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Abstract

The common marmoset (Callithrix jacchus) is a New World monkey endemic to Brazil. With its draft
genome assembly produced in March 2009, the common marmoset was the first New World monkey to
have a sequenced genome. For this reason, the common marmoset genome serves as a valuable tool for
examining transposable elements. Here, a novel transposable element identified in the common
marmoset genome, called the Kothi element, was the subject of our research. The characteristics of the
Kothi element were analyzed, and it was found to possess many traits common to a specific type of
transposable element called a retrotransposon.

Following manual analysis of the loci, primer pairs were designed using BioEdit and Primer3.

The primers were used in PCR reactions with a panel of New World monkey DNA. Presence/absence
data was obtained from the PCR results. From this data, it is clear that Kothi elements have been active
retrotransposons in the genomes of New World monkeys. Following phylogenetic analysis, the loci were
examined by PCR reactions in a common marmoset population genetics panel. From these PCR results, it
was found that some Kothi elements remain polymorphic among marmoset populations, indicative of

recent mobilization.

Introduction

The common marmoset (Callithrix jacchus) is a New World monkey, a term referring to a
monophyletic group of primates indigenous to the tropical areas of South and Central America.
Molecular evidence shows that these monkeys, also known as Platyrrhines, diverged from Catarrhines
between 40 and 44 million years ago (Steiper and Young, 2006). Between 15 and 19 million years ago,
Catarrhines split into Apes and Old World monkeys, which inhabit Asia and Africa and do not originate
from South America (Schrago and Russo, 2003). Because New World monkeys evolved in an

environment isolated from other primates, they are a very diverse group of species. New World
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monkeys are small to medium-sized monkeys that have broad, flat noses (Fleagle, 1999). New World
monkey species are in the Infraorder Platyrrhini, which is typically divided into three families: Atelidae
(spider, woolly, and howler monkeys), Cebidae (callitrichids, capuchins, squirrel monkeys, and owl
monkeys), and Pitheciidae (titi and saki monkeys). However, the branching order of these families has
not been resolved with absolute confidence. The common marmoset is a member of the Cebidae family
and the Callitrichine subfamily (Ray et al., 2005). Callitrichines diverged from other New World monkeys
approximately 18 million years ago (Abbott et al., 2003) and represent the smallest and most distinctive
New World monkeys. These monkeys are often brightly colored with little sexual dimorphism and very

short snouts.

Specifically, marmosets consist of 22 species belonging to the genera Callithrix, Cebuella,
Callibella, and Mico and are the smallest New World monkeys. The common marmoset, which is the
focus of this study, belongs to the genus Callithrix (Groves, 2001). Unlike other platyrrhines, marmosets
have some unique adaptations that prove essential for their diet and arboreal lifestyle. Marmosets have
enlarged incisors that they use to bite holes in trees to gain access to tree exudates. This adaptation is
specifically important for common marmosets. As a result of its seasonal forest habitats in northeastern
and central Brazil, the common marmoset depends heavily on tree exudates throughout the year when
fruit is scarce (Fleagle, 1999). Additionally, common marmosets have claw-like nails (tegulae) on all toes
but the hallux (big toe) which aid them in their locomotion through trees. Common marmosets typically
live in family groups comprised of 8-10 individuals (Stevenson and Rylands, 1988; Tardif and Smucny,
2003). Common marmoset social structure revolves around a stable, extended family unit containing a
few dominant breeding individuals with flexible mating behavior (Sussman, 2000). Within the family
unit, common marmosets practice cooperative breeding in which one couple acts as active breeders.

Other members of the family group contribute in alloparental care (Solomon and French, 1997).
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Combined with the common marmoset’s compact body size, the family-style social grouping makes the

common marmoset an ideal, low-maintenance animal for biomedical research (Abbott et al., 2003).

Common marmosets are not endangered in the wild and have been used for biomedical
research since the 1960’s. However, in the 1970’s primate exports from South American were banned,
which created a need to establish colonies. In the United States today, marmosets for research or
laboratory use come from captive colonies in National Primate Research Centers, academic institutions,
pharmaceutical companies, and commercial breeding facilities (Rylands, 1997). The marmosets housed
in these colonies have been used in a variety of research inquiries. Unique attributes of marmosets
present opportunities for biomedical research. They have been used in neuroscience studies on
Alzheimer’s (Geula et al., 2002), Parkinson’s disease (Jenner et al., 2000), stroke (Bihel et al., 2010;
Marshall et al., 2003), multiple sclerosis (‘t Hart et al., 1998), Huntington’s disease (Kendall et al., 1998),
spinal cord injury (lwanami et al. 2005), as well as post-traumatic stress disorder (Bremner et al., 1995;
Bremner et al. 1997; Gurvits et al., 1996). The size of the marmoset’s brain relative to its body is similar
to humans and has a well-developed cerebral cortex and cerebellum, making the marmoset well-suited
for studies in neuroscience. As a result of the marmoset’s relatively high reproductive rate, marmoset
embryonic stem cells were developed, which helped lead the way for the development of human
embryonic stem cells (Thomson et al., 1998, Thomson et al., 1996). However, inconsistencies in
marmoset embryonic stem cell development have held up any further development for their use as

