/fs indicating rapid evolution of this gene (Presnell, et al.
2015). This gene is also divergent from the other ctenophore KI/fX that was identified in
Pleurobrachia (Presnell, et al. 2015), which suggests that the significant divergence of
MleKIfX could be lineage-specific and most likely indicative of some function that may
be restricted to a subset of ctenophores.

MleKIfX expression was only found in late stage embryos, beginning around ~16
hpf. Expression was observed in two layers of cells, deep and superficial, within the
apical organ floor (Fig. 5.10). The cells found on the surface were located within each
quadrant of the animal, just medial of the ciliated groove. The deeper cells were located

in the center of the epithelial floor. Two cell clusters were along the tentacular plane
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perpendicularly situated to the other two cell clusters, forming a cross-shaped pattern.
Knockdown of MleKIfX failed to produce any clear morphological phenotype. I did not
observe any EdU incorporation in these territories, and thus, these were most likely
differentiated cells. The ctenophore apical organ floor contains numerous neuronal cell
types (Jager, et al. 2011; Moroz, et al. 2014; Tamm 2014a) suggesting that MleKIfX is
expressed in a set of differentiated neurons. The cells in which MleKIfX was expressed
are in a region of the apical organ that is similar to the position of the lamellate bodies,
putative photoreceptor cells (Horridge 1964; Schnitzler, et al. 2012). These results
suggest that MleKIfX plays a role in putative neuronal cell fates of the apical organ in M.

leidyi.

Discussion

In this chapter, [ examined the expression and function of KIf genes in the
ctenophore Mnemiopsis leidyi. Using in situ hybridization I showed that transcripts of
MleKlf5a and MIeKIf5b were initially found throughout the embryo during early cleavage
stages. These transcripts were maternally deposited, since zygotic genome activation
occurs roughly 1.5 hours after fertilization (Davidson, et al. 2017). KIf genes in other
animals, including Drosophila (De Graeve, et al. 2003; Weber, et al. 2014), sea urchin
(Materna, et al. 2006), zebrafish (Li, et al. 2011; Kotkamp, et al. 2014), Xenopus (Gao, et
al. 2015), and humans (Blakeley, et al. 2015) are also known to be maternally expressed
within the embryo.

Spatially restricted expression patterns of zygotic MleKIf5a and MleKIf5b showed

significant overlap in embryos after gastrulation. Prominent areas where these genes were
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expressed were the pharynx, the gastrovascular cavity, the median ridge of the tentacle
bulbs, and cells in the epithelial floor of the apical organ. M/eKIf5b had a unique
expression pattern located in ctene row associated-cells, which may be polster progenitor
cells. Both MleKlf5a and MleKIf5b expression patterns were found in areas that exhibited
high cell proliferation, as indicated by EdU incorporation. These proliferation zones in M.
leidyi embryos are similar to the zones of proliferation, and putative stem cell niches,
found in adult Pleurobrachia (Alié, et al. 2011).

In contrast, MleKIfX expression was found in a small subset of apical organ cells,
which lacked any EdU signal. These cells, the lamellate bodies, are thought to be
photoreceptors, and have been shown to express MIOpsin2 (Schnitzler, et al. 2012),
Migli, a gene associated with neuronal specification (Layden, et al. 2010), and MILhx1/5
part of the LIM homeobox family that regulates neuronal specification (Simmons, et al.
2012). Opsins are expressed in the photocytes along the endodermal canals and in the
apical organ epithelial floor, and the apical organ expression of MIOpsin2 is thought to be
associated with light-sensing neuronal cells (Horridge 1964; Schnitzler, et al. 2012).
Ctenophores use these light-sensing cells for initiating spawning due to light cues,
specifically the onset of darkness (Chapter 2; Pang and Martindale 2008g). Knockdown
of the MleKIfX gene using Cas9 showed no obvious morphological phenotype. If
MleKIfX is playing a role in the opsin-expressing cells, then a loss of MleKIfX could
possibly result in a behavioral phenotype manifested by a decrease in the ability for the
apical organ to respond to light cues, possibly perturbing spawning timing. Opsins are
also thought to be involved in the bioluminescent pathway in ctenophores (Schnitzler, et

al. 2012), and MleKIfX may regulate some aspect of the neuronal pathway associated
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with bioluminescence. Comparison of K/f gene expression patterns and functions in other
ctenophore species will be valuable in determining the evolutionary significance of
MleKIfX.

Using both sbMOs and CRISPR/Cas9 to disrupt MleKlIf5a and MleKIf5b
expression, I demonstrated that zygotic MleKlf5a and MleKIf5b play a role in regulating
cell proliferation associated with normal organ growth during early development. For
example, in KLF-Cas9 injected embryos, I observed a loss of EAU incorporation in the
aboral portion of the pharynx. This loss of cell proliferation was associated with
abnormal pharyngeal morphogenesis. I also observed a loss of EAU signal in the median
ridge, and in addition, KLF-MO and KLF-Cas9 injected embryos had decreased median
ridge lengths. In some cases, the median ridge or tentacle bulb was completely missing.
In the apical organ, I observed a reduction in the number of lithocytes in both KLF-MO
and KLF-Cas9 injected embryos.

