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Abstract

Forensic anthropologists and bioarchaeologists are often confronted with the problem of
sex determination in poorly preserved, skeletonized, adult, human remains. This thesis
tests the ability of newly developed DNA methods to address this problem. Using a blind
research design, four molecular DNA techniques - ameloéenin, alphoid repeats, SRY (sex
determining region of the Y-chromosome) and Y-STRs (short tandem repeats) - are
assessed for their ability to determine the sex of 19 skeletons with known morphological
and/or documented sex. The skeletons represent both historic and ancient human
remains. The latter are from a Roman cemetery in the Dakhleh Oasis, Egypt (n=13),
while the former are from historic 19™ century cemeteries in London, Ontario (n=4) and
Thunder Bay, Ontario (n=1); as well as, an unidentified skeleton from a forensic cold
case (CFS file # A-475-95).

It was hypothesized that the alphoid repeat technique should yield the best results
due to their position near the chromosomal ends and the nature of DNA degradation. The
results show that although the alphoid repeats typed for all but one sample, the
amelogenin had a superior performance, especially for the historic samples. The SRY
method was very poor, appearing for only two samples, and the Y-STR method did not
yield amplification at all. The latter was unexpected and disappointing, because it Y-
STRs have the potential to aid in male individuation in addition to its inherent ability to
identify sex. The implications for both forensic and bioarchaeological research are far
reaching.

Based on the data from this thesis, two important conclusions emerge. The first is

that the results of the amelogenin locus on 100-year-old samples are encouraging. This
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shows that even in samples with relatively high degradation, the sex of an individual is
still ascertainable and this is important for forensics, especially where cold cases are
concerned. The second conclusion is that more research is definitely required given the
poor performance of the alphoid repeat and Y-STR methods. These include studies to
determine more stringent contamination checks, such as mtDNA sequencing of all

samples yielding results for ancient DNA (aDNA).

/)
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Chapterl: Introduction

Statement of Problem

A long standing research problem in the bioarchaeological and forensic sciences is the
'sex determination of pre-pubertal and poorly preserved adult remains (Dorion 1973).
The lack of sexual dimorphism in the skeletal morphology of pre-adults and the
destructive environmental exigencies of select regions of the skeleton of adults (i.e. Os
pubis) are the key respective reasons for these problems. The fact that in well
represented ‘normal’ ancient population samples, approximately half the population are
subadults (Molto 2000), and children are often victims of homicides (Faerman and Bar-
gal 1998), underscores the importance of improving our ability to determine sex in
skeletonized, unidentified human remains. In recent years a number of molecular
techniques utilizing specific DNA loci have shown great potential to address this issue
(Witt and Erickson 1989; Sullivan et al. 1993; Santos et al. 1998). These techniques are
possible because of a number of breakthrough molecular technologies, particularly the
polymerase chain reaction (PCR) (Mullis K. et al. 1986). This technique makes possible
the amplification of highly degraded samples, and has been successfully applied to
tissues several thousand years old (Higuchi R.G et al. 1987; Paabo S et al. 1988;
Woodward et al. 1994). This amplification rests on the stability of nucleic acids,
particularly in calcified tissue (i.e. bone and dentin) from diverse taphonomic
circumstances. The specificity of DNA when properly extracted and amplified makes it
an invaluable tool in gender individuation for all age groups. This thesis tests the
efficacy of several recently developed DNA based methods using a blind research design

on excavated skeletal remains of which sex is known from morphological and/or
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documentary evidence. The importance of the blind study design in this area of DNA
research cannot be overstated. If the sex of a skeleton is known prior to attempting the
molecular analysis, inherent biases can enter unintentionally into the research. The
temptation for the researcher to re-analyze a sample that is mistyped is great and if this
were to occur, the results and ultimately the methodology will be influenced. This is
especially true for forensic sample because they are not retested until you get the result
you want. The samples are analyzed and the results are reported.

