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ABSTRACT

In paleopathology, the assessment of disease ottmmugh macroscopic
observation, which is dependent on the preservatidine sample and the experience of
the observer. Many disease events do not leaveiaiye signatures and therefore go
undetected. The relatively new field of paleomizobogy incorporates molecular
technigues where microbial DNA, if present, is aifrgd from an archaeological sample.
The identification of genetic material from micraganisms, including bacteria and
viruses, can confirm a diagnosis that was origynadised on visible osteological or
mummified tissue changes. Even more promisingascapability of molecular technology
to detect microbial DNA evidence of disease proegsisat were not visibly evident.

Based on phylogenetic analyses of modern isolatésntists have concluded that
micro-organisms such &sycobacterium tuberculosendHelicobacter pylorihave been
associated with humans for thousands of yeltstuberculosigs the causative agent of
the disease tuberculosis, addpyloriis known for its role in gastritis and peptic uker
Both are pathogenic bacteria that still impacthbalth of modern populations. Through
the analysis of microbial DNA from these two baten skeletal and mummified tissue,
data can be accumulated regarding the spatialeampdral impact of these infections.
Interestingly, due to the lengthy association betwtéhese bacteria and humans,
phylogenetic studies on modern strains have shbatrstrain characterizations of bdth
tuberculosisandH. pylori bacteria reveal connections with past human magrat

In 1999, human remains were discovered erodingbartglacier in northern British
Columbia, Canada on the traditional territory af hampagne and Aishihik First Nations.

The Aboriginal elders named the site Kwaday Danntsi, which means ‘long ago person



found.” Radiocarbon testing of bone collagen antifieats from the site suggested a time-
frame of approximately AD 1670 to 1850, which iher pre-European contact or early
post-contact for that area. | analyzed the tissfidise ancient individual specifically for
genetic evidence d¥l. tuberculosisandH. pylori to identify partial health status and
determine if a connection could be made to strags®ciated with European populations to
clarify whether the site was pre or post-Europeantact.

Through polymerase chain reaction (PCR) testinth@individual’'s tissues with
primers specific for the KBLOOinsertion sequence, TbD1, aRa#3479 katG andgyrB
genes, | identified evidence of a possible latebetculosis infection. Genetic
characterization of thkeatG gene associated with the ancibhttuberculosisstrain
revealed a potential connection with EuropeanrsstaAmplification and sequencing of
thegyrB gene fragment indicated the presence of two allitlat may have been the result
of a selective pressure.

PCR testing of the individual’'s stomach tissuehvgipecific primers for regions
with thevacAgene resulted in a positive identificationHbfpylori DNA. Genetic
characterization of this virulence-associated gedieated that the strain containesgacA
signal (s) region s2 allele. This allele is mapenmonly identified in Western strains that
do not cause disease, which suggests that thedndivhad no gastric symptoms and that
European strains were present in northwestern Gaaiaithat time. TheacAmiddle (m)
region contained a hybrid m2a/m1d sequence. Madagnds are rare but they have been
identified in Asian strains. Studies have showat the m2a allele is more common in
Western strains. A phylogenetic analysis iderdifigat the m1d region clusters with

previously published novel strains associated wltbriginal individuals that are closely



related to Asian strains. This indicates a pasheotion between the ancient individual

and his ancestors who arrived in the New World fiasia thousands of years ago.
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CHAPTER ONE: Introduction

As humans become more globalized, we are facingasing challenges in meeting
the needs of those who are affected by infecticgsades. The causative agents, including
bacteria and viruses, are continuing to evolve,thed transmission is gaining speed due
to the mobility of today’s populations. The stumfypast disease is very important because
of the knowledge that can be accumulated regatti@gemporal and geographical spread
of the infection. Many paleopathological diagnoaesthe result of a visual assessment of
skeletal material and mummified tissue. Potemédlence of an infectious disease is often
limited to nonspecific tissue alterations wheretg analyst can only make an assumption
about the processes involved.

Recently, the new field of paleomicrobiology haveloped whereby molecular
techniques are used to identify the genetic matassociated with ancient tissue that may
have been involved in a disease process. Onlyadl percentage of individuals that
suffered from an infection will have any skeletaidence, and soft tissue is normally not
preserved unless natural or artificial circumstaree to mummification. Researchers
often limit themselves to working with only macropecally altered tissue due to financial
and time constraints. This results in a loss ¢épial data when researchers focus only on

abnormal tissue.



1.1 The identification of ancient infectious diseas

Through the molecular analysis of ancient infectjdhe epidemiological
information can be reconstructed and applied toetuiisituations that may assist in
preventing a new spread (Drancourt and Raoult 20B&)eomicrobiologists study the
microbial DNA from ancient remains to determine téporal and geographical
distribution of an infection. Evidence of the geoevolution of the micro-organism itself
is beneficial to the analysis of modern infectiansl their impact on different communities
(Drancourt and Raoult 2005).

The genetic material from bacteria suctMagobacterium tuberculosizas been
well-identified in ancient tissues (Spigelman etl®193, Salo et al. 1994, Donoghue et al.
2004, Zink et al. 2007). Researchers have sughéss¢ there is a higher chance of
successfully identifying genetic evidence of thestgular bacterium due to the micro-
organism’s hydrophobic cell wall that may protdwt ticrobial DNA from hydrolytic and
oxidative damage (Donoghue and Spigelman 2006)er\¥m ancient tuberculosis
infection is identified, further genotyping is nesary to retrieve paleoepidemiological
information before the impact of the infection opaaticular past population can be fully
understood.

A second modern pathogenic bacteriurhiédicobacter pylori It is a bacterium
that currently infects one in two people world-waled has been associated with gastritis,
peptic ulcers and gastric cancer (Carroll et ab40 Phylogenetic analyses of modetn
pylori isolates suggest that this bacterium has beewriagsd with humans for millennia
(Falush et al. 2003). The first direct evidencawfancient. pylori infection was recently

published by Castillo-Rojas et al. (2008) with thdentification ofH. pylori DNA in the



tissues of a mummified individual recovered fropra-European contact burial cave in
Mexico. This study was important for the recogmtof the antiquity oH. pylori, but

detailed strain characterization was not includethe published research.

1.2 Microbes and ancient human migration

Interestingly, due to the long-standing associatietween certain microbes such as
M. tuberculosisandH. pylori and their human hosts, researchers are identifying
connections between the microbial strains and ioestof ancient human populations. The
genetic differences of the micro-organisms canxtepolated to indicate human
population differences. This information has based to identify ancient human
migration patterns (Falush et al. 2003, Gagnewat. €2006).

For decades, theories of how the New World was fiopulated have been based
solely on archaeological data from the analysiagrofacts and sites. Radiocarbon dating of
cultural and biological materials has been useatktermine possible migratory routes of
the first inhabitants. Investigators originallytight that the Clovis culture was associated
with the first inhabitants of the Americas. Thdioarbon dates identified with this
culture indicate a short time-frame between thes/ehapproximately 13.2-13.1 to 12.9-
12.8 k calendar years (Gilbert et al. 2008). Téegyaphical area that encompasses the
Clovis sites is broad and includes most of the modited States. Recently,
archaeological information has been recovered fpoerClovis sites, which suggests that
the first humans reached the New World from Asifalty using a coastal route (Goebel et

al. 2008). Scientists have analyzed mitochondnat/ear and Y chromosome data to



estimate that the first inhabitants arrived apprately 15,000 years ago (Goebel et al.
2008).

The study of New World human migration has incllitiee partial and complete
skeletal analyses of ‘Paleoamericans’ includingstkedetal remains recovered from
Kennewick, Washington and Spirit Cave, Nevada. eBReshers were puzzled by the
apparent cranial differences between these anicidividuals and modern aboriginal
individuals. Multiple migrations from different ggraphical locations were suggested as
an explanation for the cranial differences. Cantta this, genetic data supports the idea
that all aboriginal individuals share a common atred gene pool from a past central
Asian population (Schroeder et al. 2007, Schroetat. 2009). Researchers have
suggested that the cranial morphology differencesilely the result of genetic drift
(Goebel et al. 2008).

The analysis of ancient DNA is a relatively newthoegl that has been used to
estimate the timing of human migration into the N&torld. Gilbert et al. (2008)
identified mitochondrial DNA (mtDNA) in human copites with a radiocarbon date of
12,300 BP. The coprolites were recovered froml@ats Mile Point Caves in south-
central Oregon, and the investigators establishatthe mtDNA haplogroups of the
samples were A2 and B2 (Gilbert et al. 2008). €hesplogroups have been previously
associated with the Native American founding potioites (Torroni et al. 1993). The
identification of authentic human mtDNA in coprektwith radiocarbon dates greater than
one thousand years from the accepted Clovis cutlaites is evidence in support of the

theory that New World populations were presentrgndhe Clovis culture.



The analysis of ancient microbial DNA is also valet to the study of New World
human migration. Investigators have used mo#knylori genetic data to confirm the
connection between New World aboriginal populatiand Asian populations (Yamaoka et
al. 2002). While the modern data reveals this@sng connection, the analysis of ancient
genetic material is more relevant and exciting bheeaof the direct association with ancient

humans.

1.3 The microbial DNA analysis of the tissues assated with Kwaday Dan Ts’inchi

On August 4, 1999, three hunters discovered the frozen rentdias ancient
individual eroding out of a glacier at 1600m invaton in Tatshenshini-Alsek Park,
British Columbia, Canada (Beattie et al. 2000) (Fégl.1). The site is at the south end of
the St. Elias Mountains approximately 70 km soutstveé the Tatshenshini-Alsek River
junction (Mudie et al. 2005). It lies within theil$s-arctic Highlands Ecodivision of the

Northern Boreal Mountain Ecoprovinces (Demarchi@l @9 cited in Mudie et al. 2005).
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Figure 1.1.Kwaday Dan Ts’inchi site (map from Richards e2al07)



Artifacts recovered from the site included a wootdand tool with an iron blade, a
spruce root hat and an arctic ground squirrel roldee hat and robe were initially
radiocarbon dated 550 years BP, which is considerée a time prior to the arrival of
Europeans to the area (Beattie et al. 2000). dveduation of the dates occurred when it
was agreed that it was not a single-use site, aaridication was also necessary on the
appropriate marine reservoir correction. A radiboa analysis of a beaver skin bag
sample that was in contact with the body and tbkigion of collagen samples from the
individual resulted in a new estimated time-frath&b 1670 to 1850 (Richards et al.
2007). This time period spans the transition ftbeend of pre-European times through to
the advent of early European contact for the area.

The ancient individual was recovered on the tra#l territory of the Champagne
and Aishihik First Nations, and the elders namexdsiteKwéaday Déan Ts’inchimeaning
long ago person foundPelvic morphology indicated that the individwals a male, and an
assessment of epiphyseal fusion revealed that benias late teens or early twenties at
the time of his death (Beattie et al. 2000). Tioed¢n body was preserved but not intact,
likely due to postmortem glacial movement. Addiabremains, including the skull, were
recovered in the years following the initial diseoy, but they were not removed from the
site (Royal British Columbia Museum 2008).

An agreement was reached between the Champagriasimdik First Nations
(CAFN) and the British Columbia provincial governmhéo allow scientific research on the
artifacts and remains. It was important to the GAB learn more about this individual and

determine his cultural ties. In the following ddeathe research has helped to define the



individual, and it has also led to a renewed irden® maintaining the cultural knowledge
from the past.

Southern Tutchone is the aboriginal language ofYAEN, and traditional stories
in the coastal Tlingit and Southern Tutchone laggsaspeak of individuals who have lost
their lives travelling over the glaciers (Swant@9& as cited in Richards et al. 2007).
Through stable isotope analysis, Richards et D72 determined that Kwaday Dan
Ts’inchi had a marine diet for most of his life ey identified that the individual had
recently switched to a diet of terrestrial foodorCet al. (2009) expanded on this research
and through an analysis of the individual’s boné gkin amino acids, they also determined
that the bone signal indicated a marine diet. Skie sample indicated a shift to a
terrestrial diet in his last few months.

At the University of Saskatchewan, a research t@asformed that consisted of
Dr. E. Walker from the Archaeology and Anthropoldggpartment, Dr. H. Deneer from
the Department of Pathology and Laboratory Medicamel myself. A proposal was
developed to study the microbial DNA associatedhwhe ancient tissues. This
dissertation will focus on the research that stechfmam the initial proposed study to
identify genetic evidence of normal bacterial florgpathogenic bacteria.

The tissues that were obtained from the Septer26€0 autopsy of the ancient
individual included samples from the stomach, siméistine, cecum, descending colon,
lung, mediastinal lymph node, the right lobe of likker, myocardium, section of the right
fourth rib, skin from a fold on the lower left arptative spleen tissue, as well as samples
of the stomach contents and colon contents. Adigal attempts of using polymerase

chain reaction (PCR) with primers designed to afypliny ancient microbial DNA were



unsuccessful because of amplification of DNA in tiegative PCR controls, | chose to test
the tissues for evidence of specific bacteria, gk tuberculosisandH. pylori even
though the pathological and histological examinaiby the pathologist did not uncover
any evidence of infectious disease.

Prior to the analysis of Kwaday Dan Ts'’inchi tesumolecular studies confirming
the existence of the disease tuberculosis pritrdarrival of Europeans to the New World
had been published (Salo et al. 1994, Braun ét9818), but there was no molecular or
osteological evidence of precontact tuberculositherNorthwest Coast. Researchers have
estimated that in the preantibiotic era only fieeséven percent ®fl. tuberculosis
infections resulted in osteological changes (Aufeete and Rodriguez-Martin 1998).
Currently one in three individuals is infected wiith tuberculosisand with the high rates
still a concern especially for northern First Natmpmmunities, | felt it was important to
specifically test the ancient individual for moléauevidence of aM. tuberculosis
infection.

The initial target was the 8800insertion sequence known to exist in multiple
copies, and it is specific for tt. tuberculosicomplex. If amplification of this region
was successful, | developed a plan to further ctarize the ancient strain through
amplifications in the mycobacterial genome inclgdaregion withirRv347%o confirm
specifically that the infection wad. tuberculosisand notM. bovis M. bovisis similar to
M. tuberculosisand part of thé. tuberculosissomplex, but am. bovisinfection can be
transmitted in infected milk and meat wher&aguberculosisan only be transmitted
through an inhalation of the bacteria from an agroseated by the cough from an infected

individual. Further analyses of tkatG andgyrB genes were also planned because of the



association between the variabilityka&ftG and host populations, and the connection
betweergyrB and antibiotic resistance.

Modern studies oHklelicobacter pylorj the causative agent of gastritis and gastric
cancer, indicate that currently one in two indiatiuare infected world-wide, especially in
developing countries. While most infections do mesult in clinical symptoms, fifteen
percent of infected individuals are impacted byghesence of the bacterium (Atherton
2006). Studies of aboriginal northern populatiosgeal high infection rates and antibiotic
resistance (Demma et al. 2008, Goodman et al. 2008)ose to test the stomach tissue of
the ancient individual from the Kwéaday Déan Ts'’inshe for evidence of ad. pylori
infection by using PCR to amplify regions of tvecAandcagAgenes that are associated
with the bacterium’s virulence. At the time ofdlstudy, there were no publications on the
amplification of ancienH. pylori DNA. Phylogenetic studies on modern DNA indicate
that a vast number of modeih pylori strains exist (Yamaoka et al. 2008). When modern
sequences are compared, evolutionary patternsecaadn related to the movement of
ancient human populations (Falush et al. 2003)s iBlpossible given the knowledge that
H. pylori is normally transmitted within families, espegydiietween mother and child
(Weyermann et al. 2006).

The Kwéaday Déan Ts’inchi site is located on thelitranal territory of the
Champagne and Aishihik First Nations, and ostecldgnd mitochondrial evidence
indicated that the ancient individual was of FiMsitions ancestry (Monsalve et al. 2002).
Through the analysis of a putatikie pylori gastric infection, there was a possibility that
the characterization of an ancient strain assatiatth an Aboriginal individual on the

Northwest Coast could reveal evidence of the exdétiie bacterium’s virulence and lead



to answers of why modern northern Aboriginal popate have high infection rates. Also,
since moderm. pylori genetic studies have been associated with thg stfyshst

migration, it was constructive to determine if aici@nt North Americat. pylori strain

had any connection with modern Asian strains.

As a lead-in to the research, chapter two wilabreview of the pertinent literature
regarding the use of molecular technology, spediff®CR, in archaeological and physical
anthropological studies. This section will inclumleeview of microbial DNA studies of
mummified individuals, in particular the Tyroleazeman. | will also provide a short
review of the study of ancient pathogens, which bel followed by a brief overview of the
study of past human migration into the New Worthapter three covers the identification
of Helicobacter pyloriin the stomach tissue of the ancient individuairfrthe Kwaday Dan
Ts'Inchi site and the information gathered from ¢tharacterization of the ancient strain.
Chapter four encompasses the research involvedtatidentification oMycobacterium
tuberculosign the ancient individual’s lung tissue. This ptex is followed by a
discussion of the importance of testing mummifieshains for genetic evidence of bdth
tuberculosisandH. pylori infections as well as a discussion of some otdkhnical
lessons learned, including issues that | had reggurdicrobial DNA contamination.

Finally, I conclude with what was specifically laad from the analysis of the microbial
DNA from the ancient individual’s tissues, and llvexpand on how this information can
be used to develop further research MtduberculosisandH. pylori infections and the

connection with past human populations.
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CHAPTER TWO: Literature Review

Higuchi et al. (1984) first investigated the swaliof DNA in museum specimens
of extinct animals. The researchers cloned mitodhal DNA (mtDNA) from the dried
muscle of an extinct quagga and proved that DNAigal was possible under certain
conditions (Figure 2.1). This was followed by alpcation on the cloning of human DNA
from a 2400 year old Egyptian child mummy (Paab85)9 Ancient DNA research that
followed these landmark papers included the inc@fan of a new method of

enzymatically amplifying DNA referred to as polyrase chain reaction (PCR).

Figure 2.1.Quagga photograph taken in 1930 (www.life.com)

PCR revolutionized ancient DNA research. Sinegdlare no DNA repair
processes once an organism dies, the successhukrgof ancient DNA is determined by
the amount of molecular degradation and the amoiuc-extracted organic PCR
inhibitors (O'Rourke et al. 2000). PCR is an ideathod for working with degraded DNA
due to the sensitivity of the technique and thétglio start from a small number of

template molecules from the DNA of interest. Unfioately, this sensitivity can also result
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in the potential amplification of modern DNA seques. In this chapter | will review the

main PCR concepts and its applicability to workmith ancient degraded DNA, and | will

give a brief overview of where the technology hasrbused to learn more about ancient

pathogens, mummified individuals and also how artdiNA can add to our

understanding of past human migration.

2.1 Using molecular technology in archaeology andchgsical anthropology

Cooper and Poinar (2000) summarized the critbaadre critical for the

authentication and substantiation of ancient DNAlgses. To summarize, the main

suggestions are:

the use of a physically isolated work area to pnegentamination from
other amplified DNA

the inclusion of negative extraction and PCR cdatamd the exclusion of
positive controls

appropriate molecular behaviour where there isyaarse relationship
between the size of the PCR product and the anadudNA that is
amplifiable

reproducibility of the data

the use of cloning to identify signs of DNA damage

replication of the results in an independent latooyaespecially with unique
or unexpected results

biochemical preservation for indirect evidence dfpreservation
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* quantitation of the DNA target especially when thget template is low in
concentration
» identification of DNA in associated remains to icatie likely DNA survival

in the sample of interest.

The field of ancient DNA research is more than tecades old and yet continually
changing due to improved and faster technology. avéan a genomic era with the
capability of retrieving DNA sequence informatidrrates unheard of when the field of
ancient DNA first began. Current methodologieg theorporate the process of high
throughput sequencing (HTS) enable investigatoesriass data that has the potential to
answer many anthropological questions such as vdr&tevhen our human ancestors first
evolved, and how did infectious disease affect pagtan populations. The following
review papers provide high level overviews of tieédfas well as the potentials and pitfalls
of ancient DNA research: O'Rourke et al. (2000)tke (2002), Paabo et al. (2004), and

Willerslev and Cooper (2005).