Normally during development, ectodermal cells invaginate to form the
stomodeum and pharynx, and the pharynx elongates in the aboral direction and connects
with the gastrovascular cavity. This is accompanied by hydration of the mesoglea and an
increase in embryo size. Whether mesogleal hydration and overall growth of the embryo
is causally associated with pharyngeal elongation is unclear, as the mechanisms for
pharyngeal and mesogleal expansion are unknown. In Bra-Cas9 injected embryos, I also
observed a loss of pharyngeal elongation coupled with a lack of mesoglea hydration and
embryo growth. This corroborated results from Brachyury MO knockdown (Bra-MO) in
M. leidyi (Yamada, et al. 2010). Additionally, most of the Bra-MO injected embryos

lacked tentacle bulbs and an apical organ (Yamada, et al. 2010), similar to the more
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severe phenotypes I observed in KLF-MO and KLF-Cas9 injected embryos. These results
hint at possible interactions between K/f'and Brachyury in ctenophore development.
Brachyury and KLF transcription factors have been shown to bind similar promoter sites
in human embryonic stem cells (Faial, et al. 2015), and both KLF4 and KLF5 putatively
bind to the Brachyury promoter in mouse embryonic stem cells (Aksoy, et al. 2014).

The median ridge, lithocytes, and gastrovascular cavity are derived from
endodermal lineages (Martindale and Henry 1999). Regulation of endoderm development
by KIf5 has been shown in other animals (Ohnishi, et al. 2000; McConnell and Yang
2010; Gao, et al. 2015). My results suggest that K/f5 function in endoderm specification
and differentiation is conserved across metazoans.

I observed a lack of an effect associated with KLF-MO and KLF-Cas9 on ctene
row development. Polster cells, which produce the motile cilia of each ctene, are
specified early in development (Fischer, et al. 2014), and thus the initial formation of
ctene plates would not be affected by a loss of zygotic MleKIf5a and MleKIf5b.
Additionally, only MleKIf5h expression is associated with the ctene rows, in cells that
surround each ctene row pair. These cells are most likely polster progenitor cells, which
are the stem cells that generate new polster cells in juveniles and adults. If M/eKIf5b is
responsible for maintaining polster cell stem cells, then I would expect to see a loss of
new polster cell production in juveniles that have lost MleKIf5b expression.

My results show that the association of Kl/fs with cell proliferation is conserved
throughout metazoans and likely represents an ancestral function of this gene family.
Although expression patterns for M. leidyi Pou and c-myc genes are currently lacking,

some Sox paralogs are also expressed in similar embryonic territories as MleKlf5a and
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MIleKIf5b (Schnitzler, et al. 2014). This hints at the retention of a transcriptional circuit
known to regulate pluripotency (OSKM) in ctenophores, and thus would be conserved in
metazoans (Rossello, et al. 2013). My phylogenetic analysis of the K/f gene family, see
Chapter 4, identified K/f genes in the genomes of closely related unicellular organisms
(Presnell, et al. 2015). Some of these organisms can undergo transient multicellularity
(Brunet and King 2017), requiring some balance between cell proliferation and
differentiation. Specifically, the choanoflagellate Salpingoeca rosetta forms multicellular
colonies through cellular divisions (Fairclough, et al. 2013). Solitary swimmer cells
produce daughter cells that form the multicellular colonies, and transcriptome profiling of
the swimmer cell type found upregulated expression of Sro 06628 (Fairclough, et al.
2013), one of the S. rosetta KIf genes identified in my phylogenetic analysis (Presnell, et
al. 2015). Klfs, therefore, are good candidates for genes that, at least in the filozoan
lineage, have played a role in enabling multicellularity through the differential regulation

of cell fate specification, and regulation of stem cell renewal and proliferation.

Methods
Microinjection setup

Lab reared Mnemiopsis leidyi were spawned in glass bowls and eggs were
allowed to be fertilized for approximately 10 minutes before being washed in 0.2 um
filtered artificial sea water (FSW). Fertilized eggs were passed through 0.5 pm and 0.4
um nylon mesh filters to remove excess debris and mucus. Embryos were then

transferred to gelatin-coated dishes and were dechorionated using tungsten needles.
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Injection needles were pulled from either borosilicate or aluminosilicate glass
capillary tubes (World Precision Instruments, Inc. 1B150F-4 or Sutter Instrument) using
a micropipette puller (Sutter Instrument) with the following parameters: Heat = 764, Pull
= 60, Velocity = 90, Time = 200. Needles were backfilled with different injection
cocktails (see below). Injected embryos were gently transferred to glass dishes with FSW
spiked with a 1% solution of penicillin and streptomycin (Pen/Strep) and kept at room

temperature until they reached the developmental stage of interest.

Gene expression, in situ hybridization
RNA was extracted from embryos at different developmental stages using TRIzol
and reversed transcribed to generate cDNA (SMARTer kit, Clontech). MleKlf5a,
MIeKlIf5h, and MleKIfX sequences were amplified (see primers used below) from the
cDNA template and cloned using the pGEM Easy T kit (Promega).
MleKLf5a (ML00922a) Fwd: 5’-ATGAGTGCTATGACATG-3’
Rev: 5’-AAACGTGTTCAAATGCCTCTT-3’
MIeKIf5b (ML25776a) Fwd: 5’-ATGGACGTTTCCACGC-3’
Rev: 5’-AGACGAGCTAGGGGGAACG-3’
MIeKIfX (ML20061a) Fwd: 5°-GGCAGTTTAGTTCGATCGG-3’
Rev: 5’-TGCAGTGAGTGGTAGGTT-3’
Digoxigenin labeled antisense RNA probes were in vitro transcribed
(MEGAscript™ T7 and SP6 kit, ThermoFisher Scientific) and stored in hybridization
buffer (Hyb) at -20°C at a stock concentration of 50 ng/uL. I followed the in-situ

hybridization protocol from (Pang and Martindale 2008d) with a few modifications: For