research tools (Thomson & Marshall, 1998).

Unlike other primates, marmosets and other Callitrichids frequently give birth to two or more
offspring per pregnancy (Abbott et al., 2003). For example, in Jaquish et al. (1996), 39 term pregnancies
were observed in one common marmoset female. Of these 39 pregnancies, the marmoset gave birth to

five single offspring, 19 sets of twins, 13 sets of triplets, and 2 sets of quadruplets. The marmoset
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embryos form vascular connections between their placentae which enable them to interchange DNA
(Abbott et al., 2003; Moore et al., 1985). As a result, a phenomenon called chimerism occurs. A chimeric
organism contains two unique sets of cells. The DNA contained within each cell of the chimeric
individual is not identical as it is in non-chimeric individuals (Benirschke et al., 1962; Sweeney et al.,
2012). It has been suggested that this chimerism acts as a factor in the development of community
infant care among marmosets (Abbott et al., 2003; Haig, 1999). While the differences between
marmosets and humans may be more numerable than those between Old World monkeys and humans,
these physiological differences offer distinct opportunities for the utilization of marmosets in biomedical

research (Abbott et al., 2003).

The use of marmosets as models in biomedical research can be aided by further understanding
their genetic makeup. One aspect of marmoset genetics that is interesting in this respect is the makeup
of mobile elements in the marmoset genome. Mobile elements are thought to affect the genomes of a
wide range of organisms in a variety of ways. The majority of retrotransposon insertions are either
neutral or deleterious to the host genome (Cordaux et al., 2006). Mobile element insertions have the
potential to cause diseases by altering gene expression in these organisms, including humans (Callinan
and Batzer, 2006). Mobile elements can disrupt gene expression by facilitating a deletion of genetic
material. This can occur via insertional mutagenesis (Callinan et al., 2005; Gilbert et al., 2002) or mobile
element-mediated recombination (Han et al., 2008; Lee et al., 2008; Sen et al., 2006). As mobile
elements accumulate in the genome, it becomes more susceptible to nonallelic homologous
recombination events due to the high number of similar sequences. These recombination events can
result in genome rearrangements, which can result in deletions (Han et al., 2008; Konkel et al., 2010).
Additionally, the genetic material of some mobile elements has been shown to become functional via a
process called “exonization” (Lev-Maor et al., 2003). Consequently, mobile elements have a significant

impact on the structural variation of the genome.
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Mobile elements, or transposable elements, are segments of DNA that are mobile within the
genome. They were first discovered by Barbara McClintock in Zea mays through the observation of
multicolored kernel patterns (McClintock, 1956). In fact, mobile elements could make up more than two
thirds of the human genome (de Koning et al., 2011). Transposable elements can be broken down into
two categories—transposons and retrotransposons—based on the mechanism utilized to move
throughout the genome. Transposons move using a “cut and paste” mechanism and a DNA intermediate
(Craig et al., 2002). Retrotransposons are “copied and pasted” throughout the genome via an RNA
intermediate. Retrotransposons can be further categorized into non-LTR (long terminal repeat)
retrotransposons, which move via target primed reverse transcription (TPRT), and LTR retrotransposons,
which do not utilize TPRT (Coffin et al., 1997). An LTR retrotransposon such as an endogenous retrovirus
possesses long-terminal repeats, which are identical sequences of DNA that can repeat hundreds to
thousands of times within an LTR element. However, this study focuses on non-LTR retrotransposons,
which employ a mechanism called target primed reverse transcription (TPRT) to move throughout the
genome (Cost et al., 2002; Luan et al., 1993). Furthermore, a non-LTR retrotransposon can be
autonomous or non-autonomous. Autonomous elements code for the proteins necessary to carry out
TPRT (Dombroski et al., 1991). A long interspersed element, or LINE, is an autonomous element because
its open reading frames encode the enzymatic machinery used in TPRT. This enzymatic machinery
includes a protein with both endonuclease and reverse transcriptase capabilities, as well as a chaperone
protein that enhances retrotransposition, but is not required, for retrotransposition (Feng et al., 1996;
Khazina et al, 2011). Non-autonomous elements lack the means to produce their own proteins but
hijack the enzymatic machinery of the autonomous elements. Short interspersed elements, or SINE's,
utilize the proteins of LINE’s. For example, the primate specific Alu element, a SINE, uses the proteins

encoded in the open reading frames of the human LINE-1 (L1) retrotransposon to move throughout the