2.1.1 Ancient DNA Extraction

Over the past two decades, various extractiomiqoles have been employed with
varying levels of success. Often the more sucuoksséthod is dependent on the sample’s
environment, and for example, if the sample wasvered from soil, the extraction method
must include a means of removing polymerase inbibi(Cipollaro et al. 2005). One

popular method incorporates the use of phenol alataform to purify DNA through the
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removal of proteins, but researchers discovereddlsa DNA was recovered (Castella et
al. 2006).

A simple extraction method developed by Yang e(18198) involves the use of
QIAquick™ silica spin columns from a Qiagen™ PCRifeation Kit (QIAGEN Inc.,
Mississauga, Ontario) for DNA binding. The advaetaf this technique is that the
extraction protocol results in optimal recoveryDofA without also extracting PCR
inhibitors. Proteins, salts and nucleotides flowotigh the silica spin columns but DNA
molecules larger than 100 bp and smaller than 1lér&betained, and once eluted from the
columns the DNA is in an optimal condition for usd®’CR. The suggested extraction
buffer for digestion of the samples prior to the v$the silica columns consists of 0.5M
EDTA, 0.5% sodium dodecyl sulfate, which is a dgeet to disrupt cell membranes, and
100 pg/ml proteinase K for protein digestion (Yat@l. 1998).

Rohland and Hofreiter (2007) compared the differeathods used for DNA
extraction and identified that a minimalist appfio&aas more successful. They showed
that the use of basic chemical components sucthgierediaminetetraacetic acid
(EDTA), a chelating agent that sequesters catiodssappresses the activity of nucleases
that damage DNA, was beneficial. They also cometenh the importance of proteinase
K for the digestion of protein and removal of cantaants. They discovered that the
addition of guanidinium, which is a chaotropic aigimat denatures proteins, before the
binding of DNA to silica was ideal for DNA purifitan. They also noted that bovine
serum albumin (BSA) was very helpful in controllimipibitors (Rohland and Hofreiter

2007).

14



2.1.2 Polymerase Chain Reaction
Polymerase chain reaction (PCR) is an enzyme hbasetion that exponentially
amplifies DNA. The components of a PCR reactiaude:

* template DNA (a DNA molecule is a nucleotide thangists of one of four
nitrogenous bases - adenine, guanine, cytosinéghgnune, a five-carbon sugar -
2’-deoxyribose, and a phosphate group) (Figure 2.2)

» deoxyribonucleotide triphosphates (ANTPSs)

e polymerase

» buffer for pH stability

* magnesium chloride (Mg@lwhich is required by the polymerase

e primers

Primers refer to oligonucleotides that are spec@dlsigned to bind to known stretches of
DNA. A critical feature of a primer is the meltingmperature (), which is the
temperature where half of the DNA molecules arglsistranded and half are double-
stranded. When the melting temperature is inctyrestimated, nonspecific products may

be amplified (Korbie and Mattick 2008).

Figure 2.2. The DNA Double Helix (www.scq.ubc.ca)
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The methodology involves three key processes;tdeatson of the sample DNA,
the annealing of oligonucleotides (primers) toEi¢A, and extension of the newly
synthesized DNA strand via the action of a polyreerthat incorporates the correct free
nucleotides. The process takes place through paeture cycle such that the double-
stranded DNA denatures at a high temperature, whitdllowed by the annealing of the
primers at a lower temperature, and finally a retora higher temperature for the

extension of the newly synthesized DNA (Figure 2.3)
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Figure 2.3.Schematic representation of the polymerase cleaiction

(www.bioscience.org)

A few important rules are required for the depahent of a primer. The optimal
primer length is approximately 18 to 22 bases, Wwisachosen for the ease of binding to
the complementary DNA strand but it has enoughifipig to allow the amplification of

the DNA fragment in question. Successful priméasutd have a melting temperature in
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the range of 52°C to 58°C, and the ideal guanimkecgtosine content of the primer is
between forty and sixty percent.

Rohland and Hofreiter (2007), after comparingeffeiency of 11 polymerases on
DNA extractions from European cave bear bone agith tsamples, determined that the
AmpliTag Gold™ polymerase (Applied Biosystems) whas most suitable for
amplification of ancient DNA. AmpliTag Gold™ polyarase has been included in
numerous studies that involved the amplificatiomtient DNA mainly due to the high
specificity and efficiency that is achieved as suteof the hot-start and time-release

capabilities of this enzyme (Yang et al. 2003).

2.1.3 The difficulties of working with damaged DNA

Amplification of ancient DNA is most successful @vhthe target sequences are less
than 200 basepairs (bp). Postmortem DNA is fragatedue to varying levels of oxidation
and hydrolysis. Taphonomic factors that affecoeganism’s DNA after death include
temperature, water content and oxygen content (ksaeteal. 2009). The chance of DNA
recovery is not based on age of the sample in gurelstit on the environment affecting the
sample with cool and dry conditions the most ideaDNA preservation (Donoghue et al.
2004).

Miscoding DNA lesions result from different typeSDNA damage. The most
common miscoding lesion is the deamination of ap®$o uracil due to hydrolytic
damage. This leads to a cytosine to thymine ttiamsupon amplification (Paabo et al.
2004) (Figure 2.4). The enzyme uracil-N-glycosglasnormally used to prevent

carryover contamination from uracil-containing DNt it may also be used to eliminate
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the amplification of damaged sample DNA with deaatea cytosines. Unfortunately,
because deamination of cytosine can be commomnusief uracil-N-glycosylase results in

a reduction of the already short sample templaté [Akelsson et al. 2008).

CytoEing Liacil

Figure 2.4.Cytosine deamination
(http://asajj.roswellpark.org/huberman/DNA_Reparnfthge_types.html)

DNA damage can result in single and double-stkaedks, structural modifications
and protein crosslinks (Shapiro 2008). The knogduction in size of postmortem DNA is
the result of many processes such as the hydral@avage of the phosphodiester bonds in
the sugar-phosphate backbone (Paabo et al. 2@®8)sic sites can also be created from
hydrolytic cleavage of the glycosidic bond betwéssm sugar and base (Paabo et al. 2004).
Other types of damage result in the inability @& pgolymerase to continue along the DNA
strand during the formation of a complementaryrgtraBlocking lesions are often the
result of peroxide (&), hydrogen peroxide (#D,) and hydroxyl (OH) radicals (Paabo et al.

2004) (Figure 2.5).
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Damage found in ancient DNA

o f = J'Il- i
g ] K. B
- Pringipal ste o Q H _H\“h:'f L
AT ] o 1l
damaga {depusingion 0=P-0 PEgg
<= Sie o oxidalive or i
damags J,r

Ene o Fycoiyti o H
gamags |

From Hofretter et al Nat Rev Genef, 2001 2353

Figure 2.5.DNA damage sites (www.network.nature.com)

Damage can also occur as a consequence of cheemctibns between sugars,
proteins and nucleic acids that result in Maillardducts. Suggested solutions for this type
of damage include the use of N-phenacylthiazolimomtde (PTB), which breaks apart the
Maillard products and results in the exposure eflNA to be amplified (Paabo et al.

2004).

2.2 Ancient pathogens — the search for evidence st infectious disease

The study of ancient microbial DNA (paleomicroloigy) is still a relatively new
field and first began with the identification lfycobacterium tuberculosiBNA in
osteological samples from Europe, Borneo and Tu(sgygelman et al. 1993). With the

involvement of molecular techniques, paleopathalsgnow have an additional resource
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for the study of ancient disease. Through theyamabf the DNA that was associated with
ancient pathogenic bacteria, it is now possibleotafirm paleopathological diagnoses that
were once based solely on the appearance of thetalkaaterial. The field also adds
further information on the spatial and temporahtieinships of past diseases and their
impact on human populations. Researchers beliatdhis may help with understanding
the evolution of modern diseases. The identiftcadf sequence changes in ancient
microbial DNA reveals evidence of genetic evolutiomeal time instead of relying on
calculations based on the concept of a molecutankglDonoghue et al. 2004).

The analysis of pathogenic microbial DNA is imamttto scientists who are
defining the roles that the associated bacterig ipléhe development of specific human
diseases. Certain infectious diseases will leateotogical evidence, but this percentage is
small. Tuberculosis is one such disease thattmth may affect skeletal bone, but even in
the pre-antibiotic era, skeletal involvement wamntified in only three to six percent of the
cases (Donoghue and Spigelman 2006). One chalt#ndentifying the causative agent
of a disease process involves deciding which tisaneples have the most likelihood of
containing the microbial DNA, because the distridiof micro-organisms is not even
between tissues. Occasionally dissemination ob#dwoteria occurs during the course of an
infection, therefore before any attempts are madenglifying ancient microbial DNA, a
thorough understanding of the bacterium and thdltreg disease process is required.

Since the emergence of paleomicrobiology, a wanéancient bacterial studies
have been published and reviewed (Zink et al. 2002ncourt and Raoult 2005, Roberts
and Ingham 2008). Scientists have both succegsinol unsuccessfully studied ancient

DNA from many pathogenic micro-organisms. Somthefthese investigations included
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the study of DNA fromMycobacterium lepragthe causative agent of lepro3ygponema
pallidum the bacterium associated with syphilis (Kolmaalefl999, von Hunnius et al.
2007);Yersinia pestisthe causative agent of the plague (Drancourt 4088, Gilbert et

al. 2004, Wiechmann and Grupe 200B)ypanosoma cruza protozoan parasite
responsible for Chagas’ disease (Guhl et al. 1888orynebacteriumthe bacterium
associated with diphther{@ink et al. 2001b). Viral studies have also rdedaletailed
information regarding ancient infections with theshnotable work on the influenza virus
that was involved with the 1918 flu pandemic (Retcl. 2000, Taubenberger et al. 2001,
Reid et al. 2004b, Reid et al. 2004a, Taubenbergak 2005)

The study of ancient tuberculosis remains the roostmon research topic in
paleomicrobiology (Donoghue et al. 2004, Zink e28l07). Spigelman and Donoghue
(2003) reviewed the important reasons why mycolb@attafections, especially those
resulting fromM. tuberculosisare appropriate for ancient DNA studies:

e possible impact to bone as a result of the infactio

» obligate pathogen with no environmental reservoir

* active infections result in tissue damage and ¢esethat protects the
mycobacteria from postmortem spread of bacteria

» protective and durable mycolic acid cell wall

» the existence of many PCR-based identification oatland international databases

the complete genome has been sequenced.
These reasons support the continued researchhimtefinition of the spatial and temporal

extent of the disease tuberculosis.
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As a result of the increase in paleomicrobiologhgted researcirancourt et al.
(2005) reviewed the publications to determine thality of the data and results. Good
evidence was based on the detection of one or or@mal identifying sequences or the
detection of two unrelated identifying sequencetherdetection of one identifying
sequence and one unrelated biological moleculey @lso analyzed how the evidence was
obtained, and they identified that the best quali&g the result of two independent
research teams using agreed protocols. Some s firetocols included only using
laboratories free of the bacterial target in questusing negative controls and omitting
positive controls, and analyzing several molectdegets (Drancourt and Raoult 2005).

Cooper and Poinar (2000) and Paabo et al. (2004 datlined acceptance criteria
for maintaining confidence in results that stermfrancient DNA analyses. Roberts and
Ingham (2008) reviewed 65 papers related to thetiization of ancient pathogens from
29 journals that dated between 1993 and 2006. disepvered that most of the papers
they reviewed did not detail how the acceptanderta were followed or reasons for why
only certain criteria were followed. They alsoewthat while the standard of research has
improved over time, there are still inconsistenties have resulted in continued concerns
regarding the publication of paleomicrobiology papeith data that resulted from
contamination.

The criteria that Roberts and Ingham (2008) badiseid analysis on included: sterile
sampling during the initial excavation, a physigadlolated and dedicated work area, and
the development of a DNA history for personnel padt studies in the laboratory. Further
recommendations included the use of protectivenolgt removal of sample surface

contamination, the assessment of mitochondrial N4 nuclear DNA survivability, and
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the use of negative extraction and amplificationtoals with the reporting of
contamination. Evidence of appropriate molecutgrdviour (PCR success is inversely
related to product size) should be evident. Aldoen compared with other relevant DNA
sequences, the sequence under study should makgehgtic sense. The results need to
be reproducible from the same extraction sampbtiiftarent samples, PCR sequences
should be verified by cloning amplified productsgdan independent laboratory should be
involved to confirm data in situations where thsules were unexpected. Lastly, the
biochemical preservation of other sample compongmisild be determined, the DNA
target copy number quantified, and DNA survivahgsociated remains at the site should

be analyzed (Roberts and Ingham 2008).

2.3 Mummified individuals

Mummified individuals have always held a fascioatbecause they represent
people who had lived in an earlier time and facéfgreént challenges. The soft tissue
preservation is sometimes great enough that thedibas recognizable features, and this
preservation results in the possibility of addiaibresearch beyond what is possible when
skeletal remains are analyzed. Investigators hggporated various methodologies into
examinations of mummified tissues but recent biaubal and molecular developments
have resulted in the opportunity to study pastatdels diseases through an analysis of the
microbial DNA associated with the tissues (Lynne20Q7).

Zink et al. (2000) analyzed the remains of anemdegyptian infant mummy from
the third intermediate period (1000 to 700 BC) atehtified signs of anemia and vitamin

C deficiency. The investigators obtained a mesaladrone for DNA extraction and
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amplified bacterial DNA using primers designed mapdify 16S ribosomal DNA. They
uncovered evidence of bacteremia with the idemtiicen of DNA from pathogenic bacteria
that includedEscherichia coli They suggested that due to the infant’s anemdavadamin

C deficiency, a gastrointestinal infection may hdisseminated and contributed to the
infant’s death (Zink et al. 2000).

When larger populations of mummified individuate available, epidemiological
studies can be undertaken through a combinatigathiological, histological and
molecular analyses. Recently, populations of Bgypand Hungarian mummies have been
studied with a focus on obtaining molecular evigeatinfectious disease, especially
tuberculosis (Zink et al. 2001a, Fletcher et aD30 Zink et al. (2001) analyzed tissue
samples from ancient Egyptians dating between BID@nd 500 BC, and they confirmed
through molecular analyses the presence of tubmsisuin this ancient population. Fletcher
et al. (2003) used genotyping techniques to furtharacterize th®l. tuberculosisstrains
associated with three individuals within the Humgamummy population. Through the
analysis of multiple individuals in both studidse impact of tuberculosis on those past

populations is more thoroughly understood.

2.3.1 Tyrolean Ice Man

In 1991, hikers discovered human remains eroduigba glacier on the Italian
side of the Tyrolean Alps. The individual was netavered using archaeological methods
because the excavators assumed that the frozemdnal was from the twentieth century
(Fowler 2000). Through a complete investigationhaf male individual, the scientists

estimated that his age at death was 45 yearsRddiocarbon dating indicated that the site
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was 5300 years BP. This time period is part of@beper Age in Europe, which is
associated with the first use of metal tools, dnsl\worth noting that a copper axe was
recovered with the individual. In the years sihtediscovery, scientists continue to learn
more about this ancient individual, popularly knoasthdcemanor Otzi.

DNA studies have been performed on both the idd&i's mitochondrial DNA
(mtDNA) (Handt et al. 1994, Rollo et al. 2006, Enmet al. 2008) and the microbial DNA
associated with his tissues (Rollo et al. 2007,aCztral. 2000, Rollo et al. 2000, Rollo et
al. 1997). A histological analysis early in theestigation of the individual’'s tissues
identified gram-negative bacteria in the digestiaet (Hess et al. 1998). This find was
additional evidence of the existence of micro-orgiaus associated with the mummified
tissue.

In 2000, Cano et al. published their analysishenliacterial DNA in the colon and
stomach of the Tyrolean Iceman. While the colomststed of mainly fecal flora such as
members of the gen@ostridium the stomach contained evidence of microbial DNA
from only one bacterium previously knownBgrkholderia(gram-negative rods). The
researchers suggested that this indicated that tix@s no postmortem relocation of the
bacteria from the colon (Cano et al. 2000). Theted that the presence Bfirkholderia
pickettii may have been the result of postmortem waterasmir due to the amount of
meltwater surrounding the body. Since this studg wublishedB. pickettiihas been
renamedRalstonia pickettiiand while it is identified in wet environmentsigtalso a
commensal in the oral cavity (Stelzmueller et @D&). Further investigations Bfalstonia
pickettiihave uncovered a connection to human infectionstandle as a pathogen

especially in individuals with underlying condit®(Ryan et al. 2006).
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2.4 Genetic evidence of human migration into the Ne World

In this section, a connection between the anabfsscient DNA and the study of
past human migration will be discussed. This imtlude examples of genetic research
that have incorporated the study of human DNA (ofitmdrial and Y chromosomal data),
parasite DNA and microbial DNA (bacteria and visls® determine the spatial and
temporal movement of populations, with a specihicus on how this research is relevant to

understanding how the New World was populated.

2.4.1 Mitochondrial DNA

Human mitochondrial DNA (mtDNA) is often the firstrget choice for the genetic
analysis of ancient tissues because mtDNA is ndyrpaésent in multiple copies
(O'Rourke et al. 2000). A recent study of humanaias recovered from On Your Knees
Cave on Prince of Wales Island, Alaska with a realibon date of 10,300 years BP
revealed that the mtDNA associated with the indisidvas haplogroup D (Kemp et al.
2007). Individuals within a haplogroup share a own ancestor. Haplogroup D is one of
the haplogroups associated with the founding pdjoumaf the New World according to a
study by Torroni et al. (1993).

New mitochondrial studies indicate the possibitifytwo groups entering the New
World from Beringia around the same time, approxetyal5 to 17 thousand years ago.
Perego et al. (2009) analyzed the data from 69eentitochondrial genomes and
discovered two rare Native American haplogroupsis Ted to the reasoning that the New
World was likely populated along the Pacific Coastvell as the route through the ice-free

corridor between the Laurentide and Cordilleransiceets (Perego et al. 2009).
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2.4.2' Y chromosome DNA

Athapaskan languages are spoken throughout ad@agraphical area from the
Canadian and Alaskan Subarctic to the Americant&oegt. MtDNA studies indicate a
similar pattern that suggests migration from thb&atic to the Southwest. Since mtDNA
is maternally inherited, Malhi et al. (2008) stutigaternally inherited Y chromosome
DNA associated with individuals from 26 North Anean populations to identify the same
pattern. They observed the presence of Europeaaixade, which limited the amount of
information that could be gathered from only analgzhe Y-chromosome data. Even
with these limitations, the investigators concludeat there was a relationship between the
Y-chromosome genetic data between AthapaskaniSubarctic and the Southwest

(Malhi et al. 2008).

2.4.3 Parasites

The analysis of genetic material associated watlagtes is also relevant to research
on how the New World was first populated. Paradi@ve had a long association with
humans. Pinworms, hookworms and whipworms are knmwnan parasites, but
hookworms and whipworms have life cycles that regjuiarm soil to proliferate, and
researchers have stated that this would not haste pessible if the only migration route to
the New World was through Beringia (Araujo et &108). Pinworm genetic sequences
from New World archaeological sites suggested difieorigins for the strains, and this led

researchers to conclude that a coastal migratemadcurred (Araujo et al. 2008).

27



2.4.4 Bacterial and Viral DNA

Researchers have identified that certain humarses such as the JC polyomavirus
virus have had long-standing associations with meanaC polyomavirus is a DNA virus
from the familyPolyomaviridaewith an infection rate between 70 and 90%. Affiver
initial infection, which is usually acquired in tdiinood, the virus persists through the
individual’s lifetime in the renal tissue. Differegenotypes have been identified that
correspond with distinct geographical populatidhavesi 2005). Human population
history can be reconstructed based on the genattierps of these viruses, similar to how
mitochondrial and Y-chromosome genetic polymorplsisrave identified geographical and
temporal relationships between humans. The phyletieinformation from these viruses
are representative of the human hosts that caem f{Ghose et al. 2002).

