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The emergence of massively parallel sequencing (MPS) technologies has revolutionized
genetic data generation in many disciplines, and investigations into their use for human
identification purposes are well underway. Recent researchelmagndtrated that these
technologies have the potential to recover complete mitochondrial DNA (mtDNA)
profiles from even extensively damaged and degraded evidentiary specimens. Yet before
MPS can be used for this purpose in regular forensic practice, ghiopukreference
databases for the entire mitochondrial genome (mtGened®)eloped to the extremely

high standards mandated in forensicsnust be available to enable the haplotype
frequency estimates that are used to assess the strength of mtDNA evidentneet

this need, we designed a semitomated, Sangdrased sequencing workflow that
consistently generates forensjoality mtDNA data, and applied the strategy to produce

588 mtGenome haplotypes spanning three U.S. population groups (African americ



U.S. Caucasian, and U.S. Hispanic). Data generation metrics demonstrated that large
MtDNA fragments can routinely be recovered from very low DNA quantity samples in
high-throughput fashion, and indicated the probable success rates of the PCR agproach
an enrichment strategy for targeted mtGenome typing of forensic specimens by MPS.
Analyses of the data established empirically the increased mtDNA lineage resolution that
can be achieved with full mtGenome typing: 90.3% to 98.8% of the haplotypes were
unique per population, representing an improvement of 7.7% to 29.2% over mtDNA
control region sequencing alone. Maternal biogeographic ancestry proportions inferred
from each population sample indicated that the datasets are as representative as the
mtDNA control region databases on which haplotype frequency estimates in forensics
presently rely. Examination of the data in combination with other recent studies
permitted the greatest insight to date into the incidence and distribution of heteroplasmy
in themtDNA coding region, and comparisons of heteroplasmy and substitution patterns
provided further support for purifying selection as a mechanism of human mtGenome
evolution. Overall, the thoroughly vetted haplotypes can serve as a standard against
which the quality and features of future mtGenome datasets (especially those developed
via MPS) may be evaluated, and will provide a solid foundation for mtGenome haplotype

frequency estimates for forensic applications
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Chapter 1. Introduction

Historically, the procedures and molecules employed for the genetic testing of a
guestioned samplm a forensic context have depended primarily upon the quality and
qguantity of DNA present, and additionally on the known samples available for
comparative purposes. Following the advent of the polymerase chain reaction (PCR) in
the 198091], the analysis of singleopy autosomal short tandem repeat (STR) loci by
PCRbased methods emerged as the gold standard for forensic DNA typing during the
1990s; and by 1997 the Federal Bureau of Investigation established @tcof¢hsrteen
STR markers required for entry of DNA profiles in the federal Combined DNA Index
System (CODIS)2]. Yet, even before STR typing became thet@anethodology for
DNA-based forensic identifications, itas clear that analysis of nuclear DN#arkers
may not be feasible for all forensic sample types or case scenarios, and that instead
mitochondrial DNA (mtDNA) testing may be preferred or necessary in some instances
[3-6].

The human mitochondrial genome (mtGenome) is a circular, dstialeded
molecule approximately 16,500 bgs&rs (bp) in length (Figure 1.1first sequenced in
its entirety in 19817] (a revised Cambridge reference sequence (rCRS) was reported in
1999 [8]), the molecule encodes twerttyo transfer RNAs tRNAs), two ribosomal
RNAs (RNAs), and thirteen adltional proteincoding genesThe rCRS represents the
| ower mol ecul ar weight Al irghkth dithream$o stasar
approximately 1100 bp control region of the molecule (CR; also sometimes called the D

loop, in reference to the gilecement loop formed during replication) contains the heavy



strand origin of replication, near which nucleotide position numbering for reference

purposes beging].

ND5

ND4

ATPase8

Figure 1.1 Schematic representation of the huen mitochondrial genome

This figure, reproduced with permission from MITOMAP)], shows the circular, 16,56%p
(approximately) human mitochondrial genarf@sition numbering begins in the contr@gion, near the

heawy strand origin of 4b P plaincda t cammercloolavisessarqundathee d i O

representative molecule in the image.

Though not a unique identifier, mtDNA offers some advantages for certain
forensic genetic analyses. MtDNA is abundant relativaudear DNA in most human
cells, with each cell containing hundreds to thousands of copies of the mtGid@pnhe
aged specimens in which the DNA may be highly fragmented due to depurination and
strand breakagg. 1,12] the high copy number of mtDNA often means that mtDNA data

2



can be generated even when attempts at typing nuclear DNA markers fail to recover a
reliable profile. The ability to analyze mtDNA frolARCR products in cases of aged
specimens was first demonstrated in the ancient DNA i 6], and shortly thereafter
in forensic casefs,17-19]. Results from more recent studies also suggest that mtDNA
degrades less rapidly than nuclear DIN-22], perhaps due the mol
location or its circular structure which may confer some protection from exonuclease
activity. Aside from copy number, then, this phenomenon potentially contributes to the
ease with which nRNA may be recovered relative to nuclear DNA in aged specimens.
MtDNA is also often present in abundance in samples that may possess little or no intact
nuclear DNA, such as hair shaf§y and aged fingernail3], making it the marker of
choice for these forensic sample typ24-28]. These characterisichave made mtDNA
typing a popular tool for forensic investigations of aged and/or degraded human remains
in particular.

The inheritance pattern of mtDNA is also beneficial in certain forensic scenarios.
The human mtGenome is inherited as a single loausgathe maternal linf29]. While
recombination with paternal mtDNA has been postulated in some st[B0e33],
reanalysis and reconsideration of those data in light of the human mtDNA phylogeny and
MtDNA substitution patterns identified errd4-36], and only a single wekupported
case of paternal leakage (in the muscle tissue of a man with mitochondrial myopathy
[37]) has been confirmed in the literature. In forensic investigations, the strict maternal
inheritance of MtDNA permitthe use of maternal relatives as references for unknown

samples when direct references or close kin are unavailable.



According to both current and historical forensic interpretation guidg@44],
an mtDNA match comparison is performed by evaluatiegnhDNA profiles (generally
referred to as haplotypes) developed from unknown and known (reference) specimens for
each mtDNA position for which data is available from both sampMzen different
nucleotide states are observed at two or more positionseéetthe haplotypes, the
unknown specimen is excluded as originating from the same mtDNA lineage as the
reference specimenWhen only a single sequence difference is observed, the match
compari son IS reported as Ai nconcof usi vec
intergenerational mutatiorin cases in which the haplotypes are identical (no complete
sequence differences are observed at any p
excludedo as originating from then same mtD
While the average mutation rate of mtDNA exceeds that of nuclear DNA by at
least an order of magnitude (according to nucleotide substitution rates reported in
phylogenetic studieg45-48], for example); the mutation rate estimated from pedigree
studies is substantially highg#9-51]), on the whole maternal relatives dam expected
to share matching mtDNA haplotypd88,39] Thus, an mtDNA match (or, more
precisely, a nomxclusion) between a questioned sample and a purported maternal
relative can enable idefitation when combined with other genetic or ngemetic
evidence, or in closedopulation cased®,19], for example). And clearly, nematching
MtDNA sequences between a questioned and knowplsgan exclusion) also provide
useful information in a forensic contd89].
The maternal inheritance pattern of mtDNA, however, also limits the utility of the

molecule for the individuation of questioned samplasany given population a number



of distantlyrelated individuals will share an mtDNA haploty[$9,39,52,53] and the
proportion of shared haplgtes may be higher still in small populations, populations
with low admixture, or populations that have experienced a recent bottleneck. Further,
high levels of homoplasy at mtDNA positions with high mutation rggé<$6] may give

rise to shared haplotypes even among distinct mtDNA linef@§e53] This problem of
shared haplotypes is compounded in forensichi®ysimall portion of the molecule that is
routinely targeted. Due to the tremendous effort and expense required to generate profiles
which meet forensic standards from the highly degraded specimens to which mtDNA
typing is typically applied, as well as afteery limited sample quantities, forensics has
historically interrogated only one or both oftwos@a | | ed HAhyper[87hr i abl e
(in forensics, these are commonly referred to as HV1 and 38D of the rapidly
evolving CR[7,54,5760]. In combination the HV1 and HV2 remis exhibit the highest
degree of sequence divergence in the mtGenfBgl,62] and thus represent the
greatest opportunity for interindividual differentiation while minimgidata generation

effort and cost as well as sample quantity requirenj86t89]

Naturally, then, efforts in recent years to improve the discriminatory potential of
MtDNA typing for forenst purposes have focused on expanding typing beyond the two
well-known hypervariable regions of the molecuk third hypervariable regiom the
CR was described by Lutt al. in 1998[62], and a followup study invesgated the
degree to which individuals with identical HV1/HV2 profiles could be distinguished by
HV3 sequencing63]. In subsequent years, several studies described a variety of mtDNA
coding region positions that could b#errogated to resolve distinct maternal lineages

([64-68], among others) on the basis of the recognition that despitsulistantially



slower rate of evolution in comparison to the CR, the sheer size of the mtDNA coding
region (fifteen times larger than the CR) means a great deal of polymorphism is present
that could be exploited for the purposes of forensic identificgfi2rb3,69] Assays have

also been developed to perform complete CR sequencing on forensic spg¢iri&L]s

Though these assays (and others since published) were developed with
corsideration to the types of caserk specimens to which mtDNA sequencing is
typically applied in forensics (i.e. degraded and/or low template samples), and a very few
commercial producthave been developed to generate mtDNA profiles, the existence of
these methods has not yet translated into regular development of coding region data in
most forensic laboratories. The-ouse assays developed by various groups are not
commercialized, anthus quality control of primers and reagents represents a substantial
barrier to implementation; and the commerciaiailable products are not wallited
for typing the low DNA quantity evidentiary specimens to which forensic mtDNA
methods areommonlyapplied[72,73]

However, massively parallel sequencing (MP&chnologies in particular hold
great potential for efforts to expand forensic mtDNA typing beyond the CR. Since the
first such technology was introduced in 200%4], MPS has transformed genetic data
generation in many fields of research, including ancient DNA (for an overview of some
ancient DNA studies that have uddiiPS, see Table 1ni Knapp and Hofreitef75]; and
for a review of the application ®iPSto mtGenome sequencing in particular, see Ho and
Gilbert [76] and Paijman®t al. [77]). Researchers in this discipline have utili2Zd8S
shortread technologies to sequence fragmented, damaged templates from both the

mitochondrial and nuclear genomes of archeological speciné88(], for example).



Samples are often enriched for particular target templates (such as the mtGenome), either
by PCR in advance of library preparation loy hybridization capture on prepared
libraries (81-85] and others); and then these enriched libraries are subjecké83ao
develop high coverage depths for the molecules of interest. Thedslibtegavith MPS
technologies are clearly highly desirable for forensic applications as well, and are
presently facilitating the development of complete mtGersofrem even very poor
quality forensic specimen86,87] Further, recent studies suggé4PS may be cost
effective in comparison to methods currently used by the forensic community for mtDNA
data generatiof88,89] Despitea recent paper warning of the potential pitfalldMi?S

for forensicq90], research intdPSalong with related library preparation techniques for
forensic applicatiorffor both nuclear DNA and mtDNA typingjre sgoing in multiple
laboratorie486-89,91100]

Yet, another barrier to the routine implementation of any assays or technologies
which type mtDNA psitions ouside of the CR in forensic caserk relates to mtDNA
reference databases. In forensics, weight is assigned to the results of an mtDNA match
comparison by estimating the frequency of the mtDNA haplotype within the relevant
population[39,43,44] The population reference dagéds historically used for forensic
comparisons have been criticized in recent years on the basisoakistent data ranges,
small database sizes, poor geographic representation and errors detected in the data
[56,10%:108]. This criticism resulted in a push to establish new forensic reference
databases, representative of global populations, to extremely high data quality standards
[109-111] Two forensic journals now require that all mtDNA population data sets

submitted for publication a) cover at least tmtire CR (HV1 and HV2 alone are no



longer sufficient), and b) be reviewed by tBaropean DNA profiling groupntDNA
population database (EMPORJL1] prior to manuscript acceptance to ensure the quality
of the data andts suitability for forensic usg¢41,43,112114]. With regards to the
mtDNA coding region, though more than 20,000 complete humarema@Ge sequences
are now publically available (see the PhyloTree website

http://www.phylotree.org/mtDNA_seqgs.htm[115] for a comprehensive list of

publications as 019 February 2014), norfead been developed d$.S-wide population
reference data that meet forensic standards. Thospublicly-available mtGenome
databasebave existed thatvould permit regular use of mtDNA coding region data for
forensic purposs.

On this background, the aims of the research described here were to demonstrate
the utility of variation across the full mtGenome for forensic identification purposes,
demonstrate the need for complete mtGenome reference databases, and to develop the
necessary higlguality mtGenome population reference data that will underpin future use
of the full mtGenome in forensics.

Chapter 2 is the peerevi ewe d pThiptea WnkecodtrsIChild: Thie
critical role of the mitochondrial DNA coding region inairedent i fi cati on ef
RS, Loreille OM, Molto JL, Merriwether DA, Woodward SR, Matheson C, Creed J,
McGrath SE, Sturk KA, Coble MD, Irwin JA, Ruffman A, Parr RL. Forensic Sci. Int.
Genet. 5 (2011) 23235.[116]). This report describes a-examination of the remains of
a young male child recovered in the Northwest Atlantic following the loss of the RMS
Titanic in 1912 and buried as an unknown in Halifax, Nova Scotia shortly thereafter.

Following exhumation of & grave in 2000mtDNA HV1 sequencing and odontological


http://www.phylotree.org/mtDNA_seqs.htm

examination of the extremely limited skeletal remains resulted in the identification of the
child as Eino Viljami Panula, a #onthold Finnish boy. This paper details recent and
more extensiventGenone analyses that indicate the remains are instead most likely
those of an English child, Sidney Leslie Goodwin. The case demonstrates the benefit of
targeted mtDNA coding region typing in difficult forensic cases, and highlights the need
for entire mtDNA squence databases appropriate for forensic use. My contribution to the
work included determining the strategy to seek discriminatory mtDNA coding region
data; performing sample typing; performing all GenBank investigations and analyses of
the coding regiondata; framing the manuscript; and preparing the majority of the
manuscript.

Chapter 3 is the peerevi ewed paper titled fAmtGeno
dat abases and the future of forensic mt  DNA
Just RS. Forensic Scint. Genet. 5 (2011) 22225. [117]). MtDNA testing in the
forensic context requires appropriate, high quality population databases for estimating the
rarity of questioned haplotypes. Currently, however, availaivEnsic mtDNA reference
databases only include information from the mtDNXIR. While this information is
obviously strengthening the foundation upon which current mtDNA identification efforts
are based, these data do not adequately prepare the field &t raed rapid
advancements in mtDNA typing technologies. Novel tools that quickly and easily permit
access to mtDNA coding region data for increased discrimination are now available in
the form of single nucleotide polymorphisiSNP) assays, sequence spici
oligonucleotide probes, mass spectrometry instrumentation MIR& technologies.

However, the randomly sampled entire mtGenome reference population data required for



statistical interpretation of coding region data are lacking. As a result, in théuhear

it seems that routine use of mtDNA cogdiregion data in forensic caserk will depend
more upon the availability of higguality entire mtGenome population reference data
than the ease with which coding region data can be generated from evigdeciogess.

Until mtGenome reference databases are available, the utility of novel mtDNA typing
technologies and the benefits of recovering mtDNA coding region information from
forensic specimens will be limited. Thus, future mtDNA databasing efforts atledhéer

the development of entire mtDNA genome reference population data suitable for forensic
comparisons. My contribution to the work included conceptualizing the paper with Dr.
Irwin; preparing an outline of the manuscript; and revising the manusicsiptifafted by

Dr. Irwin to arrive at the final version.

Chapter 4 is the peere vi ewe d p a p ethroughput $aegdr stiatkgy hi g h
for human mitochondri al genome sequenci nc
Andreaggi K, Irwin JA, Just RS. BMC Genomib$ (2013) 881[118]). A population
reference database of complete human mtGenome sequences is needed to enable the use
of mtDNA coding region data in forensic casework applications. However, the
development of entirmtGenome haplotypes to forensic data quality standards is difficult
and laborious. A Sangérased amplification and sequencing strategy that is designed for
automated processing, yet routinely produces high quality sequences, is needed to
facilitate highvolume production of these mtGenome data sets. We developed a robust 8
amplicon Sanger sequencing strategy that regularly produces complete, fqueiyc
mtGenome haplotypes in the first pass of data generation. The protocol works equally

well on sample representing diverse mtDNA haplogroups and DNA input quantities
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ranging from 50 pg to 1 ng, and can be applied to specimens of varying DNA quality.
The complete workflow was specifically designed for implementation on robotic
instrumentation, which inceses throughput and reduces both the opportunities for error
inherent to manual processing and the cost of generating full mtGenome sequences. The
described strategy will assist efforts to generate complete mtGenome haplotypes which
meet the highest datauglity expectations for forensic genetic and other applications.
Additionally, highquality data produced using this protocol can be used to assess
MmtDNA data developed using newer technologies and chemistries. Further, the
amplification strategy can be e to enrich for mtDNA as a first step in sample
preparation for targetedPS. My contribution to the work included designing the overall
strategy (a revision of the previous complete mtGenome sequencing strategy used by the
laboratory); directing and magiag all aspects of the protocol development, evaluation
and testing; and preparing the majority of the manuscript. | am the corresponding author
on the paper.

Chapter 5isthe peerevi ew paper titl ed-qudipé&lN el op me
mtGenome haplofy e s : Success rates with |l ow templ a
MK, Fast SA, SturkAndreaggi K, Higginbotham JL, Lyons EA, Bush JM, Peck MA,
Ring JD, Diegoli TM, Rock AW, Huber GE, Nagl S, Strobl C, Zimmerman B, Parson W,
Irwin JA. Forensic Sci. Int. Geet. 10 (2014) 739 [119]). This report describes the
application of a data generation and analysis workflow to the development of more than
400 complete, forensiguality mtGenomes from low DNA quantity blood serum
specimens as part of a U.S. National Institute of Justice funded reference population

databasing initiative. Included are the minor modifications made to a published
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mtGenome Sanger sequencing protocol to maintain a high rate of throughput while
minimizing manual reprocessing with these low template samples. The successful use of
this semiautomated strategy on forendike samples provides practical insight into the
feasibility of producing complete mtGenome data in a routine casework environment, and
demastrates that large (> 2 kilobase) mtDNA fragments can regularly be recovered from
high quality but very low DNA quantity specimens. Further, the detailed empirical data
provided on the amplification success rates across a range of DNA input quantlties wil
be useful moving forward as P&iased strategies for mtDNA enrichment are considered
for targetedVPS workflows. My contribution to the work included directing all aspects

of the described work, including data generation, data review, strategy moaiifscand

all data analyses; and preparation of the manuscript. | am the corresponding author on the
paper.

Chapter 6 isthe peereviewed papet i t 1| ed A Ful | mt Ge no me
Development and characterization of 588 foreigiality haplotypes representing three
U.S. populationsodo (Just -ARdeaggiKaRitk AS,Bush Sc h e
JM, Higginbotham JL, Peck MA, Ring JD, Huber GE, Xavier C, Strobl C, Lyons EA,
Diegoli TM, Bodner M, Fendt L, Kralj P, Nagl S, Niederwieser D, Zimmermann B,
Parson W, IrwinJA. Forensic Sci Int. Genet. 14 (2015) 1885 [120]) thathas been
submitted to the journal Forensic Science International: Gen&hosigh investigations
into the use oMPStechnologies for the generationadmplete mtGenomgrofiles from
difficult forensic specimens are well underway in multiplediatories, the high quality
population reference data necessary to support full mtGenome typing in the forensic

context have beenlacking To address this deficiency, wadeveloped 588 complete
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mtGenome haplotypes, spanning three U.S. population groupsca@ftAmerican,
Caucasian and Hispanic) from anonymized, randesalypled specimensData
production utilized an -&mplicon, 135 sequencing reaction Sarggsed protocol,
performed in serrautomated fashion on robotic instrumentatiData review followed

an intensive multstep strategy that included a minimum of three independent reviews of
the raw data at two laboratories; repeat screenings of all insertions, deletions,
heteroplasmies, transversions and any additional private mutations; and a check for
phylogenetic feasibility For all three populations, nearly complete resolution of the
haplotypes was achieved with full mtGenome sequences: 90.3% to 98.8% of haplotypes
were unique per population, an improvement of 7.7% to 29.2% OResequencing
alone, ad zero haplotypes overlapped between populatidngerred maternal
biogeographic ancestry frequencies for each population and heteroplasmy raté3Rn the
were generally consistent with published datadatshe coding region, nearly 90% of
individuals exhibited length heteroplasmy in the 12418125 adenine homopolymer;

and despite a relatively high rate of point heteroplasRiyR; 23.8% of individuals
across the entire molecule), coding regiiiP shared by more than one individual were
notably absentand transversiotype heteroplasmies were extremely rarbe ratio of
nonsynonymous to synonymous changes aniiigin the proteircoding genes (1:1.3)

and average pathogenicity scores in comparison to data reported for complete
substitutions in previoustudies seem to provide some additional support for the role of
purifying selection in the evolution of the human mtGeno@werall, these thoroughly
vetted full mtGenome population reference data can serve as a standard against which the

guality and feaitres of future mtGenome datasets (especially those develop&tP8a
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may be evaluated, and will provide a solid foundation for the generation of complete

mtGenome haplotype frequency estimates for forensic applicatibnhsontribution to

this work incluekd joint preparation (with Dr. Irwin) of theational Institute of Justice

grant proposal that resulted in $1.86 million in funding for the project; and, in my role as

co-Principal Investigator for the project: direction of all aspects of the data generati

direction of all aspects of the data review at one laboratory (of two); and direction and/or

performance of all analyses of the data. | am the corresponding author for the manuscript.
Chapter 7 is apeerreviewed papert i t | ed AQuestieandng t h

reliability of mitochondri al DNA heteropl a

(Just RS, Irwin JA, Parson VWNAS, 2014 Oct 15. pi201413478[121]). The paperis

a Letter to the Editor in response to a recently publishedly that claimed extensive

heteroplasmy across the full mtGenome when using an approximately 1% detection

threshold Our analyses of the data indicathat mixture, rather than intraindividual

variation, was the source of at least some of the reported heteroplasmy; apdgbe

demonstrates thisvith specific examples. My contribution to this work include the

initial detection of theerrors in the published data, all analyses of the data, and

preparation of the manuscriptam the corresponding author for the manuscript

To summarize, the body of work included in this thesis:
a. Demonstrates the utility tBNA coding region data in forensic cases in which CR
typing alone provides insufficient genetic information for identification
b. Demonstrates and describes the need for complete mtGenome reference

population databases to support future forensic mtDNA tygifoyts
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c. Presents a Sangbased complete mtGenome data generation strategy that can be
used 1) to develop forensguality complete mtDNA haplotypes in a production
(high-throughput) environment, and 2) as a reliable mtGenome enrichment
strategy as partf@an MPSworkflow

d. Presents complete mtGenome reference population databases, from three U.S.
populations, developed to the highest forensic data quality standards

e. Presents mtDNA data processing metrics from low DNA quantity specimens that
provide actionald information for forensic casework practitioners

f. Examines the incidence and pattern of heteroplasmy across the mtGevitme

implications for mtDNA heteroplasmy detection in forensics

This research will lay a sdl foundation for the increased use of complete mtGenome

data in forensics that is anticipated in the near future.
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Chapter 2. T i t a mrkmowrdchild: The critical role of the

mitochondrial DNA coding region in a re-identification effort

2.1 Intr oduction

One of hi st o4iwagrtine mayitine aisasters wastloersinking of the
RMS Titanic on April 15, 1912 The accident resulted in the death of 1,497 people; only
712 of the 2,209 individuals aboard th#anic survived[122]. Within a few days of the
disaster the White Star Line dispatched four ships on-bectyvery mission§l23] and
on Sunday April 21, 1912 the crew of thiackayBennetr ecover ed ftchie body
of two or three vy dl24] 8vhen the youmyboy wert ondigntifiddo . 4 )
and unclaimed, the crew of thdackayBennettarranged a funeral service and had a
headstone dédéi ecnetmod yhitod an unknown <chil do
Fairview Lawn Cemetery in Halifax, Nova Scofi®5].