Arceneaux 6

genome (Dewannieux et al., 2003). The Kothi element was recently discovered. Its origin and

characterization are part of this study. It is thought to be a non-autonomous, non-LTR retrotransposon.

Retrotransposons contain three recognizable features that play important roles in their
movement via TPRT: an endonuclease cleavage site (endo site), target site duplications (TSDs) and an
oligo dA-rich tail (Szak et al., 2002; Cordaux and Batzer, 2009). The first essential step in the
retrotransposition mechanism calls for an RNA transcript of the repetitive element to be made. The
transcript is produced by an RNA polymerase and will have an oligo dA-rich tail on the 3’ end of the
element. The RNA polymerase used in the transcription varies according to what retrotransposon is
being copied. A nick is made at the target locus on one strand of the genomic DNA by an L1
endonuclease at an integration site (Jurka, 1997; Cordaux and Batzer, 2009). This is where the cleavage
site comes into play. Endonuclease enzymes make nicks at sequences called cleavage sites, which can
vary in length from 4 to 8 nucleotides. The cleavage site for L1 endonuclease typically has the sequence
5’-TTTT/AA-3’. However, it is not essential that the integration site contains this exact sequence
(Repanas et al., 2009). The L1 endonuclease makes the cut between the four T’s and the 2 A’s, making
the integration site available for the element. The oligo dA-rich tail of the RNA transcript then anneals to
the TTTT sequence made available after the cut. Following this binding, the L1 reverse transcriptase
carries out reverse transcription of the element. Following the reverse transcription, a second nick is
made on the complementary strand of the target DNA and the element is fully integrated into the target
site. The mechanism behind the second nick is currently not well understood (Dewannieux et al., 2003).
Movement via TPRT results in staggered DNA cuts in the genome, and DNA polymerase carries out the
extension of complementary DNA to fill in these cuts. After this occurs, the element is flanked by short
sequences of identical host DNA called Target Site Duplications. TSDs are the primary evidence that
TPRT has occurred (Szak et al., 2002; Cordaux and Batzer, 2009). They are one of the mechanism’s

principle characteristics and thus, a defining characteristic of retrotransposons.
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As the result of their “copy and paste” mechanism, retrotransposons accumulate in hierarchical
manner. Moving in this “identical by descent” fashion means that the ancestral state of a
retrotransposon insertion at any locus is the absence of that insertion. It also indicates that a shared
insertion of a retrotransposon with identical TSDs at a given locus signifies a common ancestor (Salem et
al., 2005; Ray et al., 2006). Namely, if a retrotransposon insertion is made in a primate genome, it is not
the result of convergent evolution. Consequently, any two primates that share an insertion at the same
locus must have shared a common ancestor. It is unlikely that all traces of a retrotransposon at a locus
would be removed, as precise deletions are rare (Ray et al., 2005; Ray et al., 2006). However, major
deletions that occur as the result of transposable element mediated recombination are more common.
Deletions of this type contribute to genome instability because recombination between two mobile
elements could result in the deletion of a functional region that contains multiple genes, as well as a
deletions of part of the mobile element. It is also possible for an element to be truncated. In fact, most
LINE-1 elements are significantly truncated upon insertion into the human genome (Vincent et al.,
2003). This unidirectional means of moving in the genome is what allows researchers to use
retrotransposons to elucidate phylogenetic relationships without making needless assumptions. While
the use of other types of genetic markers may yield unclear results because they are “identical by state,”
retrotransposons allow for a powerful, nearly homoplasy-free method of identifying phylogenetic
relationships because they are “identical by descent” (Konkel et al., 2010; Ray et al, 2006; Xing et al.,
2007). In this study, a novel retrotransposon called the Kothi element was analyzed and used to examine
the phylogenetic relationships between New World monkeys. Through this analysis, more information
can be obtained regarding the genetics of marmosets and New World monkeys. Learning more about

the genetics of marmosets can benefit the scientists using marmosets for biomedical research.