Researchers have recently discovered through gegktic analyses of modern
bacterial isolates such Belicobacter pyloriandMycobacterium tuberculosibat a
connection can be made between bacterial DNA amdttidy of ancient human migration
(Falush et al. 2003, Gagneux et al. 2006). A pistetic analysis involves the analysis of
an organism’s genetic sequences to determine emoduy relatedness between individuals
in a population. Phylogenetic trees are constduterisually represent the branching
pattern of the relatedness.

ModernH. pylori isolates from infections of individuals in the Anoa were
analyzed in a recent study to determine if thedragh had been present in the New World
before the arrival of Europeans (Ghose et al. 2002k investigators identified that East
Asian genotypes were present in the Amazoniantesslhius confirming an ancient Asian

connection with the indigenous population of thea&on. Yamaoka et al. (2002) analyzed
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1042 moderrmH. pyloriisolates retrieved from aboriginal individualsheély chose strains
that represented a large geographical area froska|anited States to Colombia in South
America. Their findings suggested tlivatpylori crossed the Bering Strait at different
times (Yamaoka et al. 2002).

These studies are interesting because they irdilcat we can learn about past
human populations through a phylogenetic analylsisarlern bacterial sequences, but
even more exciting is the realization that a geratialysis of ancient bacterial DNA can be
used to identify past population movement. Theais®eolecular technology to identify
evidence of microbial DNA in mummified individualks continuing to evolve and will

continue to be relevant to both paleopathologyamtaeology.
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CHAPTER THREE:
Evidence of an Ancient Gastric Pathogen: The Charderization of Helicobacter pylori
DNA Associated with Frozen Human Remains Recoverddom a Glacier in Northern

British Columbia, Canada

ABSTRACT

Helicobacter pyloriis a gram-negative bacterium that colonizes tbmath of half of the
world’s population. This pathogen causes gasintall infected individuals, but
approximately fifteen percent of people infectethvid. pylori also have clinical symptoms
that may include peptic ulcers or gastric adenacgamta. Genotyping dfl. pylori strains
involves the analysis of the virulence-associatteg, namelyacAandcagA Various
vacAalleles have been identified in modern straind, taecagAgene is normally either
present, truncated or absent. Previous phylogeartlyses have revealed a connection
between moderH. pylori strains and the movement of ancient human populsti In this
study,H. pylori DNA was amplified from the stomach tissue of aniant individual
recovered from a glacier in northern British Coluanbn the traditional territory of the
Champagne and Aishihik First Nations. The site gigen the name Kwaday Dan Ts’inchi
by the Aboriginal elders, and radiocarbon dategcatdd a timeframe of approximately AD
1670 to 1850. This is the first ancietpylori strain to be characterized witacA

sequence data. Tl pylori strain has a unique hybnécAm2a/m1d middle (m) region.
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This is significant because modern m1/m2 hybridiss have been identified in Asian
strains. Phylogenetic analysis indicated thavd@A m1d region of the ancient strain
clusters with previously published novel Native Amoan strains that are closely related to
Asian strains. This indicates a past connectidwéen the ancient individual from the
Kwéaday Dan Ts’inchi site and the ancestors whosashe Bering Strait thousands of
years ago. The ancieHt pylori strain was also indentified to containacAs?2 allele in

the signal (s) region. This allele is more commadgntified in Western strains, suggesting
that European strains were present in northwe&tamada during the ancient individual’'s
time. Modern infection rates of Aboriginal indivdls in the circumpolar regions are
higher than average, and some treatments haveunseccessful due to antibiotic
resistance. Modern strains withcAs2 alleles are often associated with limited or no
impact to the individual's health. The identificat of thevacAs2 region in the ancient
strain suggests that the individual did not sufifem any symptoms due to the infection.
ThecagAstatus could not be confirmed due to the lackngbl&ication in that region. A
portion of theflaA gene associated with the bacterium’s flagellarfotility was also
amplified and sequenced. This anciémf sequence was identified as highly similar to the
same region in Shi470, which is a modern straibwas isolated from an individual who
resides in a remote Amazonian village in Peru.s Tairresponds with theacAm region

data that suggests a connection with ancestordnafelled from Asia.
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3.1 INTRODUCTION

3.1.1 The role ofHelicobacter pylori in human health

Helicobacter pyloris a helical, gram-negative, microaerophilic baatarthat
inhabits the stomach of more than 50% of the wenipulation (1). The bacteriuirh
pylori is one of many bacterial microbiota that are ébleolonize the human stomach (2).
It survives the low pH environment through the gatien of an enzyme urease which
breaks down urea to ammonia and carbon dioxideBE bacterium also has flagella for
motility that enable it to concentrate within th@fective mucus layer of the stomach (3).
It was first discovered over one hundred yearsvagen gastric bacteriologists Bottcher
and Letulle identified bacterial colonies in ulcargd their mucosal margins (4), though it
wasn’t until 1983 when Marshall and Warren cultutieel bacterium and made the
connection with gastritis, an inflammation of tliersach (5) for which they received the
Nobel Prize in Physiology or Medicine in 2005 (6).

The bacterium is now associated with peptic ule@i gastric cancer, although
most individuals remain asymptomatic (7). Approately 15% ofH. pylori infections
result in peptic ulcers (1). Gastric cancer (gastdenocarcinoma) is the second highest
cause of cancer death because of its aggressieraatd the limitation of treatment
options. Approximately 0.5% to 2% of individualghvanH. pylori infection will have
gastric adenocarcinoma (1)

Scientists have discovered thitpylori is mainly transmitted within families,
especially from mother to child (8). This infectis normally acquired in childhood, and

the bacterium’s genetic fingerprint remains the aéon decades (9). The highest risk
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factor for acquiring the bacteria is through expedo vomit, whereas it is quite rare for
contraction of the infection through feces, sativahe environment (3)H. pylori
infections have decreased in regions with modenrtagson infrastructures whereas it is

still a common infection worldwide (10).

3.1.2 Genetic characterization oH. pylori

H. pylori strains have been found to be genetically divefdee complete genomes
of five H. pylori strains have been sequenced: 26695, J99, HPAGLa@2Shi470 (11-

15). Comparisons have been made between strai®s 261d J99 to determine the amount
of variation. The overall organization of the tg@nomes is similar and the majority of the
nucleotide differences are the result of synonynsasstitutions (16).

It is widely accepted that the impact of a baelatisease is dependent on three
main factors: the host immune system, the virulefdbe bacteria and the influence of the
environment. The degree df pylori virulence is based on a form of vacuolating cytoto
and the presence of a pathogenicity islarat)(that encodes a type IV secretion system
(17). The vacuolating cytotoxin is the result GfdA expression, and tivacAgene is
found in all strains. Different alleles of thisrgeexist and have been connected to the
severity of theH. pylori infection. ThevacAgene is composed of a variable middle region
consisting of m1 and m2 alleles (18). The m1 all&s subtypes mla, mlb, mlc and mld
(19-21) whereas the m2 allele has subtypes m2an@hd22). The m1 and m2 alleles
have been found to differ in a 300 amino acid redig approximately 50% (23).
Researchers have discovered that m1 is linked oftee with disease because of the

increased binding of the expressed VacA to ce)ls (7
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The signal region of theacAgene is also variable, and it consists of s1 &nd s
alleles (18). Subtypes sla, slb and slc haveibeertified in s1 strainsThes1 region is
toxic, whereas in strains with the s2 allele, treure toxin has an N-terminal extension
that blocks vacuolation. All four middle and sigregion combinations have been
identified, but s2/m1 is rare (7). Strains witlins1 alleles produce high levels of toxin
whereas little or no toxin is produced from s2/ri@les (24). The s1/m1 combination is
more commonly associated with peptic ulcers antrigasarcinoma (25).

A secondH. pylori virulence factor was determined to be CagA, winchssociated
with the presence of theag pathogenicity island (PAI) (66). The presenceafAis
variable and is found in approximately 50% of tlraias, and studies have shown that
CagA positive strains are associated more ofteh satere disease (66). Researchers
discovered that CagA is injected into the hostscelh a type 1V secretion system that is

encoded by theag PAI (67).

3.1.3 Phylogenetic analyses and past human migratio

The genetic evolution of a bacterium represergsetiolution of its human host if
there is no horizontal transmission of the micrgamism (26)Helicobacter pylorifits this
category and numerous studies have shown thaethetig differences in thd. pylori
genome are equivalent to genetic differences indrupopulations. This has led to the
analysis of population movement based on the geratiation in a bacterium. There has
been speculation that. pylori has been associated with humans for thousandsao$.y
Some of the evidence to support this includes ihle enetic diversity of the bacterium

and the presence of similar microorganisms in nomdm primates as well as many other
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animal species (27). Phylogenetic analyses basatran sequence comparisons indicate
thatH. pylori likely made the move with their anatomically madbumans hosts out of
East Africa around 58,000 years ago (28)

Researchers have identified a connection betweegdnotypes of modekh
pylori isolates and their geographical locations. Vanrfd@nd colleagues analyzed 611
H. pylori strains from patients in 24 countries and idegdifa geographical distribution of
thevacAalleles. ThezacAm1 and m2a alleles exist in equal frequenciespxXoe Central
and South America and Spain where the most prewvaliete is m1 (29).

Achtman and colleagues analyzed seven housekegeireg and two virulence-
associated genes from BD pylori strains found in various locations around the dool
gain a better understanding of the species diyersiigh levels of synonymous variation
were identified but clonal groupings were recogdiZ&0). Analyses of the housekeeping
and virulence-associated genes from an additiorls®ains revealed four modern
populations: Africal, Africa2, East Asia and Eurdp&). Upon further analysis, Falush
and colleagues defined subpopulations — HpEast gjdits into the Amerind, East Asian
and Maori subpopulations, and HpAfrical splits iest African and South African
subpopulations.

Kersulyte and colleagues suggested Hhatylori became widespread recently
within the evolution of humans based on variousitsalentified at the right end of the
cagpathogenicity island. The native Peruvian strainglyzed were more genetically
similar to Spanish strains than strains from Adiais led the researchers to suggest that
the Peruvian strains were brought to the New Whylthe Spanish conquerors five

hundred years ago (32).
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Until recently, the only physical evidence thhtpylori was present in the New
World prior to the arrival of Europeans consistéthe identification oH. pylori antigens
in 3,000 year old fecal specimens (33). More rdgephylogenetic analyses with
sequences from modern strains have been incorpardtestudies to determine whethrér
pylori was indeed present prior to European contact. &tk and colleagues analyzed
1042 moderrmH. pyloriisolates and identified novehcAand/orcagAgenes in eight Native
Columbian and Alaskan strains. They identified thase sequences were closely related
to sequences from East Asidnpylori strains (21).

H. pylori infected gastric samples from individuals locatethe Venezuelan
Amazon were analyzed by scientists for additionadence thatl. pylori arrived in the
New World when it was first populated by human#$e Btudy revealed that East Asian
genotypes were present in all of the loci examiedl indicated thatl. pylori has been
associated with humans in the New World for thodsaof years (34).

In 2008, Castillo-Rojas and colleagues identifiegylori in a pre-Columbian male
mummy approximately 50 to 60 years of age at dizath the La Ventana burial cave in
northern Mexico. They extracted DNA from the gastemains and used a 16S rRNA
probe to identify a 109 bi. pylori fragment in two gastric samples. One sample \\&as a
positive forureB (35).

In their landmark paper on tracing human migrataeti H. pylori, Falush and
colleagues noted that tie pylori Amerind subpopulation did not indicate any sighs o
genetic drift as was seen in the Maori subpoputatichereH. pylori likely underwent a

genetic bottleneck that resulted in low genetiedsity. They commented that without
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evidence of driftH. pylori was likely introduced into the New World in langembers of
individuals or on multiple occasions (31).

Phylogenetic studies support the idea thapylori was in the New World prior to
the arrival of Europeans, but some questions reambo why some modern New World
strains share a high similarity with European sgaiSince some modern Peruvidn
pylori strains are highly similar to Asian strains, Dendaolleagues commented that while
the evidence indicatdd. pylori has had a long association with humans and craksed
Bering Strait with their human hosts, the Peruiampylori cagpathogenicity island (PAI)
was likely acquired by a European source becauieedimilarity with the PAIs in the
European strains (36). They suggested thatalgd>’ Al may have helped with colonization
which explains why Peruvian strains have an eadilegrcore but a western-tyfag PAL.
The PAI may have been acquired during a mixed tidadut the question remains
whether the entire PAI was exchanged (36judies have shown that most of the Amerind
subpopulation isolates did not haveas PAI and only a few isolates had a partial PAI

(37).

3.1.4Hédlicobacter pylori and ancient human remains

This study reports the identification and chanazégion ofH. pylori DNA
associated with the stomach tissue ofkiagiday Dan Ts’inchéncient individual. In
August 1999, three hunters discovered ancient frbmenan remains in a glacier in
northern British Columbia, Canada on the traditideaitory of the Champagne and
Aishihik First Nations. The site was given the malkwaday Dan Ts'inchi by the

Aboriginal elders, which meartsng ago person foundAn agreement was made between
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the provincial government and the Champagne anlitfilsFirst Nations to allow

scientific analyses of the individual and the adtt that were recovered from the site.
Radiocarbon dates first suggested that the indalidias approximately 550 years old
(circa AD 1450), which was a time before the alrfeEuropeans (38). Additional
radiocarbon analyses were performed recently tafgksome original ambiguous results,
and the researchers discovered that the individiai@ld to between AD 1670 and 1850
(39). Since European contact first occurred in 1@dtiveen the Russians and the Tlingit on
the Northwest Coast (68), this individual livedheit at the end of precontact times or early
in the European period.

Naturally mummified individuals are more suitafide bacterial DNA studies
because they have not been impacted by any pracgsske as embalming that would alter
the tissue environment (40). The confirmationhaf presence of bacterial pathogens
associated with ancient individuals is an imporfzart of determining the temporal extent
of infections affecting humanddelicobacter pyloristrains differ in virulence, and | chose
to analyze genetitagments of the strain’s genome, including theleince-associated
genesvacAandcagAto determine the impact of the infection on theiamt Aboriginal
individual. Also, because of the link betweeniéintH. pylori strains and past human
migration, | attempted to determine if the strasaciated with the individual had any
similarities with Asian strains. This would addther evidence for the early presence of

the infection in the New World.
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3.2 METHODS

3.2.1 Sample Collection

A stomach sample from the Kwéaday Dén Ts’inchi amiciledividual was obtained
in September, 2000 at the Royal British Columbiasklum in Victoria, Canada during the
retrieval of tissue samples for multiple reseaedms. Standard protocols were followed
to prevent contamination of the samples. All merslod the autopsy team were dressed in
appropriate protective clothing, and sterile suagtools were used during sample
collection. The stomach samples were frozen aaddifowing day packed on ice in an
insulated container for travel to the UniversityS#skatchewan, in Saskatoon,

Saskatchewan, where they were stored in a -70%2draupon arrival.

3.2.2 DNA Extraction

Tissue extractions were set up in a biologicaltgafabinet that was surface cleaned
with 10% (v/v) Clorox bleach. A sterile scalpelsuased to mince 0.24 grams of stomach
tissue into small fragments, and the DNA was ex#hasing the tissue protocol with the

QIlAamp® DNA Mini Kit (QIAGEN Inc., Mississauga, Oautio).

3.2.3 PCR Amplification

All PCR reactions were set-up in a separate londtmm the post-PCR laboratory.
The components of the 50ul reaction consisted ail: BNA extract, 2 Units AmpliTag®
Gold DNA Polymerase (Applied Biosystems Canadae&swville, Ontario), GeneAmp®

PCR Gold Buffer (15mM Tris-HCI, pH 8.0 and 50mM KC2.5 mM MgC}, and 200uM
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each dNTP from GeneAmp® dNTP Mix (Applied Biosyste@anada, Streetsville,
Ontario). Previously published and newly desigR&R primers (0.2uM Sigma Genosys
Canada, ON) were used for the amplification oftdedicobacter pylorivacAvariable
regions and portions dfaA (Table 3.1). Amplification withirtagAand around the
putative empty site was also attempted. PCR @ativere performed in an MJ Mini
Gradient Thermal Cycler (Bio-Rad Laboratories, kiérs, CA) as follows: 12 minutes
initially at 95°C, followed by 40 cycles of denadtion at 95°C for 1 min, differing
annealing temperatures for 1 min and extensio& or 1 min. After the 40 cycles were

completed, the temperature remained at 72°C foin8ites.

3.2.4 DNA Electrophoresis

Five microlitres of each amplification product wedded to individual wells in 2%
(w/v) agarose minigels that were immersed in a/acestate/EDTA (1XTAE) solution.
After the application of 88 volts for one hour, gelere removed and placed in a container
containing a 0.5 pg/ml ethidium bromide solutionT0@ minutes. The gels were destained

in water for 10 minutes before visualization on4 lightbox (254 nm).
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TABLE 3.1: PCR primers for the amplification of regions within vacA, cagA and flaA

Region

vacA s

vacA m

cagA

flaA

Primers

VALF
VALIXR
MF1

MR1
y98vacAmF
y98vacAmR
vacAmgapF
vacAmgapR
cagAF
cagAR
Ako982F
Ako9825R
cagAnegF
cagAnegR
flaA-1-F
flaA-2-R
flaA-3-F
flaA-4-R

ATGGAAATACAACAAACACAC
CCTGARACCGTTCCTACAGC
GTGGATGCYCATACRGCTWA
RTGAGCTTGTTGATATTGAC
CCTTGGAATTATTTTGACGC
ATCCATGCGGTTATTGTTGT
ATGCCAGCAAGAGCGATAAT
GCATTGTGGCCTAGGGTTAG
TTGACCAACAACCACAAACCGAAG
CTTCCCTTAATTGCGAGATTCC
ACATTTTGGCTAAATAAACGCTG
TCATGCGAGCGGCGATGTG
GAGAGGGTGGTGCGATAAAA
GGGCTATTTTATGGGGCATT
AAAATCGGTCAGGTTCGTATCG
CATCATTCACACCATCCACTTGTT
AACAAGTGGATGGTGTGAATGATG
GCGACTAACCTTCCGTCTGAGT

RisAorG,WisAorT,andYisCorT

Product size

s1 176 bp
s2 203 bp

m1l 107 bp

m2 182 bp

ml 479 bp
m2 488 bp

344 bp

183 bp

360 bp

236 bp

94 bp

256 bp

Annealing Temp

Number of Cycles

50°C
40 cycles
50°C
40 cycles
58°C
arcles
52°C
45 cycles
50°C
40 cycles
57°C
45 cycles
52°C
45 cycles
62°C
45 cycles
62°C
45 cycles

Source

18
45
45
45
46
46
This study
isTstudy
45
45
59
59
hig study
Thiady
47
74
47
47




3.2.5 DNA Sequencing and Phylogenetic Analysis

PCR products were sequenced directly in bothahedrd and reverse direction on
an ABI 373&l DNA sequence analyzer at the National Researcim€ileRlant
Biotechnology Institute (Saskatoon, Saskatchewdhge DNA sequences were compared
with reference sequences in the National Instibfitdealth (NIH) Genbank database, and
phylogenetic analyses were used for the deternoinat evolutionary relationships. Dr.
M. Haakensen of the Department of Food and Bioprb8uaiences at the University of
Saskatchewan assisted with the phylogenetic aisalyidie sequences were aligned with
the ClustalX software program (41) and visualized manually edited with the GeneDoc
software program (42). All phylogenetic trees wareduced with the Neighbour-Joining
method and visualized using MEGA4 (Molecular Evigoary Genetics Analysis software
version 4.0) (43). Tree topology was evaluatedgidinimum Evolution, Maximum
Parsimony, and Unweighted Pair Group Method oftAnietic Means algorithms. A

bootstrap test (44) of 1000 replicates was perfdrme

3.3 RESULTS

3.3.1H. pylori vacA
3.3.1.1 ProximalvacA m region

180 base pairs were amplified in the proxivetAm region using previously
published primers MF1 and MR1 (Table 3.1) on tlenstch tissue extract (Figure 3.1).
This region is subtype m2a and contains the segui@serts that differentiate the m1

alleles from m2 (Figure 3.2). These primers wédse ased on additional Kwaday Dén
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Ts’inchi tissue extracts, including the small itites, descending colon and a skin sample,

but no amplification occurred.