The remains of the fAUnknown Chil do were
Gosta Leonard Palsson, ackyearold Swedish boyThe association was made on the
basis of several pieces of information: the age of the child as estimated by the crew of the
MackayBennetta hanéwr i t t en notation reading fAPaul sc
t he «chi |l cdvinesh acdoynts ofetye Palsson child being washed overboard
before theTitancs ank; and the recovery of the body
with the tickets of all four of her children still in her pock&R3]. By request of the
Palsson family, and in coordination with thiganic Ancient DNA Project, the remains of
t he unknown chil d wer e eXx humed i n May , 2

[125,126]
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The exhumation recovered only four small skeletal elements: a 6 cm shard of
"poorly-presrved” bone, and three tedil26]. Presumed to be tategraded for nuclear
DNA analysis, an mtDNAhypervariable rgion 1 (HV1; base positions 160246365,
numbered ecording to the rCR$7,8]) profile was generated for the bone fragment and
the only dental remains containing dentifhe concordant profildrom the skeletal
remains was compared to HV1 sequences from maternal relatives of the Palsson child
and was not a matctsubsequently, maternal references were obtained for additional
male children under the age of three who perished aboard the Tithrihaplotype of
the skeletal remains was consistent with the HV1 sequence of the references for two of
these children: Eino Viljami Panula and Sidney Leslie Goodwinaddition to the
MtDNA analysis, an examination of the developmental features of ttte resvered
from the unknown child's grave estimated the age of the boy at 9 to 15 nOntkise
basis of the HV1 sequence data, the odontological evidence, and the ages of Eino Panula
and Sidney Goodwin at the time of death (13 and 19 months, respgctive child was
identified as the Panula boyl26]. Despite publication of that conclusion in 2004,
however, uncertainty about the identity of the unknown child lingered due to the HV1
match to the Goodwin refere@s, an examination of Titanic artifacts at the Maritime
Museum of the Atlantic (Halifax, Nova Scotia) which suggested that the shoes of the
unknown child would have been too large for-ri@nthold Eino Panula, and the
identification decision having beeaded on an imprecise age determination.

This report details the genetic analyses performed on the remains following the
earlier identification of the unknown child as Eino Panula, and includes mtDNA data

from the maternal references of all six male cleitdunder the age of three years who
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were lost when thelitanic sank Although minor contamination was evident in the
skeletal remains, sequence data from additionalgtof the mtDNA CRand coding
region revealed two sequence differences in compatisahe Panula reference, and
established that the rare mtDNA haplotype recovered from the remains was instead

consistent with the Goodwin references

2.2 Materials and methods
Extraction

DNA extractions from the unknown child remains were performed bitipte
laboratories from 2001 through 2007. Only the extraction procedures employed for the
samples used in the reanalysis are described in detail here.

DNA was extracted from a small fragment of bone (<0.5g) by chelation in 1.5 ml
ethylenediaminetetraatie acid (EDTA; 0.5M, pH 8.0) for 72 hours, with EDTA solution
replacemenevery 24 hoursProteinase K (Qiagen, Valencia, CA) in a final concentration
of 1 mg/ml was added following chelation and the solution incubated overnight at room
temperature with gntle agitation DNA was recovered using th&/izard® PCR Preps
DNA Purification System(Promega Corporation, Madison, WI) according to the
manufacturer6s instructi@ns, and el uted wi

Prior to extraction, the mandibular right first primamolar #84 was briefly
dipped in ethanol and passed through a Bunsen burner to remove possible surface
contamination. Tooth material was powdenasing a Mixer Mill MM 200 (Retsch,
Newtown, PA) and the material further treated by UV irradiation for 51nskcéit

Genesis Genomics, DNA was extracted from 40 mg of the powdered material by
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chelation in 0.5 ml EDTA pH 8.0 overnight at %85 and otherwise as previously
described for the bone extractickt the AFDIL, DNA was extracted from 40 mg of the
powdered material according to the AFDIL protocol describedlia7].

Blood or buccal samples were collected from the reference families using
IsoCode STIX cards (Schleicher & Schuell, Keene, NH) or Bode Buccal DNA Collectors
(Bode Technology, Lorton, VA) and were extracted using the QlAamp DNA Minikit

(Qi agen) according the manufacturerods prot

MtDNA control region aalyses

MtDNA CR amplifications at Genesis Genomics used 5 pl of dentin extract or a
1:5 dilution of bone exact Amplitag Gold LD (Applied Biosystems, Forster City, CA)
was used at a concentration of 3 U per reaction, with 200 uM dNTPs, 1X reaction buffer,
BSA, 2 mM MgCh and 0.4 mM each primeCycling parameters included an initial
enzyme activation at 86 for 5 minutes, then denaturation at°@5for 30 seconds,
annealing at 5% for 30 seconds and extension atZfor 30 seconds, for 40 cycles with
a final hold at 4C. Primers specific for a subset of both HV1 and HV2 were used.
Amplification products werepurified with the Wizard® PCR Preps DNA Purification
System( Pr o me g a Corporation) accordi nRCRtoO t h
products were sent to Lark Technologies (Houston, Texas) for cloning and sequencing
using inhouse standard operating prdaees. Amplification products were cloned using
the TOPG TA cloning system (Invitrogen, Carlsbad, CA) according to the
manufacturerds instructions and sequencin

chemistry (Applied Biosystems) and capillary electrophereBne 14 clones and 18
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clones derived from the dentin and bone extract HV2 amplicons, respectively (covering
nucleotide positions 1385) were sequenced in both forward and reverse directions.
Additionally, 10 clones derived from the dentin HV1 amplic@overing nucleotide
positions 1621116401) were sequenced in the forward direction

Amplification and sequencing of the dentin extrpetformed at the AFDIL used
1 pl of template DNA as described [128] and targetd mitochondrial fragments
between 12670 bp in siz§129]. The extraction blank and two PCR negative controls
were included with each amplification. PCR products were treated with exonuclease |
(EXO) and shrimp #&aline phosphatase (SAP; USB Corporation, Cleveland, OH) in a
ratio of 2 U EXO and 0.1 U SAP for each 1 pl of PCR prodBatified PCR products
were sequenced using BigDye v.1.1 (Applied Biosystems). Sequence products were
purified with AGTC columns (EdgBiosystems, Gaithersburg, MD) and were analyzed
on an Applied Biosystems 3180Genetic Analyzer. The multiple sequences were
aligned using Sequencher v4.7 (GeneCodes, Ann Arbor, MI).

PCR amplifications of the reference samples targeted the &frand were
conducted using primers F15971 and R58%rmal cycler conditions were 95°C for 10
minutes and then 36 cycles of 94°C for 30 seconds, 56°C for 30 seconds, and 72°C for 1
minute. PCR products were purified as described above and sequenced as described

[110].

MtDNA coding region malyses
For the mtDNA coding region analyses, the reference samples were first typed for

19 mtDNA coding region SNPs using two multiplex assaysplification and allele
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specific prime extension using SNaPshot chemistry (Applied Biosystems) for Multiplex
A (which assays nucleotide positions 477, 3010, 4580, 4793, 5004, 7028, 7202, 10211,
12858, 14470 and 16519) and Multiplex F (additional nucleotide positions 64, 4745,
10394, 10685, 1377, 14560, 14869 and 16390) utilized the primer sequences and
concentrations in[67,69] and followed the protocol described ii®7] with the
modificatons described in130]. Extension product separation and detection were
performed on a 3130Genetic Analyzer using POP6 (Applied Biosystems) and 1.0 pl of
LIZ-120 internal sizing standard (Applied Biosystems) penpda Data were analyzed
using GeneMapper v3.2 (Applied Biosystems) and alleles were assigned automatically
using customized panel and bin sets

Following the SNP typing, the reference extracts were anonymized and sequenced
for a portion of the mtDNA codg region. First, haplogroup H genomes available in
GenBank that matched the Goodwin reference and the Unknown Child HV haplotype
were analyzed to identify regions with the greatest opportunity for-imaridual
differentiation Next, a ~3,500 bp regiowith the greatest density of positions differing
from the rCRS was selected for sequencing (data not shdws)region, between base
positions 8164 and 11600, is contained within two of eleven amplicons typically used at
the AFDIL for mtDNA coding regio sequencingAmplification and sequencing thermal
cycling conditions, purification, sequence detection and alignment were performed as
described i53,69,131)with the modfications described ifiL32].

Reference sample and dentin extracts were then typed for position 9923 using the
SNP typing protocols referenced above, with the amplification modifications for

degraded samples descube [67,130]applied to the dentin extracs 109 bp amplicon
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was generated using the primers-9899F(E) and M 8 9 9 R( E) (sequenc
TTTCCTCACTATCTGCTTCATCG3 6 a-MCAAARCGACATCTACAAAATGC-3 0
respectively) at the concentrations described[68]. Singlebase extension was
perfor med i n singlepl ex using a - new [
CACATCTACAAAATGCCAGTATCA-3 06 ) , desi gne eébasad Prinmyg3 t he
software[133], at a concentration of 5 pMReference sample and dentin extracts were
sequenced (according to the protocols described above) using9B89&(E) and A

9899R(E) amplification primers to confirm positi®@823 SNP typingNo coding region

analyses were performed for the bone fragment, as the material was consumed during

earlier testing

Statistical @lculations

HV region data (excluding HV2 pol¢ variants) were compared to the EMPOP
MtDNA CR databasqg111] of 3,830 unrelated West Eurasians to determine HV
haplotype frequency and its upper 95% confidence [B8iL. A likelihood ratio (LR) for
the mtDNA evidence was generatagsing 1 as the probability under the maternal
relation hypothesis and the 95% upper confidence limit of the haplotype frequency as the
probability under the unrelated hypothe$igor probability in this case was equal to 1/n,
where n equals the number ofale children under the age of three lost aboard the
Titanic. The LR and prior probability were used to calculate a posterior probability for

the HV haplotype according to Bayes theorem as applied to alternate hyp@tl3d$es
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Pr(H) x Pr(E|H) = Pr(H|E)

Pr(h)  Pr(ElR Pr (HIE)

where H represents the maternal relation hypothesis apdepresents the unrelated
hypothesis.

The frequency of 9923T within a particular HV haplotype veetermined
through examination of the 92 entire mtGenomes available from GenBank (as of January
15, 2009; accession numbers available upon request) for the matching reference HV
profile, and the upper 95% confidence interval and LR were calculated as dbev
posterior probability for the HV data calculated above was used as the new prior
probability and a final posterior probability for the HV plus 9923T haplotype was
calculated as above.

Alternately, combining the HV and 9923 haplotype frequency 95%emp
confidence limits (for the generation of a combined LR) and using 16.67% as the prior

probability results in the same final posterior probability.

2.3. Results and dscussion

Entire CR sequences were obtained from maternal references for all six male

children(Table 2.). Where more than one maternal reference was tested for a single
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Differences from the rCRS*

Age at # of Multiplex
Missing Child Death References Additional A&F
(Country of Birth) (months) Tested HV1 HV2 CR SNPs 9923
Gilbert Danbom
(Sweden) 5 2 16186, 16189 263, 315.1C 16519 n/a -
Alfred Peacock 16126, 16294,
(England) 7 2 16311 73,152, 263, 315.1C 16519 n/a -
Eino Panula 146, 263, 309.1C, 309.2C,
(Finland) 13 3 - 315.1C 16519 3010 -
Sidney Goodwin
(England) 19 2 - 263, 309.1C, 315.1C 16519 3010 9923
Gosta Palsson o8 1 16153, 16291, 72,93, 263, 309.1C, ) n/a )
(Sweden) 16298 315.1C
Eugene Rice 16126, 16153, 73, 150, 263, 309.1C,
(United States) 30 2 16294, 16296  315.1C 16519 n/a -
Unknown Child Consensus Profile - 263, 309.1C, 315.1C n/a n/a 9923

Table 2.1Differences from the rCRS as identified by mtDNA control region sequencing and coding region SNP typing

Nucleotides are only included in the case of insertions; all observed substitutions were transitions. Reggois which no sequence differences were
observed are marked with a dash. Regions which were not typed are mardadReference samples were sequenced for the entire CR, while the skeletal
remains were sequenced for only HV1/H\F/1 sequence data wasifficient to exclude all but the Panula and Goodwin familiégltiplex A and F SNP
typing was performed to distinguish the Panula and Goodwin families; no sequence differences were detected and thakréraaikelevere not typed using

the SNP mulplexes 9923 SNP typing was performed on all reference samples as well as the skeletal remains; the mutation was observes Gwaziviyrth
references and the skeletal remaifise sequence differences at positions 146 and 9923 (in addition to thpdi¥@2 length polymorphism), shown in bold

type, exclude the Panula family as a match to the Unknown Child.
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child, the data obtained from the maternal relatives mat&ledf the references except

for the Goodwin and Panula families were excluded enhtsis of HV1 and the later
HV2 sequencing cdimmed these exclusions (Table R.IThe Goodwin references
differed from the rCRS at nucleotide positions 263 (G) and 315 (C insertion); the Panula
references differed from the rCRS at the same positions@dditionally at position 146
(excluding HV2 polycytosine length variants)

Sequence data obtained from the unknown child bone extract amplifications
covered nucleotide positions 16228390 in HV1 and 3267 in HV2 Sequence data
obtained from the dentiextracts covered positions 16608390 n HV1 and 35273 in
HV2 (Table 2.). In both cases, the sequence data from the unknown child matched the
Goodwi n chi |l Thé&¥STR tgping didenat predsice any reliable results (data
not shown); this was Kely due both to a high degree of DNA degradation and the
extremely limited quantity of skeletal material available (which severely restricted the
number of amplifications and the input extract volume).

Despite independent extraction in multiple labona®raccustomed to handling
highly degraded human remains, some of the unknown child dentin extracts exhibited
evidence of contaminationfThe HV1 data was mixed at nucleotide positions 16126,
16294, 16296, and 16304 (Figu2el and Table2.2); no mixtures were observed in the
HV2 data. All but one of the HV1 amplicons in which a mixture was observed resulted in
similar minor component signals (estimated-d586) with peak height ratios reproduced
in duplicate amplificationsThese data provide some supgdortlinkage of the major and
minor componerst across multiple amplicond.35]. The minor sequence (T16126C,

C16294T, C16296T, T16304C) in these HV1 amplifications did not match any of the six
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(A) HV1, position 16126 (B) HV1, positions 16294, 16296, 16304 (C) Coding Region, position 9923
MPS1A Ampiicaiion 1, Fi5ea _ MPSZA. Ampicaion 1, F16130 SA00. AmpiEication 1, A-SESEF(E)

HPSIP. Pﬂm I F16180

HPSEE;. Mpﬂm 1. R16400

- - \‘ J\m\“'"" F\ )\r \ f\/ \/W* [ W\%

Figure 2.1.MtDNA sequence chromatograms for HV1 and coding region dentin extract amplifications that exhibited evidence of contamination

Mixed positions are indicated by arrawSoverage for each position includes forward and reverse sequences from duplicate amplifidadiditttom two
chromatograms in (B), which exhibit the highest contaminant signal, originate from the same amplicon (MRE2B) top chromatograms in (B) originate

from a different amplicon (MPS2A) generated using a different primer pair.
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Amplicon  Amplification Sequencing  Approximate contaminant contribution to total Averaged amplicon
number primer fluorescent signal (by nucleotide position) contaminant signal
MPS1A 1 F15989 10% (16126) 13%
R16158 10% (16126)
2 F15989 15% (16126)
R16158 15% (16126)
MPS2A 1 F16190 15% (16294) 15% (16296) 13%
2 F16190 10% (16294) 10% (16296)
MPS2B 1 R16400 45% (16294) 45% (16296) 35% (16304) 41%
2 R16400 45% (16294) 40% (16296) 35% (16304)
9899 1 A-9899F(E)  10% (9923) 6%
A-9899R(E) 5% (9923)
2 A-9899F(E) 5% (9923)
A-9899R(E) 5% (9923)

Table 2.2. Contamination estimates from HV1 and coding region data

Percentage contaminant contribution to total fluorescent signal was estimated visually; admammtcan be seen in Figure .2 sequences in which a

contaminant signal was undetectable, contaminant contribution was estimated-tB&tnd coding region amplification and sequencingiprisequences are

listed in[129] and[69], respectively.
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reference families or any of the laboratory scientists involved with the case, but does
match a base sequence motif generally attributed tehaplogroup T20[136]. This
haplogroupspecific motif further supports linkage, and the observation of a mixture at
only these haplogrouppecific positions strongly suggests contamination by a T2b
individual rather than either postmortem DNA dega or base misincorporation during
PCR

In combination, the bone extract results and the majority sequences from the
dentin extracts for the mtDNA CR matched only the Goodwin references, and differed at
a single base position (146) from the Panularegfees (Table2.1). Forensic mtDNA
interpretation guidelines recommend that exclusions be made on the basis of two
sequence differences, due to the high mutation rate of mtPIOAI2] The need for
more than a single sequence difference to exclude the Panula family as a match to the
unknown child remains was particularly necessary in this case, given the contamination
observed in the dentin sequence d#ta, high frequency of the Goodwin and unknown
child HV haplotype among West Eurasians and the especially high rate of substitution
and heteroplasmy at nucleotide position [U&/-139].

In previous studies, analysis of portions of the mtDNA coding region have
successfully identified variable positions that can be used to distinguish lineages which
match, or nearly match, in the JB3,64,66] In this case, the Goodwin references and
the unknown child possessed the most common West Eurasian HV haplotype, present in
nearly 7% of that population (based on a search of 3,830 unrelated West Eurathans i
EMPOP databas@g 11]). Numerous publications have demonstrated the utility of coding

region data for resolving this and other common HV haplotypes, and various assays have
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been developed for the purpdé8,66,67,69,146143]. Although the two coding region
SNP assayspplied to this case have previously proven useful for the resolution of
lineages with the same HV haplotype as the Goodwin family and unknown child
[119,130,144] they unfortumately did not identify any additional sequence differences
between the Panula and Goodwin families.

However, given that this type of targeted approachwhich SNPs variable for
particular HV or CR haplotypes are analyzetas been shown to be an effee method
for identifying discriminatory information in the mtDNA coding regid5], a similar
strategy was employed in this case to identify additional polymorphic sites that were not
already targeted in the twaforementioned SNP assays. Based on a synthesis of 92
published mtDNA genomes with the observed HV type, a 3,500 bp region was identified
that harbored high levels of interdividual variation Targeted sequencing of the
anonymized Panula and Goodwinardnces between nucleotide positions 816460
successfully identified a single sequence difference between the two families at third
codon position 99235ubsequent SNP typing of the reference samples for position 9923
identified a CGT transition in theGoodwin references, while the Panula references
matched the rCRS (Tabkl).

As with the CR sequence data, the SNP typing of the dentin extracts for position
9923 revealed the presence of two mtDNA types; the SNP data included a large T (green)
peak and amall C (blue) peak, comprising approximately 83% and 17% of the total
fluorescent signal, respectively (Figu2e?). The 17% contaminant signal in the SNP
profile is likely an ovefestimation of the actual contamination, due to a substantial signal

strergth disparity between the dR110 (blue) and dR6G (green) dyes (ddG and ddA
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incorporation, respectively) used with the SNaPshot chemigi®/146] Indeed,
subsequent sequencing of both dentitraets for the 10%p amplicon encompassing
position 9923 (to confirm the SNP typing results) demonstrated that the majority of the
molecules present in the samples had a T at 9923, while the contaminant signal was so

low as to be nearly undetectable (FigR.1).

Unknown Child
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Figure 2.2. 9923 SNP typing results for the unknown child, Goodwin and Panula references

Utilizing a reverse primer for the singleplex SNP typing using SNaPshot chemistry (Applied Biosystems),
dR11Glabeled ddG (blue) and dRél@beled ddA (gren) incorporation represent C and T, respectively, at
position 9923 Relative fluorescent unit values for each peak are included beneath the nucleotide

designation.
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Though the HV haplotype observed in the Goodwin references and the unknown
child is commonamong West Eurasians (frequency is 0.06710; the 95% upper
confidence limit is 0.07503), the shareeCTtransition at nucleotide position 9923 is rare,
with only three occurrences among the more than 6,000 human coding region sequences
available in GenBankA recent analysis recognized the 9923CTiransition as the
molecular definition for mtDNA subaplogroup H1u[115]; however, only two
haplogroup H sequences with the 9923 mutation have been published in GenBank
Among the 92 entire mtGenomes in GenBank with HV haplotypes matching the
Goodwin reference and the unknown child, only one possessed the @@ #arsition (a
frequency of 0.01087; the 95% upper confidence limit is 0.0320@ombination these
data resultn aLR of 416 in support of the hypothesis that the tooth is from an individual
related to the maternal reference for Sidney Goodwin, rather than from an unrelated
individual. Using a prior probability of 16.67%, the posterior probability is thus 98.81%.

The statistical support for the maternal relation hypothesis is strong, especially
given that only mtDNA profiles could be obtained from the skeletal remains; however, it
is likely that comparison of the matching HV profile to an entire mtDNA genome
datatlase suitable for forensics would have resulted in a higher posterior probdlhbty
entire mtDNA genomes available in GenBank that were used for our frequency
estimation are an imperfect substitute for a forensic database, but the GenBank collection
is nearly the only ugio-date resource available for investigation of the frequency of a rare
MtDNA haplotype that includes coding region datéile we used this repository of
published mtDNA genomes to generate a haplotype frequency in support of a non

exclusion in a centurnpld, closed population case, the use of mtDNA coding region
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profilesin other types of forensic caserk would likely require a more extensive and/or
representative databaséhe need for such a database will increase as new technologies
which enable access to mtDNA coding region data with relative ease (e.g. linear arrays,

mass spectrometry, aidPS) become more widely applied in forensics

2.4. Conclusions

The work reported here confirms the previous mtDNA HV1 data that eliminated
four of the six male casualties under the age of three as sources of the unknown child
remains More extensive CR sequencing, to include portions of HV2, identified a single
sequence difference between the Panula family and the skeletal remamgoding
regon SNP assays failed to identify any additional discriminatory information in this
case, and the extremely limited and highly degraded skeletal material prevented
generation of a YSTR profile. However, targeted mtDNA coding region sequencing
resulted inthe identification of a second sequence difference between the Panula
references and the skeletal remains resulting in a high posterior probability for the match
to the Goodwin family Though evidence of minor contamination was apparent in the
dentin extrats, the consistent mtDNA HV profiles and especially the rare mtDNA coding
region polymorphism shared with the Goodwin maternal references indicate that the
unknown child remains are most likely those of Sidney Leslie Goodwimle this
closedpopulationcase could be resolved to a reasonable degree of certainty by the
exclusion of all other candidate children, the need for a forensic database that includes
MtDNA coding region data is evident and should be a focus of future mtDNA databasing

efforts.