This thesis incorporates four systems for identifying the genetic sex of an
individual. They are the sex determing region of the Y-chromosome (SRY), the
amelogenin loci, the alphoid repeats, and Y-chromosome short tandem repeats (Y-STR).
The SRY and Y-STR systems both identify male specific DNA (i.e. found only on the Y-
chromosome) and thus will identify a male sample in the event that these regions of DNA
are present. The other two loci (amelogenin and alphoid repeats) are found in both male
and female DNA. The reason these genetic regions are used is because it has been
demonstrated the length of DNA in these regions differs between males and females.
With this in mind, the working hypothesis for this thesis suggests that the alphoid repeats
should yield the best results when analyzing ancient or degraded tissue (Matheson and
Loy 2001). This hypothesis is based on the knowledge that due to chromosomal location,
the alphoid repeats should have greater protection from degradation. Replication and by
inference, degradation usually starts at the telomeres (ends of the chromosomes) and
works its way in (Medina 2003), thereby degrading the most peripheral loci first. The
samples used herein span a considerable time frame, from ancient historic to modemn

historic. The ancient historic samples are from the Dakhleh Oasis, Egypt, while the
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historic samples are from several cemeteries; one from London, Ontario and one from
Thunder Bay, Ontario. The final sample is also modern historic and is from a forensic
cold case (CFS file # A-475-95). The information derived from this research is used to
assess the feasibility of sex determination in subadult skeletons from an ancient Egyptian
population. The implications of this research for the fields of forensics and ancient DNA
are profound. |

The thesis is organized in the following chapters. Chapter 2 provides a historical
overview of the theoretical foundation of sex determination in mammalian cells including
the recent advancements involving DNA research. Chapter 3 overviews the field of
ancient DNA (aDNA) research as it pertains to early attempts at sex determination and
the use of Y-chromosome STRs in ancient studies. Chapter 4 describes the skeletal
samples and molecular techniques used in the analysis, while Chapter 5 covers the results

and Chapter 6 the discussion and conclusions respectively.
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Chapter 2: History of Cytological/Molecular Sex Determination

Theory and Methods in Cellular Biology

As this thesis is concerned with testing and optimizing new molecular methods in sex
determination, a review of sex determination methodology is required. This research is
rooted in traditional cellular and reproductive biology. Sexual reproduction began when
organisms that reproduced asexually via fission (mitotic divisions) started to mix genetic
information from different individuals. The origin(s) of this is still debated, but what is
certain is that this new form of reproduction had advantages over asexual reproduction
despite some costs (Daly and Wilson 1983). One of the costs, in fact, was the evolution
of sex with sexes. An enormous amount of energy is utilized to differentiate males and
females developmentally, but the widespread success of this across the animal kingdom
is testimony to the selective advantages that it must have provided, in addition to the
advantages of sexual reproduction.

In theory, the evolution of sexes is thought to arise from gamete size competition;
with the female producing larger gametes being the one constant that separates males
from females in all species (Daly and Wilson 1983). It is argued that sexual reproduction
evolved as a competitive advantage during times of environmental stress so that the
organisms with favourable genes would survive to pass them on to their offspring.
Mixing “parents” with certain favourable genes could potentially pass on combinations of
these “good” genes, or pool these advantageous genes in a single genome, thereby
increasing the fitness of their progeny in uncertain and stressful environments (Becker
1986; Anderson 1992). Organisms that evolved this strategy thus developed a

competitive reproductive advantage, especially in times of duress.
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The benefits of sexual reproduction have been selected over many millennia and
have produced numerous independently designed and interesting variants of sex
determination. This includes the temperature regulation systems found in some reptiles,
the ZW system found in birds, some fishes and moths and the XY system found in most
mammals. The latter, of course, is most appropriate to this thesis although the evolution
of the XY system is lost in antiquity; one hypothesis however, states that the X and Y
chromosomes arose independently from different autosomal pairs in a common ancestor
(Roldan and Gomendio 1999).