Arceneaux 8

Materials and Methods
Manual Analysis of Kothi Loci:

A consensus sequence for the Kothi element was constructed and used in a local installation of
RepeatMasker (Smit et al., 1996). The common marmoset reference genome (Callac3.2) was run
through the local installation of RepeatMasker using a custom library, which included the Kothi element
consensus sequence, along with the Alu consensus sequence. These RepeatMasker (Smit et al., 1996)
results were used with a local installation of BLAT with custom scripts (Kent, 2002) to obtain all Kothi
element sequences in the common marmoset reference genome (Callac3.2). Additionally, each element
was retrieved with 500 bp of flanking sequence one each side of the element from the marmoset
genome (Callac3.2) using a local installation of BLAT (Kent, 2002). These sequences were put into a
BioEdit file (Hall 1999). For purposes of this study, 1,125 Kothi elements were aligned and analyzed. New
World monkey specificity for the Kothi element was confirmed by using BLAT to compare the common
marmoset (Callac3.2) and human (hg19) reference genomes. Following the verification, target site
duplications, endonuclease cleavage site, and oligo dA-rich tail were identified and recorded for each
locus in an Excel spreadsheet. Excel sorting functions were used to obtain data used to create graphs
regarding TSD length distribution and variation in oligo dA-rich tail length. It is important to note that
when recording the length of oligo dA-rich tails, any A’s that were present in the TSD were not included
in the length of the oligo dA-rich tail. The endonuclease cleavage site sequences for each locus were
plugged into a web-based application called WebLogo which generated a graphical figure illustrating the

most common bases in each position of the cleavage site (Crooks et al., 2004).

Primer Design:
For locus-specific primer design, the youngest appearing candidate loci (i.e. loci with the fewest

number of random mutations) were selected from each Kothi subfamily. In addition, Kothi elements had
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to be close to full-length. For each candidate locus, orthologous sequences from the human (hg19),
chimpanzee (panTro4), orangutan (ponAbe2), rhesus macaque (rheMac3), and squirrel monkey (saiBol1)
genome assemblies were obtained from BLAT. The sequences were aligned using BioEdit (Hall 1999).
Primers were designed by locating the best conserved regions of flanking sequence and subsequently
using Primer3 (Rozen and Skaletsky 2000). Default settings for Primer3 were used with the following
exceptions: a minimum annealing temperature of 57°C, a maximum temperature of 61°C, and a
maximum of 4 consecutive identical nucleotides. Results from Primer3 were chosen according to the
level of apparent conservation in the orthologous sequences where the primer was located. In other
words, the primer with the least number of mutations in the orthologous sequences was selected.
Additionally, primers with mutations within the 3’ end were avoided. The chosen primer was then run
through BLAT to verify its uniqueness in the marmoset genome. Following this verification, the primers
were run through the UCSC in-silico PCR program to be certain that the primers resulted in only one PCR
product and to record the expected amplicon sizes of the empty sites which lack the Kothi insertion and
filled sites which contain the insertion (Kent 2002). The Sigma-Aldrich (Woodlands, TX, USA) stock
primers were then resuspended to a concentration of 100 uM and diluted with TLE buffer (10mM Tris-
HCl / 0.1mM EDTA) to 2 uM. Once this was complete, each primer pair was tested using PCR with Hela

DNA (human cell line HelLa-CCL-2 from ATCC) (Table 1).

Polymerase Chain Reaction:

Primers were tested with PCR using the following protocol: initial denaturation at 95°C for one
minute, 32 cycles of denaturation at 95°C for 30 seconds, annealing at 57°C (if not otherwise indicated)
for 30 seconds, and extension at 72°C for 30 seconds, the protocol ended with additional extension at
72°C for two minutes and a holding temperature of 25°C. If the primer pair amplified successfully with

the annealing temperature of 57 °C, the chosen loci were run on a phylogenetic panel containing the
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DNA of 11 different New World monkeys with TLE as a negative control, and Hela, chimpanzee, and
African green monkey as outgroups (Table 1). If the primer pair did not amplify successfully in the test,
PCR was run with HeLa DNA and common marmoset DNA (NE 8) using a protocol with a 50°C -60°C
annealing temperature gradient in order to determine an appropriate annealing temperature. Once the
appropriate annealing temperature was determined for the locus, it was run on the New World monkey
phylogenetic panel. The thermal cycler protocol for the phylogenetic panel was consistent with that of
the aforementioned primer test with adjustments of the annealing temperature made when necessary.
The reactions were run using a Perkin ElImer GeneAmp 9700 or a BioRad i-cycler thermal cycler and
MicroAmp Optical 96-well Reaction Plates with a volume of 25 pl used for each PCR reaction. Each PCR
reaction contained the following ingredients: 15-25 ng of template DNA, 200 nM of each oligonucleotide
primer, 1.5-2 mM MgCl,, 1X PCR buffer (50 mM KCl; 10 mM TrisHCI, pH 8.3), 0.2 mM dNTPs; and 1-2 U
Tag DNA polymerase. Following the PCR, the PCR products were size fractioned using gel
electrophoresis at 200V for 50 -70 minutes on 2% agarose gels with 0.1 pg/mL ethidium bromide.
Following electrophoresis, the loci were visualized using UV light. Presence/absence data for each locus