32



Chapter 3. MtGenome reference population databases and the future of

forensic mtDNA analysis

MtDNA typing in forensic caseork has historically focused on the two
hypervariable segmentsi{/1 and HV2 of the noncoding CR[6,25,39,41,147]These
approximately 600 bases have the highest average substitution ratenitG#rgome and
thus present the greatest opportunity for melividual differentiation while minimizing
data generation effartt is the case, however, that examination of these 600 bases alone
limits the power of forensic mtDNA testing in general, leading to situations in which
HVS-1 and HVSII data do not provide suffient discriminatory information to resolve
distinct maternal lineageBurther resolution is often obtained by increasing the range of
data analyzed to additional portions of the CR (e.g. with a sample of Austrians, analysis
of the entireCR reduces theandom match probdhy from 0.011 to 0.008]62,63,148]

Yet, many individuals will remain indistinguishable despite compidRedata In those
cases, variation in the mtDNAvdingregion is often target#3,6466,68]

It has been shown that mtDNA coding region data can be useful in a number of
situations For instance, it has been valuable in: resolving multiple casualty cases where
more than one reference family shared the same mtDNA CR hap[@B8@&49] sorting
and reassocation of @mmingled remaing130]; increasing statistical support when
exclusionaryreferences were unavailabJ@50]; mtDNA haplogroup typing for rapid
screemg of casework specimer[451-153] and assessing maternal {gjeographic
ancestryas an investigative to¢l54,155] Additiondly, coding region information has

been strategically targeted in cases for which extremely limited evidentiary material is
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available following standard and, in these situations;distinguishingCR testing In

order to preserve the little remaining exite for analyses likely to provide resolution,
coding regions from the relevant reference samples were first investigated to identify
sites that distinguished the reference lineages. Tbasespecific discriminatory sites
were then directly typed on theemaining evidence material totiohately establish
identity [116].

Still, even in these very specific forensic scenarios, it is generally impractical to
sequence large portions of the@Genome The cost and effort qeired to obtain just
partial CR profiles from case specimens is substantial (especially in comparison to
standardSTRtyping), in part because mtDNA sequence data is usually sought when the
genetic material is severely limited and/or compromidianerousshort amplicons with
adequate overlap among them, significant sequence coverage over each amplicon to
ensure sufficient data quality, and highly redundant data analysis and review are required
to produce CR haplotypes. Generation of coding region datee$otution of specific
cases has therefore been not only prohibitively laborious for most practicing forensic
laboratories, but also limited by the availability of sufficient evidentiary mateéksba
result, the forensic methods to access coding redgda have typically involved either
the optimization of a published assay othimuse development of sequencingSMP
typing protocols that minimize effort dnsample consumption[6(7,140,156] for
example)

Until recently there have been few commerciaitb&shelf products available for
the generation of coding region dafidhose that have been evaluated for forensic use

have limited utility due to sample quantity requiretseand other issues related to data
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quality standards requirddr forensic applicatio72,73] However, a batch of new (or
newly-commercialized) technologies are emerging that will fatditaccess to entire
mtDNA genome data with relative ease and will likely make their way into forensic
practice within the next few year§hese include a coding region version of sequence
spedfic oligonucleotide array$157], coding region multipless for mass spectrometry
[158-161] and MPS technologies The massivelparallel sequencing enabled MPS
technology igevolutionizing genetic data generation and, in thetoodistant future, is
likely to make the development of entire mtDNA genome profiles from even highly
degraded specimens relatively straifgrivard and coseffective [162-164]. Looking
ahead then, it seems that the application of mtDNA coding region data in routine forensic
casework will be dictated less by the quantity of specimen and/or effort required to
produce the ata than by the availability of large higjuality entire mtGenome
population databases that can be used to determine the rarity of mtGenome haplotypes
The lack of highquality population databases covering the entire mtDNA coding
region precludes a congbe, empiricallypased understanding of the additional
discriminatory value that mtDNA coding region data may provide from randomly
sampled individualsCurrently, GenBank is the only repository of complete mtGenomes
that is regularly updated with new anfnation Although it contains a growing number of
complete sequences, the available data are an imperfect substitute for a forensic reference
database Most of the sequences available in GenBank have not been produced as
randomly sampled, unrelated indivials that are representative of particular population
groups. For those populations that are represented, the datasets tend to be inconsistent in

terms of the associated metadata required for their use in the forensic .cutther,
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because GenBank d@aare neither curated nor quality control checked, many sequences
contain errors that may not only obscure precise estimates of mtDNA substitution rates
(as requireddr likelihood calculationg;165]), but, more impogntly, may also confound
estimates of mtDNA haplotype frequenci€snally, the tools available for GenBank
searches are not thmost useful for practical caserk application. Search parameters
that are specific to forensic mtDNA queries, including speciference populations,
inclusion/exclusion of polycytosinesertions and deletionsn@lelg, and predefined
sequence ranges, are unavailable and difficult to accommodate in the BLAST interface
Even novel tools that support the access and handliGgoBank mtDNA se@nce data
(e.g. MitoVariome[166]) fail to address specific alignment issues in length variant
regions that are relevant to sequence caispas in forensic casewofk67].

Efforts are underway to improve and expand publahgilable forensic mtDNA
CR data sets: more than 5000 new sequences representing more than 30 populations will

soon be available in the newest update of the EMPOP databasegmpop.org[111]).

While these data are substantially strengthening the foundation upon wdmiant
MtDNA identification efforts are based, they do not adequately prepare us for the recent
andrapid advancements in mtDNA typing technologies that will soon facilitate access to
coding region information in the most difficult forensic specimens

Thus, future mtDNA databasing efforts are needed for the development of entire
MtDNA genome referencgopulation data suitable for forensic comparisons and which
adhere to the same data quality standards already established for f@iRnsierence

population databas¢$09,110,113]
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We should emphasize at this point that it is not our intention to advise on the
precise coding region data to be utilized for forensic purposes, where the principal
concern is detection of primary pathogenic mtDNA mutatiéithough these varids,
by their very nature, do not persist in the matriline, they arise spontaneously from time to
time (and are therefore nearly always found in a heteroplasmic state), and are directly
causal to disease phenotype when present in high enough propgoraareffort to avoid
this information, Cobleet al. (2006) advocated a conservative strategy that targets
information at synonymous sites only, S UgoC
variation] retains essentially an equal footing with accessingtiari in the Dloop,
which hasyen ot pr es e nt e H45haAltlyougp this diadteernmis still valid,
Mitomap [9] now lists 405 norsynonymous and structural RNA mutatipnsix
synonymous and eigh€CR mutations with possible disease associatiohishough
skepticism surrounds many of #gereported associatiofls68-170], it is likely tha our
increasing understanding of mtDNA genomics, mitochondrial function and epigenetics
may lead to the identification of additional pathogenic mutatidhgations currently
believed to be of no pathological significance (even those ircodimg regionsmay be
shown to be diseaswssociated in the futurdut this could be true for any genetic
marker, including those routinely used in forensic testing (e.g. STRege and other
pertinent medicdegalethics issues deserve furtherdaepth discussionsaalready begun
in Cobleet al.2004, Budowleet al. 2005,and Coblest al. 2006[53,145,171]

As a first step to employing coding region information in the forensic cgontext
and in full accordance with appropriate Institutional Review Board (IRB) guidelines, the

strategies of Brandstattet al. 2003, LutzBonengelet al. 2003,and Cobleet al. 2004
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[53,66,151] which target either silent mutations or sites with no presently known
medically relevant mut ati ons, are currentl
laboratoriesIn nearly every case encountered to date, the acquididgcoegion data
have resolved the question at hahstead, the primary limitation has been the lack of
suitable population databases to assess the strentftb obding region evidendé&16].
Appropriate mtGenomesference data are needed, so that they are readily available when
specific laboratory, scientific working group or legislative guidelines are established for
the use of mtDNA coding region data.

The generation of highuality entire mtGenome population eeénce datasets is
clearly no small undertaking, particularly when considering that Sanger sequencing is the
method currently used in most laboratorfdsw higher throughput technologies, such as
mass spectrometry, may be preferred for their lower cashagher capacity. However,
this platform would produce population data specific to mass spectrometry applications
As a result, and untiMPS methods are optimized and employed by more laboratories,
the neaterm effort will have to rely on technologiesda protocols already used to
generate lgh quality mtGenome daf&3,173. Such an undertaking will clearly require
significant time, effort, funding and resources before even a few datasets airabfap
size and quality to currel@R databases are availabMet, the longterm return on this
investment will be novel highQuality entire mtGenome data that both positions the
forensic community for the future of mtDNA testing and serves as a valgsiolerce for
further characterization of mtDNA population genetics and molecular evolution as they
relate to DNA evidence interpretation (e.g. mtDNA haplotype distributions, mtDNA

substitution rates)Vith the largescale availability of high quality enirmtGenome data,
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forensic mtDNA interpretation guidelines can be greatly improved and the full potential

of mtDNA testing can ultimately be realized.
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Chapter 4. A high-throughput Sanger strategy for human

mitochondrial genome sequencing

4.1 Introduction

Sequenmg of humammtDNA is performed for a number of purposes in medical,
anthropological, population and forensic genetics. In forensics, mtDNA typing is most
commonly employed when the nuclear DNA in an evidentiary sample is tdedimor
too damaged to develop sufficient nuclear data for forensic comparisons. In this
application, mtDNA sequencing has historically been limitedhto noncoding CRor
portions thereof, where the high concentration offastating sites presents tgecatest
opportunity for differentiation of samples representing distinct maternal lineages while
minimizing data generation costs and effort. Over the past ten years a number of assays
have been developed that interrogate portionh@fmtDNA coding regin to resolve
maternal lineages which cannot be distisged by CR typing along¢6(7,140,143,157]
for example), and a very few commercial producésavailable for the generation of data
from thecoding region However, the existence of these methods has not yet translated
into regular development of mtDNAoding regiondata in most forensic laboratories.
The inhouse assays developed by various gsoare not commercialized, and thus
quality control of primers and reagents represents a substantial barrier to implementation;
and the commercialtpvailable products are not wallited for typing the low DNA
guantity evidentiary specimens to which faaenmtDNA mehods are typically applied
[72,117] MPS technologies may eventually facilitate development aaimplete

mtGenomedata from even very poquality forensic specimeri86,91] Yet, before any
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of these assays and technologies can be routinely applied in forensic casework, complete
mtGenome population reference data developed to forensic standards must be on hand to
permit generon of the haplotype frequency estimates requifed likelihood
calculationd117]. At present, no such data is publicly available.

The generation of entire mtGenome haplotypes from even pristine quality and
high DNA quantity samples by Sanger sequencing is generally expensive and laborious.
A large number of individual sequences are required for sufficient-reggiution
coverage across the entire approximately 16.5 kilobase molecule, and past analyses of
publishedmtGenome data sets hawentified various errorgl73,174] And while MPS
technologies are likely to facilitate the development of entire mtGenome data sets, the
fact that these methods havet y@t been fully vetted and validated for forensic use
means that Sangdased protocols currently remain the only accepted method for the
development of complete mtGenome reference data that meeisitoréata quality
standardg90]. A recently published manual sequencing strategy generates)undjty
Sanger sequence data with redundant coverage across the mtdi@y regionand is
perfectly suitable for the development of mtGenome reference dataceohdnned \vith
CR sequencinfll72]. Yet to ease the way for more rapid, higilume generation of the
complete mtGenome population reference data needed for forensics, accommodate
different sample substrates and thus variable @NAlity/quantity, and further decrease
the opportunities for human error inherent in manual sample handling, an entire
mtGenome sequencing protocol and workflow designed specifically for automated, high

throughput processing is necessary.
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To address thiseed, our aim was to devise a robust amplification and Sanger
sequencing strategy that could be used for sthgbughput production of complete
mtGenome haplotypes which meet the highest data quality expectations while
accommodating a wide range of DNA gtaland quantity. We report here on the
development of an-8mplicon, 135equence mtGenome data generation protocol that
was specifically designed to be performed iav88| format and implemented on robotic
liquid handling instruments. The strategy proesi redundant sequence coverage across
the entire mtGenome in the first pass of automated data generation, and generates high
guality sequences from a range of DNA input quantities and from samples representing

diverse mtDNA haplogroups.

4.2 Results
Assy development

Amplification of the full mtGenome in eight fragments was targeted to facilitate
sample processing in 9@ell plate format, a strategy that permits eleven samples (plus
the appropriate negative controls) to be P&Rplified simultaneously (Bure4.1). An
established primer set which amplifies thenpdete CR in an 1198 bipagment[110]
was utilized, and the development of seven newlapping amplicons to span the
coding regions described below.

Given the need for a robust mtGenome assay that could be applied with equal
efficacy across samples representing diverse mtDNA haplogroups, the potential for

primer binding site mutations was given careful consideration in the desigdiaf
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Figure 4.1. $-well amplification plate map

The figure displayshe strategy applied to permit simultaneous amplification of eleven samples in a 96
well plate. Samples are organized by columns (Sample 1 in column 1, Sample 2 in column 2, etc.), and
each row representme of the eight mtGenome amplicons (Amplicon 1 in row 1, Amplicon 2 in row 2,

etc.). Negative controls for each target fragment are amplified in column 12.

region amplification primers. To this end
complete or coehg region only mtDNA sequences was used to assess regions of the
mtGenome appropriate for primer placement. The alignment consisted of mtGenome
sequences from most major named mtDNA haplogroups (six sequences each from
haplogroups A, B, C, D, E, F, G, HJ, K, LO, L1, L2, L3, L4, L5, M, N, P, Q, R, RO, S,

T, U, V, W, X, Y, and Z; and four and three sequences from haplogroups L6 and O,
respectively) sampled at random using GenBank accession numbers availabé& on th

PhyloTree mtDNA phylogeny115]. In addition, published mtGenome substitution rate
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data drawnrom 2196 complete mtGenomgk39] were used to develop a substitution
rate histogram by nucleotide position (not shown)cdmbination, the global alignment
and substitution rate graph were used to identify haplogspepific mutations and
overall highly polymorphic positions and/or regions which could potentially interfere
with proper primer annealing during PCR.

Initially, twentytwo coding regionamplification primers employed for earlier
mtGenome seancing at our laborator}p3,69,131,132,175\vere evaluated for use in
the new protocol. The global alignment and substitution rate histogram described above
were used to assess the potential for primer binding site mutations,eanc:ithased
Primer3 program[133] was used to examine primer characteristics such as melting
temperature, GC content, and saimplementarity. Based on the criteria applied all
previously used primers were disqualified from further use, most due to potential primer
binding site issues. Thiis not indicative of poor design, but rather reflects the enormous
increase in the number of mtGenome sequences available and our general understanding
of mtDNA diversity today in comparison to the late 1990s when the prior amplification
strategy was inially developed.

Seven newcoding regionamplicons were designed using the global alignment
and substitution rate histogram. Within bp ranges deemed acceptable (by virtue of a high
degree of sequence conservation, a lack of haplogtefiping mutationsand sufficient
overlap with neighboring amplicons), specific primer sequences were selected using the
default setingsin Primer3[133]. Amplification primer sequences are given in Tahle
The average overlap betweamplicons is 210 bp, with a minimum overlap of 71 bp

(between Amplicons 7 and 8) and a maximum overlap of 338 bp.
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Amplicon Number Amplicon Size Primer Name Primer Sequence Source

1 2417 F402 ATCTTTTGGCGGTATGCACT New
R2818 GCCCCAACCGAAATTTTTA/ New
2 2381 F2480 AAATCTTACCCCGCCTGTT New
R4860 GAAGAAGCAGGCCGGATG New
3 2291 F4609 AAATAAACCCTCGTTCCACA New
R6899 CATATTGCTTCCGTGGAGTC New
4 2511 F6636 ATTCTTATCCTACCAGGCTT New
R9146 GCGACAGCGATTTCTAGGAT New
5 2489 F8940 CCCCATACTAGTTATTBAAACC New
R11428 GGCTTCGACATGGGCTTT New
6 2759 F11319 CAAACTCCTGAGCCAACAAC New
R14077 TTTGGGTTGAGGTGATGAT New
7 2208 F13835 CAGCCCTAGACCTCAACTA! New
R16042 CTGCTTCCCCATGAAAGAA [69]
8 1198 F15971 TTAACTCCACCATTAGCAC [110]
R599 TTGAGGAGGTAAGCTACAT [110]

Table 4.1.Amplification primers

Amplification primer sequences for the eight mtGenome amplicons. The primeisnfdicon 8, which
covers themtDNA CR, were adopted frorfl10]. The reverse primer for Amplicon 7 (R16042) was
previously designed fause as a sequencing prinjéB]. All primers except F2480 (Amplicon 2), R4860

(Amplicon 2), R9146 (Amplicon 4) and R14077 (Amplicon 6) are also used for sequencing.

Considerations given highest priority in the design of the mtGenome sequencing
strategy were 1) the desire to develop higboluton sequence coverage in both the
forward and reverse directions across as much of the molecule as feasible, and 2) a
protocol that would be amenable to hitdfinoughput processing on automated liguid
handling instrumentation. For the CR, the sewi®y appoach described bji10] was
adopted.Coding regionprimers previously utilized by our laboratofgr mtGenome
sequencing53,69,131,132,175ere evaluated using the global alignment, substitution

rate hisbgram, and Primer3 softwaf&33], as described above. In addition, the typical
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quality of the sequence @aproduced by sevenfpur of these primers was assessed by
inspection of 2237 previousigenerated sequence electropherograms, and only primers
which routinely produced data with sufficient signal and minimal noise were considered
for further use. As aesult of these examinations, twenty sequencing primers were
maintained for use in the new protocol. Niretye new primers were selected in the
same manner as described above for the amplification primers, with old arabdieny
region sequencing primerspaced at intervals designed to produce overlapping; high
resolution forward and reverse sequence coverage across the genome.

The final, 8amplicon mtGenome strategy is depicted in Figures 4.2 and 4.3. The
number of sequencing primers per amplicon rarfge® sixteen to eighteen, and the
strategy produces 135 sequences from 127 unique primers. The resulting redundant
sequence coverage across the complete mtGenome is demonstrated in Figure 4.4.
Sequencing primers and their sources (published or new) & ilisTable 4.2. Thermal
cycling conditions implemented for PCR and sequencing are identical to those previously
described for conlpte mtGenome sequencif§3,69,131,132,175)with one exception:
as the coding region amplicons in this assay range in size from 2208 to 2759 bp, a 2.5
minute extension time was selected to balance PCR product generation and total thermal
cycling time. Tlkermal cycling details are includedsection 4.5

All steps of the mtGenome protocol described here were designed with high
throughput applications in mind. To this end, plate layouts and programs which permit
efficient sample handling and reaction-gpton robotic instrumentation were developed

to facilitate highly automated data generation. Details of our-thighughput process,

46



including plate maps and strategies for amplification, sequencing, and purification steps,

are covered isection 4.5

Lﬂ R599

F402 iL R2818
F2480 & R4860

F4609 & R6899

FB6636 & R9146
F8g40 & R11428

F11319 & R14077
F13835 & R16042

F15971

Figure 4.2. Amplification of the mtGenome in eight fragments
Positioning of the eight, overlapping target fragments around the circular mtGenome, along with the

primers used to amplify each region, is depicted.
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Figure 4.3.0rganization of sequencing pimers by amplicon

Approximate positioning and coverage of each of the 127 sequencing primers used to generate 135
sequences across the mtGenome. Amplicon start and end points (in terms of nucleotide position) are given,
and forward sequences are represgiibove the template strand while reverse sequences are listed below.
The number of sequencing primers per amplicon ranges from sixteen to eighteen. The sequencing strategy
used for the CR (Amplicon 8yas adopted wholesale frdhl0] and uses eight distinct primers to produce

sixteen sequences.
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Figure 4.4.MtGenome sequence coverage

This Sequencher (Gene Codes Corporation) screen capture demonstrates the typical mtGenome sequence
coverage that results from the5tS8equence strategy. Individual forward sequences are denoted in green,
and reverse sequences are represented in red. The data come from a population samplefprabessed
project described if119], and no reproceing was required to achieve complete coverage across the
mtGenome. Small regions with replicate but unidirectional coverage (three in the CR due to polycytosine
stretches and length heteroplasmy, and two inctiting region totaling 294 bp) are indicateby blue

hashing in the coverage bar and asterisks.