119

later stages (14-20 hpf), embryos were relaxed ina 1:1 FSW:6.5% MgCl: (in dH20) for
20 minutes prior to fixation. Embryos were fixed with 4% paraformaldehyde (PFA)
overnight at 4°C and used immediately or stored at -20°C in 100% methanol. I omitted
the glutaraldehyde fixation step. Incubation time for the hybridization step was 24 hours.
Images were acquired using a Zeiss Axio Imager.Z2 with a Zeiss AxioCam MRm Rev3
camera running through Zeiss AxioVision (Release 4.8.2) or Zeiss Zen Blue software.
Images were processed in Adobe Photoshop. Brightfield images were inverted,
pseudocolored, and overlaid onto fluorescent images of nuclei labeled with either 4',6-
Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Molecular Probes) or Hoechst

33342 (Molecular Probes).

Vital Dye staining

Live embryos were incubated in FSW containing a final concentration of 100 nM
MitoTracker® (Deep Red FM, Molecular Probes), 100 nM LysoTracker® (Red DND-99,
Molecular Probes), and 10 ng/ul Hoechst 33342 for one hour at room temperature. Live
embryos were placed on glass slides and were relaxed by a drop of 6.5% MgCl2 (in
dH:0) situated on the coverslip. Images were acquired using a Zeiss Axio Imager.Z2
with a Zeiss AxioCam MRm Rev3 camera and Zeiss AxioVision software (Release 4.8.2)
or Zeiss Zen Blue. Excitation and emission maximum for MitoTracker® channel was
644/665 nm, for LysoTracker® was 577/590 nm, and Hoechst was 350/461. Z-stacks
were acquired for each fluorescent channel plus the differential interference contrast
(DIC) channel. Single planes for each channel were processed for brightness and contrast,

and were merged together using Adobe Photoshop.
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Cell proliferation staining

For measuring proliferating cells, I used the Click-iT® EdU Alexa Fluor® 647
Imaging Kit (ThermoFisher Scientific). EAU (5-ethynyl-2'-deoxyuridine) is a thymidine
analog which is incorporated into DNA during DNA synthesis. Embryos were collected
at different developmental stages and incubated (pulse) with 100 uM EdU in a 1:1
volumetric ratio of FSW to 6.5% MgClz (in dH20) at room temperature. Pulse time for
all stages was 25 minutes. The EdU solution was washed out (chase) and embryos were
either fixed immediately (no chase) or allowed to further develop and then fixed (24-hour
chase). Embryos were fixed with 4% PFA (in FSW) for 30 minutes at room temperature,
washed with 3% BSA (in PBS), and incubated with 0.5% Triton X-100 (in 1x PBS) for
20 minutes at room temperature. Fixed embryos were washed with 3% BSA (in 1x PBS)
and stored at 4°C until used for the following EAU detection steps. I followed the
manufacturer’s protocol for EAU detection. Briefly, I incubated the fixed embryos in the
Click-1T® reaction cocktail for 30 minutes at room temperature in the dark, washed the
samples with 3% BSA (in 1x PBS) and with 1x PBS, then incubated the embryos with 5
pg/mL Hoechst 33342 (in 1x PBS) for 30 minutes at room temperature in the dark.
Embryos were finally washed with 1x PBS and mounted on glass slides and images were
acquired using either a Zeiss Axio Imager.Z2 with a Zeiss AxioCam MRm Rev3 camera
running through Zeiss AxioVision (Release 4.8.2) or Zeiss Zen Blue software, or a Leica
SPS5 confocal microscope. Images were processed with either Adobe Photoshop or FIJI

(Schindelin, et al. 2012).
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Morpholino oligonucleotides

I obtained splice-blocking morpholino oligonucleotides (MO; Gene Tools) that
were complimentary to intron/exon boundaries for both MleKIf5a (ML00922a) and
MIleKIf5b (ML25776a). For MleKlIf5a the sequence of MO #1 was 5°-
TCTCGTGTCTGAAACAATTTTAAGT-3’ and of MO #2 was 5°-
GTCTACCACCTGCAAGATTTTAAGT-3’. For MleKIf5b the sequence of MO#1 was
5’-CAGTTGATTTCTCACCTGCCAAGAA-3’ and of MO #2 was 5’-
CAAACAGACTTACCTTCAAATGTGA-3’. A standard control MO (Gene Tools, 5°-
CCTCTTACCTCAETTACAATTTATA-3’) was used as a negative control. Stock
solutions of MO were resuspended in dH20, and stored at room temperature. MO
injection cocktail solutions consisted of final MO concentration of ~333 nM for each MO
along and 35% glycerol with ~0.5 mg/ml fluorescent dextran (rhodamine or Alexa-Fluor
488, 10,000 MW, ThermoFisher Scientific). Injected embryos were gently transferred to
glass dishes filled with FSW and kept at room temperature until they reached the
developmental stage of interest. After imaging, RNA was extracted from single embryos.
The OneTaq® One-Step RT-PCR Kit (New England Biolabs) was then used to amplify

specific regions of cDNA to test for MO activity.