was then recorded.

If a locus amplified only in common marmoset in the phylogenetic panel, PCR using a common
marmoset population panel was performed. The population genetic panel (Table 2) contained DNA from
24 common marmoset individuals from three different colonies. HelLa was used as an empty site control
amplifying the pre-insertion site, and pygmy marmoset was used to verify that the locus was common
marmoset-specific, also amplifying the pre-insertion site. The thermal cycler protocol was identical to
that used for the phylogenetic panel. Again, PCR products were size fractioned using gel electrophoresis.

Presence/absence data for each locus was recorded following visualization with UV light.
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DNA Sequencing:

If a fragment of unexpected size amplified in a phylogenetic species panel, meaning an aberrant
band amplified unexpectedly, DNA sequencing was performed. The aberrant fragments of PCR reactions
were excised from the agarose gel using a straight razor blade. PCR products Gel slices were purified
using Wizard SV Gel and PCR Purification System from Promega (Promega Corporation, Madison, WI,
USA, catalog A9282). The standard protocol was used for all but one step. We performed two final
elution steps with 50 ul Nuclease-Free Water instead of the one listed in the Wizard System’s standard
protocol. This was done to maximize the yield of DNA sample from the purification process to be used in
the next step: sequencing PCR. Once purified, the DNA for each locus was used for sequencing PCR with
the following thermal cycler protocol: hot start at 95° C, initial denaturation at 95°C for two minutes, 40
cycles of denaturation at 95°C for 10 seconds, annealing at 50°C for 5 seconds, and extension at 60°C for
4 minutes, and a holding temperature of 4°C. Following the sequencing PCR, the PCR products were
precipitated using EDTA, 100% ethanol, and 70% ethanol. The PCR products were sequenced using
Sanger sequencing on an ABI 3130x| genome analyzer. This was done in order to confirm the presence
or absence of a Kothi element. Once sequence was obtained, the next step was to analyze and align it
with the original locus containing a Kothi element marmoset using DNASTAR Version 5.0 and BioEdit.
From here, it was determined whether the Kothi insertion was in fact shared, or if the site appeared to

be filled due to the presence of a different repetitive element.
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# Species Common name Origin ID

1 Homo sapiens Human ATCC Hela CCL-2

2 Pan troglodytes Common IPBIR NS06006
Chimpanzee

3 Chlorocebus aethiops African Green ATCC CCL70
monkey

4 Lagothrix lagotricha Woolly monkey Coriell NGO05356

5 Ateles belzebuth White bellied SDFZ KB6701
spider monkey

6 Alouatta sara Bolivian red SDFZ OR749
howler monkey

7 Callithrix jacchus Common NERPRC ¢j393-99, A02-
marmoset 738

8 Callithrix pygmea Pygmy marmoset | SDFZ OR690

9 Saguinus fuscicollis nigrifrons Geoffroys saddle- | SDFZ OR621
back tamarin

10 Cebus Capuchin monkey | KP CA003

11 Saimiri s. sciureus Squirrel monkey SDFZ KB4544

12 Aotus trivirgatus Owl monkey ATCC CRL1556

13 Pithecia p. pithecia Northern white- SDFZ OR842
faced saki

14 Callicebus d. donacophilus Bolivian gray titi SDFZ OR1522

ATCC: From cell lines provided by the American Type Culture Collection

IPBIR: Integrated Primate Biomaterials and Information Resource
Coriell: Coriell Institute for Medical Research, 403 Haddon Avenue, Camden, NJ

SDFZ: San Diego Frozen Zoo, Conservation and Research for Endangered Species (CRES)
NERPRC: New England Regional Primate Research Center
KP: Kimberly Phillips, Trinity University