500 bp—

Figure 3.1.Amplified vacAm PCR product on a 2% agarose gahe 1, 100 bp ladder
(New England Biolabs In®ickering, ON, CAN.)Lane 2, Stomach extract amplified (180
bp) with previously publishedacAm primers MF1/MR1 (45).ane 3, negative

extraction;Lane 4, negative PCR

GTGGATGCCCATACGGCTTATTTTAATGGAATATTTATCTGGGAAAATCCAC |
IGAATTTAAAAGTGAATGGCCATAGCGCTCATTTTAAAAA  [TATTGATGCCAGC
AAGAGCGATAATGGTCTAAACACT |JACCACTTTGGATTTGAGCGGCGTTACAG
ACAAGGTCAATATCAACAAGCTC

Figure 3.2. Amplified vacAm sequence with boxes around the inserts thatel¢iis allele

as m2.

A phylogenetic analysis revealed a close relatignbbtween a sequence of the

Kwéaday Déan Ts’inchH. pylori vacAm region andvacAm sequences from strains isolated
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in Okinawa, Japan (Figure 3.3) (24). The Japastams were classified into a Western

cluster, and the authors suggested that this iiscacation of contact with the West.

73 _
100 —{ m1b (N=14)

55" m1a (N=6)

OK155 | m2b/m2c outlier
[ OK187

OK180

OK179

65

Kwaday Dan Ts’inchi

0K210 m2a

0K129
OK181
OK130 ]
—
0.2

Figure 3.3.Phylogenetic tree of the m region of trecAm gene (180 bp) that indicates
theH. pylori DNA associated with the stomach tissue of the Kayddan Ts’inchi ancient
individualis typevacAm2a. All sequences in the tree are as descripé&thmazaki et al.

(24).

3.3.1.2 DistalvacA m region

483 base pairs were amplified in the distatAm region using previously

published primers y98vacAmF and y98vacAmR (Tablg @igure 3.4).
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500 bp—

Figure 3.4.Amplified vacAm PCR products on a 2% agarose gahe 1, 100 bp ladder
(New England Biolabs In®ickering, ON, CAN.)Lane 2, Stomach extract amplified with
previously publishedacAm primers (46)L.ane 3, Second stomach extract amplified with
previously publishedacAm primers (46)Lane 4, negative extractiori;ane 5, negative

PCR

When the Kwaday Dan Ts'inckiacAm distal sequence was compared with the
vacAm region of modern strains, it clustered with nsiréins isolated from North and
South American Aboriginal individuals in a study ¥gmaoka and colleagues (21) on the
presence of. pylori in the New World prior to Columbus (Figure 3.5yo amplification
resulted with newly designed primers for this stuwdyen the attempt was made to
sequence the region between the two Kwaday Dandrs’H. pylori vacAm sequences

(Table 3.1).
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« m1a (N=23)

m1b (N=61)
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Figure 3.5.Phylogenetic tree of theacAm region (483 bp) that indicates tHepylori
DNA associated with the Kwaday Dan Ts’inchi stomassue is type mld. All sequences

in the tree are as described by Yamazaki et a).48d Yamaoka et al. (21).

3.3.1.3H. pylori vacA s region
203 bp in thevacAs region were amplified using previously publisipeieners

VALF and VA1XR (Figure 3.6) (45). This sequencditated that the Kwaday Dan
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Ts’inchiH. pylori strain contained theacAs2 allele with a type A signal region insert

(Figure 3.7) (48).

500 bp—

S—
—
—
—
—
—
—
S

Figure 3.6. Amplified vacAs PCR product on a 2% agarose behe 1, 100 bp ladder
(New England Biolabs In®ickering, ON, CAN.)Lane 2 Stomach extract amplified with
previously publishedacAs primers VALF and VA1XR (203 bp) (43)ane 3, negative

extraction;Lane 4, negative PCR

ATGGAAATACAACAAACACACCGCAAGATCAATCGCCCTATTATCTCTCTCGCT
TTAGTGGGGGCATTAATTGGCACCGAACTGGGGGCTAATACGCCAATGATC
|[CCATACACAGCGAGAGTCGC |GCCTTTTTCACAACCGTGCTTATTCCAGCCATT
GTTGGAGGTCTCGCTACAGGAACCGCTGTAGGAACGGTCTCAGG

Figure 3.7.ThevacAs region DNA sequence in the Kwaday Dan Ts’int¢hpylori strain
encodes a type A SR insert (NDPIHSESR) accordinbge®007 study by Owen and Xerry
(48).

A phylogenetic analysis indicated a close genetfi@tionship between theacAs
region of the Kwaday Dan Ts’incHi. pylori strain and theacAs regions from modern s2
strains isolated from North and South American Adioal individuals (Figure 3.8) (21). It

is noteworthy to mention that the Kwéday Dan Tdlirgite was discovered less than 50
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km from the Alaska, USA border, which is interegtoonsidering the phylogenetic
analysis revealed that two modern Alaskan stradiasesa high percentage identity in the

vacAs region with the strain associated with the Kwadan Ts’inchi individual.

s1b (N=59)

s1a (N=17)

s1c (N=65)

= s1c (N=2)

s1c (N=1)

| <] s1c (N=10)

83

s1 Outliers (Isolates Alaska2 and AIaska?)b

ColombiaNA1986"
AE;zona@’
VvVCo3°
0| Alaska14”
o4 [| Alaskas”
20 Kwaday Dan Ts’inchi

— OK155°

Alaska20”
I; ColombiaNA1685"

ColombiaNA1995"
ColombiaNA1681°
vco4®

97

s2

vcse2®
ColombiaNA1992"
vc14®

Alaska20”
UsSA2781°
ColombiaNA2010"

vCos5®

Alaska5” _

0.02

Figure 3.8.Phylogenetic tree of the s region of thecAgene (203 bp) dflelicobacter
pylori showing the relationship &f. pylori DNA associated with Kwaday Dan Ts’inchi

stomach tissue with other documented strairts.gfylori (34,21, and24)
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Through the amplification and sequencing of a tof&d66 bp from three locations
in thevacAgene, the Kwaday Dan Ts'indHi pylori strain was characterized eacAs2-
m2a/m1ld (Figure 3.9). These three locations ireduthevacAsignal (s) region, a
proximal portion of thezacAmiddle (m) region, and a distal portion of trecAmiddle (m)

region.

g2 m2a mld
203 bp 180 bp 483 hp

Figure 3.9.Kwaday Dan Ts’inchH. pylori vacAgene with theegions sequenced in this

study indicated in black

3.3.2H. pylori cagA
Because both internal and flanking primers didrestilt in any DNA amplification,

the ancienH. pylori strain’scagAstatus could not be confirmed.

3.3.3H. pylori flaA

Using previously published primers flaA-3-F andAd-R (47), 256 bp of thé#aA
gene was amplified from the Kwéaday Dan Ts’inkhipylori strain (Figure 3.10) that
corresponds to nucleotides 753574 to 753826 ahsBhi470. A phylogenetic analysis
indicated that this sequence shares the highastitigl€d8%) with a partiaflaA sequence
from the Shi47M. pylori strain (Figure 3.11). Two nucleotide positiongeviund to
contain more than one base. If this is an indscatif multiple alleles, the substitutions

were synonymous (Figure 3.12).
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Figure 3.10.Amplified flaA PCR products on a 2% agarose gahe 1, 100 bp ladder
(New England Biolabs In®ickering, ON, CAN.)Lane 2, Stomach extract amplified with
previously publisheflaA primers flaA-3-F and flaA-4-R (47);ane 3, Second stomach
sample amplified with previously publish8dA primers (47)Lane 4, negative extraction;

Lane 5, second negative extractidmane 6, negative PCR

N=43

U63228
U63246
| U63253
— AY304576
U63249
U63238
U63250

R e
83 Shi470

——
0.005

Figure 3.11.Phylogenetic tree of the Kwaday Dan Ts’inffaA gene sequence (256 bp)

showing the relationship to other documented s$raftd. pylori.
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AACAAGTGGATGGTGTGAATGATGTAACTTTAGAGAGCGTGAAAATCTCTAGT
TCAGCAGGCACAGGGATTGGCGTGTTAGCGGAAGTGATTAACAAAAACTCRA
CCAAACAGGGGTTAAAGCTTATGCGAATGTTATCACCACGAGCGATGTGGGG
TCCAA/GTCAGGAAGTTTGAGTAATTTAACCTTAAAC/TGGGATCCATTTGGGC
AATATCGCAGACATTAAGAAAAACGACTCAGACGGAAGGTTAGT

Figure 3.12.Sequencing indicated that the ampliffeadA fragment had two nucleotide

positions with more than one base present.

3.4 DISCUSSION

3.4.1 Identification of an ancient gastric pathogemnd relevance of thevacA
characterization

Helicobacter pyloriDNA was identified in the stomach tissue of thed€ay Dan
Ts’inchi ancient individual, and the strain wasreltéerized asacAs2-m2a/mld. ltis
significant to find evidence of this ancient patendpecause other than a recent publication
by Castillo-Rojas and colleagues (35), only moderpylori strains have been studied.
While phylogenetic analyses suggested that thisebatpathogen has been present
throughout human history, the antiquity of thisteaicm is further recognized in the

analysis of actual ancieht pylori strains.

3.4.1.1H. pylori vacA proximal m region
The proximal m region of the anciddt pylori vacAgene was characterized as m2a
based on comparisons with modétnpylori sequences in Genbank. Yamazaki and

colleagues analyzed 220 pylori strains from Fukui and Okinawa, Japan to iderdify
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relationship betweewacA thecag PAIl and the clinical outcome (24). None of th&11
strains from Fukui hadacAm2 genotype, but 15 of the 105 strains from Okmavere
identified with the m2 allele. The researcherssifgeed the m2 strains into a Western
cluster and suggested that the appearance of tral@ in Okinawa was due to greater
contact with the West. The Kwaday Dan Ts’inkhipylori strain is similar to these
‘Western’ Japanese strains in trecAm proximal region, and this suggests that New
World Aboriginal individuals were exposed to Eurapél. pylori strains prior to AD 1850.

In a phylogenetic analysis edcAgenes from Chinese and Western isolates Ji and
colleagues identified that teacAm-region in m2 alleles was quite different frorne tiest
of the gene indicating that this region was acalub horizontal transfer (23). They also
suggested that thacAm2 m-region spread after the separation of Chiaagé/Nestern
strains. They noted a contrast between the dift®® in the 5’ m-region and the lack of
divergence of the 3’ m-region in m2 alleles suggegsan independent evolution of the two
regions (23).

H. pylori vacAalleles are identified on the basis of short nofofle sequence inserts
within the signal and middle regions. Owen andrXé48) analyzedacAsequences from
32 countries to determine a possible connectioh thie geographical location on insert
diversity. They identified that the 75 bp middégion insert of 255acAm2 sequences
was represented by 23 peptide variants. One prie@otnsequence was observed which
defined 62% of the inserts. They also determihed middle region inserts were common
in Western strains (European / North American) wherEast Asian sequences had a much

lower insert frequency (Table 3.2).
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The insert within the Kwaday Dan Ts’indHi pylori vacAm2 middle region is
LKVNG HSAHF KNIDA SKSDN GLNTT, which was not identified in the Owen and
Xerry study (48). The most similar m2 insert te Kwaday Dan Ts’inchi strain insert was
LKVNG HSAHF KNIDA SKSDN GLNTS found in two percewff the strains that were
located in China, Taiwan, Peru and the Netherlarfidge only amino acid difference
between these inserts is a threonine (ACC) initra position of the Kwéday Dan Ts’inchi
insert whereas the most similar insert in the Owath Xerry study (48) contains a serine
(possible TCC codon). This difference may be #saliit of one base change (Ato T). This
could be an artifact of analyzing degraded DNA, thig is not likely because threonine has
been identified in this final position of othescAm inserts. This study has resulted in the

identification of a novevacAm insert associated with &h pylori strain.

Table 3.2.vacA m region amino acid comparison between inserts fro the Owen and

Xerry study (48) and the insert from the Kwéaday DanTs’inchi H. pylori vacA m

region

% of strains vacA m region amino acid insert Location

62 LRVNG HSAHF KNIDA SKSDN GLNTS Widespread

6 LKVNG HTANF KDIDA SKGRN GIDTT China/Peru

2 LKVNG HSAHF KNIDA SKSDN GLNTS China/NetherlandsRi/Taiwan
LKVNG HSAHF KNIDA SKSDN GLNTT AD 1670-1850 northern BC glacier

3.4.1.2H. pylori vacA distal m region
A total of 483 base pairs from the distal portidriie Kwéaday Dan Ts'Iinch.

pylori vacAm region was amplified using previously publisipedners (46). A
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phylogenetic analysis of this sequence revealadtthes very similar to sequences from a
study of modern Aboriginal North and South Ameri¢arpylori strains (21). They
identified four (22%) Native Colombian strains withcAm andcagAnovel structures.
NovelvacAm structures were also identified in four Nativieagkan strains (20%). They
performed phylogenetic analyses on sequences ofttem region and theagAgene of
numeroudH. pylori strains. Five Native American strains (ColombiaiN64, -NA1766, -
NA1768, Alaska-2 and -7) formed a cluster that vedated to the East AsiaracAsubtype
m1lb. They denoted this Native American subtypenad (21).

ThecagAregions of the modern Native American isolatesenwaso similar but not
identical to thecagAregion of East Asian isolates. One Alaskan stfalaska-2) was
found to becagAnegative. Yamaoka and colleagues commentedhbsg tresults
indicated Native AmericaHl. pylori strains did not originate with modern East Asian
people, but they likely had an ancient connectiamch supports the theory thidt pylori
was associated with the first humans in the NewltM@1). It is also interesting to note
the connection between the strains from Alaskathedtrains from Colombia. Their
similarity suggests that they share a common Asrarestor. The researchers noted that
many of the Native America. pylori strains have genotypes similar to those from non-
Asian countries. They commented that this maycia@ colonization differences between
Old World and New World strains (21). The discgvef a similarvacAm region in the
Kwéaday Dan Ts’inchH. pylori strain is significant because a connection has bee
identified between the ancient strain and local emodhlaskan strains as well as modern

Asian strains.
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3.4.1.3H. pylori hybrid vacA m regions

While developing a new PCR-based typing systenudypeableH. pylori strains,
Atherton and colleagues amplified th@cAm region of 77 strains from Asia, North and
South America (49). An m1/m2 hybrid was identifiestrain Ch2 from China was found
to have an ml-like sequence at the forward primaealing site and m2-like sequence on
the 3’ end. The scientists examined the alignmehtise Ch2 sequence with the sequences
from bothvacAm1 and m2 strains, and they identified a regiantaaing the
recombinational breakpoint (50). The Ch2 proxinedAm region was type ml whereas
the distal section was type m2, which was likely tbsult of recombination (50). The
breakpoint for Ch2 was identified at the coordisaie1971 bp to 1985 bp in strain Tx30a.

In this study of the Kwéday Dan Ts’indHi pylori strain, two components of the
vacAmiddle region were amplified. The proximal m wgtyped as m2a whereas the
distal m region typed as mld. The first 27 basekendistal middle region amplified using
the Yamaoka et al. study primers (46) is a regnat is conserved between both m1 and
m2 strains. At the breakpoint determined in thieefton et al. study (50), the Kwéaday Dan
Ts'inchiH. pylori vacAsequence indicates an m1 allele.

Ji and colleagues sequenced the compiatd gene from Ch2 and identified that it
is highly similar to the m1 form of the VacA prataip to amino acid 648 and similar to
the m2 form from amino acid 657 onwards (51). \@ation assays indicated that the
chimeric toxin had the m1 phenotype and therefoeer¢gion from amino acid 657
onwards has no impact on the phenotypic differebeéseen m1 and m2 strains (51). The

distalvacAm region of the Kwaday Dan Ts’incHi pylori strain was typed as mld. The
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region that was sequenced began at amino acid &¥tilon the Shi470 strain. It was not
possible to determine the phenotype of the hybriggmon.

Yamaoka and colleagues analyzedwaeAregion of 104H. pylori strains and
identified one Japanese strain (JapanK1) with abooation ofvacAmlb and m2
genotypes (21). Pan and colleagues undertoolda sfithe association between trecA
genotype of modern Chinese isolates and the reguttinical outcome (19). In the course
of their analysis, they identified four isolatesiwihybrid m1/m2racAgenes with mlb
proximal and m2 distal regions. Higher levels atwolating cytotoxin were noted in these
hybrids as compared to isolates with only an meeall

A study of 119 modern Taiwanese isolates identitied m2 strains, 13 m1 strains
and two hybrid m1/m2 strains (53). The two straugse highly homologous to m1 strains
in the region corresponding to 2701-2810 of UOS®14,the analysis identified a greater
homology to m2 strains in the region correspondmng540 — 2640 bp of Tx30a. Overall,
vacAm region hybrids are rare (Table 3.3). Scienhstge suggested that modern hybrids

arose from a recombination betwesatAm1 and m2 alleles during a mixed infection (52).

Table 3.3. ModernH. pylori hybrid vacA m1/m2 strains

Number of isolates Geographical location Source
4 China 19

2 Taiwan 53

1 China 49

1 Brazil 54

1 Japan 21
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There is a possibility that the Kwéaday Dan Ts'inictdividual was infected with
more than onél. pylori strain, which would explain\aacAm hybrid region. Studies on
modernH. pylori strains obtained from 65 children with and withdubdenal ulcers
revealed that ten children were infected with ntbes oneH. pylori strain. One m1/m2
hybrid strain was identified (54). Modekh pylori strains from 20 patients in Mexico City
were characterized basedwacAandcagAtypes, and 17 individuals were identified as
having an infection with two or more strains. Sepatients had untypeable middle
regions and five patients had s2/m1 strains. Thieass concluded that co-infection with
multiple H. pylori strains was common in Mexico, and these straipsaed to have more
diversity than those associated with other popaati(55). Unfortunately, the complete
vacAm region of the Kwaday Dan Ts'incHi pylori strain could not be sequenced. A
breakpoint was not determined, but the strain vka$ylavacAm hybrid because of the

clean forward and reverse sequencing runs of tobevavAm regions.

3.4.1.4H. pylori vacA s region

The Kwaday Dan Ts’incHil. pylori strain was characterized as s2 in the signal
sequence region @RcA This finding suggests that the individual did have major
symptoms as a result of the pylori infection, and this is consistent with the negativ
pathology report. Previous studies have showntthagenic type sl strains encode a
protein that has a hydrophobic N-terminal regicat ttan insert into lipid bilayers, whereas
this region in non-toxigenic s2 strains contairig/drophilic N-terminal extension that

blocks vacuolating activity (17). Interestingliietresearchers identified that s2/m2 VacA
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is capable of vacuolating activity if the N-termliextension is removed. It is not
understood why somid. pylori strains have a blocked capability of vacuolation.