CRISPR/Cas9

Recombinant Cas9 protein was obtained through PNA Bio. Guide RNAs
(gRNAs) targeting my genes of interest, as well as potential off-target binding sites, were
designed using the CasOT program (Xiao, et al. 2014). The Mnemiopsis leidyi genome

downloaded from the genome portal website (Moreland, et al. 2014), and then was
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uploaded into the CasOT program. I used the default settings for identifying the presence
of protospacer-adjacent motifs (PAMs) with the sequence NGG. I designed the gRNA
sequences to contain a 5’ guanine to enable in vitro transcription using T7 polymerase.
For each gene, gRNA sequences that contained the fewest mismatches in the seed region
(mostly 0) were initially selected. I then sorted these gRNA sequences by fewest potential
off-target sites that have one mismatch in the seed region, and ultimately chose between
four and five gRNA sequences to transcribe for each gene. I followed the methods from
(Bassett, et al. 2013; Kistler, et al. 2015) to generate gRNAs using a template-free PCR.
A universal CRISPR primer (5°-
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG ATAACGGA
CTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3’) was annealed to a
gene specific primer (see below).
MleKLf5a (ML00922a)

gRNA #1: 5°-
GAAATTAATACGACTCACTATAGGAGCAACGGGTCCGTCCGTGTTTTAGAGC
TAGAAATAGC-3’

gRNA #2: 5°-
GAAATTAATACGACTCACTATAGGTTGAGGGACGCGGGAGCAAGTTTTAGAG
CTAGAAATAGC-3’

gRNA #3: 5°-
GAAATTAATACGACTCACTATAGGACGGAGGGAATCGGCGATGTTTTAGAGC

TAGAAATAGC-3’
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gRNA #4: 5°-
GAAATTAATACGACTCACTATAGGTTAGACTCTGTCGCGGGGGTTTTAGAGCT
AGAAATAGC-3’

gRNA #5: 5°-
GAAATTAATACGACTCACTATAGGAGCTGACGCGGCACTATGTTTTAGAGCT
AGAAATAGC-3°
MleKIf5b (ML25776a)

gRNA #1: 5°-
GAAATTAATACGACTCACTATAGGTGGTGATATACCAGGCGGTTTTAGAGCT
AGAAATAGC

gRNA #2: 5°-
GAAATTAATACGACTCACTATAGGATCTTTCACGCTTAGGGGCGTTTTAGAGC
TAGAAATAGC

gRNA #3: 5°-
GAAATTAATACGACTCACTATAGGCGCTTGGAGGGAACCTAAGTTTTAGAGC
TAGAAATAGC

gRNA #4: 5°-
GAAATTAATACGACTCACTATAGGCTGAAACACCGGTCGCAGGTTTTAGAGC
TAGAAATAGC
MleKIfX (ML20061a)

gRNA #1: 5°-
GAAATTAATACGACTCACTATAGGAGATGTGTTCATGGCCCGGTTTTAGAGCT

AGAAATAGC
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gRNA #2: 5°-
GAAATTAATACGACTCACTATAGGACACTTTCGTATGCATACGTTTTAGAGCT
AGAAATAGC

gRNA #3: 5°-
GAAATTAATACGACTCACTATAGGAGAAAATGCGGCTCCTTTGTTTTAGAGCT
AGAAATAGC
MleBra (ML174736a)

gRNA #1: 5°-
GAAATTAATACGACTCACTATAGGAGGCCGTGCTGGTCGGCAAGTTTTAGAG
CTAGAAATAGC

gRNA #2: 5°-
GAAATTAATACGACTCACTATAGGACCAGCACGGCCTCTATCAGTTTTAGAG
CTAGAAATAGC

gRNA #3: 5°-
GAAATTAATACGACTCACTATAGGTTAACGGCGAGTGGGTACCGTTTTAGAG
CTAGAAATAGC

gRNA #4: 5°-
GAAATTAATACGACTCACTATAGGTGACGTTGGAAGGCGTAGCGTTTTAGAG
CTAGAAATAGC

gRNA #5: 5°-
GAAATTAATACGACTCACTATAGGTTCCTCCTTCACGCGAGGAGTTTTAGAGC

TAGAAATAGC
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The PCR product was then purified using a PCR purification kit (Qiagen). I then
followed the manufacturer’s protocol for T7 mediated in vitro transcription of gRNAs
(MEGAscript™ T7 kit, ThermoFisher Scientific). Cas9 injection cocktail solutions
consisted of a final concentration of ~400 ng/pl Cas9 protein, ~100 ng/ul for each gRNA,
35% glycerol, and ~0.5 mg/ml fluorescent dextran (Alexa-Fluor 488, 10,000 MW,
ThermoFisher Scientific). Injected embryos were gently transferred to glass dishes filled
with FSW and kept at room temperature until they reached the developmental stage of
interest. After imaging, genomic DNA was extracted from single embryos using the
(QIAamp DNA Micro Kit). Genomic regions flanking putative cut sites, either for
MleKlf5a and MIeKlIf5b, or for off-target sites, were amplified and Sanger sequenced.