Table 2. Common Marmoset Population Panel
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# Sex | Litter PRC Origin | ID Alternate ID Other ID
Makeup
1 F Unknown NERPRC cj 337-00, A03,168 | Cm_NE-10 cj 337-00
2 F Unknown NERPRC cj 15-98, A02-446 Cm_NE-6 cj 15-98
3 F Unknown NERPRC cj 65-98, A03-145 Cm_NE-9 cj 65-98
4 M Unknown NERPRC cj 99-01, A02-485 Cm_NE-3 cj 99-01
5 M Unknown NERPRC cj 389-97, A02-387 Cm_NE-1 cj 389-97
6 F Unknown NERPRC cj 12-97, A02-737 Cm_NE-7 cj 12-97
7 M Unknown NERPRC ¢j 215-99, A02-677 | Cm_NE-5 cj 215-99
8 F Unknown NERPRC 32782 Cm_1-2008 1-2008
9 M Unknown NERPRC cj 501-98, A02-498 | Cm_NE-2 cj 501-98
10 M Unknown NERPRC cj 72-98, A02-584 Cm_NE-4 cj 72-98
11 F Unknown NERPRC cj 393-99, A02-738 | Cm_NE-8 cj 393-99
12 F Unknown NERPRC Cm_SW-27537 Cm_SW-27537 | 27537
13 M 3 males SWNPRC Cm_SW-19478 Cm_SW-19478 | 19478
14 F Unknown SWNPRC Cm_SW-27552 Cm_SW-27552 | 27552
15 M 2m., 1f SWNPRC Cm_SW-17461 Cm_SW-17461 | 17461
16 M 2 males SWNPRC Cm_SW-17953 Cm_SW-17953 | 17953
17 M 3 males SWNPRC M32784 Cm_272 272
18 M 1 male SWNPRC Cm_SW-19570 Cm_SW-19570 | 19570
19 F 2 females SWNPRC Cm_SW-25556 Cm_SW-25556 | 25556
20 ? Unknown WNPRC Cm_34040 Cm_34040 CJ0910
21 ? Unknown WNPRC Cm_34044 Cm_34044 CJ1544
22 ? Unknown WNPRC 33426 Cm_CJ1590 CJ1590
23 ? Unknown WNPRC Cm_34042 Cm_34042 CJ1660
24 ? Unknown WNPRC Cm_34043 Cm_34043 CJ1580
NERPRC: New England Regional Primate Research Center

SWNPRC: Southwest National Primate Research Center
WNPRC: Wisconsin National Primate Research Center




Arceneaux 14

Results and Discussion

Manual Analysis of Kothi elements:

Data obtained through the analysis of 1,125 Kothi elements suggests that the Kothi element is a
non-autonomous retrotransposon. The Kothi element possesses three characteristics indicative of a
non-LTR retrotransposon: an endonuclease cleavage site, target site duplications, and an oligo dA-rich
tail, that are shown in Figure 1. The element is typically ~120 base pairs in length including the oligo dA-
rich tail at the 3’ end of the element. Deviation in total element length occurs due to variation in the
length of the oligo dA-rich tail. Most oligo dA-rich tails are between 11 and 18 base pairs in length with
an overall range of 11-40+ base pairs (Figure 1). A portion of the Kothi elements analyzed contained
oligo dA-rich tails shorter than 11 base pairs. However, this only occurred when a significant portion of
the oligo dA-rich tail was included in the TSD. The length of the element’s TSDs also varies considerably.
Like the oligo dA-rich tail, most of the TSD’s are between 11 and 18 base pairs in length. TSD length in
the Kothi element ranges from 4 to 40 base pairs (Figure 2). For the L1 endonuclease, a consensus
sequence of six nucleotides (5’-TTTT/AA-3’) is recognized as the cleavage site. Of the 1,125 Kothi
elements, the most common base in each position of the site is represented in Figure 3. The consensus
sequence in the figure (5’-TTTT/AA-3’) is in agreement with the accepted consensus sequence for the
endonuclease cleavage site of L1 endonuclease. However, the relationship between L1 endonuclease
and this consensus sequence is not strict. Out of the 1,125 Kothi elements analyzed, 209 possessed this

exact sequence at the endonuclease cleavage site.
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Variation in Oligo dA-rich Tail Length

11-18 bp 7—'—'-
19-25 bp _
26-40 bp _

40+ bp _F

0 200 400 600

Number of Loci

Figure 1. Oligo dA-rich Tail Length Distribution among Kothi loci. A length
between 11 and 18 base pairs was most common.