Table 4.2.Sequencing primers (following pages)

Sequencing primers for the complete mtGenome, with sources (new or previously published). All primers
for Amplicon 8, which covers thmtDNA CR, were added from[110]; these are used in duplicate to
produce a total of sixteen sequences for the CR. Most amplification primers (Table 4.1) are also utilized as
sequencing primers.
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Amplicon Number Primer Name Sequence Souce
1 F402 ATCTTTTGGCGGTATGCACTTT New
F619 TTAGACGGGCTCACATCACC [69]
R878 CCAACCCTGGGGTTAGTATAGC New
F900 CGGTCACACGATTAACCCAAG New
F1135 CCAGAACACTACGAGCCACA New
R1136 GGCGAGCAGTTTTGTTGATT New
F1320 GACGTTAGGTCAAGGTGTAGCC New
R1365 TAGCCCATTTCTTGCCACCT New
F1657 CTTGACCGCTCTGAGCTAAAC [131,175]
R1769 GCCAGGTTTCAATTTCTATCG [131,175]
R1924 AGGTAGCTCGTCTGGTTTCG New
F1983 TAGAGGCGACAAACCTACCG New
F2105 GAGGAACAGCTCTTTGGACAC [131,175]
R2216 TGTTGAGCTTGAACGCTTTCTT New
F2333 GCATAAGCCTGCGTCAGAT New
R2439 ATGCCTGTGTT&T GAC New
F2506 AACATCACCTCTAGCATCACCA New
R2818 GCCCCAACCGAAATTTTTAAT New
2 F2625 CTGTATGAATGGCTCCACGAG New
F2932 GGGATAACAGCGCAATCCTAT New
R3006 ATGTCCTGATCCAACATCGAG [131,175]
F3241 AGAGCCCGGTAATCGCATAA New
R3417 GGGGCCTTTGCGTAGTTGTA New
F3441 ACTACAACCCTTCGCTGACG [131,175]
R3632 GAGGTGGCTAGAATAAATAGGAGGC New
F3635 GCCTAGCCGTTTACTCAATCC [131,175]
R3825 TCAGAGGTGTTCTTGTGTTGTGAT New
F3890 GAACCCCCTTCGACCTTG New
R4162 TGAGTTGGTCGTAGCGGAATC [131,175]
F4142 GATTCCGCTACGACCAACT New
F4392 CCCATCBAAGTAAGGTCAGC [131,175]
R4479 GGGGATTAATTAGTACGGGAAGG New
R4676 GATTATGGATGCGGTTGCTT New
R4811 TCAGAAGTGAAAGGGGGCTAT New
3 F4609 AAATAAACCCTCGTTCCACAGA New
F4925 CCTTCTCCTCACTCTCTCAATC New
R5034 ATCCTATGTGGGTAATTGAGGA New
F5150 CCTACTACTATCTCGCACCTGAA New
R5210 GGTGGATGGAATTAAGGGTGT New
F5318 CACCATCACCCTCCTTAACC [131,175]
R5325 TGATGGTGGCTATGATGGTG New
R5681 GTGGGTBAGTCCCATTGGT New
F5664 AATGGGACTTAAACCCACAAA New
F5858 TTTACAGTCCAATGCTTCACTC New
R5799 TGCAAATTCGAAGAAGCAG New
R5994 TGCCTAGGACTCCAGCTCAT [19]
F6032 GCCAGGCAACCTTCTAGGTA New
F6318 CCTGGAGCCTCCGTAGACCT New
R6444 TTTGGTATTGGGTTATGGCAG New
F6496 CTCTCCCAGTCCTAGCTGCTG New
R6899 CATATTGCTTCCGTGGAGTGTG New
4 F6636 ATTCTTATCCTACCAGGCTTCG New
F7075 GTATGGGGATAAGGGGTGTA [131,175]
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R7248
F7366
R7489
F7527
R7766
F7821
F8129
R8141
F8355
R8378
R8640
F8668
F8717
R8949
R9031
F8940
F9272
R9376
F9483
R9611
R9853
F9832
R10171
F10267
R10294
F10419
F10689
R10715
R10942
F10950
R11166
R11428
F11319
F11760
R11768
R11804
F11964
R12089
F12194
R12302
F12452
F12741
R12766
R13025
F13203
R13390
R13559
F13628
R13855
R13924
F13835
F14058
R14118
F14431
R14448
F14641
R14721

TGGTGTATGCATCGGGGTAGT
CCTCCATAAAGTIAGTGA
TGGCTTGAAACCAGCTTTG
GAAAAACCATTTCATAACTTTGTCA
TTTCCTGAGCGTCTGAGATGT
CATCCCTACGCATCCTTTACAT
ACCACTTTCACCGCTACACG
CGGTGAAAGTGGTTTGGTTTA
TTTACAGTGAAATGCCCCAAC
TTAGTTGGGGCATTTCACTGT
GATGAGATATTTGGAGGTGGG
TGACTAATCAAACTAACCTCAAAACA
AAGGACGAACCTGATCTCTTATACT
TAGTATGGGGATAAGGGGTGTA
GGTGGCCTGCAGTAATGTTAG
CCCCATACTAGTTATTATCGAAACC
CTCAGCCCTCCTAATGACCTC
CATTGGTATATGGTTAGTGTGTTGG
TTCTTCGCAGGATTTTTCTGA
GGATGTGTTTAGGAGTGGGACT
GTGAGGAAAGTTGAGCCAATAA
TTATTGGCTCAACTTTCCTCAC
TAGAAAAATCCACCCCTTACGA
CCCTCCTTTTACCCCTACCAT
AGGGCTCATGGTAGGGGTAA
AACAAAACGAATGATTTCGACTC
GGCCTAGCCCTACTAGTCTCAA
CGTAGTCTAGGCCATATGTGTTG
TAGGGGGTCGGAGGAAAAG
CCCTCCTAATACTAACTACCTGACTC
CATCGGGTGATGATAGCCAAG
GGCTTCGACATGGGCTTT
CAAACTCCTGAGCCAACAACTT
ACGAACGCACTGTCG
TGCGTTCGTAGTTTGAGTTTG
GAAGTCCTTGAGAGAGGATTATGA
TCACAGCCCTATACTCCCTCT
TGGGGGATAGGTGTATGAACA
CCCCTTATTTACCGAGAAAGC
GCCTAAGACCAATGGATAGCT
TTGTCGCATCCACCTTTATT
CAACCTATTCCAACTGTTCATCG
AGCCGATGAACAGTTGGAATA
TGGAGACCTAATTGGGCTGA
AGTCTGCGCCCTTACACAAA
TGTTAAGGTTGTGGATGATGGA
GCTAGGCGTTTGTGTATGAT
CTAACAGGTCAACCTCGCTTC
GGTAGTTGAGGTCTAGGGCTGTT
GGTAGAATCCGAGTATGTTGGAG
CAGCCCTAGACCTCAACTACC
CATCATCACCTCAACCCAAA
TGGGAAGAAGAAAGAGAGGAAG
TGCCTCAGGATACTCCTCAAT
GAGGAGTATCCTGAGGCATGG
ACCCACACTCAACAGAAACAAA
CGATGGTTTTTCATATCATTGG

New
New
[69]

New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
[69]

New
New

[131,175]

New
New
[131,175]
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
New
[131,175]
New
New
New
New
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F14881 CACCACAGGACTATTCCTAGCC New

R14902 GGCTAGGAATAGTCCTGEBGGT New
F15190 CTTACTATCCGCCATCCCATA New
R15396 TTATCGGAATGGGAGGTGATTC [131,175]
F15500 GACCCAGACAATTATACCCTAGCC New
R15585 ATTGTGTAGGCGAATAGGAAATA New
F15699 GCCCACTAAGCCAATCACTT [69]
R15728 GGAGTCAATAAAGTGATTGGCTTAG New
R16042 CTGCTTCCCCATGAAAGAAC [69]
8 F15971 TTAACTCCACCATTAGCACC [110]
F16190 CCCCATGCTTACAA®IAA [110]
F155 TATTTATCGCACCTACGTTC [110]
F314 CCGCTTCTGGCCACAGCACT [110]
R16410 GAGGATGGTGGTCAAGGGA [110]
R285 GTTATGATGTCTGTGTGGAA [110]
R484 TGAGATTAGTAGTATGGGAG [110]
R599 TTGAGGAGGTAAGCTACATA [110]

Sensitivity testing

To assess the sensitivity of the amplification protocol, PCR was performed in
duplicate for a range of positive control (9947A) DNA input quantities (300 pg, 100 pg,
25 pg, 10 pg, 5 pg, 2.5 pg, 1.0 pg, 0.5 pg 0.25 pg, and 0.1 pg). The PCR products were
guantfied using the QIAxcel Advanced system (QIAGEN Inc., Valencia, CA) and the
resulting values were normalized with respect to amplicon size to enable direct
comparison. Figurd 5 displays a box and whisker plot of the normalized amplification
product concet r at i ons, reported her e i n ng/ gL
concentration. The long whiskers (highly variable product concentrations) at each DNA
input level reflect the range of sensitivities of the eight primer pairs, however all regions
were succesfully amplified down to 10 pg of input DNA. Beginning at 5 pg input DNA
a few amplification failures were observed, and below 1 pg input successful amplification

was sporadic and limited to a few higfficiency primer pairs.
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Figure 4.5. Amplification sensitivity with positive control DNA

Results from duplicate amplifications of all eight mtGenome fragments with ten input levels of positive

control DNA (9947A). Amplification product concentrations of the target fragments were measured by
automated inje@n on a QlAxcel Advanced capillary electrophoresis instrument (QIAGEN Inc.), and were
normalized to ng/elL per 1000 bp (given the variabl
product concentrati ons r dlects thesddferingeanhplificationtefficeenciessoh g fiwh i

the eight primer pairs; however, PCR product was produced for all regions down to 10 pg input DNA.

Developmental validation on population samples

To evaluate the performance of the protocol on a varietyaplotypes, eleven
anonymous, higlguality population samples from ten distinct mtDNA haplogroups (A,
B, C, D, H, U, K, L1, L2 and L3) were amplified in duplicate and sequenced using the
automated, highhroughput process describeddaction 4.5 The DNA input for PCR
varied by sample, and ranged from approximatelyl05lng. Trimming and assembly of
the raw electropherograms for replicate samples was performed by separate individuals
according to laboratory standard guidelines for data quality in tefrsckground to

noise ratio and peak resolution. Sequence coverage across the molecule was assessed in
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terms of a) redundant and-directional coverage, b) the degree of additional manual re
processing that would be required to develop complete repluaterage, and c¢) the
correlation between sequence coverage and segulstance from the rCR[3,8]. The

final haplotypes for each sample were compared to control data (complete mtGenome
profiles previously developeflom the same sample extrafi82]).

High quality sequence data (as defined by signal to noise ratio) was developed
from most primers for most samples in a single pass with the automatechsyss
Figure4.6 depicts, on average 99.87% (SD = 0.23%) of the mtGenome was covered by at
least 2 sequences, and 99.07% (SD = 0.67%) of the mtGenome had both forward and
reverse sequence coverage when small regions with unidirectional coverage dgénto le
heteroplasmy inHV1 and HV2 were ignored. The number of manual resequencing
reactions that would be required to achieve redundant coverage ranged from zero to two
(Figure 4.7), with approximately one resequencing reaction required for every two
complde haplotypes. Considering that 135 sequences were generated for each sample,
this equates to a 0.32% resequencing rate. A weak busigoificant correlation was
observed between mtGenome coverage and sequence distance from the rCRS, with a
mere 13% ofthe variance in mtGenome coverage attributed to sequence distance (data
not shown). In all cases the final haplotype matched the haplotype previously developed

for each sample.
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Figure 4.6.Sequence coverage

Percentage of theoding regionor full mtGenome with redundant sequence coverage following a single
pass of automated data generation for eleven population samples, representing a range of mtDNA
haplogroups, processed in duplicate. One sample, for which all sequence data in a single direction for a
single amplicon was unusable and sourced to instrument failure, was removed from the analysis as an
outlier; and small regions of unidirectional sequence coverage due to length heteroplasthyaimd HV2

in some samples were ignored. On average acredsvéntytwo samples, higlguality forward and

reverse coverage was produced for 99% of the mtGenome.

Replicate 1
= Replicate 2
31 L

# of Manual Reseequencing
Reactions Required

NS '&'{0 g 0\5 g S Q’L(:\ g 28 s (g

Sample Haplogroups
(from smallest to largest distance from the rCRS)

Figure 4.7.Reprocessing required

The number of manual resequencing reactions that would be required to achieve complete double stranded
coverage forle twentytwo population samples (duplicate processing of eleven distinct samples) ranged
from zero to two. This equates to approximately one resequencing reaction for every two mtGenomes
processed. Replicate 1 of the sample representing haplogroup LWZad ebt included in the analysis due

sequence failures resulting from instrument failure.

55



Potential for NUMT amplification

Though amplification of nuclear insertionsmafDNA (NUMTS) is unlikely when
sufficient mMDNA is present in a sampl@76], the reference assembly of the complete
human genome was nonetheless queried using PrimerB[IASTfor the severctoding
region amplification primer pairs. Any close sequence matches (defined as 75% o
greater overall similarity for both primer
5 bp) that could potentially amplify a fragment similar in size to the authentic
mitochondrial target (less than 500 bp difference) were further evaluated. For eac
potentially amplifiable nuclear genome region, the percentage similarity to modern
MtDNA was assessed by aligning the NCBI reference sequence to the rCRS in
Sequencher version 4.8 (Gene Codes Corporation, Ann Arbor, MI). When the nuclear
genome sequencegion could not be aligned to the rCRS due to high dissimilarity, the
percentage similarity was noted as being less than 60%.

Using the described criteria, thirteen potentially amplifiable regions of the nuclear
genome were identified (Tabe3). Of theg, only three had a sequence similarity to the
rCRS greater than 90%. For the two Chromosome 1 regions with greater than 98%
sequence similarity to Amplicon 3 (2291 bp) and Amplicon 4 (2511 bp), the
Chromosome 1 sequence differed from the rCRS sequertbatgtfive and thirtysix
nucleotide positions, respectively. This region in Chromosome 1 corresponds to a
described NUMT apmximately 5842 bp in lengtfl78]. No NUMT amplification was

observed during protocokgelopment or developmental validation.
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Amplicon Number of  Nuclear genome location GenBank  Priming region Size Sequence

Number nuclear Accession similarity difference  similarity to
genome Number (forward; from mtDNA rCRS
matches reverse)  target (in bp)

1 1 Chr 11 (951047@9507925) NT_009237.1¢ 76.2%; 76.2% 170 < 60%
2 1 Chr 6 (5342637%3424135) NT_025741.1! 84.2%; 78.9% 118 < 60%
3 1 Chr 1 (4379446082) NT_004350.1! 100%; 100% 1 98.47%
4 2 Chr 1 (4581848327) NT_004350.1! 95.5%; 100% 1 98.57%
Chr5 (77040447701575) NT_034772.6 95.5%; 90.9% 1 88.53%

5 2 Chr 7 (684795¢6850445) NT_033968.6 84.0%; 88.9% 7 75.16%
Chr 2 (10717704L0720523) NT_022135.1( 80.0%; 88.9% 331 63.40%

6 2 Chr 5 (4257701@12574300) NT_034772.6 95.5%; 100% 0 94.02%
Chr 5(76993587696640) NT_034772.6 90.5%; 90.0% 0 88.97%

7 4 Chr 5 (22182062220412) NT_034772.6 95.2%; 90.0% 1 87.27%
Chr 5 (221817@220412) NT_034772.6 81.0%; 90.0% 32 87.19%

Chr 17 (131116%23109937 NT_010718.1( 80.0%; 85.0% 453 < 60%

Chr 7 (583689%5829543) NT_033968.6 81.0%; 75.0% 41 < 60%

Table 4.3.Amplicon PrimerBLAST results

Coding regionamplification primer pairs were queried against the reference assembly of the complete
human genome using PrimerBLA$I77] and results which met specific similarity criteria were noted. For
these thirteen regions of the nuclear genome which are potentially amplifiable usiogitigeregiorPCR

primer pairs listed in Tablé.1, the nuclear genome seque was aligned to th€RS[7,8] to determine a
percentage sequence similarity. The two Chromosome 5 matches listed for Amplicon 7 represent slightly

different primer binding sites within the same portion of the miosome.

Sequencing artifacts

Sequencing artifacts (i.e. small regions of compression and/or unusual peak
morphology) due to regiespecific sequence motifs were reproducibly observed in both
the positive control samples sequenced during protocol devetwprard the
developmental validation on population samples. Typically, each artifact was observed in
a single sequence direction, and the severity of the artifact varied by primer distance from

the artifact. An example of a sequencing artifact is showmguwr&4.8.
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Figure 4.8.Sequencing artifacts

A) Screen captures of forward sequences aligned in Sequencher (Gene Codes Corporation) showing
compression and unusual peak morphology around nucleotide positionB)6@then the same primer
(F7366) was usedithout the addition of dGTP BigDye® (Life Technologies, Applied Biosystems), the

sequencing artifacts were no longer apparent.

The standard sequencing protocol used at our laboratory forthmigghput
generation of MtDNA population data includes -gu@rter the recommended volume of
BigDye® Terminator v1.1 Ready Reaction Mix (Life Technologies, Applied Biosystems,
Foster City, CA) and replaces 25% of the diddhtaining BigDye® with dGTP
BigDye® Terminatr v1.1 Ready Reaction Mifg9]; reaction volumes are specified in
section 4.5 The addition of dGTP BigDye® was originally implemented to assist the
sequencing of difficult templates, specifically @iCh regions or polycytosine tracts, in
the reverse directionFor this protocol, dGTP BigDye® was eliminated from forward
sequencing reactions to reduce the number of artifacts produced in those sequences
(Figure4 .8). All remaining artifacts (nearly all of which occurred in the reverse direction)
that were consisht and reproducible across multiple samples, and with replicate

sequencing, were cataloged. In practice in our laboratory, this catalog is referenced
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during assembly and analysis of mtGenome sequences, and known artifacts are annotated
in the assembled atig.

It is worth noting here that these types of sequencing artifacts are typically only
apparent and recognizable as such because the quality of the sequence data produced is
generally pristine. With even a small amount of noise in the sequence dayapfniaese
artifacts would not be evident. In general, the artifacts do not confound data
interpretation, as they are typically minor and apparent in only one sequencing direction.
Nevertheless, when previouslyncataloguedartifacts are encountered duringata
production, our practice is to note the affected bases as ambiguous and resequence the
region to confirm that the authentic sequence is represented in the consensus sequence for

the region.

4.3 Discussion

Though the mtGenome amplification and sewpireg protocol we have developed
can be performed manually (with, we must emphasize, abundant attention paid at
pipetting steps to prevent sample misplacement), the strategy was specifically designed to
be implemented on liquid handling instruments to liiate highthroughput data
generation. In our laboratory, all pRCR pipetting steps (including sample placement,
extraction and PCR reaction ai) are performed in 9@ell plate format on &ench top
liquid handling robot; amplification product detect is performed directly from the 96
well plate on a capillary electrophoresis instrument; and, with the exception of the
addition of enzymes for peCR purification (which, due to high viscosity, are pipetted

manually into the sample plate to reducagent waste and cost), all pé3¥ER pipetting
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steps are performed robotically. The particulars of our automated sample processing
workflow are detailed isection 4.5

The highthroughput strategy described here is presently being employed in our
laboratoy to develop complete mtGenome haplotypes from anonymous blood serum
specimens for a National Institute of Justice funded reference population databasing
project. Though frequently used for cancer biomarker detection, blood serum is a
challenging source fdorensic DNA typing as the only DNA presentthese samples is
residual [179]. Using a silica column based extraction protocol, DNA concentrations
(measured using an mtDNA quantitative PCR assay) forat 242 blood serum extracts
averaged just 15 pg/ elL. When those extrac:
success was strongly dependent on input DNA quantity. Overall, however, the
amplification results were consistent with those obtained duringtisépgesting of this
protocol, where amplification failures were observed at DNA inputs below 10 pg (see
Figure4.5). With the blood serum specimens typed using this protocol for the databasing
effort, 86.6% of all amplification failures occurred whe@GHRPinputs were less than 10
pg; and at DNA input quantities equal to or greater than 10 pg, 99.4% of amplifications
were successful (data not shown).

Based on the observation of some PCR failures with positive control DNA (this
paper) and blood serum extts when DNA concentrations were low, and given the
extent of sample reprocessing necessary at various PCR input DNA quantities with the
blood serum specimens, we suggest an input DNA concentration for PCR of 50 pg or
greater when possible. Further, due the increased noise (a result of excessive

electrophoretic signal) observed in some sequences during the development of this
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protocol when DNA inputs for PCR were high (data not shown), we recommend that
highly concentrated sample extracts be dilutethad PCR input does not exceed 1 ng.
Though high quality data has been developed from higher and substantially lower DNA
inputs using this protocol, inputs between 50 pg and 1 ng should ensure consistent
amplification success and the production of higfaity sequence data across all
amplicons in the first pass of sample processing. Following these DNA input guidelines
will accordingly reduce the opportunities for human error inherent in manual sample
reprocessing and minimize the cost to generate eachmte haplotype.

Regarding the potential for amplification of portions of the human nuclear
genome (covered irsection 4.2and summarized in Tabld.3), it seems highly
improbable that a NUMT sequence would be represented in a completed mtGenome
haplotypedeveloped using this protocol. Amplification of a nuclear genome sequence
alone (in place of the target mtDNA) is extremely unlikely given the abundance of
MtDNA relative to nuclear DNA in human cells, and could reasonably only be expected
to occur if mtDNA were nearly or complety absent in a DNA extra¢fi76]. In the
unlikely case that a NUMT were amplified in place of the mtDNA target, any close
inspection of the data (which would reveal an excess number of difesrdram the
rCRS; unusual insertions, deletions, and/or transversions; etc.) or attempt to assign a
haplogroup to the mtGenome profile would readily indicate a problem. A more likely
scenario with an overall low DNA quantity sample isatoplification of aNUMT with
the authentic mtDNA, which could occur when by chance the mtDNA primers encounter
a closematch nuclear DNA target during the early cycles of PCR. While we did not

encounter this during protocol development, it is possible that it may be atbssrugore
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samplesi and particularly those with extremely low DNA template quantitiesre
processed with this assay. However, if NUMTFaraplification were to happen, it would

a) likely occur with only one of the eight mtGenome amplicons at a time,)go@sent

as a clear mixture in the sequence data for that amplicon, as the high number of positions
at which two bases would be observed could not reasonably be explained by mtDNA
heteroplasmy.

In addition to a robust laboratory protocol and, preferadnlyomated rather than
manual sample processing, a washsidered data analysis workflow that includes proper
procedures for data interpretation and handling is essential to the generation of high
quality, errorfree mtDNA data for forensic genetic or atheurposes. For the
development of complete mtGenome haplotypes we recommend adoption of the best
practice alignment, nomenclature and reporting guidelines outlined for the production of
MtDNA CR data for forensic$41,44,109] We also recommend review of the raw
electropherogram data It leasttwo scientists and fully electronic dataarsfer, as
described i1110,180] Further, with the use of a mulimplicon protocol such as the one
presented here, and especially if any manual processing must be performed, we suggest
additional postlata production checks to confirmatheach complete mtGenome

haplotype represents data from a single sample.

4.4, Conclusiors
We have developed a highroughput amplification and sequencing strategy that
regularly produces redundant sequence coverage across the entire mtGenomesin the fir

pass of automated data generation. The described workflow, especially when
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implemented on robotic instrumentation, reduces both the cost of mtGenome sequencing
and the opportunities for human error by decreasing the extent of manual sample
processing/nerocessing required. As the amplification and sequencing primers were
carefully selected based on highly conserved regions of the mtGenome, the protocol
works equally well on samples originating from diverse mtDNA haplogroups, yet
minimizes the opportunityfor nonspecific binding that could result in NUMT
amplification. DNA input quantities between 50 pg and 1 ng are recommended to
maximize firstpass data production success, however-Qigdlity data and complete
mtGenome haplotypes can be generated sobstantially lower DNA quantities.

This strategy should facilitate more rapid production of the complete mtGenome
population reference data needed for future forensic applications, and, when combined
with the adoption of begiractice data review and impgetation strategies, ensure that
the data sets are of the highest quality possible. In additiongliglity data developed
using this protocol can be utilized comparatively to evaluate mtDNA data produced using
various MPS chemistries and platforms, assential first step on the path to eventual
implementation of these new technologies in forensics. Finally, the amplification portion
of the assay also has clear application as a strioghiard method to enrich samples for

MtDNA for MPSstudies in anyliscipline.

4.5 Methods
PCRamplification
PCR (using the primerslistedinTadld ) i s performed in a 51

vol ume usi ng 5 eL GeneAmp 10X PCR Buf f e
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Bi osystems), 4 &L GeneAmpE dNges, Appliednd 10
Bi osystems), 2 L of each 10 &M amplificat
units) AmpliTag Gold® DNA Polymerase (Life Technologies, Applied Biosystems), and
33.5 eL deionized water. Ther mal nutey, 40 i ng ¢
cycles of 94 °C for 15 seconds, 56°C for 30 seconds, 72°C for 2.5 minutes; and a 72°C
hold for 7 minutes. A 9&vell plate layout for the simultaneous amplification of eleven
samples (plus one negative control per amplicon) is given in Figlire

High-throughput amplification of the mtGenome in our laboratory is performed
on a liquidhandling instrument (MICROLAB® STARIlet, Hamilton Robotics, Reno,
NV), utilizing singleuse, premade tubes of amplification master mix (containing all
amplification eagents except enzyme) for each amplicon. The use ohgie master
mixes streamlines the process of amplificationugefor a full 96well plate, reduces the
number of reamplifications required due to pipetting errors, limits the number of
potential cases when an amplification failure occurs, and minimizes the number of

freezethaw cycles for reagents and primers. For our applications, an amplification master

mix is prepared in a 15 mL conical tube wu
(Life Technolog e s , Applied Biosystems), 680 eL Ger
Technol ogi es, Applied Biosystems), 340 ¢L

5695 €L deionized water. Then, 744 eL 1is a
and st or e dstpadrto POROrdaion sekp , 8 eL (40 wunits) A
DNA Polymerase (Life Technologies, Applied Biosystems) is added to the defrosted tube

of master mix.
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With our semiautomated process, amplification success is assessed by capillary
electrophoesis. PCR products are injected directly from thev@8 amplification plate
on a QIlAxcel Advanced instrument (QIAGEN Inc.), and sizing of the products is
performed using the QX alignment marker 50 bp/5 kb and the QX DNA size marker 250
bp-4 kb (QIAGEN hc.). Alternatively, confirmation that the correct size PCR products

were generated could be obtained by gel electrophoresis or another method.