Both sbMO and gRNA/Cas9 solutions were delivered via microinjections into
zygotes that had been removed from their chorion and egg jelly (shucked). Embryos must
be shucked to be injected (Martindale and Henry 1997¢), and for every injection
experiment a pool of shucked, uninjected embryos was used as a control for phenotypes
caused by shucking. I scored the viability of un-shucked (wildtype) embryos, and found
that about 85% of hatchlings counted over multiple spawns developed normally (n=161).
Approximately 80% of shucked, uninjected embryos developed normally (n=217), which
was not statistically different than the viability rate of un-shucked embryos (Mann

Whitney U test; p=0.28).
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Figure 5.1 A) Gene models for MleKlf5a, MleKIf5b, and MleKIfX. The zinc finger DNA
binding domain is marked with a red square. Exons are yellow squares, and introns are
represented as lines. B) Location of MOs for MleKIf5a and MleKIf5b. Schematics of the
different mis-splicing events (on the left) that were detected through RT-PCR (labeled
with arrows on the gel). C) Location of a gRNA site for MleKlf5a and MleKIf5b, and the
corresponding sequence trace files showing degradation of the signal at the cut site
(arrow). This is due to the presence of INDELS that were created by Cas9 activity.
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MieKif5a MleKIf5b

Figure 5.2. Maternally deposited MleKIf5a and MleKIf5b transcripts. A) Expression of
MleKlf5a in the zygote stage. Transcript signal is found in the thin ring of cytoplasm. B)
MleKlf5a expression during gastrulation was found in all cells. C) MleKIf5b expression
was found in all the blastomeres during all cleavage stages. D) Expression of MleKIf5b
was found in all cells during gastrulation. In C) the embryo is laterally oriented, oral pole
at the top. B) and D) Oral view. Scale bars = 50 um.
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Figure 5.3. Zygotic expression of MleKlf5a (A-F) and MleKIf5b (G-P). Aboral view in
panels (A, C, E, G, I, K), lateral view in panels (B, D, F, H, J, P). During 9 hpf, MleKif5a
expression (A, B) was found in the endodermal cells of the developing tentacle bulb
(arrowheads), throughout the cells in the pharynx (ph), and in two patches of ectodermal
cells along the pharyngeal axis (A). MleKIf5b expression (G, H) was also seen in the
endodermal cells of the developing tentacle bulb (arrowheads), and in the pharynx (ph).
Unlike MleKlIf5a, MleKIf5b was also expressed in the cells surrounding the ctene rows
(asterisks). During 14 hpf, expression of MleKlf5a (C, D) remained in the pharynx (ph),
and was found in the median ridges of the tentacle bulbs (arrowheads). New expression
in the developing apical organ was also observed (arrow, D). MleKIf5b (1, J) expression
remained in the pharynx (ph) and in cells around the ctene rows (asterisks). Median ridge
expression (arrowheads) was also seen, along with expression in the apical organ (arrow).
These same patterns continued into hatching stages. MleKlf5a expression (E, F) was seen
in the pharynx (ph), median ridges (arrowheads), lateral ridges, gastrovascular cavity
(gv), and two territories in the apical organ floor (arrows). Similar expression patterns
were observed for MleKIf5b, in addition to the expression patterns seen in the cells
around the ctene rows (asterisks). Scale bars = 50 um.
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Lysotracker

Figure 5.4. Live image of a wildtype cydippid stained with vital dyes. A) Outer lateral
epithelium, with the tentacular axis running left to right. The polster cells, which bear the
ctene cilia are preferentially stained with Mitotracker (asterisks). Nuclei in the tentacle
can be seen (arrowhead). B) Medial plane of lateral view, showing elongated pharynx
(ph) connected to the gastrovascular cavity (gv) epithelium which is preferentially stained
with Lysotracker. Two tentacle bulbs with some exposed tentacle (arrowheads) can be
seen on either side of the of the gastrovascular cavity. Nuclei of the lithocytes can be seen
just aboral to the thick apical organ (ao) floor. C) Surface aboral view in which the
Mitotracker-positive pairs of ctene rows (asterisks) can be seen in each quadrant.
Extended tentacle can be seen (asterisk). The apical organ Mitotracker signal is
associated with the polar fields (along the pharyngeal axis) and cells that bear the dome
cilia (ring of cells around the apical organ floor). D) Medial plane of aboral view. The
four quadrants of the embryo are clearly visible, with a quarter of the of gastrovascular
cavity (gv) extending towards each pair of ctene rows (asterisks). The two tentacle bulbs
and tentacles (arrowheads) are visible on either side of the embryo, with the median ridge
(mr) situated in between the gastrovascular cavity epithelium. In panels (A, B), oral is up,
aboral is down. Scale bars = 50 pm.
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Uninjected Control KLF-MO KLF-Cas9

KLF-MO KLF-Cas¥ Bra-Cas®

Figure 5.5. Endodermal and pharyngeal phenotypes associated with knockdown of
MleKlf5a + MleKIf5b expression through morpholinos (KLF-MO) and Cas9 (KLF-Cas9),
and knockdown of brachyury expression with Cas9 (Bra-Cas9). A) Live image of a
wildtype embryo from Fig. 5.4. B, C) Live images of embryos with disorganized
gastrovascular cavity (gv) epithelium (mild phenotype). These embryos still underwent
mesogleal hydration, and pharynx (ph) elongation. Epithelial tissue invading mesogleal
space (arrow). D, E) Live images of embryos with defects in the aboral portion of the
pharynx. D) The junction between the pharynx and gastrovascular cavity is disrupted
(arrow). E) Pharynx with bifurcation at the aboral end (arrow). F, G) Embryos with
severe endodermal phenotypes, that failed to undergo mesogleal hydration and embryo
growth. The gastrovascular cavity (gv) fills the entire embryo, and the pharynx fails to
elongate. H) Bra-Cas9 embryos have a similar phenotype to the severe KLF-Cas9
injected embryos. These embryos also lack pharyngeal elongation, and mesogleal
expansion. [-K) Close-up view of embryos in (F-H) showing the difference in KLF-
MO/Cas9 and Bra-Cas9 at the oral pole. I, J) Pharyngeal tissue is formed in KLF
knockdown embryos (arrow), which fails to proliferate towards the aboral end. K) In Bra-
Cas9 embryos, no additional pharyngeal tissue was observed, only stomodeal cells
(arrow). Aboral end is down. ao — apical organ. Scale bars = 50 pm.
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mid late KLF-Cas9