A phylogenetic analysis of theacAs region of the Kwéaday Dan Ts’indHi pylori
strain indicated similarities with modern straihattwere analyzed by researchers studying
the presence df. pyloriin the New World before Columbus (21). They chteazed
1042 strains based on thacA cagAandcagright end junction genotypes. Most of the
East AsiarH. pylori strains werezacAslc (94.7%), and none of the strains were s2 (21).
They identified novel Native Americat. pylori strains with an s1 subtype. Some of the
strains (Colombia-NA1692, Alaska-2 and Alaska-Tstkred close to slc, yet
phylogenetic analyses of tkacAs region indicated that sequence differences letwe
established subtypes was very low (for example éetws1c and s2) (21). The Kwaday
Dan Ts'inchi s2 sequence is highly similar to theAs sequences of two modern Alaskan
H. pylori strains, Alaska-8 and -14 in the Yamaoka et atlys{21). Interestingly, these
Alaskan strains were typed as m2a intheAm region with sequences similar to the m2a
region in the Kwéaday Déan Ts’inchi. pylori strain.

The s2 subtype is not associated with Asian strathylori isolates were
analyzed by Ghose and colleagues from patient$ddea Caracas, Venezuela and a center
in the Venezuelan Amazon known as Puerto Ayacusih (The individuals from Caracas
had European or mixed ancestry whereas the indalsduom Puerto Ayacucho were of
Amerindian ancestry. The samples from Caracas iderdified with eithevacAsl1b or s2
subtypes whereas half of the Puerto Ayacucho sslaad/acAslc subtypes, which has
been identified in East Asian strains (34). Indérgly, 1 of 17 Puerto Ayacucho samples

was characterized with an s2 subtype. The researsliggested that their findings
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indicate non-indigenous genes have been introdintedPuerto Ayacucho. The
identification of an s2 region in the Kwaday Daniifichi H. pylori strain suggests that
European strains were present in northern Britislu@bia prior to his lifetime.

Inserts within the s region of tacAgene were analyzed in the Owen and Xerry
study (48) that involved 484 modern strains fronc8@ntries. The short inserts (27 bp)
found in s2 strains were highly conserved, andormection with geographic origin was
identified. Even with numerous polymorphisms, m@8%) of the s region inserts
contained the NDPIHSESR amino acid sequence. iakyss of the Kwaday Dan
Ts’'inchiH. pylori strain revealed that the same conserved amincsagigence was
present. Owen and Xerry also identified that ns@ssequences contained a pre-insert
motif (MGTELGANTP) in the s region (SRP type I) be# the insert site. Five other SRP
types were defined including M (1) to | or G (2)Sasubstitutions found in 10% of the
strains. The Kwaday Dan Ts’indHi pylori s region contained a pre-insert motif
IGTELGANTP.

During an analysis of isolates from 16 South Afnigatients, a strain was
identified with avacAs2/m1 genotype. This finding was significant hessit was one of
the first strains to be typed with that particlacAcombination. Since allacA
combinations have been identified, this indicabed tecombination events take placéiin
pylori strains in vivo (56). A similar study in Mexictsa identified s2/m1 strains (55).
Further studies by Letley and colleagues involveddonstruction of a s2/m1 structure in
both toxigenic and non-toxigenic backgrounds, &y found no difference with other
strains under laboratory conditions (17). Theyawamable to clarify the reason for the

smaller frequency of this particulaacAcombination. The combination of the Kwaday
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Dan Ts’inchiH. pylori s2 with m1d in the distal section of the middigioa is significant

because of the small number of modeacAs2/m1 strains.

3.4.2H. pylori cagA

ThecagAgene is part of a pathogenicity island (PAI) tlsat0-kb and contains 31
genes. Approximately 50 to 60% laf pylori strains possessagA which is associated
with duodenal ulcers and gastric cancer (45). Huhwsts infected withagApositive
strains have evidence of more inflammation anddmdgwvels of IL-8 (57) which is
produced by macrophages to induce chemotaxis. aRdss have analyzed the
association between the 3’ end of tagAgene and the geographical location of the
infected human population. They identified thastasian and non-East Asian strains can
be separated based on this one variable region (57)

Studies by Zhou and colleagues indicated connestietweercagAand human
population movement (58). They examined 143 Easirhisolates (Fukui and Okinawa,
Japan and Hangzhou, China) obtained from patieniisduModenal ulcers or chronic
gastritis. They identified that the presenceajApositive and Western type CagA strains
was significantly different between Fukui and Okuaa Sequence differences in tegA
positive strains indicated that while most hadEast Asian type CagA, 21.7% of the
strains in Okinawa had a Western type CagA, whiely be an indication of the influence
of an international connection with the West.

In this study, theagAstatus of the Kwaday Dan Ts'indHi pylori strain was not
determined due to lack of amplification in thaticeg Unfortunately, n@aagAPCR
products were obtained when previously publish@ugns and primers specifically

developed for this study were used (45, 59). Sanfadse negative result may be due to
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DNA degradation, further steps were taken to deteeni the region around theagAPAI
could be identified. TheagPAIl is flanked by 39 bp direct DNA repeats, ahdoylori
strains that areagAnegative do not have a complete PAI, but theyaksess a single
copy of the 39 bp sequence in the glutamate racegese. Partialagislands and size
variation have been identified (60). Unfortunatelywas unable to confirm that tie
pylori strain wasagAnegative because no DNA amplification occurredhpiimers that
flanked the direct repeat region.

A statistical connection has been determined batviieevacAsl genotype and the
presence of theag PAI (60), and studies have shown thatAs?2 strains are associated
with the lack of acag PAI even though the two sites are far apart orthgylori
chromosome. Andreson and colleagues isolated mptifeed thevacAandcagAregions
in 156H. pylori strains from patients in Estonia (61). They idfesdt an sla region in 135
of the strains whereas 16 strains were characteage?2. Interestingly, 15 of the 16H$2
pylori strains were alscagAnegative. There is a possibility that the Kwadeyn Ts’inchi
H. pylori strain iscagAnegative because of the potential correlation aithcAs2

genotype.

3.4.3H. pylori flaA

Motility of H. pyloriis influenced by the expression of fieA gene. The
bacterium has multiple flagella that consist obadd body along with a central filament
covered by a membranous sheath. Flagellin A garsible for the central filament which
is required for motility. The flagella enalie pylori to swim to regions of higher pH

below the mucosal surface (9). The géaA is highly conserved and researchers have
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determined that it is a major antigen that resualthe production of antibodies (62). The
flaA amino acid sequence of the Kwaday Dan Ts'inchisuiffers by only one amino

acid (lysine) from Shi470 (arginine) (Table 3.4)ysine has been identified in that position
in otherH. pylori strains.

H. pylori Shi470 is an isolate from an Amerindian residarBhimaa, Peru, which
is a remote Amazonian village. The complete genaaerecently sequenced, and the
information at this date is only available onlinenalyses of the Shi47. pylori strain
indicated that it is more closely related to stsdmom East Asia and thought to represent a
Native American strain prior to the arrival of Epsans (15).

It is noteworthy to mention that Shi470 also shadigh similarity (95%) in the
distalvacAm region with the Kwaday Dan Ts’inchi strain, whichave typed as mld
according to Yamaoka et al. study (21). The sintiéss in these two regions are intriguing
because of the link betweéh pylori and different human populations. The modern
Shi470 strain and the ancient Kwéaday Dan Ts'intrairs were associated with individuals

who likely had ancestors from the same populatmusands of years previously.

Table 3.4. FlaA amino acid sequence comparison beden the Kwaday Dan Ts'inchi

H. pylori strain and the Shi470 strain

KDT FlaA

QVDGVNDVTLESVKISSSAGTGIGVLAEVIN KNSNQTG\,E'AYANVITTSDVAVQSGSLSN L
TLNGIHLGNIADIKKNDSDGRLV

Shi470 FlaA

QVDGVNDVTLESVKISSSAGTGIGVLAEVIN KNSNQTG\@AYANVITTSDVAVQSGSLSN L
TLNGIHLGNIADIKKNDSDGRLV
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3.4.4 The impact of moderrH. pylori infections in Northern Aboriginal communities

In this modern era, humans are now experienciegyfving at a global level,
especially disease. Air travel has enabled peapiepathogens to visit different
environments in record time. Epidemiologists wdhtinue to face challenges ahead while
tracking the sources of various disease-causingnsms. Scientists are now recognizing
the importance of understanding the genetics ohthrean host populations, since it is
apparent that these genetic differences are inflngrthe impact of the same pathogen on
different populations.

Studies of the presenceldélicobacter pylorin modern Alaskan Aboriginal
populations living in Norton Sound have shown thé&ction rates are high (80% of the
610 individuals were seropositive fdr pylori antibodies and 72% were seropositive by 24
years of age) (63). Many Alask&h pylori isolates have been found to be resistant to
clarithromycin or metronidazole (64).

It has been postulated that pylori plays a role in the iron deficiency anemia that
has been identified in the Alaskan Aboriginal p@piin (65). Anemia was found to
remain high even following iron supplementationgesging that it was a result of an
infection (10). In 2006, Canadian Aboriginal commities were identified by a Canadian
HelicobacterStudy Group as a population at most risk of dgyelp aHelicobacter
related disease (10). Studies in the circumpelgion also identified high levels biff.
pylori infections in the communities of Greenland andgrus

This study identified that @acAs2-m2a/m1d. pylori strain was associated with
Kwaday Dan Ts'inchi. It is likely that the individl did not have any symptoms as a result

of theH. pylori infection because the strain was a non-toxigea@As2, which
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corresponds with the negative pathology resuligse on the identification of a hybrid
region in the ancieri. pylori strain gacAm2a/m1d), and due to the current high rates of
infection in the circumpolar region, further stuglieeed to include the identification of
completevacAm sequences in the modéinpylori strains isolated from individuals living
in Northern communities to gain a better undergtapdf the role that theacAm region

plays in the virulence of the bacterium in thatlidy.

3.5 CONCLUSIONS

In this studyH. pylori DNA was amplified and sequenced from the stomessiué
of the Kwéaday Dan Ts’inchi ancient individual whaswecovered from a glacier in
northern British Columbia, Canada. Through anysisiof theH. pylori vacAgene, a
hybrid m2a/m1d allele and an s2 signal region wagatified. A portion of thélaA gene
was also amplified and sequenced. The amplifinatfcacagAgene fragment was
unsuccessful, but the strain may notthgAnegative because of possible DNA damage in
that region.

Modern infection rates of Aboriginal individuals the circumpolar regions are high
and some treatments have been unsuccessful daghm#c resistance. The strain
associated with the Kwaday Déan Ts’inchi individoatried avacAs2 allele, which is an
indication that the strain was non-toxigenic. Phesence of an s2 allele, which is unusual
in Asian strains, suggests that European straims present during the timeframe of AD
1670 to 1850.

The characterization of thecAm region revealed a hybrid region that is rare in

modern strains. The phylogenetic analysis indat#tat the m1d region clustered with

64



previously studied novel Native American strainattivere closely related to Asian strains.
These observations are consistent with the idddahbdirst humans who migrated into the

New World crossed over the Bering Strait from Asia.
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CHAPTER FOUR:
The Discovery of a LatentMycobacterium tuberculosis Infection in Ancient Human

Remains Recovered from a Northern Canadian Glacier

ABSTRACT

Mycobacterium tuberculosis a bacterial pathogen responsible for the desa#zerculosis
that has plagued humanity throughout history. Bwvigh current medical knowledge, one
in three individuals worldwide is infected. Terrgant of these individuals will become ill,
and currently this disease results in two milli@aths per year. The analysis of ancient
microbial DNA associated with past human infectiangseful in defining the spatial and
temporal associations between humans and theiogatis. In 1999, an ancient individual
was recovered from a glacier in northern BritisHudoia, Canada. Radiocarbon dates
indicated a timeframe of AD 1670 to 1850, whicleither precontact or early European
contact for that area. The Aboriginal elders nathedsiteKwaday Dan Ts’inchand gave
permission for multiple research projects to leaore about their ancestor. This study
began with the testing of Kwaday Dan Ts’inchi tes$or the presence of microbial DNA
associated wittvMlycobacterium tuberculosi€Even though a pathological and histological
examination was negative, mycobacterial DNA wastpesdy identified in the lung tissue
with primers specific for the E&00insertion sequence. The ancient TB strain was

characterized through genetic analyses involviegy$mB andkatGregions. The presence
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of a single nucleotide polymorphism (G) at positi@88 of thekatG gene places the strain
in genotype Lineage I, which is more commonly assted with Europeall. tuberculosis
strains. Evidence of twgyrB alleles that differed by one amino acid was idesdti This
suggests a selective pressure even though it wasegrior to the use of antibiotics. A
previous study identified a large quantitySsdlicornia perennigglasswort) in a stomach
sample, which the elder’s suggested was eithergbartraveller’s diet or a medicine.
Recently a patent was granted to a group of seisnttho identified the antitubercular
properties ofSalicornia brachiateextract. A natural compound in the plant may have

resulted in the selection of a mutation in ¢fyeB gene of the ancie. tuberculosisstrain.

4.1 INTRODUCTION

Tuberculosis (TB) is a devastating disease wotliewlespite advances in
chemotherapeutic treatments (1). It can be aaut@ronic and impact both soft and
skeletal tissues. The disease is the result offantion by a member of the
Mycobacterium tuberculossomplex of bacteria. This complex consists offtbean
pathogend/. tuberculosis, M. africanunandM. canettii M. bovis, M. microti and M.
capraeare also members that are more often associatbcanimal infections.M. canettii
is the most genetically diverse of the group ancursently considered to resemble the
progenitor strain of the complex (2).

Transmission mainly occurs as a result of inhalivgbacteria into the lungs where
replication occurs within the macrophages of thetlsammune systemM. bovismay also

be transmitted through ingestion of infected foodndk (3). M. tuberculosiss not found
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in the environment anithe only natural reservoir is humans. Every yggraximately 8 to
10 million people develop active tuberculosis, d@mwidas the cause of 1.7 million deaths in
2006 (4).

According to the World Health Organization, onedlof the world’s population
has a latent tuberculosis infection of which fieeen percent will eventually develop
active TB. Individuals with a latent TB infectityvave no symptoms and are not infectious
to others but they may develop active TB duringrtlifetime. Activation of a latent
tuberculosis infection is often the result of ardjtion in the balance of an individual's
Immune system. Stress, malnutrition, host genedied infection with other micro-
organisms, such as HIV, are some factors thattafiecoutcome of a latent infection or
make individuals more susceptible to new infectifs)s

The first complete genome sequence of a well-chenaedM. tuberculosisstrain
H37Rv was published in 1998 (6). The size of theame is 4,411,529 base pairs with
approximately 4000 genes. Since the fulstuberculosiggenome was sequenced, the
genomes of strains CDC1551, F11 and H37Ra haveébakso sequenced (7, 8) which has
enabled scientists to complete detailed comparis®hss new data has resulted in a clearer
understanding of the evolutionary relationshipsiMeein the strains, and this has been used
to study population movement. It also offers rieals for the identification and

characterization of ancient strains.
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4.1.1 Phylogenetic analysis of moderil. tuberculosis strains indicate a connection
with past human migration

Numerous genotyping methods have helped to defiglogenetic relationships.
Barnes and colleagues reviewed some of the mosinoongenotyping methods used on
modernM. tuberculosisstrains (9). Restriction fragment length polynfogm (RFLP)
analysis of the insertion sequencé130is one method. The insertion sequence varies in
copy number and distribution between Metuberculosisstrains. Another genotyping
method involves the determination of the numbersne of 12 MIRUs (mycobacterial
interspersed repeat units) that have two to eiliglea at each locus. MIRUs are regions
within the genome that contain repetitive sequentesrying lengths. Spoligotyping
(spacer oligonucleotide typing) can also be usdlifferentiate betweeM. tuberculosis
strains. A direct repeat locus withih tuberculosisontains multiple copies of a 36 bp
direct repeat. These copies are separated byrspaitk different sequences and since
these sequences are conserved, the analysis pfethence or absence of these spacers is
used in the determination of strain differences.

As additional sequence data is acquired througidisaevolving technology, more
information is available to investigators who arecpng together the evolutionary history
of the bacteriunM. tuberculosis A recent study by Gutierrez and colleagues detexchin
that even though low levels of genetic variatioantified between modem. tuberculosis
isolates suggest the bacterium went through arugeohry bottleneck, a progenitor
species may have been contemporaneous with earints in East Africa (2).

With the goal of determining the timing of divenge, the diversity of the

populations and the spread of the bacteria, Winthalleagues analyzed 24 MIRU loci in
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355 isolates that were chosen to represent a gibétaibution (10). They determined that
a radiation of two lineages emerged from an Eastah progenitor approximately 40,000
years ago followed by movement of the bacteriura Axtia, Europe and Africa. This is
compatible with human migration studies that suggexiern humans migrated out of
Africa. Interestingly, the study showed that timeages had a recent expansion around 180
years ago at a time that coincides with the ingalstevolution and human population
expansion.

Neutral genetic variation iNl. tuberculosiggenes associated with antimicrobial
drug resistance was analyzed in a phylogenetiysiydBaker and colleagues (11). They
identified silent single nucleotide polymorphisn\Ps) in seven gene loci from 316
clinical isolates and determined evolutionary cario@s between four distiné4.
tuberculosidineages with geographic associations. The liasagere designated | through
IV with associations between lineage | and South&sis, lineage 1l and Europe, and
lineage Ill and India. Lineage IV was identifieahva global distribution.

In a study of the globa@l. tuberculosigopulation structure, Gagneux and
colleagues defined six phylogeographical linead@% (Through the analysis of large
sequence polymorphisms, the study attempted teeaddie impact of the lengthy
connection between this pathogen and its human Adsty determined that in urban
settings, the spread of a particular bacteriablggeoccurred in sympatric populations, those
which occupy the same geographic location, whafeasallopatric transmission occurred,
it was likely due to impaired host resistance migh-risk individual. This expands on
previous findings that the host’s region of origirpredictive of the strain, and this

association is seen even when the transmissiorrooatside the region of origin (13).
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Gutacker and colleagues analyzed 36 synonymous 8N\BD69M. tuberculosis
strains isolated from American and European paiéht). Since a synonymous
polymorphism does not result in an amino acid ckatigey are considered to be
evolutionary neutral. The strains in the studyenv@ssigned to one of nine major genetic
clusters. Because of unequal distribution, theteks indicated geographic subdivisions.
This is further evidence of the connection betwidsenbacterium and the larger scale host
population.

In a recent study, 212 SNPs were analyzed inlaatan of moderrM.
tuberculosisstrains. The investigators identified geneticedsity that resulted in the
creation of six phylogenetically different clustgoups. The clusters were associated with
the geographical origin of the strains as welleshirthplace of the host. The study
indicated that the oldest clusters were associaittdindia followed by East Asia. Less
diversity was identified in Mexican indigenous ptiions which led the authors to
suggest that the bacterium had a more recent unttaoh into the area (15).

Hershberg and colleagues analyzed the geneticsttivavithin theM. tuberculosis
complex with seven megabases of sequence datalfd8mmodern strains that were
selected to represent global diversity (16). Themlysis indicated that members of ke
tuberculosiscomplex are more genetically diverse than whatoevagnally assumed based
on previous studies. They concluded that genetictdhs played a role in the diversity of
the M. tuberculosiscomplex, which is connected to both past and ptdsgman migration.

Phylogenetic analyses for migration studies tyiyiazse moderrM. tuberculosis
isolates, but the recently developed field of palepobiology also incorporates sequence

data from the genetic analysis of ancient micrcanrgms to define evolutionary
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relationships. Researchers have successfullyifaehpastM. tuberculosisnfections
using the knowledge from modern strains, especib#ypresence of the 8310insertion
sequence (17). Unfortunately, the use of most mmgenotyping methods on ancient
strain sequences is problematic due to the regeméof lengthy intact sequence
information.

Ancient sequences are often degraded by post-marxédation and hydrolysis.
The amount of DNA degradation is dependent on tive@mental conditions, with cold
and dry locations the most ideal for DNA presexwati Ancient DNA analysis involves the
amplification of small regions of DNA often smalkan 200 bp. This limits the range of
genotyping methods, but the identification of SM&s potential for not only genotyping

modern strains but ancielt tuberculosisstrains as well.