PCR product purification

Purification of amplification products prior to sequencing is performed
enzymaticallyyusi ng 10 eL Exonucl ease | and 5 gL
Phosphatase Af f ymet r i x, USB, Clevel and, OH) per
of a full 96w e | | pl ate of sampl es, a master miXx ¢
recombinant Shrimp Aldine Phosphatase s pr epar ed, and 15 gL o
manually pipetted to each sample PCR product. Negative controls in column 12 of the
96-well plate are not purified. Thermal cycling conditions are 37°C for 20 minutes

followed by 90°C for 20 miuates.

Sanger sequencing
Each mtGenome is sequenced in a total of 135 reactions using 127 unique

primers. The sequencing primers used for each of the eight mtGenome amplicons are

listed in Table4.2 . Sequencing reactions | rmituiomde 8
buffer (400 mmol /| TRI S, 10 mmol /| Mg CIl 2,
Technol ogi es, Applied Bi osystems) for f ol
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BigbyeE v1.1 and 0.5 L dGTP BigDyeE v
Biosystems) fore ver se sequencing reactions; 2 €L s
eL PCR product for a total reaction vol ume
follows: 96°C hold for 1 minute, followed by 25 cycles of 96°C for 15 seconds, 50°C for

5 seconds, ah60°C for 2 minutes.

For highthroughput sequencing of eleven amplified samples at a time in our
laboratory, all pipetting steps are performed on a lipaddling instrument
(MICROLAB® STARplus, Hamilton Robotics) using a master mix of sequencing
reagend and premade, singlaise primer plates. Sequencing reactiorugeis performed
in two sets: one set for the forward sequencing primers, and the second set for the reverse
sequences. To ensure sufficient volume for instrument pipetting, sequencing master
mixes are prepared ih5 mL coni cal tubes using 6958 ¢
dilution buffer, and 1740 L BigDyeE vi1.1
vli.1 plus 427 L dGTP BigDyeE v1.1 is use.
plates (also prepared robofich y ) i nclude 50 €L of each 10
plate layouts in Figurd.9. Sequencing plate maps (eight forward and eight reverse, for a

total of sixteen) for the described hitfiroughput process are given in Figdt&0.

Sequence product ptigation

Sequence product purification is performed via gel filtration. For our-high
throughput process, Performa DTR V3 -®éll short plates (Edge Biosystems,
Gaithersburg, MD) are used, and purification steps are performed in twepktht

batches. Pé&orma plates are first manually centrifuged at 850 g for two minutes to
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A] 1 2 3 4 5 6 i 2 9 10 1" 12
A F402 FE19 Fa00 F1320 F1657 F1983 F2108 F2333 F2508
B | F2625 F2832 Faz241 F3441 F3635 Fas80 F4142 F4382 F1135
L F4609 F4025 F5150 F5318 F5664 F5858 F&032 F6318 R3632
D | FG636 F7075 F7366 F7527 F7a21 Fg129 F8355 F8717 FE496
E F2o40 Fo272 Fo483 Fag32 F10267 | F10419 | F10688 | F10950 FE663
F | F11319 | F11760 | F11964 | F12194 | F12452 | F12741 | F13203 | F13628
G | F13835 | F14058 | F14431 | F14641 | F14881 | F15190 | F15500 | F15699
H | F15971a | F159710 | F16190a | F16190b | F155a F155b F314a F314b
B) 1 2 3 4 5 6 y 2 9 10 ik 12
A R&78 R1136 R1365 R1769 R1924 R2216 R24328 R2818 | R11428
B | R3006 R3417 R3825 R4162 R4479 R4676 R4811 R13924
C | RI034 R&210 R5325 R5681 RE5798 R5994 RE444 RE899 | R11804
D | R7248 R7489 R7766 R2141 RE378 RE640 RE949 RO031
E | R9376 R9611 R9853 | R10171 | R102%4 | R10715 | R10942 | R11166
F | R11768 | R12089 | R12302 | R12766 | R12025 | R13390 | R13550 | R13855
G | R14118 | R14448 | R14721 | R14902 | R15396 | R15585 | R15728 | R16042
H | R16410a | R16410b | R285a R285h R454a R484b RE88a R599b

Figure 4.9.Forward and reverse primer plate maps for highthroughput processing

96-well plate layouts for singtese forwardA) and reverséB) sequencing primer plates. Primeatgls are

prepared

robot

cal

Iy

to

cont ai

n 5

0O €L of each

Figure 4.10.Sequencing plate maps for higithroughput processing (following pages)

96-well plate layouts for sequencing eleven complete mtGenomes in two sets (fokywamd reverseB),

10 ¢l

for a total of sixteen sequencing plates per eleven mtGenomes. The eleven different samples are indicated

by Ind1, Ind2, etc. and are colooded, and the primer for each plate well is listed. Empty wells are noted.

These plate layouts represent orratsgy for highthroughput sequencing, and were specifically designed

for ef f

cient

pipetting

on

ou

r

| aboratoryds

STARplus, Hamilton Robotics). A different layout may be more appropriate/more efficidmtothier

instrumentation.
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A) Forward

PLATE 1

IOGTMMOUO®>

PLATE 2

)
IOTIFI'IUOUU)E‘ IOTMOO®>

E3

PLATE 4

A

IOTmMUOUO®

PLATE 5

IOTMOO®>

Uom>5

m
(=2}

1
Ind1-F402
Ind1-F2625
Ind1-F4609
Ind1-F6636
Ind1-F8940
Ind1-F11319
Ind1-F13835
Ind1-F15971

1
Ind4-F402
Ind4-F2625
Ind4-F4609
Ind4-F6636
Ind4-F8940
Ind4-F11319
Ind4-F13835
Ind4-F15971

1
Ind7-F402
Ind7-F2625
Ind7-F4609
Ind7-F6636
Ind7-F8940
Ind7-F11319
Ind7-F13835
Ind7-F15971

1
Ind10-F402
Ind10-F2625
Ind10-F4609
Ind10-F6636
Ind10-F8940
Ind10F11319
Ind10-F13835
Ind10F15971

1
Ind2-F1657
Ind2-F3635
Ind2-F5664
Ind2-F7821
Ind2-F10267
Ind2-F12452
Ind2-F14881
Ind2-F155

1
Ind5-F1657
Ind5-F3635
Ind5-F5664
Ind5-F7821

2
Ind1-F619
Ind1-F2932
Ind1-F4925
Ind1-F7075
Ind1-F9272
Ind1-F11760
Ind1-F14058
Ind1-F15971

2
Ind4-F619
Ind4-F2932
Ind4-F4925
Ind4-F7075
Ind4-F9272
Ind4-F11760
Ind4-F14058
Ind4-F15971

2
Ind7-F619
Ind7-F2932
Ind7-F4925
Ind7-F7075
Ind7-F9272
Ind7-F11760
Ind7-F14058
Ind7-F15971

2
Ind10F619
Ind10-F2932
Ind10-F4925
Ind10F7075
Ind10-F9272
Ind10F11760
Ind10-F14058
Ind10F15971

2
Ind2-F1983
Ind2-F3890
Ind2-F5858
Ind2-F8129
Ind2-F10419
Ind2-F12741
Ind2-F15190
Ind2-F155

2
Ind5-F1983
Ind5-F3890
Ind5-F5858
Ind5-F8129

3
Ind1-F900
Ind1-F3241
Ind1-F5150
Ind1-F7366
Ind1-F9483
Ind1-F11964
Ind1-F14431
Ind1-F16190

3
Ind4-F900
Ind4-F3241
Ind4-F5150
Ind4-F7366
Ind4-F9483
Ind4-F11964
Ind4-F14431
Ind4-F16190

3
Ind7-F900
Ind7-F3241
Ind7-F5150
Ind7-F7366
Ind7-F9483
Ind7-F11964
Ind7-F14431
Ind7-F16190

3
Ind10-F900
Ind10-F3241
Ind10-F5150
Ind10-F7366
Ind10-F9483
Ind10F11964
Ind10-F14431
Ind10-F16190

3
Ind2-F2105
Ind2-F4142
Ind2-F6032
Ind2-F8355
Ind2-F10689
Ind2-F13203
Ind2-F15500
Ind2-F314

3
Ind5-F2105
Ind5-F4142
Ind5-F6032
Ind5-F8355

4
Ind1-F1320
Ind1-F3441
Ind1-F5318
Ind1-F7527
Ind1-F9832
Ind1-F12194
Ind1-F14641
Ind1-F16190

4
Ind4-F1320
Ind4-F3441
Ind4-Fs318
Ind4-F7527
Ind4-F9832
Ind4-F12194
Ind4-F14641
Ind4-F16190

4
Ind7-F1320
Ind7-F344
Ind7-F5318
Ind7-F7527
Ind7-F9832
Ind7-F12194
Ind7-F14641
Ind7-F16190

4
Ind10-F1320
Ind10F3441
Ind10F5318
Ind10F7527
Ind10F9832
Ind10F12194
Ind10F14641
Ind10F16190

4
Ind2-F2333
Ind2-F4392
Ind2-F6318
Ind2-F8717
Ind2-F10950
Ind2-F13628
Ind2-F15699
Ind2-F314

4
Ind5-F2333
Ind5-F4392
Ind5-F6318
Ind5-F8717

5
Ind2-F402
Ind2-F2&5
Ind2-F4609
Ind2-F6636
Ind2-F8940
Ind2-F11319
Ind2-F13835
Ind2-F15971

5
Ind5-F402
Ind5-F2625
Ind5-F4609
Ind5-F6636
Ind5-F8940
Ind5F11319
Ind5-F13835
Ind5-F15971

5
Ind8-F402
Ind8-F2625
Ind8-F4609
Ind8-F6636
Ind8-F8940
Ind8-F11319
Ind8-F13835
Ind8-F15971

5
Ind11-F402
Ind11-F2625
Ind11-F4609
Ind11-F6636
Ind11-F8940
Ind11-F11319
Ind11-F13835
Ind11-F15971

5
Ind3-F1657
Ind3-F3635
Ind3-F5664
Ind3-F7821
Ind3-F10267
Ind3-F12452
Ind3-F14881
Ind3-F155

5
Ind6-F1657
Ind6-F3635
Ind6-F5664
Ind6-F7821

6
Ind2-F619
Ind2-F2932
Ind2-F4925
Ind2-F7075
Ind2-F9272
Ind2-F11760
Ind2-F14058
Ind2-F15971

6
Ind5-F619
Ind5-F2932
Ind5-F4925
Ind5-F7075
Ind5-F9272
Ind5-F11760
Ind5-F14058
Ind5-F15971

6
Ind8-F619
Ind8-F2932
Ind8-F4925
Ind8&F7075
Ind8-F9272
Ind8F11760
Ind8-F14058
Ind8-F15971

6
Ind11-F619
Ind11-F2932
Ind11-F4925
Ind11-F7075
Ind11-F9272
Ind11-F11760
Ind11-F14058
Ind11-F15971

6
Ind3-F1983
Ind3-F3890
Ind3-F5858
Ind3-F8129
Ind3-F10419
Ind3-F12741
Ind3-F15190
Ind3-F155

6
Ind6-F1983
Ind6-F3890
Ind6-F5858
Ind6-F8129

7
Ind2-F900
Ind2-F3241
Ind2-F5150
Ind2-F7366
Ind2-F9483
Ind2-F11964
Ind2-F14431
Ind2-F16190

7
Ind5-F900
Ind5-F3241
Ind5-F5150
Ind5-F7366
Ind5-F9483
Ind5-F11964
Ind5-F14431
Ind5-F16190

7
Ind8-F900
Ind8-F3241
Ind8-F5150
Ind8-F7366
Ind8-F9483
Ind8-F11964
Ind8-F14431
Ind8-F16190

7
Ind11-F900
Ind11-F3241
Ind11-F5150
Ind11-F7366
Ind11-F9483
Ind11-F11964
Ind11-F14431
Ind11-F16190

7
Ind3-F2105
Ind3-F4142
Ind3-F6032
Ind3-F8355
Ind3-F10689
Ind3-F13203
Ind3-F15500
Ind3-F314

7
Ind6-F2105
Ind6-F4142
Ind6-F6032
Ind6-F8355
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8
Ind2-F1320
Ind2-F3441
Ind2-F5318
Ind2-F7527
Ind2-F9832
Ind2-F12194
Ind2-F14641
Ind2-F16190

8
Ind5-F1320
Ind5-F3441
Ind5-F5318
Ind5-F7527
Ind5-F9832
Ind5-F12194
Ind5-F14641
Ind5-F16190

8
Ind8-F1320
Ind8-F3441
Ind8-F5318
Ind8-F7527
Ind8-F9832
Ind8-F12194
Ind8-F14641
Ind8-F16190

8
Ind11-F1320
Ind11-F3441
Ind11-F5318
Ind11-F7527
Ind11-F9832
Ind11-F12194
Ind11-F14641
Ind11-F16190

8
Ind3-F2333
Ind3-F4392
Ind3-F6318
Ind3-F8717
Ind3-F10950
Ind3-F13628
Ind3-F15699
Ind3-F314

8
Ind6-F2333
Ind6-F432
Ind6-F6318
Ind6-F8717

9
Ind3-F402
Ind3-F2625
Ind3-F4609
Ind3-F6636
Ind3-F8940
Ind3-F11319
Ind3-F13835
Ind3-F15971

9
Ind6-F402
Ind6-F2625
Ind6-F4609
Ind6-F6636
Ind6-F8940
Ind6-F11319
Ind6-F13835
Ind6-F15971

9
Ind9-F402
Ind9-F2625
Ind9-F4609
Ind9-F6636
Ind9-F8940
Ind9-F11319
Ind9-F13835
Ind9-F15971

9
Ind1-F1657
Ind1-F3635
Ind1-F5664
Ind1-F7821
Ind1-F10267
Ind1-F12452
Ind1-F14881
Ind1-F155

9
Ind4-F1657
Ind4-F3635
Ind4-F5664
Ind4-F7821
Ind4-F10267
Ind4-F12452
Ind4-F14881
Ind4-F155

9
Ind7-F1657
Ind7-F3635
Ind7-F5664
Ind7-F7821

10
Ind3-F619
Ind3-F2932
Ind3-F4925
Ind3-F7075
Ind3-F9272
Ind3-F11760
Ind3-F14058
Ind3-F15971

10
Ind6-F619
Ind6-F2932
Ind6-F4925
Ind6-F7075
Ind6-F9272
Ind6-F11760
Ind6-F14058
Ind6-F15971

10
Ind9-F619
Ind9-F2932
Ind9-F4925
Ind9-F7075
Ind9-F9272
Ind9-F11760
Ind9-F14058
Ind9-F15971

10
Ind1-F1983
Ind1-F3890
Ind1-F5858
Ind1-F8129
Ind1-F10419
Ind1-F12741
Ind1-F15190
Ind1-F155

10
Ind4-F1983
Ind4-F3890
Ind4-F5858
Ind4-F8129
Ind4-F10419
Ind4-F12741
Ind4-F15190
Ind4-F155

10
Ind7-F1983
Ind7-F3890
Ind7-F5858
Ind7-F8129

11
Ind3-F900
Ind3-F3241
Ind3-F5150
Ind3-F7366
Ind3-F9483
Ind3-F11964
Ind3-F14431
Ind3-F16190

11
Ind6-F900
Ind6-F3241
Ind6-F5150
Ind6-F7366
Ind6-F9483
Ind6-F11964
Ind6-F14431
Ind6-F16190

11
Ind9-F900
Ind9-F3241
Ind9-F5150
Ind9-F7366
Ind9-F9483
Ind9-F11964
Ind9-F14431
Ind9-F16190

11
Ind1-F2105
Ind1-F4142
Ind1-F6032
Ind1-F8355
Ind1-F10689
Ind1-F13203
Ind1-F15500
Ind1-F314

11
Ind4-F2105
Ind4-F4142
Ind4-F6032
Ind4-F8355
Ind4-F10689
Ind4-F13203
Ind4-F15500
Ind4-F314

11
Ind7-F2105
Ind7-F4142
Ind7-F6032
Ind7-F8355

12
Ind3-F1320
Ind3-F3441
Ind3-F5318
Ind3-F7527
Ind3-F9832
Ind3-F12194
Ind3-F14641
Ind3-F16190

12
Ind6-F1320
Ind6-F3441
Ind6-F5318
Ind6-F7527
Ind6-F9832
Ind6-F12194
Ind6-F14641
Ind6-F16190

12
Ind9-F1320
Ind9-F3441
Ind9-F5318
Ind9-F7527
Ind9-F9832
Ind9-F12194
Ind9-F14641
Ind9-F16190

12
Ind1-F2333
Ind1-F4392
Ind1-F6318
Ind1-F8717
Ind1-F10950
Ind1-F13628
Ind1-F15699
Ind1-F314

12
Ind4-F2333
Ind4-F4392
Ind4-F6318
Ind4-F8717
Ind4-F10950
Ind4-F13628
Ind4-F15699
Ind4-F314

12
Ind7-F2333
Ind7-F4392
Ind7-F6318
Ind7-F8717
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Ind5-F10267
Ind5-F12452
Ind5-F14881
Ind5F1%

1
Ind8-F1657
Ind8-F3635
Ind8-F5664
Ind8-F7821
Ind8-F10267
Ind8-F12452
Ind8-F14881
Ind8-F155

1
Ind11-F1657
Ind11-F3635
Ind11-F5664
Ind11-F7821
Ind11-F10267
Ind11-F12452
Ind11-F14881
Ind11-F155

A) Reverse

PLATE 1

IOTmMOO®m>

PLATE 2
A

IOTmMUO®

PLATE 3

moow>

1
Ind1-R878
Ind1-R3006
Ind1-R5034
Ind1-R7248
Ind1-R9376
Ind1-R11768
Ind1-R14118
Ind1-R16410

1
Ind4-R878
Ind4-R3006
Ind4-R5034
Ind4-R7248
Ind4-R9376
Ind4-R11768
Ind4-R14118
Ind4-R16410

1
Ind7-R878
Ind7-R3006
Ind7-R5034
Ind7-R7248
Ind7-R9376

Ind5-F10419
Ind5-F12741
Ind5-F15190
Ind5-F155

2
Ind8-F1983
Ind8-F3890
Ind8-F5858
Ind8-F8129
Ind8-F10419
Ind8F12741
Ind8-F15190
Ind8&F155

2
Ind11-F1983
Ind11-F3890
Ind11-F5858
Ind11-F8129
Ind11-F10419
Ind11-F12741
Ind11-F15190
Ind11-F155

2
Ind1-R1136
Ind1-R3417
Ind1-R5210
Ind1-R7489
Ind1-R9611
Ind1-R12089
Ind1-R14448
Ind1-R16410

2
Ind4-R1136
Ind4-R3417
Ind4-R5210
Ind4-R7489
Ind4-R9611
Ind4-R12089
Ind4-R14448
Ind4-R16410

2
Ind7-R1136
Ind7-R3417
Ind7-R5210
Ind7-R7489
Ind7-R9611

Ind5-F10689
Ind5-F13203
Ind5-F15500
Ind5-F314

3
Ind8-F2105
Ind8-F4142
Ind8-F6032
Ind8-F8355
Ind8-F10689
Ind8-F13203
Ind8-F15500
Ind8-F314

3
Ind11-F2105
Ind11-F4142
Ind11-F6032
Ind11-F8355
Ind11-F10689
Ind11-F13203
Ind11-F15500
Ind11-F314

3
Ind1-R1365
EMPTY
Ind1-R5325
Ind1-R7766
Ind1-R9853
Ind1-R12302
Ind1-R14721
Ind1-R285

3
Ind4-R1365
EMPTY
Ind4-R5325
Ind4-R7766
Ind4-R9853
Ind4-R12302
Ind4-R14721
Ind4-RB5

3
Ind7-R1365
EMPTY
Ind7-R5325
Ind7-R7766
Ind7-R9853

Ind5-F10950
Ind5-F13638
Ind5-F15699
Ind5-F314

4
Ind8F2333
Ind8F4392
Ind8F6318
Ind8-F8717
Ind8F10950
Ind8F13628
Ind8F15699
Ind8-F314

4
Ind11-F2333
Ind11-F4392
Ind11-F6318
Ind11-F8717
Ind11-F10950
Ind11-F13628
Ind11-F15699
Ind11-F314

4
Ind1-R1769
Ind1-R3825
Ind1-R5681
Ind1-R8141
Ind1-R10171
Ind1-R12766
Ind1-R14902
Ind1-R285

4
Ind4-R1769
Ind4-R3825
Ind4-R5681
Ind4-R8141
Ind4-R10171
Ind4-R12766
Ind4-R14902
Ind4-R285

4
Ind7-R1769
Ind7-R3825
Ind7-R5681
Ind7-R8141
Ind7-R10171

Ind6-F10267
Ind6-F12452
Ind6-F14881
Ind6-F155

5
Ind9-F1657
Ind9-F3635
Ind9-F5664
Ind9-F7821
Ind9-F10267
Ind9-F12452
Ind9-F14881
Ind9-F155

5
Ind1-F2506
Ind1-F1135
Ind1-R3632
Ind1-F6496
Ind1-F8668
Ind2-F2506
Ind2-F1135
Ind2-R3632

5
Ind2-R878
Ind2-R3006
Ind2-R5034
Ind2-R7248
Ind2-R9376
Ind2-R11768
Ind2-R14118
Ind2-R16410

5
Ind5-R878
Ind5-R3006
Ind5-R5034
Ind5-R7248
Ind5-R9376
Ind5-R11768
Ind5-R14118
Ind5-R16410

5
Ind8-R878
Ind8-R3006
Ind8-R5034
Ind8-R7248
Ind8-R9376

Ind6-F10419
Ind6-F12741
Ind6-F15190
Ind6-F155

6
Ind9-F1983
Ind9-F3890
Ind9-F5858
Ind9-F8129
Ind9-F10419
Ind9-F12741
Ind9-F15190
Ind9-F155

6
Ind2-F6496
Ind2-F8668
Ind3-F2506
Ind3-F1135
Ind3-R3632
Ind3-F6496
Ind3-F8668
Ind4-F2506

6
Ind2-R1136
Ind2-R3417
Ind2-R5210
Ind2-R7489
Ind2-R9611
Ind2-R12089
Ind2-R14448
Ind2-R16410

6
Ind5-R1136
Ind5R3417
Ind5-R5210
Ind5R7489
Ind5-R9611
Ind5R12@9
Ind5-R14448
Ind5R16410

6
Ind8-R1136
Ind8-R3417
Ind8-R5210
Ind8-R7489
Ind8-R96L1

Ind6-F10689
Ind6-F13203
Ind6-F15500
Ind6-F314

7
Ind9-F2105
Ind9-F4142
Ind9-F6032
Ind9-F8355
Ind9-F10689
Ind9-F13203
Ind9-F15500
Ind9-F314

7
Ind4-F1135
Ind4-R3632
Ind4-F6496
Ind4-F8668
Ind5-F2506
Ind5-F1135
Ind5-R3632
Ind5-F6496

7
Ind2-R1365
EMPTY
Ind2-R5325
Ind2-R7766
Ind2-R9853
Ind2-R12302
Ind2-R14721
Ind2-R285

7
Ind5-R1365
EMPTY
Ind5-R5325
Ind5-R7766
Ind5-R9853
Ind5-R12302
Ind5-R14721
Ind5-R285

7
Ind8-R1365
EMPTY
Ind8-R5325
Ind8-R7766
Ind8-R9853
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Ind6-F10950
Ind6-F13628
Ind6-F15699
Ind6-F314