Lateral

Figure 5.6. Cellular proliferation, measured by EdU incorporation, during
embryogenesis. A, B) Lateral view. A) A 14 hpf embryo with high cellular proliferation
in the pharynx and endodermal portions of the developing tentacle bulbs (arrows). B)
Proliferation occurs in the median ridge (arrows) of the tentacle bulbs. Proliferation in the
pharynx occurs in two territories; an oral territory (above the asterisk), and an aboral
territory (below the asterisk). C, D) Median plane, aboral view in which the median ridge
proliferation can be seen (arrows). E, F) Surface view of the apical organ. The developing
polar fields are proliferative, as are two small clusters of cells deeper in the floor of the
apical organ (inset). These cells most likely give rise to the lithocytes. G) Knockdown of
MleKlf5a + MleKIf5b expression with Cas9 (KLF-Cas9) results in a loss of proliferation
in the median ridge (arrows), as well as the proliferation in the oral portion of the
pharynx. H) Aboral view of 20 hpf embryo showing MleKIf5a expression in territories of
the apical organ where lithocytes most likely are formed (arrowheads). Scale bars = 50
pum.
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KLF-MO KLF-Cas9

Figure 5.7. MleKIf5b expression and EdU incorporation in the ctene row associated cells.
A) Image of in situ hybridization in 10 hpf embryo showing MleKIf5b expression in the
cells (arrows) surrounding the polster cells (asterisk). B) These MleKIf5b-postive cells are
proliferative, as indicated by EdU incorporation. C-F) Knockdown of MleKlf5a +
MIeKlIf5bh expression with MO (KLF-MO) or Cas9 (KLF-Cas9) does not alter polster cell
specification, and they retain the high Mitotracker signal (asterisks). C, E) Aboral view.
D, F) Lateral view, aboral end is facing down. Scale bars = 50 pm.
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Figure 5.8. Tentacle bulb phenotypes due to knockdown of MleKlf5a and MleKIf5b
expression. A, B) Magnified live image of a tentacle bulb from the wildtype embryo seen
in Fig. 5.4. Median ridge (mr). C, D) Knockdown of MleKlf5a + MleKIf5b with MO
(KLF-MO) causes a decrease in the overall tentacle bulb with a pronounced effect on the
median ridge (mr). E, F) A similar phenotype was observed in knockdown of MleKlf5a +
MleKIf5b with Cas9 (KLF-Cas9). A, C, E) Lateral view. aboral is down. B, D, F) Aboral
view. Scale bars = 25 um. G) A plot showing the distributions of median ridge lengths in
uninjected control embryos (mean 23 pm), KLF-MO embryos (mean 18.29 um), and
KLF-Cas9 embryos (mean 9.88 um). * denotes significantly different values compared to
uninjected controls (Mann Whitney U test; p<0.05). H) Schematic of a tentacle bulb in a
lateral view (top) and an aboral view (bottom), with features labeled. The tentacle (not
shown) is rooted and housed in the space labeled tentacle bulb. Length of the median
ridge is denoted with a red, dashed line.
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Figure 5.9. Loss of lithocytes due to knockdown of MleKIf5a and MleKIf5b expression.
A) Magnified live image of the aboral, apical organ from the wildtype embryo from Fig.
5.4. The lithocytes (asterisk), between 6-8, are housed in the dome cilia (arrow). B)
Knockdown of MleKlf5a + MleKIf5b with MO (KLF-MO) results in a reduction of
lithocyte production, sometimes resulting in a loss of lithocytes. Balancer cilia (asterisk)
and dome cilia (arrow) still form. C) A similar phenotype was observed in Cas9-mediated
knockdown of MleKlf5a + MleKIf5b (KLF-Cas9). Scale bars = 25 um. G) A plot showing
the distributions of lithocyte number in uninjected controls (mean of 6.5), KLF-MO
embryos (mean of 4.36), and KLF-Cas9 embryos (mean of 2.25). * denotes significantly
different values compared to uninjected controls (Mann Whitney U test; p<0.05).
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Figure 5.10. Zygotic expression of MleKIfX. A, B) On the surface of the apical organ
floor, MleKIfX is expressed in four clusters of cells, one in each quadrant and medial to
the ciliated grooves. C, D) Expression of M/eKIfX is additionally found deeper in the
apical organ floor, in four clusters of cells: two clusters along the pharyngeal axis, and
two perpendicular along the tentacular axis. Scale bars = 50 um.
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Figure 5.11. Percentage of embryos that had developed normally under different
conditions. Unmanipulated embryos were control embryos that were washed and filtered,
but not removed from the egg shell. 85.1% of these embryos developed normally
(number counted, n=161). Shucked, uninjected embryos were control embryos that were
washed, filtered, removed from the egg shell, but not injected. 80.6% of these embryos
developed normally (n=217). 79.6% of embryos injected with the control MO developed
normally. These results were not statistically different, p=0.28.
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Table 5.1. A list of top hits of putative off-target sites for guide RNAs (gRNAs). Genes
that contain putative off-target sites identified for each gRNA are shown. KLF-Cas9
injected embryos were sequenced to determine if these genomic sites showed any
evidence of off-target Cas9 activity.