4.1.2 The identification of ancient tuberculosis ttough skeletal and molecular
diagnoses

Before sequence information from ancibhttuberculosisstrains can be analyzed
for the evolutionary relationships associated witiman migration, it is necessary to first
identify likely sources of the genetic materiakim archaeological context. In 1993,
Spigelman and Lemma reported the first diagnosandi. tuberculosisomplex infection
in ancient remains with paleopathologies represeetaf the disease tuberculosis (18).
The positive molecular identification of a pathata ulna from pre-European contact
Borneo was noteworthy. A few years later, concarese raised regarding the
methodology used since the field of ancient DNAeagsh was still very young (19). The

scientists revisited their earlier research andigoed the original findings (19).
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In 1997, Nerlich and colleagues reported moleceNédence of at. tuberculosis
infection in an Egyptian mummy dated from the Neingtom (1550 — 1080 BC) (20).
The male mummy was recovered at the Tombs of th#ddan Thebes-West, Upper
Egypt. Upon visual inspection, extensive pleutdiesions to the chest wall were
identified in addition to anterior destruction ofd lumbar vertebrae. These pathologies
are indicative of the disease tuberculosis, andttugent mycobacterial infection was
confirmed using molecular technology (20).

Members of thé/. tuberculosiomplex are unique because their cell walls cantai
a high concentration of lipids. Postmortem DNA slaet survive indefinitely mainly due
to oxidation and hydrolysis, bM. tuberculosicomplex DNA is more likely to remain
intact. Researchers have suggested that thenipadbacterial cell wall protects the
bacterium from postmortem enzymatic attack (17)soAM. tuberculosicomplex DNA
contains a high percentage of guanine and cytdbateaids in DNA stabilization (17).

Numerous studies have now indicated the presenige mberculosiomplex
DNA in ancient mummified and skeletal tissues (ZIhe capability of legitimately
diagnosing ancient tuberculosis through molec@eanmnology has been an exciting
addition to the field of paleopathology. Molecuhaethods can now be applied to answer
archaeological questions including: when did tublersis arrive in the New World and by
what means? How can this knowledge then tranglatederstanding the current global

transmission of the disease? These questionbevdiscussed below.
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4.1.3 Precontact tuberculosis in the Americas

For many years, it was assumed that tuberculosssbrought to the New World by
Europeans post 1492. Pre-European contact osteal@yidence of the disease, including
anterior vertebral destruction, has been identifieskeletal material from numerous
archaeological sites (22). Scientists were skaptitthe TB diagnoses given to these
remains mainly because of the devastation thadlidemase caused to the indigenous people
when they first encountered Europeans, suggestatghe population had not been

previously exposed (23).

4.1.3.1 South American histological and molecularédence of precontact TB

In 1973, Allison and colleagues reported their ifiigd of a tuberculosis case from
precontact Peru (AD 700) (24). The TB diagnosis ased on many pieces of evidence
including: an anterior curvature of the spine duéhe destruction of vertebrae (Pott’s
disease), a psoas abscess, and lesions in the liwvegand right kidney. They also
identified through staining techniques the preseari@id-fast organisms, which is a
characteristic feature of the bacteritdntuberculosis

Salo and colleagues reported the identificatiomofuberculosiDNA in a pre-
Columbian Peruvian mummy (25). This was the tixgtasion that a DNA analysis was
performed to identify a pre-European contact TBecabhe mycobacterial DNA was
extracted from a lesion in the upper right lobéhaf lung in a spontaneously mummified
adult female with a radiocarbon date of 1040 + d4rg BP. The following year, Arriaz

and colleagues identified mycobacterial DNA in @eferal lesion from a Chilean
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mummified child with a radiocarbon date of 910 +y&ars BP and skeletal evidence of

Pott’s disease (26).

1.3.2 North American skeletal and molecular eviderecof precontact TB

Gomez i Prat and colleagues summarized the numeesgs of North American
precontact tuberculosis (28). All diagnoses wexgeld on osteological evidence, and only
one individual from the Joe Gay site in lllinoissM@und with soft tissue that suggested a
pleural lesion. Most of the North American TB paltgies were associated with remains
recovered in the Central Plains of the USA and magdiake Ontario in Canada. The oldest
North American precontact TB diagnosis was made886 by Dr. William F. Whitney of
the Harvard Medical School on skeletal remains fidashville, Tennessee, which were
identified with an extreme anterior curvature ansidn of numerous vertebrae (23).

Skeletal evidence of precontact tuberculosis igdichin Canada perhaps due to
different burial practices of the early culturesl dmited disturbance of burial sites by
modern researchers. One precontact case waseéporvestern Canada based on the
identification of ankylosed first and second lumbartebrae with loculated cavities. This
evidence was associated with an adult female appad&ly 45 yrs at death with a
radiocarbon date of 975 + 75 BP. The skeletal resnaere accidentally discovered during
guarry operations in southeast Saskatchewan (Wwadhite) (29).

At this time, only two North American samples h&deen positively identified for
the presence d¥l. tuberculosiomplex DNA (30). The two samples included fused
lumbar vertebrae with a radiocarbon date of 460 BB from the Uxbridge Ossuary near

Toronto, Canada and a thoracic vertebra from dy &af century Middle Mississippian
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burial (Schild Cemetery in lllinois). Both samplaesd skeletal lesions indicative of the
disease TB. An earlier analysis of the Uxbridgsuasy revealed numerous examples of
lytic lesions in lower vertebral and sacro-iliaear These observations were regarded as
evidence for the presence of skeletal tubercul@dikx

Interestingly M. tuberculosiomplex DNA was identified in the metacarpal of an
extinct long-horned bison radiocarbon dated 178230 BP (32). Skeletal material from
this Pleistocene bovid was recovered in Naturap @ave, Wyoming and the appearance
of an undermined articular surface of the metadavpa suggestive of the disease
tuberculosis. This discovery of mycobacterial DiSAmportant because it indicates that

M. tuberculosishas been present in the New World for millennia.

4.1.4 Evidence of the antiquity of tuberculosis othe Canadian Northwest Coast
Evidence of precontact tuberculosis on the NorthW@esst of Canada has yet to be
identified, but ancient human remains recoverethftioat region were found with
preserved tissue suggestive of a TB infectionthén1970s, the remains of a female
recovered from St. Lawrence Island, Alaska (AD 406je autopsied, and a calcified
lymph node was discovered. The tissue was negfaintbe presence of acid-fast bacilli
when specific stains were used (33). This negditieng is inconclusive because these
stains have not been consistent on ancient tisseeted with mycobacterial DNA (34).
Another female (AD 1500) was recovered near Bardaska, and calcified granulomas
in the right lung and lymph nodes near the maimbnowere identified. Both cases were
originally thought to be the result of histoplasimsda fungal disease), because it was

assumed at the time that tuberculosis was a pagaciodisease (35).
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Historical records indicate that the first docuteeincase of tuberculosis in a
Northwest Coast Aboriginal occurred in 1793 at Madsound on Vancouver Island, where
the Spanish had established a post that was octbptereen 1790 and 1795. Tuberculosis
eventually affected the local communities near modeay Sitka, which had been occupied
by the Russians since 1799 (36). During the 18#h@sRussian-American Company
known for dealing with furs had their headquarterSitka. The company physicians
maintained medical records that included comment$e presence of inflammatory
diseases such as pleurosis, pneumonia and “blatgdrgpduring the winter months (37).

The first osteological evidence of tuberculosiglo® Northwest Coast corresponds
with a historic case identified in a Barkley Soundial cave on Vancouver Island. During
an assessment of the cave in Nuu-chah-nulth terribmmerous fused thoracic vertebrae
were discovered with evidence of an anterior caéafpom the third to the sixth thoracic
vertebrae. There was no visible reactive bone tir@and no involvement of the neural
arch or spinous processes, which led the investigab conclude that this was likely a case

of tuberculosis (38).

4.1.5 The identification and characterization of arancientM. tuberculosis strain
associated with the Kwaday Dan Ts’inchi ancient ingidual

In August 1999, three hunters discovered frozendruremains in a glacier in
Tatshenshini-Alsek Park in northern British Columbn the traditional territory of the
Champagne and Aishihik First Nations (Figure 4 Ah agreement was made between the
provincial government and the Champagne and Aiklihrist Nations to allow for a

scientific analysis of the individual from the sitamed Kwéday Dan Ts’inchi by the
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Aboriginal elders. Initial radiocarbon dates suggdshe individual was approximately 550
years old (AD 1450), which was a time before theval of Europeans into the area (39).
Recently, further radiocarbon analyses were perdrand the researchers discovered that
the individual was from a more recent timeframambroximately AD 1670 to 1850 (40).
This is still either precontact or early contaatttoat region. A pathological and
histological examination did not reveal a causdes#th, and there was no evidence of

iliness (39).
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Figure 4.1.Kwéaday Dan Ts’inchi site (40)
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As part of an ancient microbial DNA study, the tiss of the Kwaday Dan Ts’inchi
ancient individual were tested for evidencévbftuberculosicomplex bacteria. In this
paper, the finding di. tuberculosiDNA will be discussed, along with the details of
characterization of the ancigvit tuberculosisstrain. The significance of the identification
of a latent tuberculosis infection and the relewaottthe modern phylogenetic data on
ancient human migration will be reviewed. Finalysimple method will be suggested to
differentiate betweeM. tuberculosisandM. bovisinfections through the identification of
differences in th&v3479ene previously identified in the sequenced gersooienodern

M. tuberculosiscomplex strains.
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4.2 METHODS
4.2.1 Sample Collection

Small tissue samples (approximately half a gramess of lung, liver, myocardium,
lymph node, spleen, stomach, small intestine, ced@scending colon, skin and rib
tissues) were retrieved from the ancient individiiaing an autopsy at the Royal British
Columbia Museum in Victoria, British Columbia. Btird protocols were followed to
prevent contamination. All members of the autajesyn were dressed in appropriate
protective clothing, and sterile surgical tools &ased. The samples were packed on ice in
an insulated container for travel to the Universitysaskatchewan, in Saskatoon,

Saskatchewan, where they were stored in a -70%2draupon arrival.

4.2.2 DNA Extraction

Tissue extractions were set up in a separate largrim a biological safety cabinet
that was surface cleaned with 10% (v/v) Clorox tiieand NucleoClean Decontamination
wipes (Millipore, MA). DNA was extracted using éica-based method suggested for the
recovery of ancient DNA by Yang and colleagues (#ith spin columns from a

QIAquick® PCR Purification Kit (QIAGEN Inc., Misssswuga, Ontario).

4.2.3 PCR Amplification

All PCR reactions were set-up in a separate londtmm the post-PCR laboratory.
The components of a 50pul reaction consisted of: BNIA extract, 2 Units of AmpliTag®
Gold DNA Polymerase (Applied Biosystems Canadae&swville, Ontario), GeneAmp®

PCR Gold Buffer (15mM Tris-HCI, pH 8.0 and 50mM KRC2.5 mM MgC}, 200uM each
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dNTP from GeneAmp® dNTP Mix (Applied Biosystems @da, Streetsville, Ontario),
and previously published and newly designed PCRgms (0.2uM Sigma Genosys
Canada, ON) (Table 4.1). PCR reactions were pagdrin an MJ Mini Gradient Thermal
Cycler (Bio-Rad Laboratories, Hercules, CA) asdais: 12 minutes initially at 95°C,
followed by 40-45 cycles of denaturation at 95°€Xamin, differing annealing
temperatures for 1 min followed by 72°C for 1 mikfter the cycles were completed, the

temperature was held at 72°C for 8 minutes.

4.2.4 DNA Electrophoresis

Five microlitres of each amplification product wedded to individual wells in 2%
(w/v) agarose minigels that were immersed in a/dcistate/EDTA (1XxTAE) solution.
After the application of 88 volts for one hour, gelere removed and placed in a container
containing a 0.5 pg/ml ethidium bromide solutionT0@ minutes. The gels were destained

in water for 10 minutes before visualization on4 lightbox (254 nm).

4.2.5 DNA Sequencing

PCR products were sequenced directly in both falvaad reverse directions on an
ABI 3730xI DNA sequence analyzer at the National Researcim€llelalant Biotechnology
Institute (Saskatoon, Saskatchewan). The DNA sempsewere compared with reference

sequences in the National Institute of Health (NG#nbank database.
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TABLE 4.1: PCR primers for the amplification of regions within M. tuberculosis

Region Primers Product size Annealing Temp Source
Number of Cycles

1S6100 P1 CTCGTCCAGCGCCGCTTCGG 123bp 68°C 43
P2 CCTGCGAGCGTAGGCGTCGG 40 cycles

Rv3479 MTB1 ATGTGTAGCAGACCAGCGAT 156bp 62°C Thisusly
MTB2 GGCAAGTTGCGTCAAGGT 40 cycles

ThD1 TbhD1iF AAGGACGAAAGGATCGTCAA 135bp 62°C 34
TbD1iR AAAACAGCAAGATCGGCAAC 40 cycles
TbhD1fF CGGTTATCGAAAGGCTAACG 97bp 62°C 34
TbD1fR TACCGTCGATCGTGTCAAAG 40 cycles

gyrB TSgyrBF CACATCAACCGCACCAAGAAC  203bp 64°C Thesudy
TSgyrBR TTGTTCACCACCGACGTCAG 45 cycles
TSgyrB2F ACACCATCAACACCCACGAG 209bp 64°C Thtudy
TSgyrB2R CAACTTGGTCTTGGTCTGGC 45 cycles
TSgyrB3F AGGTCAGCGAACCGCAGTTC 200bp 64°C Thisdy
TSgyrB3R CACCAACTCTCGTGCCTTAC 45 cycles

katG katGF TCAGCCACGACCTCGTCGG 163bp 68°C 34
katGR AGGCGGATGCGACCACCGTT 45 cycles




4.3 RESULTS
4.3.1 The positive identification oM. tuberculosis complex DNA

In this study, polymerase chain reaction (PCR) wittviously published primers
designed to amplify a 123 bp region of thé180insertion sequence specific fig.
tuberculosiscomplex (43) was used on extracted Kwaday Dam@siilung tissue (Figure
4.2). M. tuberculosizomplex DNA was also amplified in multiple tisssemples from the
thorax and abdomen including: a lymph node, spliegr, stomach, small intestine,
cecum, and descending colon. A skin sample anshrifyple were also tested, but the PCR

was negative (Figure 4.3).

500 bp—

Figure 4.2. Amplified IS6100PCR products (123 bp) on a 2% agaroselgeie 1, 100 bp
ladder (New England Biolabs Inejckering, ON, CAN.)Lane 2 lung sample #1
amplified with previously published 8800primers P1 and P2 (43)ane 3, negative
extractionLane 4, lung sample #2;ane 5, positive lung sample #B8ane 6, positive

myocardium extract,ane 7, negative PCR

89



500 bp—

Rl
sl
=]
v
——
r——

Figure 4.3. Amplified IS6100PCR products (123 bp) on a 2% agaroselgeie 1, 100 bp
ladder (New England Biolabs Inejckering, ON, CAN.)Lane 2, Unconfirmed spleen
tissue extract amplified with previously publisi&8100primers P1 and P2 (43)ane 3,
Liver extract;Lane 4, Small intestine extrack,ane 5, Rib extractiane 6, Skin extract;

Lane 7, Negative extractior,ane 8 Negative PCR

One extraction blank was used to monitor for comation. It was positive on
occasion when IRLOOprimers were used but often negative when singie@nalyses
(gyrB, katG) were performed. This positive result indicatieattthere was a source of
contamination. It is possible that the contamoratnay have occurred during the DNA
extraction from the tissues. Moisture was notedhenspin columns after centrifugation,
and DNA may have inadvertently been transferrethfome sample to another through the
handling of multiple extraction tubes while wearthg same pair of gloves. | subsequently

ruled out any contamination in all laboratory itensed and in all of the extraction

90



solutions. Lung tissue was sent to a second ladxgréor confirmation of the positive
identification ofM. tuberculosicomplex DNA. Dr. Mark Spigelman (The Hebrew

University) reported that they also amplified aedsencedV. tuberculosicomplex DNA.

4.3.2 Ruling outMycobacterium bovis

The 135100sequence identifies members of Metuberculosicomplex but further
characterization was necessary to classify thetdoaaterial infection. The members of the
complex that are most often associated human tulesis includeM. tuberculosisM.
bovisandM. africanum M. africanumis very rare in North America, bM. bovishas
been identified in North American animals. Eatinfgcted meat or drinking infected milk
can result in the transmission of the bacteriumumans. Interestingly, only one case of
an ancienM. bovisinfection has been identified (44).

| developed a fast and simple way of ruling Butbovisby analyzing a segment of
theRv3479gene, which is complete M. tuberculosidbut contains a deletion M. bovis
Primers were designed that would amplify 156 bfheRv3479gene that exists in thd.
tuberculosisgenome but is deleted M. bovis TheRv3479gene sequence was
successfully amplified from the tissue extractyéf@e ruling out am. bovisinfection
(Figure 4.4). Unfortunately the one negative ettoa control indicated contamination,

but as discussed above, the evidence of contammats sporadic.
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Figure 4.4. Amplified Rv3479PCR products (156 bp) on a 2% agarose gel (priM&iBz1l
and MTB2)Lane 1, 100 bp ladder (New England Biolabs IReckering, ON, CAN.);
Lane 2, positive control (prepared in a different laborgy; Lane 3, M. bovis Lane 4,

negative PCRL.ane 5 liver extract,Lane 6, lung extractLane 7, negative extraction

4.3.2.1 TbD1

Tuberculosis has had a long association with humdtedernM. tuberculosis
isolates are either genetically ‘modern’ basedhenappearance of &h. tuberculosis
specific deleted region (TbD1) or they resembla@@acestral strain if the region is present
(45). No amplification occurred when internal peirs for the TbD1 deleted region were
used, whereas 97 bp were successfully amplifieagysieviously published primers that
flank the region (34), indicating that the KwadagrDTs’inchiM. tuberculosisstrain is

genetically modern (Figure 4.5).
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Figure 4.5. Amplified PCR products (97 bp) flanking the TbD3jien on a 2% agarose
gel.Lane 1, 100 bp ladder (New England Biolabs IRickering, ON, CAN.)Lane 2,

small intestine extract positive amplification witbD1fF and TbD1fR primers (34)ane
3, lung extractLane 4, negative extractior;ane 5, negative extractiorane 6, negative

PCR

4.3.3 Single gene analyses

Genetic analyses ®fl. tuberculosigsolates have revealed that there is little
sequence diversity with the exception of some efrpeat sequences, thus seemingly
insignificant nucleotides changes are still impertfar phylogenetic studies (46). The
identification of arM. tuberculosisnfection by 1$100 RW3479 and regions flanking the
TbD1 region indicated the presence of the bactésdNA in Kwaday Dan Ts’inchi

tissues but no additional information could be gatld from these regions. It was
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important to perform additional single gene anaytbat included the portions of tggrB

andkatGgenes.

4.3.3.1gyrB

Three sets of overlapping primers were designetiudy a region of the Kwaday

Déan Ts'inchiM. tuberculosis gyrBjene. A total of 495 bp were amplified (Figuré)4.