8
Ind9-F2333
Ind9-F4392
Ind9-F6318
Ind9-F8717
Ind9-F10950
Ind9-F13628
Ind9-F15699
Ind9-F314

8
Ind5-F8668
Ind6-F2506
Ind6-F1135
Ind6-R3632
Ind6-F6496
Ind6-F8668
Ind7-F2506
Ind7-F1135

8
Ind2-R1769
Ind2-R3825
Ind2-R5681
Ind2-R8141
Ind2-R10171
Ind2-R12766
Ind2-R14902
Ind2-R285

8
Ind5-R1769
Ind5-R3825
Ind5-R5681
Ind5-R814
Ind5-R10171
Ind5R12766
Ind5-R14902
Ind5R285

8
Ind8-R1769
Ind8-R3825
Ind8-R5681
Ind8-R8141
Ind8R10171

Ind7-F10267
Ind7-F12452
Ind7-F14881
Ind7-F155

9
Ind10-F1657
Ind10-F3635
Ind10-F5664
Ind10F7821
Ind10-F10267
Ind10F12452
Ind10-F14881
Ind10F155

9
Ind7-R3632
Ind7-F6496
Ind7-F8668
Ind8-F2506
Ind8-F1135
Ind8-R3632
Ind8-F6496
Ind8-F8668

9
Ind3-R878
Ind3-R3006
Ind3-R5034
Ind3-R7248
Ind3-R9376
Ind3-R11768
Ind3-R14118
Ind3-R16410

9
Ind6-R878
Ind6-RD06
Ind6-R5034
Ind6-R7248
Ind6-R9376
Ind6-R11768
Ind6-R14118
Ind6-R16410

9
Ind9-R878
Ind9-R3006
Ind9-R5034
Ind9-R7248
Ind9-R9376

Ind7-F10419
Ind7-F12741
Ind7-F15190
Ind7-F155

10
Ind10-F1983
Ind10-F3890
Ind10-F5858
Ind10-F8129
Ind10-F10419
Ind10F12741
Ind10F15190
Ind10F155

10
Ind9-F2506
Ind9-F1135
Ind9-R3632
Ind9-F6496
Ind9-F8668
Ind10-F2506
Ind10F1135
Ind10-R3632

10
Ind3-R1136
Ind3-R3417
Ind3-R5210
Ind3-R7489
Ind3-R9611
Ind3-R12089
Ind3-R14448
Ind3-R16410

10
Ind6-R1136
Ind6-R3417
Ind6-R5210
Ind6-R7489
Ind6-R9611
Ind6-R12089
Ind6-R14448
Ind6-R16410

10
Ind9-R1136
Ind9-R3417
Ind9-R5210
Ind9-R7489
Ind9-R9611

Ind7-F10689
Ind7-F13203
Ind7-F15500
Ind7-F314

11
Ind10-F2105
Ind10F4142
Ind10-F6032
Ind10-F8355
Ind10-F10689
Ind10F13203
Ind10-F15500
Ind10-F314

11
Ind10-F6496
Ind10-F8668
Ind11-F2506
Ind11-F1135
Ind11-R3632
Ind11-F6496
Ind11-F8668
EMPTY

11
Ind3-R1365
EMPTY
Ind3-R5325
Ind3-R7766
Ind3-R9853
Ind3-R12302
Ind3-R14721
Ind3-R285

11
Ind6-R1365
EMPTY
Ind6-R5325
Ind6-R7766
Ind6-R9853
Ind6-R12302
Ind6-R14721
Ind6-R285

11
Ind9-R1365
EMPTY
Ind9-R5325
Ind9-R7766
Ind9-R9853

Ind7-F10950
Ind7-F13628
Ind7-F15699
Ind7-F314

12
Ind10-F2333
Ind10-F4392
Ind10-F6318
Ind10F8717
Ind10-F10950
Ind10F13628
Ind10-F15699
Ind10F314

12
EMPTY

12
Ind3-R1769
Ind3-R3825
Ind3-R5681
Ind3-R8141
Ind3-R10171
Ind3-R12766
Ind3-R14902
Ind3-R285

12
Ind6-R1769
Ind6-R3825
Ind6-R5681
Ind6-R8141
Ind6-R10171
Ind6-R12766
Ind6-R14902
Ind6-R285

12
Ind9-R1769
Ind9-R3825
Ind9-R5681
Ind9-R8141
Ind9-R10171



IO

PLATE 4

ES5

E6

IG)-nmUOm)E I(DTIFI'IUOUJ)E‘ IETMMOO®>

PLATE 7

IOGTMmMOO®>

PLATE 8

IOTmMOO®m>

Ind7-R11768
Ind7-R14118
Ind7-R16410

1
Ind10-R878
Ind10-R3006
Ind10-R5034
Ind10R7248
Ind10R9376
Ind10R11768
Ind10R14118
Ind10R16410

1
Ind2-R1924
Ind2-R4162
Ind2-R5799
Ind2-R8378
Ind2-R10294
Ind2-R13025
Ind2-R15396
Ind2-R484

1
Ind5-R1924
Ind5-R4162
Ind5-R5799
Ind5-R8378
Ind5-R10294
Ind5-R13025
Ind5-R15396
Ind5-R484

1
Ind8-R1924
Ind8-R4162
Ind8-R5799
Ind8-R8378
Ind8-R10294
Ind8-R13025
Ind8-R15396
Indg-R484

1
Ind11-R1924
Ind11-R4162
Ind11-R5799
Ind11-R8378
Ind11-R10294
Ind11-R13025
Ind11-R15396
Ind11-R484

Ind7-R12089
Ind7-R14448
Ind7-R16410

2
Ind10R1136
Ind10R3417
Ind10R5210
Ind10-R7489
Ind10R9611
Ind10-R12089
Ind10R14448
Ind10R16410

2
Ind2-R2216
Ind2-R4479
Ind2-R594
Ind2-R8640
Ind2-R10715
Ind2-R13390
Ind2-R15585
Ind2-R484

2
Ind5-R2216
Ind5R4479
Ind5-R5994
Ind5R8640
Ind5-R10715
Ind5R13390
Ind5-R15585
Ind5R484

2
Ind8-R2216
Ind8-R4479
Ind8-R5994
Ind8-R8640
Ind8-R10715
Ind8-R13390
Ind8-R15585
Ind8-R484

2
Ind11-R2216
Ind11-R4479
Ind11-R5994
Ind11-R8640
Ind11-R10715
Ind11-R13390
Ind11-R15585
Ind11-R484

Ind7-R12302
Ind7-R14721
Ind7-R285

3
Ind10R1365
EMPTY
Ind10-R5325
Ind10R7766
Ind10-R9853
Ind10-R12302
Ind10R14721
Ind10-R285

3
Ind2-R2439
Ind2-R4676
Ind2-R6444
Ind2-R8949
Ind2-R10942
Ind2-R13559
Ind2-R15728
Ind2-R599

3
Ind5-R2439
Ind5-R4676
Ind5-R6444
Ind5-R8949
Ind5-R10942
Ind5-R13559
Ind5-R15728
Ind5-R599

3
Ind8-R2439
Ind8-R4676
Ind8-R6444
Ind8-R8949
Ind8-R10942
Ind8-R13559
Ind8-R15728
Ind8-R599

3
Ind11-R2439
Ind11-R4676
Ind11-R6444
Ind11-R8949
Ind11-R10942
Ind11-R13559
Ind11-R15728
Ind11-R599

Ind7-R12766
Ind7-R14902
Ind7-R285

4
Ind10R1769
Ind10-R3825
Ind10R5681
Ind10R8141
Ind10R10171
Ind10R12766
Ind10-R14902
Ind10-R285

4
Ind2-R2818
Ind2-R4811
Ind2-R6899
Ind2-R9031
Ind2-R11166
Ind2-R13855
Ind2-R16042
Ind2-R599

4
Ind5-R2818
Ind5-R4811
Ind5-R6899
Ind5-R9031
Ind5-R11166
Ind5-R13855
Ind5-R16042
Ind5-R599

4
Ind8-R2818
Ind8-R4811
Ind8-R6899
Ind8-R9031
Ind8-R11166
Ind8-R13855
Ind8R16042
Ind8-R599

4
Ind11-R2818
Ind11-R4811
Ind11-R6899
Ind11-R9031
Ind11-R11166
Ind11-R13855
Ind11-R16042
Ind11-R599

Ind8-R11768
Ind8-R14118
Ind8-R16410

5
Ind11-R878
Ind11-R3006
Ind11-R5034
Ind11-R7248
Ind11-R9376
Ind11-R11768
Ind11-R14118
Ind11-R16410

5
Ind3-R1924
Ind3-R4162
Ind3-R5799
Ind3-R8378
Ind3-R10294
Ind3-R13025
Ind3-R15396
Ind3-R484

5
Ind6-R1924
Ind6-R4162
Ind6-R5799
Ind6-R8378
Ind6-R10294
Ind6-R13025
Ind6-R15396
Ind6-R484

5
Ind9-R1924
Ind9-R4162
Ind9-R5799
Ind9-R8378
Ind9-R10294
Ind9-R13025
Ind9-R15396
Ind9-R484

5
Ind1-R11428
Ind1-R13924
Ind1-R11804
Ind2-R11428
Ind2R13924
Ind2-R11804
Ind3-R11428
Ind3-R13924

Ind8-R12089
Ind8-R14448
Ind8-R16410

6
Ind11-R1136
Ind11-R3417
Ind11-R5210
Ind11-R7489
Ind11-R9611
Ind11-R12089
Ind11-R14448
Ind11-R16410

6
Ind3-R2216
Ind3-R4479
Ind3-R5994
Ind3-R8640
Ind3-R10715
Ind3-R13390
Ind3-R15585
Ind3-R484

6
Ind6-R2216
Ind6-R4479
Ind6-R5994
Ind6-R8640
Ind6-R10715
Ind6-R13390
Ind6-R15585
Ind6-R484

6
Ind9-R2216
Ind9-R4479
Ind9-R5994
Ind9-R8640
Ind9-R10715
Ind9-R13390
Ind9-R15585
Ind9-R484

6
Ind3R11804
Ind4-R11428
Ind4-R13924
Ind4-R11804
Ind5R11428
Ind5R13924
Ind5R11804
Ind6-R11428

Ind8-R12302
Ind8-R14721
Ind8-R285

7
Ind11-R1365
EMPTY
Ind11-R5325
Ind11-R7766
Ind11-R9853
Ind11-R12302
Ind11-R14721
Ind11-R285

7
Ind3-R2439
Ind3-R4676
Ind3-R6444
Ind3-R8949
Ind3-R10942
Ind3-R13559
Ind3-R15728
Ind3-R599

7
Ind6-R2439
Ind6-R4676
Ind6-R6444
Ind6-R8949
Ind6-R10942
Ind6-R13559
Ind6-R15728
Ind6-R599

7
Ind9-R2439
Ind9-R4676
Ind9-R6444
Ind9-R8949
Ind9-R10942
Ind9-R13559
Ind9-R15728
Ind9-R599

7
Ind6-R13924
Ind6-R11804
Ind7-R11428
Ind7-R13924
Ind7-R11804
Ind8-R11428
Ind8-R13924
Ind8-R11804
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Ind8-R12766
Ind8-R14902
Ind8-R285

8
Ind11-R1769
Ind11-R3825
Ind11-R5681
Ind11-R8141
Ind11-R10171
Ind11-R12766
Ind11-R14902
Ind11-R285

8
Ind3-R2818
Ind3-R4811
Ind3-R6899
Ind3-R9031
Ind3-R11166
Ind3-R13855
Ind3-R16042
Ind3-R599

8
Ind6-R2818
Ind6-R4811
Ind6-R6899
Ind6-R9031
Ind6-R11166
Ind6-R13855
Ind6-R16012
Ind6-R599

8
Ind9-R2818
Ind9-R4811
Ind9-R6899
Ind9-R9031
Ind9-R11166
Ind9-R13855
Ind9-R16042
INnd9-R599

8
Ind9-R11428
Ind9-R13924
Ind9-R11804
Ind10R11428
Ind10R13924
Ind10R11804
Ind11-R11428
Ind11-R13924

Ind9-R11768
Ind9-R14118
Ind9-R16410

9
Ind1-R1924
Ind1-R4162
Ind1-R5799
Ind1-R8378
Ind1-R10294
Ind1-R13025
Ind1-R15396
Ind1-R484

9
Ind4-R1924
Ind4-R4162
Ind4-R5799
Ind4-R8378
Ind4-R10294
Ind4-R13025
Ind4-R15396
Ind4-R484

9
Ind7-R1924
Ind7-R4162
Ind7-R5799
Ind7-R8378
Ind7-R10294
Ind7-R13025
Ind7-R15396
Ind7-R484

9
Ind10R1924
Ind10R4162
Ind10R5799
Ind10R8378
Ind10R10294
Ind10-R13025
Ind10R15396
Ind10-R484

9
Ind11-R11804
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY

Ind9-R12089
Ind9-R14448
Ind9-R16410

10
Ind1-R2216
Ind1-R4479
Ind1-R5994
Ind1-R8640
Ind1-R10715
Ind1-R13390
Ind1-R15585
Ind1-R484

10
Ind4-R2216
Ind4-R4479
Ind4-R5994
Ind4-R8640
Ind4-R10715
Ind4-R13390
Ind4-R15585
Ind4-R484

10
Ind7-R2216
Ind7-R4479
Ind7-R5994
Ind7-R8640
Ind7-R10715
Ind7-R13390
Ind7-R15585
Ind7-R484

10
Ind10R2216
Ind10-R4479
Ind10-R5994
Ind10R864
Ind10R10715
Ind10-R13390
Ind10-R15585
Ind10-R484

10
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY

Ind9-R12302
Ind9-R14721
Ind9-R285

11
Ind1-R2439
Ind1-R4676
Ind1-R6444
Ind1-R8949
Ind1-R10942
Ind1-R13559
Ind1-R15728
Ind1-R599

11
Ind4-R2439
Ind4-R4676
Ind4-R6444
Ind4-R8949
Ind4-R10942
Ind4-R13559
Ind4-R15728
Ind4-R599

11
Ind7-R2439
Ind7-R4676
Ind7-R6444
Ind7-R8949
Ind7-R10942
Ind7-R13559
Ind7-R15728
Ind7-R599

11
Ind10R2439
Ind10R4676
Ind10R6444
Ind10-R8949
Ind10R10942
Ind10-R13559
Ind10R15728
Ind10-R599

11
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY

Ind9-R12766
Ind9-R14902
Ind9-R285

12
Ind1-R2818
Ind1-R4811
Ind1-R6899
Ind1-R9031
Ind1-R11166
Ind1-R13855
Ind1-R16042
Ind1-R599

12
Ind4-R2818
Ind4-R4811
Ind4-R6899
Ind4-R9031
Ind4-R11166
Ind4-R13855
Ind4-R16042
Ind4-R599

12
Ind7-R2818
Ind7-R4811
Ind7-R6899
Ind7-R9031
Ind7-R11166
Ind7-R13855
Ind7-R16042
Ind7-R599

12
Ind10R2818
Ind10R811
Ind10-R6899
Ind10-R9031
Ind10R11166
Ind10-R13855
Ind10R16042
Ind10-R599

12
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY
EMPTY



remove some | iquid, as per the manufacture
from the sequencing productapes to the prepared Performa plates is performed
robotically, then filtration into new, barcoded-@&ll plates is accomplished by manual

centrifugation for 5 minutes at 850 g.

Sequence detection and analysis

Purified sequence products are evaporatetdated vacuum centrifugation then
resuspendediiEn Fb0 malmi die (Life Technologies
our highthroughput process, sequence detection is performed by capillary
electrophoresis on a 3730 Genetic Analyzer (Life Technologipgligd Biosystems)
using a 50 cm array, the FastSeq instrument protocol (FastSeq50 POP7 run module) and
the SeqgAnalysis Fast analysis protocol (Basecaller_3730POP7RR) with the default
instrument settigs Postdetection, raw signal data is initially prosed on the 3730
Genetic Analyzer computer using Sequencing Analysis v5.3.1 (Life Technologies,
Applied Biosystems) with the spacing parameters set to 12.0.

Trimming, assembly and review of the processed electropherograms is performed
in Sequencher versioh8 or 5.0 (Gene Codes Corporation, Ann Arbor, Ml). Segeen
are aligned to the rCR$%7,8]. For our purposes, and in accordance with current
requirements for puication of mtDNA data setfl14], at least two higlguality, high
resolution sequences covering every mtGenome position are required for development of

a complete mtGenome haplotype.
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Notes on instrumentation

While we currently utilize HamiltonRobotics liquid handling instruments
(MICROLAB® STARIlet and STARplus) for pre and pd3CR pipetting, portions of the
assay development and developmental validation were performed on a Tecan Genesis®
2000 workstation (Tecan Group Ltd., San Jose, CA). Hsertbed workflow could be
implemented on any fit for purpose liquid handling instruments, and the plate layouts
(such as those depicted in Figdr&0 for sequencing) modified according to instrument
setup and desired throughput.

Thermal cycling steps ithis protocol have been performed with equal success on
a variety of 9éwell machines in our laboratory, including GeneAmp® PCR System 9700
and Veriti® instruments (Life Technologies, Applied Biosystems), TRobot thermal
cyclers (Biometra GmbH, GoettingenGermany), and PT0200 DNA Engine
instruments (MJ Research, Inc., Waltham, MA). The described cycling parameters should
thus be appropriate for implementation on most thermal cyclers with little, if any,

optimization needed.
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Chapter 5. Developmentof forensic-quality full mtGenome reference

population data: Success rates with low template specimens

5.1. Introduction

Since 2003 the Armed Forces DNA Identification Laboratory (AFDIL) has been
systematically generating mtDNA data to augment existefgrence population data
[110]. While this effort has contributed significantly to the more than 24,000 forensic

MtDNA sequences currently available EMPOP (http://empop.org/[111] for use by

practitioners, these data and indeed all pubkalgilable forensic mtDNA reference data
only include informatiorfrom the mtDNA CR Emerging technologies such B&S are
capable of producing mtDNA codinggion data from extremely low DNA quality and
guantity forensic specimerj86]. At present, however, no suitable database of complete
mtGenomes is available for forensic queridéost of the more tharl5,000 entire
mtGenome haplotypes available in GenBank have not been developed for forensic
purposes or to forensic standar@me contain errors, associated metadata is often
incomplete and/or absent, raw electropherograms are unavailable for review and, in
almost all cases, the datasets do not represent randomly sampled popul@dhoss
before new methods and applications targeting entire mtGenome data can be
implemented in routine forensic practice, high quality reference sequences that adhere to
forensic standardsre required117].

The specific goals and objectives of our currentiowe Institute of Justice
funded databasing initiative are the production of 550 complete,quglity mtGenomes

spanning three U.S. populati groups, and database structure and query modifications to
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http://empop.org/

EMPOP to accommodate entire mtGenome .ddé&ae, we report on aspects of the data
generation portion of this project, and the development of 433 forquality
mtGenome haplotypes from low telafe specimens/Ne describe the application of an
automated mtGenome sequencing prot¢tdB] and multistep data analysis workflow

to samples with a very low quantity of DNA, and the steps taken to maintain high
throughput data production with minimal manual sample reprocesdfiegassess the
practical success of a) the mtGenome protocol with those minor modifications, and b) the
overall data production strategy, on these forelilsecsamples through evaluation a#yk

processing metrics and results from critical data quality control checks.

5.2. Materials and methods

The samples used for this databasing effort were anonymized blood serum
specimens from the Department of Defense Serum Repog$it8ty. Since the DNA
containing blood components have been removed by centrifugation, only a small amount
of cell-free DNA typically remains in blood serumo assure the generation of forensic
guality mtGenome profiles from these high quabiyt low template specimens, and to
avoid the types of errors found in some entire mtGenome datf 88t%74] we utilized
a mtGenome sequencing strategy and laboratory processing workflovicim mearly all
pipetting steps were performed roboticallyl8], and we employed a rigorous data
review processAutomated pipetting was performed on a MICROLAB® STARIet for
pre-PCR work, and either a Tecan Genesi€®)@ workstation (Tecan Group Ltd., San

Jose, CA) or MICROLAB® STARplus instrument (Hamilton Robotics, Reno, NV) for
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postPCR reaction saip, using custom methods developedhause for this projecAn
overview of our entire data production and reviewkflow is shown in Figuré.1.

Blood serum specimens were robotically transferred from tubesweBlates,
and DNA was extracted by a combination of robotic pipetting and manual centrifugation
using the QlAamp 96 DNA Blood Kit (QIAGEN, Valencia, CAJome extracts were
quantified following extraction using an mtDNA gqPCR as44§2] adapted from
Niederstatteret al. [183], which provides relative quantitation valuéssed upon
comparison to a standard curve of mtDNA present in a known genomic DNA
concentration Thus, quantities reported in this paper reflect total genomic DNA
guantities, not mtDNA quantities specifically.

Amplification of the complete mtGenome wa®rformed according to the
protocol described in Lyonst al. [118], with minor modifications to improve firgiass
amplification success with extremely low DNA quantity samedract input quantities
for PCR were gnerally doubled (from 3 to 6 pL per 50 pL reaction) when gPCR results
indicated concentrations below 3 pg/llh some instances, such as when sample extracts
exhibited evidence of inhibition or to improve amplification success for one or two target
fragments (amplicons 4 and 6) when extract DNA concentrations were unknown, Taq

polymerase concentrations in the PCR reactions were doubled (from 2.5 to 5 units)
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High Throughput Data Generation

Placement —_—
Extraction e
Quantitation ——>
Amplification ——>

= Detection —_

()

u’ . e .

<C Purification ——>
Sequencing ——>
Purification ——
CE Prep —_—
Detection e

Automated sample pipetting from tubes to 96-well plate
performed on @ MICROLAB® Hamilton STARlet

Robotic pipettingon a STARlet combined with manual
centrifugation; QlAamp 96 DNA Blood Kit

Manual mtDNA gPCR assay; Amplification conditions adjusted

based on quant results in some instances

Set-up in 96-well format performed on a STARlet;
Eleven samples amplified per 96-well plate

Automated injection from 96-well plate on capillary
electrophoresis instrument (QlAxcel)

Enzymatic purification; enzymes manually pipetted

Reaction set-up currently performed ona MICROLAB®
Hamilton STARplus; 135 reactions per mtGenome

Gel filtration purification; robotic pipetting combined with
manual centrifugation, followed by dehydration

Sequence product resuspension in formamide performed
on a STARplus

Sequence detection performed on an AB 3730 (48-capillary
instrument); ~32 hours for 16 sequencing plates

Figure 5.1. Data production and review wrkflow

Steps in our serautomated, higithroughputdata generation (AFDIL) and data review (AFDIL and EMPOP) workflow are detdNledall samples were

guantified prior to amplification.