This DNA based research is therefore predicated on the fact that the human genome, like
that of most mammalian genomes, utilizes the XY system of sex determination. The XY
male and XX female genotypes have long been differentiated at the cellular level and
many techniques have utilized the inherent properties of the human karyotype to
determine sex (e.g., Barr body technique based on the Lyon Hypothesis and H-Y antigen
levels). These systems will be briefly overviewed as they are pertinent to understanding

the theoretical basis and specificity of the DNA methodologies.

Barr Bodies and the Lyon Hypothesis

The sex chromatin body (better known today as the “Barr body”) was initially discovered
in 1909 by Ramon Y Cajal, a Spanish neuroanatomist, who researched the cells of cats,
dogs, and humans. However, he was unaware of how these bodies related to sex
determination. Significant progress with respect to the sex chromatin was not made until
1949. In that year, the Canadian researchers Murray Barr and Mike Bertram at the
University of Western Ontario in London, reported that the nuclei in nerve cells of cats in

the two sexes were characteristically different (in so doing they provided meaningful
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insight into Cajal’s work). They noted that often in normal female cats a darkened area
occurs adjacent to the nucleus during interphase, whereas they are absent in males
(Figure 1). This area became known as a Barr body, named after lead researcher.
Continued research demonstrated that Barr bodies form in all placental mammals
including humans. In fact, it was discovered that in buccal epithelial cells of human
females, the same darkly staining bodies occur in 30% to 40% of the cells but were
absent in males. The number of cells positive for the Barr bodies in female samples
corresponded to the number of cells in the interphase state. The other 60% to 70% of the
cells were actively undergoing mitosis, and therefore, all the chromosomes were in a
condensed state thereby obscuring the detection of the Barr body. It took another 10
years before both Russel and Ohno independently postulated that the Barr body was in
fact an inactivated X-chromosome. Later, Mary Lyon working at the University of
Western Ontario showed that a Barr body is an inactive X chromosome that could
originate from either parent. This became known as the Lyon hypothesis, which has
since been confirmed. The inactivation of the X-chromosome occurs relatively early in
embryogenesis and results in groups of cells with the same X remaining active. The X-
chromosomes are visible as Barr bodies because they are in a highly condensed state and
thus are usually the last to replicate (acting as dosage compensation). The Lyon Theory
explains the absence of sex chromatin in males and its incomplete penetrance in females
(Lyon 1961, 1974).

In females, it was subsequently found that near the 100 cell stage of human
development, the X chromosomes that are to be reduced to a Barr body are nearly

completely inactivated and all their descendants share this condition.
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Figure 1: This figure shows the presence of Barr bodies in female cells and the
absence in male cells. The Barr bodies are located adjacent to the nuclear
membrane and are only found in cells during interphase. Therefore, at any given
moment in female cells, there are approximately 30-40% of all cells in the

interphase state that will exhibit a Barr Body.

(http://www.mun.ca/biology/scarr/Barr_Bodies.jpg)
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This “shut down” of the X chromosome is hypothesized to be a purely random event
(Mermoud et al. 2002) except in the case of an abnormal X (via deletion, insertion,
inversion, etc.) The inactivation actually requires a gene found on the inactivated X
called XIST (X-inactivation specific transcript-2). The XIST gene codes for a large
molecule of RNA, which when produced, accumulates on the X chromosome housing the
XIST gene. Therefore, the production of the RNA inactivates all or nearly all of the
hundreds of genes on that X chromosome by binding and inhibiting transcription factors.
However, this process does not affect the sister X chromosome. The X chromosome that
remains active does so via the methylation of the XIST gene, thus repressing gene
transcription (Brown et al. 1991; Penny et al. 1996; Willard 1996; Hendrich et al. 1997,
Lyon 1999).

The resulting inactivated X chromosome or Barr body with its conglomeration of
RNA is thus visible under the microscope using common staining methods. This
provides us with a method capable of sexing an individual via cellular microscopy
(Valenti et al. 1972; Bakharev 1976; Peter et al. 1977, Slozina et al. 1977). Its usefulness
in detection of chromosomal variants had been a cornerstone of medical genetics for

many years (Mange 1980).