1 2 3 4 5 6 7 8 490 11 12 13 14 15

500 bp—

Figure 4.6 Amplified PCR products of thgyrB region on a 2% agarose geane 1, 100

bp ladder (New England Biolabs Irfeickering, ON, CAN.)Lane 2 stomach extract
amplified with primer set #1 (203 bdane 3, negative extractior,ane 4, negative PCR;
Lane 5 H37Rv;Lane 6, 100 bp ladden,ane 7, stomach extract amplified with primer set
#2 (209 bp)Lane 8, negative extractiori;ane 9, negative PCRLane 10 H37Rv;Lane
11,100 bp ladderLane 12 stomach extract amplified with primer set #3 (2@0; Lane

13, negative extractior,ane 14 negative PCR;ane 15 H37Rv.
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The Kwaday Dan Ts'inch¥l. tuberculosigyrB sequence indicated evidence of two
alleles. One nucleotide position was identifie¢datain two bases in both the forward and
reverse sequencing runs (Figure 4.7). A Blastcheairth the one ‘'allele’ indicated that the
sequence shared a 100% identity with one mohlfertuberculosigsolate from Japan
KY679 (47), whereas the sequence of the seconié atlatched many sequences in the
database . The Japanese strain KY679 and thdleleead the ancient Kwaday Dan
Ts’inchi strain both have a C at position 1117, riehe the other modegyrB sequences
and the second ancient allele contain a G in tbsitipn. Most modern isolates have been
identified with a methionine in position 543 @frB in reference strain AB014215 whereas
the ancient Kwaday Déan Ts'inchi strain and the miodkg/679 Japanese isolate contain an

isoleucine (Figure 4.8).

CACATCAACCGCACCAAGAACGCGATTCATAGCAGCATCGTGGACTTTTCGG

CAAGGGCACCGGGCACGAGGTGGAGATCGCGAE/GCAATGGAACGCCGGGTA
TTCGGAGTCGGTGCACACCTTCGCCAACACCATCAACACCCACGAGGGCGA
CCCACGAAGAGGGCTTCCGCAGCGCGCTGACGTCGGTGGTGAACAAGTACE
AAGGACCGCAAGCTACTGAAGGACAAGGACCCCAACCTCACCGGTGACGAAT
CCGGGAAGGCCTGGCCGCTGTGATCTCGGTGAAGGTCAGCGAACCGCAGTTG
AGGGCCAGACCAAGACCAAGTTGGGCAACACCGAGGTCAAATCGTTTGTGAG
AAGGTCTGTAACGAACAGCTGACCCACTGGTTTGAAGCCAACCCCACCGAGC
GAAAGTCGTTGTGAACAAGGCTGTGTCCTCGGCGCAAGCCCGTATCGCGEC
GTAAGGCACGAGAGTTGGTG

Figure 4.7. The 495 bp sequence of the Kwaday Dan Ts’iihiuberculosigyrB gene

indicating the presence of two nucleotides in oaselposition.

HINRTKNAIHSSIVDFSGKGTGH EVEIAEIQWNAGYSESVHTFANTINTH EGGTHEEGFRS
ALTSVVNKYAKDRKLLKDKDPNLTGDDIREGLAAVISVKVSEPQFEGQTKT KLGNTEVKS
FVQKVCNEQLTHWFEANPTDAKVVVNKAVSSAQARIAARKARELV

Figure 4.8.The Kwaday Dan Ts'inch¥l. tuberculosis gyrBamino acid sequence
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4.3.3.2katG

163 bp of thé&atG gene from the Kwéaday Dan Ts'indli tuberculosisstrain
were amplified and sequenced (Figure 4.9). Theesscp was identified to be 100 %
identical with numerous modemM. tuberculosisstrains. The identification of guanine in
positionkatG **® © (KatG463 cgg) is interesting because this nudledtias been

identified in lineage 1l modern strains that arsagsated with European strains (11) (Figure

4.10).

500 bp—

Figure 4.9. Amplified PCR products (163 bp) using primers katsi#d katGR (78) on a
2% agarose gelane 1, 100 bp ladder (New England Biolabs IRickering, ON, CAN.);

Lane 2 stomach extractior;ane 3, negative extractior,ane 4, negative PCR.
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TCAGCCACGACCTCGTCGGCGAAGCCGAGATTGCCAGCCTTAAGAGCCAGA

CEIGGCATCGGGATTGACTGTCTCACAG CTAGTTTCGACCGCATGGGCGGCGG(

GTCGTCGTTCCGTGGTAGCGACAAGCGCGGCGGCGCCAACGGTGGTCGC2T
GCCT

)

Figure 4.10.PartialkatG sequence (163 bp) associated with the Kwaday Danchs M.

tuberculosisstrain indicatingatG 138 ©

4.4 DISCUSSION

4.4.1 The significance of identifying an ancient tant TB infection

The presence dflycobacterium tuberculosiBNA in the lung tissue and possibly
elsewhere without evidence of iliness based omaptete histological exam, leads to the
conclusion that the Kwaday Dan Ts’inchi ancienivitibal had a potential latent
tuberculosis infection. The individual would haved no symptoms, and he would not
have been infectious to his community. Latent tablesis infections are not well studied,
and the location of the bacteria is not always egpa5). Lung granulomas, lymph nodes,
or tissues farther away from the initial site dection have all been suggested (48). Itis
also possible that viable bacteria may reside detgranulomas, in areas unaffected by the
infection (49).

Superficially normal lung tissues were analyzedHeynandez-Pando and
colleagues from 47 Mexican and Ethiopian individuahose causes of death were
unrelated to tuberculosis (50). They used PCHReatify the presence dfl. tuberculosis
DNA which resulted in the identification of latemierculosis infections in 15 of the

individuals. This indicated that the presence gfanuloma is not necessary for evidence
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of anM. tuberculosisnfection. Interestingly, the researchers noked while a
tuberculosis infection was not evident, a histatagexamination revealed that all of the
positive tissues contained accumulations of cagaoticles in the macrophages or nearby
fibrous tissue and the subpleural space. Carbonaamaterial was identified in the lungs
of Kwaday Dan Ts’inchi (Straathof, unpublished)isinot unusual though to find evidence
of smoke inhalation in the lungs of an individuarh a pre-modern era.

It is assumed in paleomicrobiology studies thag¢mvancieniM. tuberculosidDNA
is identified in pathologic tissues other thanltiggs, the individual suffered from the
symptoms of the disease. There is still uncerashthe significance of a positive
identification of ancienM. tuberculosiDNA in non-remarkable bone or tissue. The
amplification ofM. tuberculosiDNA from multiple areas of the individual was pi@ysly
thought to be the result of a systemic spreadebtcteria (51) Multiple Kwaday Dan
Ts’inchitissue samples tested positive fbrtuberculosicomplex DNA. Only the lung
sample was retested at the Hebrew University insddem and the positive identification
was confirmed. Unfortunately, confirmation fromoéimer laboratory of multiple organ

involvement was not possible due to the limited ant@f remaining tissue.

4.4.2 The identification of theM. tuberculosis complex and specificallyM. tuberculosis
Primers designed by Eisenbach and colleaguesv@®) used on multiple Kwaday
Dan Ts’inchi tissues to amplify 123 bp o6IE®Q This region was identified as part of an
insertion sequence that was specific for the myctaal species associated with e
tuberculosiscomplex (52). Multiple copies of the@$00sequence have been identified in

most of the members of ti. tuberculosicomplex, whereall. bovisgenerally contains
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only one copy (53). Since six mycobacterial spetoem theM. tuberculosiscomplex,
further genetic analyses were performed to conéiivh tuberculosispecific infection.
The amplification of an I&L00sequence fragment to identify Bh tuberculosis
complex infection has been reported in numerougeahtuberculosis studies (18, 25, 54,
55, 56, 57). In arecent study by Coros and cgllea, a similar insertion sequence was
identified inM. smegmati$58). While the sequence was not identical tol 86400
associated with thil. tuberculosiomplex, it was similar enough to indicate a catioa
between 18100and other mycobacteria. Based on this finding, aritical to diagnose
ancientM. tuberculosignfections on more than a positive amplificatidragortion of the
IS6100insertion sequence. In the following sectionffedent genomic regions that were
analyzed to specifically characterize the Kwadap D&'inchiM. tuberculosisomplex

infection will be outlined.

4.4.2.1Rv3479

TheRv3479ene, which is 3063 bp long, encodes a possiatsitnembrane
protein inM. tuberculosisstrain H37Rv. M. bovisAF2122/97 has a 714 bp deletion in
Rv347%hat results in two smaller open reading fram@&3.(%rimers were used on
Kwéaday Dan Ts'’inchi tissue extract to amplify a Hgbregion withinRv347%that is not
present irM. bovisthus confirming that the bacterium was Mitbovis These results
indicate that deleted regions are useful for rubngmembers of thel. tuberculosis
complex when characterizing a mycobacterial st@spgecially if the region is found intact

within M. tuberculosis
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4.4.2.2 TbD1

Previously published primers (34) were chosendbttee Kwaday Dan Ts'inchl.
tuberculosisstrain for arM. tuberculosispecific TbD1 deletion. Modem. tuberculosis
isolates can be separated into genetically modeameestral strains based on the presence
or absence of a deletion (TbD1) (45). When presbrst 2153 bp fragment consists of the
mmpS@andmmpL6genes, whereas in TbD1 strains, these genes seatadnd truncated
respectively. Strains with the TbD1 region presentally have few or no copies ofd80
and are considered ‘ancestral’ strains to the ‘madgrains lacking the TbD1 region (45).
Studies have shown that the ancedttatuberculosisstrains have a CTG codonkattG'®®
which indicates that the CGG point mutation foumdniany strains including the Kwéaday
Dan Ts'inchiM. tuberculosisstrain occurred after the deletion of TbD1 (45).

Because of limited genetic variation betw@&rtuberculosisstrains, researchers
have suggested that the modern strain encountdyetlaneck at some point in history
where only a small number of the bacterial popatateproduced, and they have
recommended the testing of mummified individualstfe presence or absence of the
TbD1 region in those individuals positive foMa tuberculosisnfection (45). A recent
study on the use of the spoligotyping method taattarize thévl. tuberculosicomplex,
strains that were associated with three anciemtiohaals from Thebes West, Upper Egypt
revealed a spacer pattern that is similar to sptifge patterns from modeM.
tuberculosigsolates that have the TbD1 deletion. Based metidence, the investigators
identified that ‘modernM. tuberculosisstrains were likely present by 500 BC in that

region (60).
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Hershkovitz and colleagues studied osteologicalas approximately 9000 years
old from the remains of a child and a female recedén Atlit-Yam, an early village with
evidence of domestication (57). They identified fiesence d¥l. tuberculosidDNA in
the remains, and through deletion analysis, thégrdened that the TbD1 deletion existed
9000 years ago. The identification of the TbDletkd region in the Kwaday Dan Ts’inchi
M. tuberculosisstrain indicates that ‘modern’ strains were alsgspnt in North America

approximately 200 to 300 years ago.

4.4.3 Additional genetic analyses

In addition to thdRv3479and TbD1 analyses, fragments of ka&G andgyrB genes
were amplified. This was necessary for furtherabierization of the ancieM.
tuberculosisstrain. Unfortunately, not enough sequence in&diom was obtained for a
phylogenetic analysis with modern strains, butrdaresting polymorphism was
determined in th&atG sequence, and twgyrB alleles were identified that suggest the

presence of a selective pressure.

4.4.3.1gyrB

Along with other pathogens, the genomébftuberculosicontains genegyrA
andgyrB that encode two A subunits and two B subunits DN& gyrase, which is a type
Il topoisomerase that is involved with DNA unwindifor the purpose of replication (61).
Modern drug therapies such as fluoroquinolonesiseel to target this locus to inhibit

transcription (62).
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A portion of the Kwaday Dan Ts’incM. tuberculosis gyr®ene was amplified
and sequenced, because recent studies have shawggrBsequence polymorphism
analysis is another approach to resolve the spggeswithin theM. tuberculosiscomplex
(63, 64). The anciemyrB sequence is very similar to modévi tuberculosiggyrB
sequences, which confirms the finding that tharsisaindeedM. tuberculosis
Interestingly though, twgyrB alleles were identified to be associated withKiaéiday
Dan Ts'inchiM. tuberculosistrain. Mokrousov and colleagues studied thigorem
modern strains from northwestern Russia and diseova high number of isolates that
contained both the mutant and wild-type allelegyfA or gyrB (61).

Kasai and colleagues analyzpdB sequences to determine the rolgwfB for
identification within theM. tuberculosiccomplex (47). They found polymorphisms that
were unique to members of the complex. The suiistits were synonymous, and the
authors note that this was likely due to naturaloeng events and not from drug therapy
because antibiotic resistance is the result of yromrsymous substitutions.

Interestingly, the 495 bgyrB sequence amplified from the tissue of Kwaday D&n
Ts’inchi shares a 100% identity with strain KY6T8m the Kasai et al. study. A unique
polymorphism was identified in KY673 that was aildentified in the Kwaday Dan
Ts'Iinchi M. tuberculosigyrB sequence. A G nucleotide normally located intpmsil117
is a C in both KY673 and one ‘allele’ of the Kwéadagn Ts’inchi strain. This base
substitution is nonsynonymous and results in amaracid change from methionine to
isoleucine. This leads to the question of howatheient strain acquired a polymorphism

that resulted in an amino acid change prior tcathtgiotic era.
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4.4.3.1.1Salicornia: A precontact antibiotic?

Anti-gyrase activity has been found in natural poemds. The identification of
CcdB and microcin B17 proteins with topoisomeradesdy has resulted in the possibility
of new antibiotic development (65). The knowledlggt anti-gyrase activity can exist in
natural compounds suggested a closer look at #teetonstruction data. Mudie and
colleagues analyzed the pollen grains recovered thee stomach of the Kwaday Dan
Ts’'Iinchi ancient individual and discovered an atamu of Chenopodiaceae pollen (66).
Through the use of environmental scanning eleatnamoscopy, they confirmed a large
percentage of the pollen found in a stomach sama&Salicornia perennigglasswort)
which has been used as food and medicine. Thisawamexpected finding for the
investigators because plants from the Chenopodeafesaily are not common in the region
(67).

Was it possible tha&alicorniamay have been consumed for medicinal purposes?
A literature search for publications that conne@aticorniawith the disease tuberculosis
was unsuccessful, but a Google search produced tnat described the granting of a
patent to a group of scientists for their discovarthe antimycobacterial properties of
Salicornia brachiata68). Unfortunately, a screening of British Colian medicinal
plants by McCutcheon and colleagues for antimyctavead properties did not include
Salicornia(69). Even if the Kwaday Dan Ts’inchi ancientiindual had not consumed
Salicorniafor medicinal purposes, the possibility remairet tihe ingestion of this natural
compound may have provided the selective presggrgred to generate a non-

synonymous amino acid substitution.
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4.4.3.2katG

A 163 bp fragment of thieatG gene from the Kwéaday Dan Ts'indi tuberculosis
strain was amplified and sequenced, and a guamise was identified in positid@tG 3
. The sequence was 100% identical to numerous mati&ins, which was expected
considering the low genetic variability of tMe tuberculosiggenome. Since the sequence
was 100% identical, theatG**®® ©is likely not a result of misincorporation due t®
damage.

KatG has been identified with catalase and per®adsativity and plays an
important role in the function of the bacterium 7@Gagneux and colleagues suggested
that there is a link between the various mycobadteneages and human populations,
which may have implications for the control of tuhdosis (70). They demonstrated that
M. tuberculosiss defined by six phylogeographical lineages drekatG codon at position
463 was used as one of the markers to charactegdmeages. The Euro-American
lineage was defined as consisting ¢edG 463 CGG codon. They noted also that sub
lineages of the Euro-American lineage were foundfiica and the Middle East.

ModernM. tuberculosigsolates have been classified into three genotymaps
based on single nucleotide polymorphisms founkhitts. Group 1 has the codon CTG
(Leu) atkatG 463, and Groups 2 and 3 are defined as havingatien CGG (Arg) (71).
Group 1 is considered to be evolutionary the ol@8}). The Kwéaday Dan Ts'incM.
tuberculosisstrain belongs to Group 2 or 3 based on the fopdinthe CGG codon.

A recent study of silent nucleotide polymorphismdycobacterium tuberculosis
by Baker and colleagues defined four main lineadesodern strains that significantly

corresponded with geographical regions (11). Grbigmlates could be divided into
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lineage I, lll and IV whereas group 2 and 3 isadatemprised lineage Il. Lineage IV was
found globally, whereas lineage | and Ill were assed with southeastern Asia and India
respectively. Lineage Il was significantly asstethwith Europe.

Zink and colleagues included an analysigatfs in their study of strain
identification ofM. tuberculosiscomplex DNA in archival tissue samples (34). They
determined that the ancielt tuberculosisstrains also corresponded with the modern
genetic groups 2 and 3, which is not surprisingsatering that the samples originated in
Europe. Since the Kwaday Dan Ts'indhi tuberculosistrain was typed also as group 2
or 3, this suggests that it would be similar toltheage Il isolates from the Baker et al.
study (11) that were significantly associated wii European geographical region. This
evidence advances the idea that the Kwaday Danchs’ancient individual lived in a post-
European contact time, as was suggested by thecaxrion dates, but the molecular data

can not confirm that the Europeans had a constasepce in the region.

4.4.4 Relevance of a protohistorid/. tuberculosis infection on the Northwest Coast
Previous studies of pre-contact skeletal sampéggésenting 193 individuals) from
the northern coast of Alaska and the eastern Alauslands identified no specific
osteological indicators of tuberculosis (72). Tiasearch suggests that eitier
tuberculosisvas not present in the region or pre-contact tefémdividuals died without
any skeletal impact. Historical documents indi¢htd the first contact between Europeans
and the local inhabitants of the Northwest Coast W&/8 (36). The identification of a
protohistoric latenM. tuberculosignfection with a genetic connection to Europeaaiss

reinforces the impact of European colonization.
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Scientists originally thought that &ll. tuberculosisstrains had the same capacity of
virulence but strain genotyping based on human ladipa groups indicates that some
strains are more infectious and spread easierT(8¢. Beijing family of strains are currently
recognized as the most widespread and have caula@aks in many locations in Asia
and North America (9). Researchers have suggésétavhile skeletal and molecular
evidence indicates that tuberculosis has affeatdams for thousands of years, the modern
TB epidemic began in Europe in the 1700s beforeagpng to the rest of the world (73).
Based on the limited analysis of the Kwaday Danntéii M. tuberculosisstrain, one can

only speculate that this strain is associated thiédhmodern epidemic.

4.4.5 Modern Impact of Tuberculosis on Northwest Cast populations

Historical documents from post-European contathéopresent indicate high
infection rates of tuberculosis among Canadian Agowal peoples (74). Medical records
from Alaska, USA also indicate a higher infectiateramong the Aboriginal Alaskans.
Gaenslen and colleagues analyzed the records freft. Edgecumbe Alaska Native
Health Service Hospital for a 10 year period betw#@53 and 1963 (75). The
investigators identified evidence of a high inciderf TB among Aboriginal Alaskans,
and 11 patients were noted as having TB meningittgee of these individuals developed
meningitis even after receiving treatment for tuwbésis.

In the 1990s, Canadian First Nations communitieseserves were found to have
infection rates eight to ten times higher thanGlamadian rate (76). While socioeconomic
factors such as crowding have played a role irtrdnesmission of the bacterium, genetic

studies of the host-pathogen interactions assacwitd these populations needs to be
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addressed. The modern populations are still dgalith the impact of this disease because
the strategies for handling the infection havelre®n as successful as was expected. The
genotyping of ancier¥l. tuberculosisstrains from the area may result in a better ames®

of strain virulence in First Nation communities.

4.5 CONCLUSION

Mycobacterium tuberculossomplex DNA was identified in the lung tissue loét
Kwéaday Dan Ts'’inchi ancient individual. Througle iinalysis of th&v3479gene and the
TbD1 region, the infection was confirmed as spealfy M. tuberculosis Since there was
no evidence of iliness, this individual likely hadatent tuberculosis infection. The ancient
TB strain was characterized through genetic analyselving thekatG andgyrBregions.
The presence of a single nucleotide polymorphisinat@osition 1388 of thkeatG gene
places the strain in Lineage II, which is more camniy associated with Europedh
tuberculosisstrains. The identification of twgyrB alleles that differ by one amino acid
suggests the presence of a selective pressurthebdurdividual lived in a time prior to the
usage of modern antibiotics. Perhaps the ideatiba of a possible lateM. tuberculosis
infection and the presence $élicorniapollen in the stomach with potential antitubercula

properties may result in more research into theeheal properties of traditional plants.
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CHAPTER FIVE: Discussion

The microbial DNA analysis of Kwaday Dan Ts'inchiissues involved specific
PCR tests for the presence of genetic material itymobacterium tuberculosesnd
Helicobacter pylori DNA from both bacteria was positively identifiedhe radiocarbon
dating of artifact samples and collagen tissuesatdd a timeframe of approximately AD
1670 and 1850 (Richards et al. 2007), which iseeigre-European contact or early
European contact; therefore | could not conclugideltermine that these bacteria were
present prior to the arrival of Europeans in thed&kan Northwest.