TSD Length Distribution

85

i 0-10 bp

M11-18 bp

L 19-35 bp

Figure 2. TSD Length Distribution among Kothi loci. The majority of the
1,125 Kothi loci analyzed had TSD’s 11-18 base pairs in length. The chart
shows the number of loci possessing TSDs of the specified length.
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Figure 3. Distribution of Endonuclease Cleavage Site Sequences. From the analysis of
1,125 Kothi element loci, the most common bases at each position are shown. The height
of each stack of residues is measured in bits (shown on y-axis). The horizontal axis
indicates the position in the cleavage site.

Phylogenetic and Population Analysis:

Of the 1,125 Kothi elements analyzed, oligonucleotide primer pairs were designed for 152 loci
and tested for amplification. Forty-three of these primer pairs did not amplify initially and needed to be
redesigned. With these additional primer pairs, a total of 195 loci were tested for amplification. Out of
the total designed primer pairs, 156 were considered usable for phylogenetic analysis. The reliability of
the panel results was based on how many of the panel species amplified. No more than two
amplification failures were allowed for a panel to be considered successful. Out of 156 phylogenetic
panel results, 81 loci amplified in enough species of the panel to be used in this study. PCR results from
the 81 successful phylogenetic panels, supported the results for the manual analysis of 1,125 Kothi
elements: the Kothi element is a New World monkey specific mobile element. The PCR results also show
that there are polymorphic loci present in the common marmoset. Phylogenetic panel results from

successful PCR generated four outcomes. The first option was that the locus was present in all New



Arceneaux 17

World monkeys on the panel (7 of 79). The element sequences at these loci were usually the most
mutated, indicating that they were older than the other elements analyzed. The second was that the
Kothi element insertion was present in common marmoset, pygmy marmoset, and tamarin (24 of 79).
The third was for the locus to be present in both common and pygmy marmoset (38 of 79). The fourth
was that the locus was present in only common marmoset (12 of 79). Examples of loci for these results
are shown in Figure 4A-D with the percent distribution shown in Figure 4E. Any loci that did not

originally fall within these four categories were resolved with DNA sequencing.

Sanger sequencing was performed on a total of 14 loci with nine yielding successful results. Four
of the remaining five loci did not yield reliable DNA sequences following Sanger sequencing. One of the
five unsuccessful loci did not amplify in sequencing PCR. A locus was chosen to be sequenced if the PCR
amplicon was longer than expected. This would appear as a larger than expected band on an agarose gel
following UV visualization. Two of the 14 selected loci possessed amplicons that appeared to be the
same size as the Kothi insertion. The remaining 12 loci had fragments that were significantly larger in
size than a Kothi insertion, and they were sequenced in order to determine if the large amplicon
contained a Kothi element within it. Three of the nine successfully sequenced loci showed the presence
of a shared Kothi insertion between the species sequences and the common marmoset. The species of
these three loci were the capuchin monkey, squirrel monkey, and pygmy marmoset. The remaining six
successfully sequenced loci did not show shared Kothi insertions. Unique upstream and downstream
sequences were able to be aligned with common marmoset, indicating shared unique sequence. In four
of the six loci, the downstream alignment was less than 50 base pairs. In these alighnments, it was
apparent that the sequenced loci did not contain the Kothi element insertion at their respective loci.
When run through RepeatMasker (Smit et al., 1996), a sequence from owl monkey was recognized as an

Alu insertion. For the remaining five loci, it was determined that the extra sequence in the amplicon did
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not contain a Kothi element. For each atypical locus, the sequencing results lead to the locus belonging

to one of the four pre-defined categories shown in Figure 4.

The Kothi element loci specific to the common marmoset are the youngest. In agreement with
the common-marmoset specific elements being the youngest, these loci were the most similar to each
other and had the least number of random mutations. A Kothi insertion specific to common marmoset
could be polymorphic within the common marmoset population. To test this, Kothi elements specific to
common marmoset were tested on a population panel that contained 24 common marmosets from
three Primate Centers. Out of 12 common marmoset-specific loci run on a common marmoset
population panel, 10 were fixed present for the insertion in all 24 common marmoset individuals, while
2 loci were polymorphic (variable presence / absence pattern) within the common marmoset
populations. The PCR results from a polymorphic locus determine whether the individual is homozygous
or heterozygous for the presence of the Kothi element (Figure 5). The individual can have a homozygous
filled site, meaning the marmoset possesses two alleles with the Kothi insertion, or a homozygous
empty site indicating two alleles without the insertion. A possible third option is that the individual is
heterozygous for the allele, meaning that the individual contains one filled allele and one empty allele. A
polymorphic element could still be active in the common marmoset lineage, indicating that it is not yet
fixed at that locus within the population. Ongoing retrotransposition generates both inter- and intra-

population diversity.