# emb
Guide RNA (gRNA) Off target site Evidence of cut ebryos
sequenced
MLO021138a No 3
KLF5a gRNA.4
ML090223a No 3
ML096813a No 2
KLF5a gRNA.5 ML233111a No 1
MLO015610a No 1
ML02979a No 2
ML200217a No 2
KLF5b.gRNA.3
ML00332a No 1
ML00363a No 2
KLF5b gRNA 4 MLO077212a No 2



Chapter 6: Synthesis

One of the main goals of evo-devo is to elucidate how changes in developmental
processes over time have contributed to the overall evolution of different body plans
(Moczek, et al. 2015). A thorough understanding of the cellular and molecular processes
underlying development within a phylogenetic context are needed to make reasonable
comparisons and inferences of the developmental influence on evolution (Raff 2000;
Moczek, et al. 2015). Gene family evolution studies can provide insight into what genes
are conserved in multiple lineages, how these genes changed over time, and how those
changes contributed to morphological diversity (King, et al. 2008; Degnan, et al. 2009; de
Mendoza, et al. 2013; Moczek, et al. 2015). In my dissertation, I elucidated the
evolutionary history of the K/f gene family and examined their role in regulating
development in the ctenophore Mnemiopsis leidyi. I also took an in-depth look at
ctenophore gut morphology to re-examine the function of the anal pores, and discussed
the evolutionary implications of the ctenophore through gut.

Ctenophores are considered one of the earliest branching extant metazoan
lineages (Dunn, et al. 2008; Philippe, et al. 2009; Pick, et al. 2010; Ryan, et al. 2013;
Moroz, et al. 2014; Hejnol and Martin-Duran 2015; Telford, et al. 2015; Whelan, Kocot
and Halanych 2015; Shen, et al. 2017; Whelan, et al. 2017), and are characterized by
unique synapomorphic morphologies (Chun 1880; Harbison, et al. 1978; Harbison 1985;
Pang and Martindale 2008¢). They also exhibit interesting animal trait variations, for
example, presence of muscle cells (in some cases striated muscle, Mackie, et al. 1988)
but no evidence of many canonical muscle specification genes (Ryan, et al. 2013; Moroz,

et al. 2014), and an extensive set of neurons that lack many canonical animal
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neurotransmitters and neural fate genes (Jager, et al. 2011; Moroz, et al. 2014).
Understanding the genetic regulation of development in ctenophores, and comparing that
with what is found in other animals will provide insight into the underlying molecular
mechanisms of the evolutionary changes driving metazoan diversification.

Since comparative analyses are a major component of evo-devo studies, one of
the major challenges to overcome is the limited number of organisms that can be
subjected to detailed functional assessments (Moczek, et al. 2015). Although protocols
have been published for standard molecular work in the ctenophore M. leidyi (Pang and
Martindale 2008g), and plenty of gene expression patterns have been investigated
(Yamada and Martindale 2002; Yamada, et al. 2007; Pang and Martindale 2008f;
Layden, et al. 2010; Pang, et al. 2010; Pang, et al. 2011; Reitzel, et al. 2011; Schnitzler, et
al. 2012; Simmons, et al. 2012; Schnitzler, et al. 2014; Reitzel, et al. 2016), most
molecular work in ctenophores is still reliant on the seasonal availability of these animals.
Establishment of long-term laboratory cultures and the ability for lab-induced spawning
eliminates the reliance on wild caught animals. Therefore, my detailed protocols and
guidelines for the establishment of permanent laboratory cultures of M. leidyi in Chapter
2 should make functional, and subsequent comparative, analyses, like that of (Yamada, et
al. 2010) and my work presented in Chapter 5, more routine.

One advantage of maintaining lab-reared cultures of M. leidyi is the ability for
more nuanced observations of general morphology and behaviors that would otherwise
be missed in the wild. Due to the transparent nature of M. leidyi adults, I was able to
observe the full cycle of digestion, from ingestion of prey to the release of waste from the

anal pores. I showed that M. leidyi adults have a through-gut, and discussed in Chapter 3
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the evolutionary implications of this. The possession of a through gut in ctenophores
suggests that the ctenophore lineage independently evolved a through gut or that a loss of
the anal opening occurred in other non-bilaterian lineages (Presnell, et al. 2016). Either
way, this study shows why more careful morphological, behavioral, and physiological
studies are needed for ctenophores (and other non-bilaterians; Dunn, et al. 2008) to aid
inferences made about metazoan character trait evolution (Giribet 2015).

Although the functions of the Kriippel-like factor (KIf) gene family in regulating
aspects of development such as stem cell renewal, cell proliferation and differentiation,
and fate specification have been characterized in a handful of animals (McConnell and
Yang 2010; Bialkowska, et al. 2017), very little has been done to examine the
evolutionary history of this gene family. Because of their diverse roles in regulating many
cellular processes, studies of K/f gene family evolution can provide inferences about how
changes in these genes contributed to modifications found during metazoan
diversification. I was able to show in Chapter 4 that KIf genes are present in metazoans
and closely related unicellular organisms. Overall the mechanisms for K/f gene family
diversification included domain shuffling, gene duplication, and de novo domain
evolution. K/f gene family expansion mirrored the increased cell type diversity found
during metazoan diversification. This may reflect the association of K/f gene family
variation with the development of cell type repertoires needed to support complex tissues
within the Metazoa (Presnell, et al. 2015).