H-Y Antigen and TDF

A breakthrough in our understanding of sexual determination in cellular biology was
posited by Fisher in his seminal (don't mind the pun) paper entitled "The Genetical
Theory of Natural Selection" (Fisher 1930). Fisher hypothesized that male characteristics
develop in one of two ways; fche» first is strictly under the control of sex-linked genes on

the Y-chromosome, and the second is through sex limited autosomal genes. The second
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hypothesis was favoured by Fisher, but was not proven until Eichwald and Silmser
provided the supporting experiment in 1955. They used skin grafts to show that a
testicular hormone that is regulated by a single Y-linked gene in fact activates autosomal
genes (Eichwald and Silmser 1955). Research continued and, in 1959, Liane Russell and
colleagues showed that the mechanism for determining maleness was located somewhere
on the Y-chromosome (Welshons and Brauch 1959). This research predicted that the
testis-determining factor (TDF) was a new protein (H-Y antigen) encoded by a gene on
the Y-chromosome. The H-Y antigen, was discovered by conducting cross-sex skin
grafts between highly related mice resulting in graft rejection due to the lack of the
antibodies in female cells.

This led to the hypothesis that during fetal maturation the presence of the H-Y
antigen and its receptor initiates the development of the testis and subsequent male
differentiation. This hypothesis enjoyed continued support in the mid-1960’s to the late
1970’s from experiments attempting to isolate the H-Y antigen in humans. These showed
that the levels of the antigen differed among the sexes and in various transsexuals (Eicher
et al. 1979). For example, differences in H-Y antigen levels were found between two
forms of transsexuals and normal males. Male-to-female transsexuals exhibited lower
levels of the antigen than those found in both normal males and female-to-male
transsexuals. The latter two individuals would have very similar HY -antigen levels.
Moreover, Simpson et al. (1986) also showed that in experiments with mice lacking the
H-Y antigen during development, no testes are formed.

The intellectual environment during this phase of our knowledge of sex

determination in mammals knew that regardless of the genotype all individuals start out

10
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with identical primordial gonads capable of becoming ovaries or testis. As previously
mentioned, it was believed that only in the presence of the H-Y antigen do testis develop
and almost exclusively the H-Y antigen is only present when a Y-chromosome is part of
the genetic complement. If the H-Y antigen is not secreted then the fetus will ultimately
become female.

With the knowledge that the H-Y antigen is a product of a gene found on the Y-
chromosome it was obvious that if the protein can be detected in a cell culture, the donor
was a male. In fact, once the H-Y antigen is produced, it can be detected in all males.
Thus, testing the levels of the antigen in various human karyotypes showed that the
protein level mirrored the number of Y-chromosomes present. Therefore, in XYY males
the protein level was double that of XY males whereas no protein product was found in
normal XX females (Wachtel ef al. 1975). Another use for the detection of this protein
includes testing females for the antigen who exhibit masculinization and may have had a
translocation of the specific gené from the Y to the X-chromosome. Thus the discovery
of the H-Y antigen led to further investigation of the Y-chromosome and its genetic
content. To re-iterate, it was still believed that the H-Y antigen was in fact the testis
determining factor so this is where most studies were focused. However, it would soon
become apparent that the TDF was in fact situated on a different region of the Y-
chromosome (Sinclair et al. 1990).

It was ultimately demonstrated that a portion of the Y genetic material could in
fact be translocated to the end of the short arm of the X-chromosome (Xp), resulting in
XX males (Anderson 1986). One year later investigations following this line of inquiry

demonstrated that the genetic loci for the H-Y antigen and the testis determining factor

1
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were in fact different and separated on the Y-chromosome (on the long arm (Yq) and the
short arm (Yp) respectively) (Simpson et al. 1987).

Subsequently, the H-Y antigen has been implicated as a possible factor in
spermatogenesis. Because the TDF and H-Y antigen were located on different arms of
the Y-chromosome, a paper describing six men suffering from azoospermia was
revisited. This study (Tiepolo and Zuffardi 1976) dem