Because of the retrotransposon character of the Kothi element, it can be used as a phylogenetic
marker. Non-LTR retrotransposons are considered to be “identical by descent,” meaning that a shared
insertion at a locus indicates a common ancestor. As a result of the “copy and paste” mechanism used
by non-LTR retrotransposons, using the Kothi retrotransposon as a phylogenetic marker is a nearly

homoplasy-free method. The results of the phylogenetic analysis were consistent with, and added
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support to, the current view of New World monkey phylogeny and did not further resolve any additional
lineage branches. Analysis using the common marmoset population panel revealed that some Kothi
elements are not fixed in the common marmoset population. These polymorphic loci could still be
actively carrying out retrotransposition in the common marmoset genome. It is also possible that
retrotransposition may have ceased very recently. It is important to note that active retrotransposition
is not exclusive to polymorphic loci. While the activity level of polymorphic loci is more clearly visible
using laboratory methods, fixed loci can still have the ability to propagate throughout the genome. Even

if a locus is fixed within a population, it can still be an active retrotransposon.

Conclusions:

The Kothi element is a non-autonomous retrotransposon that is specific to New World monkeys.
When used in New World monkey phylogenetic analysis, the presence and absence data of the Kothi
element confirmed and supported the current view of New World monkey phylogeny. Although the vast
majority of Kothi element loci appeared fixed present in the New World monkey phylogenetic panel,
two of the 79 loci were found to be polymorphic. The presence of these loci indicates recent or possibly
ongoing retrotranspositional activity of the Kothi element in the common marmoset genome, which
demonstrates continued diversity between the three common marmoset populations analyzed. This
study illustrates and analyzes the key features of the Kothi retrotransposon in the common marmoset

genome, as well as indicates the Kothi element’s value in phylogenetic and population genetics studies.
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ABCDEFGHIJKL MNOP Label Sample in New Word monkey
Panel
g ——-y = A 100 bp ladder
--"

B TLE (negative control)
C Human

D Common chimpanzee
E African green monkey
F Woolly monkey

G Spider monkey

H Howler monkey

| Common marmoset

J Pygmy marmoset
K Geoffroy’s saddle-back tamarin
L Capuchin monkey
M Squirrel monkey
N Owl monkey
(0] Northern white-faced saki
P Bolivian gray titi
E) Distribution of PCR Results Figure 4. Agarose gel pictures of Kothi ele-

ment insertions. A) All New World monkeys

in the panel contain the element. B) The ele-
15% mentis present in common marmoset,
uA pygmy marmoset, and tamarin (higher
.8 bands). C) Common and pygmy marmoset
c contain element. D) Common marmoset only
o contains element. E) Graph representing dis-
1o tribution of PCR results. Segments A-D repre-
sent the four pictures labeled A-D. The most

common result was Figure 4C.
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NERPRC

Figure 5. Agarose gel picture of a polymorphic locus. Common marmoset individuals from the New England,
Southwest, and Wisconsin colonies were analyzed. It is clearly visible that an individual can possess one of
three different genotypes: homozygous empty (bottom band only), homozygous filled (top band only), or
heterozygous sites (both bottom and top bands). [A: 100 bp ladder; B: TLE; C: Human; D: Pygmy marmoset;
NERPRC: New England Regional Primate Research Center; SWNPRC: Southwest National Primate Research
Center; WNPRC: Wisconsin National Primate Research Center]

Future Work:

In order to enhance the scope of this study, continued phylogenetic and population genetic
studies are necessary. Further the analysis of the Kothi element could aid in determining where exactly
the Kothi element is derives from. Because it is newly discovered, the Kothi element does not have the
same background and history available that other retrotransposons have, such as Alu and LINE-1.
Further study with a more fine tuned analysis would be beneficial in this respect. Additionally, further
population genetic studies would aid in preserving the diversity between the colonies of common
marmosets. Prevention of extreme homogenization or extreme diversification is essential to continued
health of the population, as well as continued use in biomedical research. Study of the Kothi element

could also be broadened to the genomes of other New World monkeys, such as the squirrel monkey.

Additionally, the growing field of personalized medicine creates the need for more comparative
genomic research. DNA sequencing and genome assembly are becoming less expensive, and the

opportunity to directly compare genomes will become more available to the medical field. Because
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mobile elements have been shown to cause disease in humans, mobile element research can enhance
the field of medicine. As a future physician, the possibility treating someone used an individualized
treatment based on their genetics excites me. | am certain than future work in this field will greatly

impact the world of medicine in my lifetime.
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