Data Review

AFDIL

ewpop
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Primary Review
Secondary Review
Initial Database Entry
Final Database Check
Phylogenetic Check
Profile Review
Database Entry

Concordance Check

e

Haplogroup Assignment ——>

Raw datais assembled and aligned to the rCRS; every
position is examined visually and a haplotype is generated

Assembly is reviewed by a second scientist and compared
to primary review; any discrepancies are resolved

Haplotypes are transferred electronicallyto a local
database; profiles are reviewed and confirmed

Profiles are re-reviewed by a separate scientist and
finalized in the database

Preliminary haplogroup assigned and haplotype compared
to PhyloTree to confirm phylogeneticfeasibility

AFDIL data assemblies are reviewed; every positionis
examined visually and a haplotype is generated

EMPOP haplotypes are transferred electrenicallyto a local
database

AFDIL and EMPOP haplotypes are electronically compared;
any discrepancies are reviewed, discussed and resolved

Final haplogroups are assigned using EMMA and the most
updated version of PhyloTree



Amplification success was assessed by automated capillary electrophoresis on a
QIAxcel instrument (QIAGEN), succdsdly amplified products were enzymatically
purified, and each mtGenome was subsequently Sanger sequenced in 135 reactions using
the protocol described in Lyoret al. [118]. Sequencing products were purified by gel
filtration, dehydrated, and resuspended in formandaguence detection was performed
on an Applied Biosystems 3730 DNA Analyzer (Life Technologies, Applied Biosystems,
Foster City, CA) using a 50 cm capillary arrall post-quantification pipetting steps
were performed robotically with the exception of enzymatic purification, where
automated pipetting of highly viscous reagents would have resulted in the waste of a
large volume of enzymeSample placement during any necessary manual reprocessing
was alwag performed with at least one, and sometimes two, witnesses.

The data review process we employed followed a strategy previously and
successfully used for the production of higinality mtDNA CR sequences, which
included raw data review by no fewer tharethdistinct scientists at two laboratories
(AFDIL and EMPOP), and electronic data transfer with two additional profile reviews
[110]. Haplotypes were aligned and reported relative to@S[7,8] following the
phylogenetic alignment rules @ded by Bandelt and Pars@i67]. To further assure data
reliability, completed mtGenome haplotypes were comparé&thytoTree[115] to
confirm phylogenetic consistency across the eight ampli¢oraldition, all private
mutations, heteroplasmies and transversions wereviewed in the raw dataastly,
final profile haplogroups weresaigned using an automated, maxiniikalihood-based

tool, EMMA [184]
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5.3. Results and discussion
Data generation

For a set of 242 blood serum extracts quantified prior to amplification, DNA
guantities ranged from @0 to 777.64 pg/pL with an average of 14.91 pg/uL (s.d. 53.79)
Thirty-three of these samples, or 13.6%, exhibited at least one amplification failure
during the firstpass automated processing (Figh. The vast majority (86.6%) of the
amplification falures, and all but one instance in which multiple regions for the same
sample failed to amplify, occurred when DNA input quantities were less than Theg
average DNA quantity for samples with multiple amplification failures was 1.00 pg/uL
(s.d. 0.80) At DNA input quantities equal to or greater than 10 pg, 99.4% of
amplifications were successfuh terms of sample handling, to maintain a high rate of
throughput and minimize manual reprocessing, extracts for which only a single region
failed to amplifywere reamplified manually prior to sequencing, whereas samples for
which more than one fragment failed to amplify were typically dropped and not
processed furtherFigure 5.3 shows the number of samples dropped by DNA input
quantity.

Manual reprocessg was also performed when the first pass robotic processing
did not produce complete sequence coverage (defined as at least two strands of sequence
data) across the entire mtGenorire most instances the reprocessing involved manual
sequencing from theriginal PCR products to fill in small gaps in the sequence coverage
However, when multiple new sequences from the same genome region were required, the
sample was sometimes-aeplified to produce a better quality PCR prodé&ar a large

majority (70.9%)of a set of 433 low DNA quantity samples, the first pass of automated
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Figure 5.2 Amplification success with blood serum specimen extracts

Quantified using a modified mtDNA gPCR assay, 242 blood serum extract DNA concentratiged

from 0.00777.64 g/ul. First pass amplification success rates (the percentage of eight amplicons which
successfully amplified) for PCR inputs ranging from1® pg are showrmwo samples, representing PCR

inputs of 815 and 2333 pg respectively, and for which all eightieoms were successfully amplified ear

not in included in the plotNo amplification failures were observed wRICR inputs greater than 50 pg.

only one instance was more than one amplification failure observed when PCR inputs were greater than 10
Pg.

45%

40% +——

35% +—

® Failed Amplifications
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20%
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Figure 5.3 Amplification failures and dropped samples by DNA input quantity
Among 242 blood serum specimens that were quantified prior to amplification, 25.63% of amplifications
failed and 42.11% of samples were dropped when PCR inputs were in thef&geg At PCR inputs

between 5 and 10 pg, 5.90% of amplifications failed and 8.33% of samples were dropped.
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data generation produced complete sequence coverage across the entire mtGenome and
no manual reprocessing was necesdany 13.2% and 6.2% ohé samples, respectively,
minimal (defined as one or two additional sequencing reactions) or moderate (three to
nine additional sequencing reactions) reprocessing was required to achieve the desired
sequence coverage (Figwrd). For 9.7% of samples moextensive reprocessing (ten or

more manual sequencing reactions) was performed, and usually included complete re
amplification of one or more regions of the genoe example of the typical sequence

data quality produced for this project is shown in Fegub.

A) B)
9.7% 4.6% 3°9%
13.9%
) None ' uiNone
| B Minimal .i i Minimal
EModerate ® Moderate

H Extensive H Extensive

Figure 5.4. Extent of manual reprocessing

Manual reprocessing was performed when the first pass robotic processing did not result in complete
sequence coverage across the entire mtGenblee, we have categorized the amount of reprocessing
requred as none, minimal (defined as one or two additional sequencing reactions), moderate (three to nine
additional sequences),or extensive (ten or more additional sequen&sél A demonstrates the
reprocessing required when the first 433 samples segdemere consideredhe reprocessing displayed

in Panel B ignores the reprocessing performed for amplicons 2 and 6 prior to their redesign, and thus

reflects the publisbd amplification primer sef818].
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Figure 5.5. Example of typical data gality

B g B | |

| EEd

Screen capture from Sequencher (Gene Codes Corporation, Ann Arbor, MI) of sequences aligned to the
rCRS for a randombgelected U.S. Caucasian sample shows the typical quality of Sanger sequences
generated for this praje For this sample, no reprocessing was required to achieve complete sequence
coverage across the entire mtGenof@ee sequence (from the 135 generated as part of the initial robotic
processing) was not used in the contig due to high backgrdthedl41 equences in the contig include the
reference sequence and six sequences which were split at nucleotide position 0 to simplify aligrenent

data shown centers around nucleotide position 1750.

Initial results utilizing an earlier version of the Lyoeisd. amplification strategy
made clear that some of the exceptionally low template blood serum specimens required
extensive reprocessing for amplicons 2 and 6 in particular. For instance, among the forty
samples with PCR inputs less than 10 pg processed tisninitial amplicon 2 PCR
primers, twelve samples (30.0%) required reamplification and resequencing of that
amplicon; and among the twentyne samples with PCR inputs less than 10 pg processed
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using the initial amplicon 6 PCR primers, eleven sampleg.9¢8) required
reamplification and resequencing of the fragm@&botincrease the first pass success rates
for these two amplicons, the PCR primer sets were redesigned partway through this
databasing project. To assess success rates using the publistegyy Etd=8], all blood
serum samples amplified prior to the PCR primer redesign were reconsidered without the
amplicon 2 or 6 reprocessing requirements. This reduced the number of samples which
required moderate or eisive manual sequencing from 15.9% to 10.2%, with only
twenty of 433 samples (5.5%) requiring extensive reprocessing (Fghre

The extent of manual sequencing required was also examined in comparison to
PCR input DNA quantity for a set of 230 extfthe 242 quantified extracts referenced
above, minus the twelve samples which were not processed beyond amplification due to
multiple amplification failures; Figur&.6). All nine samples which required extensive
manual reprocessing and nearly all sampiich required moderate manual sequencing
had PCR input DNA gquantities less than 50 Bgr the nine samples with DNA inputs
less than 50 pg which required extensive reprocessing, most of the initial sequence data
guality issues were caused by a failofethe postamplification enzymatic purification
which necessitated reamplification and complete manual resequencing of the fragment
Among the fortythree samples with input DNA quantities greater than 50 pg, only one
required more than two manual rean8oto achieve complete mtGenome sequence
coverage For these samples, the average number of additional sequences required was

0.33, which equates to approximately one manual reaction for every three haplotypes.
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Figure 5.6. Manual sequencing by PCR inpt DNA quantity

Generally speaking, when input PCR DNA input quantities exceeded 50 pg very little manual resequencing
was required to achieve complete mtGenome haplotypes with the desired sequence.demeeaget of

230 samples quantified prior to alifipation, only one sample with a PCR input greater than 50 pg needed
more than two additional sequenc@d the samples from this set which required more than 15 additional
sequences, most were due to gasplification enzymatic purification failure fame target region, which

necessitated reamplification and complete resequencing of the fragment.

In addition to the more qualitative assessments of sequencing success described
above, we also performed a quantitative evaluation of sequencing failuse imate
comparison to input DNA quantityror a gPCRjuantified set of 185 samples with no
amplification failures, Sequence Scanner v 1.0 (Life Technologies, Applied Biosystems)
was used to capture the electrophoretic signal intensities for 21,601 sequendincts
detected on the 3730 genetic analyZ@ar these data, we defined a failed sequence as
one with at least two of the four signal intensities below 100 relative florescence units
(RFUSs) To reflect the published protoc§l18], sequences generated from PCR products
developed using the initial amplicon 2 and 6 primer sets (discussed above) were excluded

from the analysis
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A scatter plot of the percentage of failed sequences at each PCR input DNA
guantity is disfayed in Figure ¥. For samples for which PCR DNA inputs were less
than 50 pg, the average sequence failure rate was 2.51% (s.d. of 0.05), which equates to
approximately three failed sequences per samfpteong samples for which PCR DNA
inputs were greatethan 50 pg, the average sequence failure rate was 0.82% (s.d. of
0.02); and only one of these thityne samples had a sequence failure rate greater than
5.0% The picture provided by these data is highly similar to that developed from the
reprocessingdata (Figure5.6). These two complementary analyses demonstrate that,
using the published protocdll18] with the minor amplification modifications and
sample handling strategy described here, sequencing was langeéssful but variable
when PCR input DNA quantities were less than 50 pg, and nearly always successful

when DNA input quantities exceeded 50 pg
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Figure 5.7. Sequence failures by PCR input DNA quantity

When 21,601 sequencing reactions were examingdgeseing success was more variable and sequencing
failure more common at PCR DNA inputs below 50 @gerall, the sequencing failure rate for PCR inputs
below 50 pg was 2.51%Vhen PCR inputs exceeded 50 pg, the sequencing failure rate was 0.82%, and

only one of thirtynine samples had a sequencing failure rate greater than 5.0%.
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Sequencing success/failure was also investigated in relation to Qidveasured
amplification product concentratioor the 2677 sequencing reactions performed from
PCR product encentrations below 2.00 ng/pl/1000bp, a clear relationship between
sequencing failure and product concentration only emerged when the data were broadly
categorized (Figure5.8). Both the percentage of failed sequences (defined by
electrophoretic signal tansities, as described above) and the resequencing rate
(calculated by comparing the number of manual sequences required to the number of
sequences produced in the initial automated processing) were higher when PCR product
concentrations were below 1.09/pl/1000bp as compared to product concentrations in
the 1.032.00 ng/pl/1000bp rang&Vhen product concentrations were greater than 1.00
ng/ul/1000bp, the resequencing rate was only 0.3®&tvever, the more obvious trend
observed across all of these lowamplification product concentrations was that
sequencing failure was highly amplieepecific More than 90% of the 198 sequences
with low signal intensities resulted from just two target regions: Amplicon 4, with 68.0%
of the sequencing failures, and Alepn 6, with 25.1% of the sequencing failures.

To summarize the performance of the automated protocol with the modifications
described here across all 433 low DNA quantity samples, we calculated an overall
resequencing rate: the number of manual sequercgsred in comparison to the 135
sequences generated per sample as part of the initial automated prod&$sngall
manual sequence reprocessing was considered the resequencing rate was 2.84%
However, when data from amplicons 2 and 6 prior to thelesign was excluded to
reflect the published protocol desifiil8], the resequencing rate was 1.20Bkis latter

value reflects an average of 1.59 manual sequencing reactions required per sample to
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develop a completdéorensicquality mtGenome haplotype from a successfully amplified,

low template extract.
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Figure 5.8. Sequencing failures and resequencing by PCR product concentration

When QIAxcelmeasured PCR product concentrations were 1.00 ng/pl/1000bp or les8%18f3
sequencing reactions failed and the manual reprocessing rate was By888fitrast, though 5.25% of the
1904 sequences generated from PCR product concentrations in tH2QDQ4g/pl/1000bp range failed,
only seven manual sequencing reactions wereessaryi which equates to a reprocessing rate of just

0.37%.

Data review

The use of a mukamplicon protocol for mtDNA data generation and manual
reprocessing carries some risk of sample swaps and other human Ewher,
amplification of a contamant or ceamplification of a NUMT may be possible with the

low DNA guantity serum specimens used in this projeot these reasons, meticulous,
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redundant review of the raw electropherogram data (following the strategy described in
[110]) and posteview data quality control checks were critical aspects of our workflow.

Subsequent to the AFDIL raw data reviews, phylogenetic checks of the complete
mtGenome profiles were performed as a quality control measure. A io@lym
haplogroup was assigned to each haplotype on the basis of haplogfoupg
polymorphisms, and the sample haplotype was subsequently compared to a list of
expected mutations for theaplogroup using PhyloTrejd15]. All missing mutations
(those expected based on the haplogroup but not observed in the sample haplotype) and
private mutations (differences from the reference sequence that are not a part of the
PhyloTree haplogroup definition) were investigatedréyiewing the raw sequence data
and the sample processing record, and any suspicious arApésed patterns were
further compared to the complete mtDNA phylogedymong the 433 completed
mtGenome haplotypes which have undergone phylogenetic evaluafisgsarting more
than 3,500 amplifications and nearly 60,000 sequencing reactions, zero instances of
sample swaps or other data generation errors were identified.

Following EMPOP examination of the raw data for each sample, a comparison of
the AFDIL and EMBP-generated mtGenome haplotypes (both developsy
comparison to the rCR%7,8]) was performed electronicallyin instances of non
concordance the raw data wasregiewed at both laboratorieand corrections based on
mutual agreement were made to the haplotypes as neceBeamy the 263 samples
compared thus far (more than 4.3 milliopof sequence data), a discrepancy between the
AFDIL and EMPOP haplotypes was identified in just eight dampn four instances a

PHP was missed in the AFDIL data analysis; two cases represented indel alignment
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disparities between the AFDIL and EMPOP data reviews; and the remaining two
discrepancies were due to manual electropherogram editing differémaase instance
resequencing from the original PCR product was performed to confidHRa In all

cases the mtGenome haplotypes were corrected to result in 100% final concordance.

5.4. Conclusions

The minor modifications to the Lyorest al. [118] Sanger sequencing protocol
combined with the sample handling strategy described and applied here reliably produced
high quality data from very low DNA quantity specimens in the first pass of automated
data generation, and masamples did not require any manual reprocessing to generate
complete mtGenome haplotypesmplification was successful 99.4% of the time when
DNA inputs were greater than 10 pg, and no PCR failures were observed at inputs greater
than 50 pg Sequencing swessi assessed both in terms of sequencing failure
(determined by electrophoretic signal) and the amount of reprocessing required to
generate a complete haplotypevas variable but generally still high when PCR DNA
input quantities were less than 50 pg PCR inputs exceeding 50 pg, an average of just
0.82% of sequencing reactions failed and only one manual sequencing reaction was
required for every three haplotypes QIAxcel-measured PCR product concentrations
less than 2 ng/ul/2000 bp, more than 908%the sequencing failures were observed in
just two target regions (amplicons 4 and 6). In regards to data review, the efficacy of
automated processing combined with a rigorous review strategy in preventing errors with

this multramplicon protocol was edent from the absence of problems detected at the
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stage of phylogenetic data evaluatidiurther, few discordant profiles were identified
upon crossvalidation of the AFDIL and EMPOP reviews

The amplification and sequencing success rates reported heonsteate that it
is feasible to generate forensjoality complete mtGenome haplotypes in a routine
casework environment from forendike (low template) specimens. The development of
this large, thoroughly evaluated data set from blood serum samplesigsrcclear
evidence that amplicons exceeding 2,@@0can regularly be recovered from very low
DNA quantity specimens; and the data also provide detailed information on both PCR
and Sanger sequencing success rates across a range ofnufaGied mMtDNA
guantities The processing metrics detailed here may thus be useful to forensic
practitioners when attempting to determine the specific mtDNA amplicons, assays or
markers to pursue when DNA quantities are known and case sample extract volumes are
limited. Additionally, the data provide an indication of the fipgtss amplification
success rates that could be expected with low DNA quantity specimens in-a high
throughput environment if the PCR strategy were applied as an enrichment method for
targetedMPS of mtDNA.

In total, ourNational Institute ofjJustice fundediatabasing effort has thus far
produced 263 and 170 entire mtGenome haplotypes for the U.S. Caucasian and African
American population groups, respectivelhe genomes will be published, and made
publicly available in GenBank and searchable in EMPOP, upon completion of the
project Immediately, though, these higjuality data, produced via wedktablished and
validated Sanger sequencing technology, will be used as an etalon dataset for a posteriori

qudity control of all mtGenome data evaluated by EMPOP prior to their acceptance for
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publication in Forensic Science International: Genetics and the InternataamabU of

Legal Medicine[112,113] Ultimately, theNational Institute of Justickunded project

will not only yield high quality mtGenome data against which new sequences developed
with both current andVMPS technologies can be measured, but it will also provide
reliable, complete mtGenanreference data and associated software tools necessary for

implementation of mtGenome testing in routine mtDNA casework.
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Chapter 6. Full mtGenome reference data: Development and
characterization of 588 forensiequality haplotypes represeting three

U.S. populations

6.1. Introduction

MPS technologies hold great potential for efforts to axg forensic mtDNA
typing beyond current capabilitieSince the first such technology was introduced in
2005 [74], MPS has transformed genetic data generation in many fields of research,
including ancient DNA (for an overview of some ancient DNA studies that have used
MPS, see Table 1 in Knapp and Hofreiféb]; and for a revdw of the application of
MPS to mtDNA sequencing in particular, see Ho and Gilp&t and Paijmant al.
[77]). The advantages of MPS in comparison to traditional Saygersequencing that
have been exploited for analyses of ancient samples also have clear relevance to the low
DNA quantity and/or quality specimens to which mtDNA typing is often applied in
forensics, where typally only the CRor portions thereof are targetdde to both limited
sample quantities and the enormous cost and effort required to generatelfaeder
profiles to forensic standardRecent studies have demonstrated both that 1) MPS can
effectively recover complete mtGenomgrofiles even from highlydamaged and
degraded forensic samplg6,87] and 2) that full mtGenome sequencing by MPS may
be costeffective in comparison to methods currently used by the forensic community for
MtDNA daa generation[89]. While much further work remains before MiP&sed
protocols (whether for mtGenome or nuclear genome typing) can be fully validated for

forensic use and routinely applied to forensic casework spesjrites ongoing research
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into MPS for forensic application in many laboratorig@6-89,91100,185] clearly
indicates the direction in which the field is moving.

At present, though, one of the barriers to wider implementation of complete
mtGenome typing in forensic casework is the lack of appropriate reference séataba
[87,117] In forensics, weight is assigned to the results of an mtDNA match comparison
by estimating the frequency of the mtDNA haplotype given a relevant population sample.
While concertd efforts have been put forth in recent years to establish-cuglity
MtDNA CR reference datasets representing U.S. and global population ¢tO9dk11],
similar initiativestargeting the mtDNA coding region have been lackithough more
than 20,000 complete human mtGenome sequences have now been published (see the

PhyloTree  website http://www.phylotree.org/mtDNA_sedgm [115] for a

comprehensive list of publications as of 19 February 2014), none have been developed as
U.S-wide population reference data that meet current forensic starjdaréis,117]

To meet the need for forensyuality population reference data for the full
mtGenome, we report here 588 mtGenome haplotypes from three U.S. populations
(African American, U.S. Caucasian and U.S. Hispafibgse Sangdrased data were
developed in accordance with current best practices for mtDNA data geng4&tibh|
to ensure their suitability for forensic ude this paper we report summary statistics for
the complete mtGenome and evaluate the statistical weight of a previously unobserved
haplotype, and we compare the composition of each population sampleviously
published CRbased datasets to establish their consistency and representativieness

addition, we examine the coding regiorels and the heteroplasmies detected in the
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haplotypes in detail to help inform future analyses and use of conmpi&enome data

for forensic and other purposes.

6.2. Materials and methods
Specimens and sampling

The samples used for this databasing initiative were anonymized blood serum
specimens from the Department of Defense Serum Repository (DD&ER), The 175
African-American, 275 U.S. Caucasian, and 175 U.S. Hispanic samples initially targeted
for processing were selected randomly from specimens in the DoDSR collection
Specimens were received with onlyate and selfeported population/ethnicity

information.

MtGenome data generation

Full mtGenome haplotypes were generated from the blood serum specimens using
the protocol and higkthroughput processing strategy described in Lyadred. [118], with
the minor modifications described in Jes@al.[119]. In brief:

Blood serum specimens were robotically transferred from tubesweB@lates
Genomic DNA was extracted from 100 @i blood serum using the QlAamp 96 DNA
Blood Kit (QIAGEN, Valencia, CA), and a combination of robotic pipetting and manual
centrifugation DNA was eluted from the silica columns using either 100 pl or 200 pl of
TE buffer (10mM Tris and 0.5mM EDTA), andeteluate was evaporated to eliminate
any potential ethanol carryovddNA extracts were resuspended in 100 pl of either UV

irradiated deionized water or TE buffer. Some, but not all, DNA extracts were quantified
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prior to PCR, using an mtDNA quantitative RQgPCR) assay182] adapted from
Niederstatteet al.[183].

Amplification of the complete mtGenome was performed in eight overlapping
fragments on robotic instrumeion, using the primers and conditions detailed in Lyons
et al.[118] and Juset al.[119]. When gPCR results indicated DNA quantities less than
10 pg/ul, extract input for PCRas doubled from 3 pl to 6 pln some cases, such as
when specimens from the same extract plate had previously exhibited evidence of
inhibition, or to improve firspass processing success for one or two of the eight
mtGenome region targets with the pestr amplification efficiency among the lowest
DNA quantity specimens, polymerase (AmpliTaq Gold, Life Technologies, Applied
Biosystems, Foster City, CA) inputs were doubled from 2.5 to 5 units.