Interestingly, my characterization of the anciemtrobial genetic material revealed
evidence linking both bacteria to European stralispylori vacAs2 and m2a alleles of
thevacAsignal region and middle region respectively wdemtified in the stomach tissue
of the Kwéaday Dan Ts’inchi individual. This indiea the possibility that an indigenous
strain may have recombined with a European stsaicevacAs2 and m2a alleles are often
associated with European strains (Yamazaki et08l52Ghose et al. 2002).

A connection with Europe was also identified ie incientl. tuberculosisstrain
identified in the lung tissue of the Kwéaday Daniiiehi individual. An analysis of
polymorphisms in th&atG gene indicated an association with Lineage llirs¢raccording
to Baker et al (2004). In their study of neutrahgtic variation in genes associated with

drug resistance, the investigators identified aificant association between continent of

116



birth and lineage of thil. tuberculosisstrain. Europe was identified as specifically
associated with Lineage II.

H. pylori andM. tuberculosisare not morphologically or biologically similar
bacteria yet they share an important feature thaglevant to the study of ancient human
populations. Scientists have identified througHeuolar technology tha¥l. tuberculosis
has been associated with humans for thousandsads,yend phylogenetic analysis of
modernH. pylori strains have also revealed a lengthy associatithhwmans. These
pathogens have developed relationships with themrdn hosts that result in a glimpse of
past human migration through the differences idieatin the bacterial strains both
temporally and spatially.

The decision to test the tissues specificallythase bacteria was based partly on
the original radiocarbon analysis that suggestedntiividual was approximately 550 years
old and pre-European contact (Beattie et al. 200@)ought that it would be interesting to
analyze microbial genetic data for evidence ofslsi in addition to migration patterns prior
to the influence of European strains. A reapptaisthe original radiocarbon dates by
another research team revealed that the individaalmore recent in time (Richards et al.
2007). Unfortunately the new dates (AD 1670- 18B8ye a question as to whether the
site was from the pre- or post-European contaco@erWith these new dates in mind, |
anticipated that perhaps the microbial genetic datald clarify the time period of the site.

The characterization of both anci¢htpylori andM. tuberculosisstrains associated
with the individual suggest a European connectibrloes not confirm a constant presence
of Europeans in that particular area, but it do#s out the pre-contact time period with no

European influence. The Kwaday Dan Ts'inchi ancdiedividual may have lived during
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the protohistoric era at a time when the preseh&impeans was experienced through
trade.

The other reason to test for bdth tuberculosisandH. pylori was based on the
current world-wide infection rates of both bacterReports suggest that a third of
individuals are infected witM. tuberculosisand one half of all humans world-wide are
infected withH. pylori (World Health Organization 2008, Atherton 2008)pproximately
10% of those infected with either bacterium hawese symptoms, with alarming infection
rates in developing countries. Pathological astbtogical assessments of the tissues
associated with the Kwaday Dan Ts’inchi ancienividdial did not reveal any evidence of
infection, but I felt it was worthwhile to test faricrobial DNA evidence of infectious
diseases that are highly probable and still culyembrid-wide issues.

Many potential benefits exist for the identificatiof microbial DNA in ancient
material. In addition to confirming paleopatholoajidiagnoses for epidemiological
studies, the evolution of the bacteria and its @asion with the human host can be
clarified. Lengthy temporal associations with hmsiauggest that perhaps some of these
micro-organisms are benign or possibly even beia¢tic the human hosts that they infect.
Investigators have suggested that this may beabe with the bacteriutd. pylori.

Evidence has been identified thatpylori colonization results in lower stomach acid
levels which is protective against gastro-esophagdax (Blaser 1998).

It is likely that the ancient individual did naiffer from any gastric symptoms as a
result of theH. pylori infection in his stomach. The signal region @& thrulence-
associated geneacAwas typed as s2, which is more commonly identifireshfections that

do not result in disease (Letley et al. 2003). ibeatification ofM. tuberculosiDNA
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without evidence of immune system involvement sstgthat the individual had a
potential latent tuberculosis infection, and he ldawot have had any symptoms of the

disease tuberculosis.

5.1 Technical lessons learned

The field of paleomicrobiology continues to evotegvards the use of standardized
methods to ensure the veracity of the work and¢évgnt or at least minimize issues such
as contamination. Drancourt et al. (2005) and Rsland Ingham (2008) reviewed
paleomicrobiology publications to assess the qualfithe data, and many of the studies
were found to be lacking in their descriptions owhthe issue of DNA contamination was
considered. Following, | will expand on my methlmdyy that | described in chapters three
and four, with reference to the criteria for antierncrobial DNA research that was

recently summarized in the Roberts and Ingham (R@88ew paper:

» Sterile sampling at the initial excavation
The remains of the Kwaday Dan Ts’inchi ancientvidiial were handled with care and
respect by all researchers, and a well-thoughplaut was in place by the Management
Committee to limit contamination of the tissueseaRie et al. (2000) detailed the process
upon which the remains were excavated. The excesratore Tyvek® suits and sterile
latex gloves. The remains were wrapped in tworkapé sterile fabric hospital wraps,
covered with sterile plastic sheeting and placetléan plastic containers. The containers
were kept in the snow to maintain a cold tempeeatuntil they were flown to Whitehorse

and locked in a chest freezer at -17°C. Once ageagent was reached between the
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Champagne and Aishihik First Nations and the Bri@lumbia Archaeology Branch, the
remains were flown to Victoria and placed in a ledkvalk-in freezer at the Royal British
Columbia Museum (Beattie et al. 2000). The samiglethe microbial DNA assessment
were not retrieved until the third autopsy, whickttended. Unfortunately, since it is
normal procedure during an autopsy to use the sastreiments between organs, | could

not rule out the contamination of bacterial DNArfr@ne organ to another.

* The use of physically isolated and dedicated workreas
DNA extraction of the Kwéday Dan Ts'inchi tissuengdes and PCR set-up was
undertaken in a contained lab where no other mtdecesearch was being performed, and
no amplified genetic material was present. Thentiaécycler and equipment for the post-

PCR process was located in a different laboratory.

* The development of a DNA history for lab personnehnd past projects
During the multiple autopsies of the ancient indual and during DNA extraction, face
masks were worn for protection of the researchemsal as to protect the tissue samples
from possible contamination. It is not believedttany team member had an active case of
tuberculosis that would result in tissue contanmamat It is also known thdd. pyloriis not
easily transmitted, and a direct source of thedsacsuch as bacteria-laden vomit is
required for transmission (Amieva and EI-Omar 2008)as the only individual at the
University of Saskatchewan to work with the tissaeples post autopsy, which also

limited the number of contamination sources.
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e The use of protective clothing
Researchers have discovered thd.ituberculosiss viable and exposed to the
environment during autopsy, the team members oskracting the infection. Molecular
methods were used to confirm the transmissiav.aiuberculosido an embalmer from a
cadaver (Sterling et al. 2000). Studies have laésm undertaken on preserved tissues.
Kappel et al. (1996) reviewed all literature regagdhe impact of formalin oM.
tuberculosigo determine the disinfection efficacy. The imigators could not
conclusively rule out the risks, and they determitieat more studies were needed to
establish guidelines to ensure the safety of thudigiduals who work with formalin-fixed
M. tuberculosisnfected tissue. It was important to use protectiothing during both the
Kwaday Dan Ts’inchi autopsy and all molecular ase$yfor the safety of the researchers

and to prevent contamination of the samples.

* The removal of surface contamination from the samgs
The Kwéday Dan Ts'’inchi tissue samples for the atia DNA analysis were very small
with most weighing less than 0.2 grams, and | waable to effectively remove any surface
tissue prior to DNA extraction on most of the saaspl In future studies, | would
recommend adhering to the suggestion of surfacevalnbecause if | had enough tissue to
remove potentially contaminated surfaces, a stdidiyeopresence d¥l. tuberculosis
bacteria in multiple tissues from an ancient indinal with a latent tuberculosis infection
may have been possible.

The surface of the rib sample was the only sampiace that was treated

differently. | soaked the rib for 15 minutes i® percent sodium hypochlorite (full-
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strength bleach) and rinsed it multiple times vsitérile water. Bleach is commonly used
to remove surface contamination from bones andh fg&tmp and Smith 2005). Kemp and
Smith (2005) identified that a bone should be insadrin a minimum of three percent
sodium hypochlorite for at least 15 minutes. Thksp discovered that the endogenous

DNA was stable in a six percent sodium hypochldrigatment for 21 hours.

» Evidence of amplifiable DNA
When mitochondrial and nuclear DNA are identifiechn ancient sample, this

suggests that microbial DNA, if present, may alsarttact since it was affected by the
same taphonomic processes as the other DNA. Aaep@&search team identified the
presence of the ancient individual's mitochondD&lA. Monsalve et al. (2002) extracted
the mitochondrial DNA (mtDNA) and determined thia¢ DNA belonged to haplogroup A.
Aboriginal Americans are known to belong to ondivé haplogroups; A, B, C, D and X
(Torroni et al. 1993, Brown et al. 1998). HaplagwdA is the most common North
American type and has been identified in Aborigindividuals from the Northwest Coast
(Monsalve et al. 2002). A tissue study revealedarkable preservation in those tissues
that remained frozen, such as the lung tissue (Kleast al. 2008). The investigators
found little evidence of postmortem decay in tlezén tissues and suggested that the
tissues froze soon after the death of the individuavas confident that since the ancient
individual was preserved within glacial ice and tissues were only thawed during the
autopsies, it seemed reasonable that amplificationicrobial DNA would be possible,

especially with the knowledge that mitochondrial ®Nas successfully amplified.
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* The use of negative controls during both DNA extraton and amplification
Negative controls were used in this microbial DNBdy but as | will expand on further in

a following section, it is wise to set up more tloare negative extraction control.

» Appropriate molecular behaviour
Due to the likelihood that the ancient DNA is dam@ghere should be an inverse
relationship between the successful amplificatioa the size of the DNA. Long DNA
sequences are not expected and if a long strethpdifiable, modern DNA contamination
should be considered. The successful Kwaday Danchs microbial DNA amplifications

were mainly between the lengths of 100 basepaas380 basepairs.

« The ancient sequence should make phylogenetic sense
A group of related organisms share an evolutioh#tory that can be identified through
DNA sequence analysis and represented visuallytesea' In this regard, | had interesting
results with respect to thé. pylori DNA amplification from the stomach tissue of Kwgda
Déan Ts’inchi. Even though ancient DNA sequencegmainly between 100 and 300
basepairs long, the short sequences fronthgylori vacAgene were specific enough to
be placed within a grouping of sequences from atiaiern Alaskan strains in a
phylogenetic tree. It was fascinating to discabat a bacterium associated with an
individual recovered from the Northwest Coast stiaequence similarities with modern
isolates close to the same geographical locaticgrevtihe ancient individual was
recovered. Unfortunately, the different straind/bftuberculosisare very genetically

similar, and the phylogenetic data only indicateat the ancient strain was identical to
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modern strains in the regions that were compafédds was not surprising considering that

the bacterial DNA was identified using known congergenetic regions.

* Reproducible results and independent verificationfithe results were
unexpected.
While | was unable to have another laboratory eonfheH. pylori data due to limited
stomach tissue, thd. tuberculosisdentification in the lung sample was confirmedxy
M. Spigelman of the Hebrew University. This waddoate because although | could rely
on the phylogenetic analysis as a measure of atittigrof the H. pylori amplifications,

this was not possible for thd. tuberculosisequences.

5.1.1 Sample size

If I had an opportunity to revisit the studies b tdentification oM. tuberculosis
andH. pylori in Kwaday Dan Ts’inchi tissues, | would first regtiadditional samples.
The KDT Management team was most gracious in phnogidumerous tissue samples for
the microbial DNA study, and it was my own decistorask for less than half a gram per
sample. At the time of sample retrieval, with kiogvthat PCR technology can be very
sensitive and only a small amount of DNA extrageguired, | thought it prudent to
request the smallest amount possible as a wayowi¥ia respect for the decision to allow
the testing. Needless to say, | learned that afhdhe amount of tissue | had was
reasonable for a primary screening, | did not revaugh for repeated experiments at the
University of Saskatchewan or by other researctoersonfirmation of the results (Table

5.1).
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Table 5.1 Summary of Kwaday Dan Ts’inchi tissue rests

Kwaday Dan Ts'inchi | Catalogue | Weight (g) Number of Primer pairs that resulted in Number of Sequences
tissue samples number extractions successful PCR amplifications (forward and reverse)
Descending colon T-4-8 0.15 1 P1/P2 1
Spleen (possible) T-23 0.04 1 P1/P2 1
Stomach contents T-27-1 0.49 1
Liver T-33-1 0.18 1 P1/P2 1
MTB1/MTB2 1
Lung T-34-1 0.46 2 P1/P2 1 (reamplification of PCR
product from ' extraction)
MTB1/MTB2 1
Myocardium T-37-1 0.08 1 P1/P2 1
Small intestine T-38-4 0.03 1 P1/P2 1
Stomach T-38-5 0.24 2 MF1/MR1 -2 1+1 (reamplification of PCR
product)
VALX/VALXR — 2 (very low conc., 1+1 (reamplification of PCR
samples were combined for sequencing)roduct)
Y98vacAmF/R — 2 2
flaA-1-F/2-R - 2 2
flaA-3-F/3-R — 2 2
P1/P2 1
TSgyrBF/R, TSgyrB2F/R, TSgyrB3F/R,1
KatGF/R 1
Cecum T-38-8 0.03 1 P1/P2 1
Lymph node T-39-1 0.22 1 P1/P2 1
(mediastinal)
Rib (right 4") T-40 0.95 2
Skin T-41 0.01 1
Colon contents T-44 0.26 1

2 1™ extraction — positive P1/P2 on gel but sequenaiag not successful due to low concentration of P&Rluct, 2 extraction — the
supernatant was split into 3 samples before usiegitica columns
® independently replicated by Dr. M. Spigelman @ Bebrew University
¢ stomach tissue was extracted using a QIAGEN QIA&MmPIA Mini Kit, and all other tissues were extragtasing a QIAquick® PCR

Purification Kit (no stomach tissue was remainiogdémpare methods)

4 due to a higher volume of stomach extract, ancesinindicated a positive P1/P2 amplificationstaktract was used for the additional

tuberculosidesting



While it is usually not necessary to always hav&®R€&sults validated, in
circumstances where the finding is unusual, iimportant to have independent verification.
Fortunately, the lung sample that | received washrarger than the other samples. | was
authorized by the KDT committee to send Dr. Viddvionsalve at UBC a lung sample
(0.65 grams) for a study on tissue preservatioa kdensalve et al. 2008). She shared part
of the lung tissue with Dr. Mark Spigelman, a pshéd ancient tuberculosis researcher, for

the confirmation oM. tuberculosiscomplex DNA in the tissue sample.

5.1.2 Negative controls

It is common knowledge that negative controls mignDNA extraction and
amplification are beneficial for spotting possibairces of contamination. In future
studies, | will use more than one negative tissdmetion control and avoid extracting
different tissues at the same time. Although | Bired M. tuberculosiDNA in multiple
Kwaday Dan Ts'inchi tissues, including a mediadtigamph node and abdominal organ
tissue, the one extraction control was sporadicdilywing DNA bands upon amplification
of the multiple-copy insertion sequenc&18Q This indicated the possibility that some of
the positive tissues were contaminated WithtuberculosiDNA. The finding ofM.
tuberculosisDNA in the lung tissue resulted in the identifioatof a latent tuberculosis
infection. It would have been interesting to havalence of a hematogenous spread
because the bacterial locations in latent infestiare still unclear. Interestingly,
investigators have discovered that sdvhduberculosiggenotypes are associated with the

involvement of different organs (Thwaites et al02p
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Future ancient microbial studies where multiplgaor involvement might be
identified should include measures for controlloogitamination between the tissue
samples from the same individual. This is strafghtvard once the samples are in the lab,
but although sterile instruments are initially us¢dhe autopsy, it is important to recognize

the importance of replacing the instruments beéareh organ inspection.
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CHAPTER SIX: Conclusions

This thesis documents the study of ancient miaddDNA in tissues from the
Kwéaday Dan Ts’inchi ancient individual who was ree@d from a melting glacier in
northwest British Columbia. When this microbial BIgroject was first proposed, the
original intention was to identify any genetic eemte of normal bacterial flora or
pathogenic bacteria through the use of polymeraamaeaction (PCR) with universal
primers. This methodology resulted in positive &figations from the negative PCR
controls. Since | could not be confident thatdleaetic material from authentic ancient
bacteria was amplified when universal primers wexed, | chose to test the tissues for the
microbial DNA from two specific bacteridycobacterium tuberculosendHelicobacter
pylori. High modern infection rates and the interestiognection with ancient human
migration made this decision reasonable.

Helicobacter pyloriDNA was amplified and sequenced from the stomessiué¢ of
the ancient individual. Through an analysis ofkthgylori vacAgene, a hybrid m2a/m1d
allele and an s2 signal region allele were idegdifi | also amplified and sequenced a
portion of theflaA gene. The amplification of@agAgene fragment was unsuccessful, but
| could not confirm that the strain waagAnegative due to the possibility of DNA damage
in that region.

ModernH. pylori infection rates of Aboriginal individuals in theaimpolar

regions are high, and some treatments have be@accessful due to antibiotic resistance.
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The strain associated with the Kwaday Dan Ts'irettient individual carried vacAs2
allele, which is an indication that the strain was-toxigenic. The presence of an s2
allele, which is unusual in Asian strains, sugg#ss European strains were present during
the timeframe of AD 1670 to 1850. The characteéionaof thevacAm region revealed a
hybrid region that is rare in modern strains. Pphglogenetic analysis indicated that the
m1d region clustered with previously studied ndvVative American strains that were
closely related to Asian strains. These obsermatarye consistent with the theory that the
first humans into the New World migrated over thexiBg Strait from Asia.

| also identifiedMlycobacterium tuberculossomplex DNA in the lung tissue from
the ancient individual. Through the analysis &Rv3479gene and the TbD1 region, |
confirmed the infection was specificaly. tuberculosis Since there was no histological or
pathological evidence of illness, | propose thé&t thdividual had a latent tuberculosis
infection.

The ancient TB strain was characterized througtetye analyses involving the
katGandgyrBregions. The presence of a single nucleotide potpghism (G) at position
1388 of thekatG gene places the strain in Lineage Il accordinBaker et al. (2004),
which is more commonly associated with Europ®anuberculosisstrains. The
identification of twogyrB alleles that differ by one amino acid suggesttiesence of a
selective pressure, but the individual lived imnaet prior to the usage of antibiotics. The
identification of a latenM. tuberculosignfection and the presence $dlicorniapollen
with potential antitubercular properties in thensézh is an avenue for further research.

I would recommend testing for evidencetbfpylori andM. tuberculosisn future

discoveries of mummified remains if the environna¢ebnditions were optimal for DNA
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survival, as was the situation with the Kwéaday D&finchi individual who had been
preserved in glacial ice. Successful amplificatiand analyses of the genetic material of
these bacteria can lead to greater insights oprssence of two infectious diseases that
have had long histories with humans but are stibfematic in modern populations. This
long association with humans also creates an stiageconnection with the study of
ancient human migration patterns through phylogeretalyses of the relevant microbial

DNA sequences.
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