To elucidate the evolution of K/f function in metazoans, I examined the
expression patterns and molecular function of KIf genes during development in the

ctenophore M. leidyi. I characterized the expression patterns of the three M. leidyi KIf
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genes identified in Chapter 4, MleKlf5a, MleKIf5b, and MleKIfX, during embryogenesis,
and found that Ml/eKlIf5a and MleKIf5b were expressed in putative stem cell niches
undergoing cellular proliferation. MleKIfX, a highly divergent KI/f gene, was expressed in
a spatially restricted territory in the apical organ. The expression of MleKIfX was most
likely found in differentiated neuronal cells that are thought to be photoreceptors
involved in the bioluminescence pathway (Horridge 1964; Schnitzler, et al. 2012). To
further characterize these genes during development, I used two independent methods,
morpholino oligonucleotides and CRISPR/Cas9, to knockdown gene expression. When
MileKlIf5a and MleKlf5b expression was knocked-down, I observed a loss of normal organ
development coupled with a loss of cellular proliferation in putative stem cell niches. For
example, in the apical organ, the number of lithocytes was reduced, and in the tentacle
bulb, the median ridge decreased in size. The results from Chapter 5 support the idea that
regulation of stem cell proliferation and differentiation by KIf genes is conserved among

metazoans, and represents an ancestral function of this gene family.

Future Directions

Although my dissertation provides useful insight into K/f function during
ctenophore development, future studies can build off this work to further elucidate the
molecular mechanisms regulated by K/f genes during M. leidyi development.

What genetic mechanisms regulate the development of the unique traits in
ctenophores is still an open question (Dunn, et al. 2015). Based on my findings in
Chapter 5, MleKlf5a and MleKlf5b genes seem to play a role in the normal development

of the lithocytes and the tentacle bulb. To begin to generate gene regulatory networks for
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the development of these novel traits, expression analyses of candidate genes via in situ
hybridization can be assessed in KLF-Cas9 embryos. For example, members of the Wnt
and TGF-beta signaling pathways, and genes of the homeobox family exhibit spatially
distinct expression patterns in areas of the apical organ and tentacle bulb (Pang and
Martindale 2008f; Pang, et al. 2010; Pang, et al. 2011). These genes would be useful in
marking specific groups of cells associated with these organs, and to help determine
which cell types are specifically affected in KLF-Cas9 embryos. This would help refine
the functional role of MleKIf5a and MleKIf5bh during development of the apical organ and
tentacle bulbs.

Additionally, RNA sequencing data can be used to generate a broader set of genes
that exhibit differential expression upon knockdown of MleKlf5a and MleKIf5bh
expression. This would provide insight into what genes are regulated by these KIfs in
ctenophores. This can be combined with chromatin immunoprecipitation coupled with
sequencing (ChIP-seq) to elucidate the downstream targets of both MleKlf5a and
MleKlIf5b by identifying where MleKLF5a and MIleKLF5b directly bind along the
genome. However, a robust antibody is needed for this procedure, and currently,
ctenophore-specific antibodies do not exist. One possible workaround to making a KLF-
specific antibody, which is difficult due to the highly conserved DNA-binding domain, is
to use CRISPR/Cas9 to knock-in tags onto the genes and use antibodies against those
tags. For example, a knock-in of GFP onto the end of M/eKlf5a would enable an antibody
against GFP to be used during ChIP-seq to generate information on what genes

MIleKLF5a is directly binding. Ultimately, these experiments would provide a better
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understanding of how an ancient gene family has been co-opted for the development of
novel features, such as those found in ctenophores.

In order to make comparisons with other ctenophore species, KIf gene expression
patterns can also be examined during juvenile stages and in adult tissues in Mnemiopsis.
MleKlIf5a and MleKIf5b are expressed in putative stem cells in M. leidyi embryos
(Schnitzler, et al. 2014; Reitzel, et al. 2016), and these areas are similar to what has been
identified in adult Pleurobrachia (Alié, et al. 2011). Furthermore, adult Mnemiopsis have
the remarkable ability to regenerate large portions of missing tissue (Coonfield 1936;
Martindale 1986). Regeneration requires reprogramming of differentiated cells (Jopling,
et al. 2011), and KI/f4 is one of the known transcription factors involved in
reprogramming (Takahashi and Yamanaka 2006; Takahashi, et al. 2007). K/f5 and Kif4
are closely related, see Chapter 4, and thus it is likely that MleKIf5a and/or MleKIf5b

could potentially regulate regeneration in M. leidyi.

Dissertation summary

Overall, my dissertation encompassed multiple approaches in order to gain insight
into the early evolution of metazoans, including investigation of the functional
morphology of the ctenophore gut, as well as, examining the evolutionary history of the
Klf gene family. I was able to show that K/f genes, in ctenophores, regulate cellular
proliferation associated with proper organogenesis during embryonic development. My
results suggest that regulation of stem cell proliferation was most likely an ancestral
function of KIf genes in the Metazoa. The results presented here provide a framework for

future studies elucidating the molecular genetic regulatory networks underlying
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ctenophore development. Comparison to other animals will provide better insight into the
role Klf genes had on the origins and evolution of important metazoan character traits

such as multicellularity, stem cell maintenance, and cell fate specification.
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