Amplification success was evaluated via capillary electromrausing
automated injection directly from the 9&ll PCR plate When only one of the eight
target fragments failed to amplify for a sample, the failed PCR was repeated manually,
and the successful PCR product was manually transferred to the originall9BCR
plate for further processingVhen two or more PCR failures for a single sample were
encountered, typically no further attempts at amplification were made, and the sample
was not carried through to sequencif@CR product purification of succeskyu
amplified extracts was performed enzymatically in thev@l PCR plates.

Sanger sequencing was performed in-w@8l plate format on robotic
instrumentation using the 135 primers and conditions described in letoals[118].
Sequencing products were purified via gel filtration columns using a combination of

automated pipetting and manual centrifugatiGturified sequencing products were
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evaporated, resuspended in formamide, and detected on an Applied Biosyggns 3
DNA Analyzer (Life Technologies, Applied Biosystems) using a 50 cm capillary array.

All sample transfer steps (and nearly all lighiandling steps) for all stages of the
automated sample processing were performed roboti¢alyany manual rprocessg,
at least one, and sometimes two, witnesses were used for all sample/PCR product

pipetting steps during reaction sgis and transfers

Data review

The data review workflow employed for this project is described in brief irefust
al. [119], and is a version of the review strategy described by letvad. [110] modified
for complete mtGenome data developed using a +aaiplicon strategyThe workflow
is in accordance witthe current Scientific Working Group on DNA Analysis Methods
(SWGDAM) and International Society for Forensic Genetics (ISFG) best practice
guidelines for forensic mtDNA data developmgtf 44]. Data review was performed by
at least three distinct scientists at two different laboratories: the Armed Forces DNA
Identification Laboratory (AFDIL); and the Institute of Legal Medicine, Innsbruck

Medical University(GMI), curator of theEMPOPdatabasewww.empop.org [111]. In

detail, the review steps were as follows:

Initial assembly, trimming and review of the raw sequence data for eagllesam
was performed in Sequencher version 4.8 or 5.0 (Gene Codes Corporation, Ann Arbor,
MI). Sequencewere aligned to the revised rCR&8] following phylogenetic alignment

rules[43,44,167]
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In cases of length heteroplasmy (LHP), a single dominant variant was identified
(as per recommendations for mtDNA data interpretgd3,167). With regards tdPHP,
an mtGenome position was deemed heteroplasmic only if specific criteria were met upon
visual review of the raw sequence data:

1) If the minor sequence variant was rdadisible (that is, a distinct peak of normal
morphology with white space beneath it could be seen in the trace data without
changing the chromatogram view in Sequencher to examine the signal closer to the
baseline) in all of the sequences covering thaitjpm, and those sequences were
generated using both forward and reverse primers, a PHP was called

2) If the minor sequence variant was readily visible in some but not all sequences, data
closer to the baseline were inspected for each sequéntdee baséne view
demonstrated that the minor variant was substantially higher than any sequence
background/noise in a) the majority of the sequences, and b) both forward and
reverse sequences, a PHP was called.

When heteroplasmy was suspected but not confirmedr@iog to the above criteria,
additional sequence data were generated for the sample/region to clarify the presence or
absence of heteroplasmy.

Once each sample haplotype was complete (that is, every mtGenome position had
at least two strands of higlesdution sequence coverage), a list of differences from the
rCRS was prepared manually, and a variance report was electronically exported from
Sequencher

Each mtGenome haplotype contig generated during the primary analysis of the

raw data was reviewed onpmsitionby-position basis by a second scientist. A list of
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differences from the rCRS was generated manually and compared to the list generated at
the primary analysis stage, and any discrepancies were resolved to the satisfaction of both
reviewers A variance report was again exported from Sequencher, and compared to the
manuallyprepared lists of differences from the rCRS to ensure full agreement across all
paper and electronic records addition, sequences present in the final sample contig
were visudly examined to confirm that all sequences had the same sample identifier (i.e.
that no sequences from a different sample were mistakenly included).

The Sequencher variance reports exported at the secondary analysis stage were
electronically imported intothe custom software Laboratory Information Systems
Applications (LISA; Future Technologies Inc., Fairfax VAjor each sample, the
imported record was compared to the handwritten list of differences from the rCRS
prepared in the previous data analysis estég confirm that the database record was
consistent with the paper recorth addition, all coding region indels, PHPs and
transversions in each electronic profile were visually confirmed {vguiew of the raw
data at the relevant positions

To confirm the database haplotypes, a second scientist again reviewed each
electronic record in comparison to the previowuginerated lists of differences from the
rCRS, and checked that the correct sequence coverage raiige56®9 bp) was
associated with each file.

As described in Just al.[119], given the muldtamplicon PCR protocol used for
data generation in this project, each mtGenome haplotype was evaluated for phylogenetic
feasibility as a quality control measutddaplotypes were first assigned a preliminary

haplogroup, and subsequently compared to the-¢bherent version of PhyloTree (Build
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14 or 15, depending on the dates on which different subsets of the data were checked)
[115] to assess each difference from the rCRISe raw data for each sample were re
reviewed to confirm a) any expected mutations (based on the preliminary haplogroup)
that were lacking, b) all private mutations (mutations not part of the haplogroup
definition), and c) all PHPs and transversions.

Sequencher project files, variance reports and all raw data for each sample were
electronically transferred to EMPOP for tertiary reviest EMPOP, each mtGenome
haplotype contig was again reviewed on a posibigposition basis, and edits to the
project files were made as warrant@dvariance report of differences from the rCRS was
exported from Sequencher and imported into a local database.

EMPOP and AFDILgenerated variance reports for each haplotype were
electonically compared in the local database at EMPR® discrepancies between the
haplotypes were reported to AFDIL; and for those samples with discrepancies, the raw
data were reexamined by both laboratories for the positions in queshkioa few cases,
sample reprocessing was performed at this stage to clarify the haplotypessample
haplotypes were considered finalized once both EMPOP and AFDIL were in agreement,
and all relevant files had been corrected at AFDIL arskre to EMPOP

Haplogroups wre assigned to each mtGenome haplotype using ENA@4] and
Build 16 of PhyloTred115]. These automated assignments were then compared to the
preliminary haplogroups assignedtla¢ phylogenetic check stage, and any discrepancies
were evaluated in detailn all cases, the EMMAstimated haplogroup was the final

haplogroup assigned to the sample.
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All indels relative to the rCRS in the completed haplotypes were reviewed to
assesscorrect placement according to phylogenetic alignment r[48s14,167] and
PhyloTree Build 16§115].

All PHPsin the final haplotypes were compared to a list of positions at which two
specific NUMTs (on Chromosomes 1 and 5, and possessing greater than 90% similarity
to modern human mtDNA,; see Table 3 in Lyatsl.[118]) differ from the rCRSAny
haplotypes witiPHPsthat occurred at one of these positions weneveewed by careful
examination of the raw data to ensure that R was not due to cdetection of a
NUMT (which would be expected to preseasg multiple mixed positions within the
amplicon in questiofiL18]).

All data transfer steps into internal databases and between laboratories were
performed electronicallyWwhen changes were made to haplotypes at IARidter the
initial transfer of sample files to EMPOP, all relevant sample files weigent to
EMPOP for complete replacement (that is, no manual changes were made to haplotypes

at EMPOP).

Data analyses

Summary statistics (humber of haplotypes, nunabemique haplotypes, random
match probability, haplotype diversity and power of discrimination) for multiple regions
of the mGenome (HVlonly; HV1 andHV2 in combination; the complete CR; and the
full mtGenome) were based on pairwise comparisons of efattte three populations in
the LISA custom softwareCytosine insertions at nucleotide positions 309, 573 and

16193 were ignored for the analyses, BitPs were treated as differences.
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Estimations of broad scale maternal biogeographic ancestry (Afrieah ASian,
West Eurasian or Native American) were based on the haplogroups assigned to each
haplotype For the few haplogroup M, N and U lineages which have overlapping present
day distributions in certain geographic regions (North Africa, southern Euanughehe
Near East), assignment to one of the ancestry categories was made on the basis of the
geographic distribution of the same or closely related lineages in global populations
represented in a beta version of the EMPOP3 dat§bd6

Pairwise comparisons of the haplotypes representing each population and
biogeographic ancestry group were performed for a) the full mtGenome, and b) with
comparisons restricted to the CR, in the LISA custom softway&sine insertionsta
nucleotide positions 309, 573 and 16193 were ignored for the analyses

Statistical calculations to assess significance were performed either in Microsoft
Office Excel 2010, or, for CHbquare tests of independence (for comparisons of differing
proportims), using the calculator spreadsheet available for download from

http://udel.edu/~mcdonald/statchiind.htff87].

LRs were developed using two methods: thee x act 06 met hod f or
intervals (CloppePearsonj188]land t he @ k §poh @loppeePeansondi6%
confidence intervals were calculated using HaploCALc VerdiBd by Steven Myers

(steven.myers@doj.ca.gp\L.R calculations using the oxtailed confidence interval used

the standard formula LR xy, wherex represents the probability that the questioned and
known halotypes represent the same maternal lineageyasdhe probability that the
guestioned sample will match an unrelated (or only randomly related) haplotype in the

databaseThe value used fox was always 1, and the value usedyfavas the ondailed
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95% confidence limit LR calculations for the kappa method used equation 6 from
Brenner[189]: LR, = n/(1-8 ) , where @ represents the pro
population sample that are singletons (haplotypges®iwved only once), andrepresents

the size of the population sample.

6.3. Results and @scussion
Data generation and review

A variety of data processing metrics were previously detailed for a subset of the
low template blood serum samples used fas $tuidy]119].

As described isection 6.2samples that exhibited a single PCR failure during the
initial, automated processing were manually reamplified to obtain PCR product that could
be carried through to sequemg, whereas samples for which more than one of the eight
target mtGenome regions failed to amplify were typically abandoned and not processed
beyond amplificationOut of a total of 625 samples that were attempted, thaten
were dropped due to PCR Ifae in two or more of the eight mtGenome target regions
As we previously reported, among the first 242 quantified samples processed, all twelve
samples dropped due to multiple PCR failures had PCR DNA input quantities less than
10 pg/ul[119]. But, as PCR failures can occur due to primer binding site mutations, and
those mutations may be haplogroup or lineggecific, we explored the extent of PCR
failure across all 588 completed haplotypes in relation to the PE&Rgtremployed

An examination of the incidence and pattern of PCR failure among samples with
primer binding region mutations indicates that such mutations are unlikely to have biased

the final datasets for any of the three population sampledotal of fifty-two
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polymorphisms, representing thirtgur distinct mutations, were found across the sixteen
primer binding regionsPrimer binding region mutations were found in festy of the

588 completed samples (7.8%), and overall had the potential to ipnpaer binding in

1.1% of the initial eight higithroughput PCR reactions performed per sample (a total of
4704 PCR reactionsYet, manual reamplification (due to near or complete PCR failure)
was required in only eight of the fiftyvo instances in whita mutation was later found

in a PCR primer binding region; and thus primer binding region polymorphisms
potentially caused PCR failure in just 1.4% of samples and 0.2% of amplifications
Further, as Figuré.1 demonstrates, the position of the mutatedrat i ve t o t he
the primer was highly variable in these eight instances of reamplification, and thus the
mutation may not have been the reason for the PCR failure in all eight Aag®®y the
forty-six samples which were carried through to sequegnand later found to have
polymorphisms in primer binding regions, five (8.9%) exhibited a mutation in more than
one of the sixteen primer binding regions, yet only three PCR failures (of ten potentially
affected reactions) were observed among theseshwnples.

Given the wide variety of mtDNA haplogroups represented by the 588 haplotypes
reported in this study (see below), and the low DNA quantities for the first twelve
samples abandone[d19], the very low overallincidence of reamplification among
samples with known primer binding region mutations suggests that 1) PCR failure due to
haplogroupspecific polymorphism when using the Lyagisal. [118] primers is likely to
be qute infrequent, and 2) few, if any, of the abandoned samples exhibited multiple PCR
failures due to primer binding region mutatiottsis therefore unlikely that the PCR or

sample handling strategy introduced any particular bias into the datasets rapogted
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Figure 6.1 Positional distribution and incidence of PCR failure among samples with mutations in

primer binding regions

Fifty-two total mutations in 588 samples were identified across the sixteen PCR primer binding hegions

the majority of thesecases (82.7%), the first pass of automated processing produced sufficient PCR
product Among the eight samples with mutations in primer binding regions that required manual
reamplification due to near or complete PCR failures, the position of the mutaohat i ve t o t he

the primer varied from 1 to 19 bp.

The formalized data review process employed for this study qseion 6.2
included an electronic comparison of the haplotypes independently developed by AFDIL
and EMPOP from the raw sequerdaga Across the 588 haplotypes compared, twenty
seven discrepancies in twerttyee samples were identified, a raoncordance rate of
4.6% The majority of these discrepancies (70%) were due to missed or incorrectly
identified heteroplasmies in eithdret AFDIL or EMPOP analysis; and for three of these
samples manual reprocessing (reamplification and repeat sequencing) was performed to

generate additional data to determine whether aléo®l PHP was or was not present
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The remaining discrepancies wereedeither to raw data editing differences (two
instances) or indel misalignments (six instances).

In addition to the differences found upon crokeck of the haplotypes, two
further indel misalignments were later identified during additional review ofdtesets
In both instances the original alignment of the sequence data was inconsistent with
phylogenetic alignment rules and the current mtDNA phylogé8y44,115,167]In one
case, a haplotype with 2885 2887del 2888del was incorrectly aligned as 2885del 2886del
2887; and in the second case, a haplotype with 292.1A 292.2T was incorrectly aligned as
291.1T 2912A. For these two haplotypes the indels were misaligned by both AFDIL and
EMPOP, and thus no discrepancy was identified as part of the concordanceTdteeck
identification of these two misalignments prompted a thorough review of all 2767 indels
present irthe 588 haplotypes, and no additional misalignments were found.

Figure 6.2 provides a breakdown of the tweimtiye total data review issues
identified in this study. The results of the concordance check and the two additional indel
misalignments identiéid later both 1) underscore the need for multiple reviews of
MtDNA sequence data to ensure correct haplotypes are reported, and 2) highlight a need
for an automated method for checking regions of the mtGenome prone to indels prior to
dataset publication @ninclusion in a databas&MPOP includes a software tool that
evaluates CR indel placement and is routinely employed to examine CR datasets prior to
their inclusion in the databaséintil a similar tool is developed to reliably assess
complete mtGenome pbotypes, all indels in complete mtGenome datasets should be
reviewed in relation to the current knowledge regarding the human mtDNA phylogeny

prior to publication.
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B Raw data editing differences

28%

Point/length heteroplasmy discrepancies

Indel misalignments

65%

Figure 6.2 Review differences identified in the 588 haplotypes

A total of twentynine dscrepancies were identified across the 588 haplotypeenty-seven of the
occurrences were instances of rmmmcordance between the haplotypes independently generated by
AFDIL and EMPOP The majority of those discrepancies (nineteen, or 65%) were rétafddP or LHP

when one of the two laboratories correctly identified the heteroplasmy while the other did not, or there was
initial disagreement as to whether or not heteroplasmy was pré@semtiscrepancies resulted from raw

data editing differences,hile six discrepancies were due to different alignments of indels between the two

laboratoriesTwo additional indel misalignments were detected in a later quality control check.

Database composition and statistics

In total, 588 complete mtGenome haplagpwere generated from three U.S.
populations: African American (n=170), U.S. Caucasian (n=263) and U.S. Hispanic
(n=155) The number of samples per U.S. state/territory for each population is given in
Table6.1.

The 580 distinct mtGenome haplotypes thadre observed are presented in
Appendices AC, and are available in GenBank (accession numbers KM101569
KM102156). Summary statistics for each population are given in Table 6.2. Across the

entire mtGenome, 168 of 170 (98.8%) African American haplotypé&sp2863 (97.0%)
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African American (n=170)| U.S. Caucasian (n=263] U.S. Hispanic (n=155)
State/Territory Abbreviation number proportion number  proportion number  proportion
Alabama AL 6 0.035 1 0.004 0 0.000
Alaska AK 0 0.000 0 0.000 0 0.000
AmericanSamoa AS 0 0.000 0 0.000 0 0.000
Arizona AZ 0 0.000 3 0.011 8 0.052
Arkansas AR 0 0.000 3 0.011 1 0.006
California CA 5 0.029 18 0.068 39 0.252
Colorado CcO 2 0.012 3 0.011 1 0.006
Connecticut CT 0 0.000 6 0.023 0 0.000
Delaware DE 2 0.012 0 0.000 1 0.006
District of Columbia DC 3 0.018 0 0.000 0 0.000
Federated States bficronesia FM 0 0.000 0 0.000 0 0.000
Florida FL 11 0.065 17 0.065 10 0.065
Georgia GA 15 0.088 3 0.011 2 0.013
Guam GU 0 0.000 0 0.000 0 0.000
Hawaii HI 0 0.000 0 0.000 3 0.019
Idaho ID 0 0.000 4 0.015 0 0.000
lllinois IL 7 0.041 12 0.046 4 0.026
Indiana IN 4 0.024 8 0.030 3 0.019
lowa 1A 0 0.000 4 0.015 1 0.006
Kansas KS 1 0.006 1 0.004 2 0.013
Kentucky KY 1 0.006 4 0.015 0 0.000
Louisiana LA 12 0.071 3 0.011 0 0.000
Maine ME 0 0.000 2 0.008 0 0.000
Marshall Islands MH 0 0.000 0 0.000 0 0.000
Maryland MD 8 0.047 7 0.027 2 0.013
Massachusetts MA 1 0.006 7 0.027 1 0.006
Michigan MI 6 0.035 11 0.042 1 0.006
Minnesota MN 0 0.000 7 0.027 1 0.006
Mississippi MS 6 0.035 2 0.008 0 0.000
Missouri MO 5 0.029 6 0.023 0 0.000
Montana MT 0 0.000 2 0.008 0 0.000
Nebraska NE 1 0.006 3 0.011 0 0.000
Nevada NV 1 0.006 1 0.004 2 0.013
New Hampshire NH 0 0.000 2 0.008 0 0.000
New Jersey NJ 3 0.018 8 0.030 4 0.026
New Mexico NM 0 0.000 0 0.000 3 0.019
New York NY 9 0.053 21 0.080 7 0.045
North Carolina NC 15 0.088 4 0.015 1 0.006
North Dakota ND 0 0.000 0 0.000 0 0.000
Northern Mariana Islands MP 0 0.000 0 0.000 0 0.000
Ohio OH 1 0.006 23 0.087 0 0.000
Oklahoma OK 0 0.000 6 0.023 0 0.000
Oregon OR 0 0.000 2 0.008 1 0.006
Palau PW 0 0.000 0 0.000 0 0.000
Pennsylvania PA 3 0.018 19 0.072 1 0.006
Puerto Rico PR 0 0.000 0 0.000 8 0.052
Rhode Island RI 0 0.000 3 0.011 0 0.000
South Carolina SC 11 0.065 3 0.011 0 0.000
South Dakota SD 0 0.000 3 0.011 0 0.000
Tennessee TN 4 0.024 7 0.027 1 0.006
Texas X 8 0.047 0 0.000 41 0.265
Utah uT 0 0.000 1 0.004 0 0.000
Vermont vT 0 0.000 1 0.004 0 0.000
Virgin Islands \Y 2 0.012 0 0.000 0 0.000
Virginia VA 13 0.076 11 0.042 3 0.019
Washington WA 3 0.018 0 0.000 3 0.019
West Virginia wv 0 0.000 3 0.011 0 0.000
Wisconsin wi 1 0.006 8 0.030 0 0.000
Wyoming WYy 0 0.000 0 0.000 0 0.000

Table 6.1 Number and proportion of completesamples by U.S. state/territory
Samples for eacphopulation group were selected randomly from among the specimens in the Department

of Defense Serum Repository collection.
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African American (n=170)

Percentage Increase

HV1ito HV1/HV2 CRto
HV1 HV1/HV2 CR mtG | HV1/HV2 to CR mtG
# Haplotypes 124 140 148 169 12.9% 5.7% 14.2%
# Unique Haplotypes 106 120 130 168 13.2% 8.3% 29.2%
Random Match Probability| 1.38% 0.92% 0.78% 0.60%
Haplotype Diversity 0.9920 0.9967 0.9981 0.9999
Power of Discrimination 99.20% 99.67% 99.81% 99.99%
U.S. Caucasian (n=263) Percentage Increase
HV1ito HV1/HV2 CRto
HV1 HV1/HV2 CR mtG | HV1/HV2 to CR mtG
# Haplotypes 151 200 229 259 32.5% 14.5% 13.1%
# Unique Haplotypes 122 170 211 255 39.3% 24.1% 20.9%
Random Match Probability| 2.75% 0.%% 0.60% 0.39%
Haplotype Diversity 0.9762 0.9942 0.9978 0.9999
Power of Discrimination 97.62% 99.42% 99.78% 99.99%
U.S. Hispanic (n=155) Percentage Increase
HV1ito HV1/HV2 CRto
HV1 HV1/HV2 CR mtG | HV1/HV2 to CR mtG
# Haplotypes 119 134 141 147 12.6% 5.2% 4.3%
# Unigue Haplotypes 102 121 130 140 18.6% 7.4% 7.7%
Random Match Probability| 1.27% 0.90% 0.79% 0.72%
Haplotype Diversity 0.9937 0.9974 0.9986 0.9992
Power of Discrimination 99.37% 99.74% 99.86% 99.92%

Table 6.2 Summary statistics

Summary statistics were calculated for each of the three U.S. populations for several regions historically

targeted for forensic typing: HV1 alone, HV1 and HV2 in combination, the entire CR, and the full

mtGenome Hapotype diversity was calculated as-Random Match Probability)*(¢d)/n). The

percentage increase in the number of distinct haplotypes and the number of haplotypes unique in each

population (observed for only a single individual) were calculated for saotessively larger portion of

the molecule.

U.S. Caucasian haplotypes, and 140 of 155 (90.3%) U.S. Hispanic haplotypes were

unigue in the respective datasets when cytosine insertions at positions 309, 573 and
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16193 were ignored. With regards to the sumynsatistics, the additional value added

by sequencing the complete mtGenome is most powerfully demonstrated by comparing
the information gleaned from the subsets of the molecule historically targeted for forensic
typing. For example, for the African Amean population sample, the increase in the
number of unique haplotypes that would be detected by HV1 and HV2 sequencing
compared to HV1 sequencing alone is 13.2%; and moving from HV1 and HV2 typing to
complete CR sequencing would increase the number igb@rhaplotypes detected by
8.3%. In comparison to CR sequencing, complete mtGenome sequencing would increase
the number of singletons by 29.2% for this population safnpiell more than double

the increase seen by moving either from HV1 alone to HV1/HvZom HV1/HV2 to

the full CR. These improvements in lineage resolution are consistent with a recent
examination of 283 mtGenome haplotypes from three Texas population sd8%jles
however, the random match prob#lak reported here are lower due to the larger sample
sizes in our study.

Given the substantially higher degree of haplotype resolution with full mtGenome
sequences in comparison to smaller portions of the molecule, we investigated the LRs
that would be alculated for previously unobserved haplotypes when considering
HV1/HV2 alone, the CR and the complete mtGenome using two different methods:
ClopperPearsorfl88land t he Akappa met h {l89pCopfiddmdei s hed
interval calculations with the Clopp@®e ar s on Aexact o met hod u !
probability from a binomial distribution given the number of observations of interest and
a sample size; and thus for preysty unobserved haplotypes in a database, Clepper

Pearson 95% confidence intervals (either-taiked or twaotailed) and the resulting LRs
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will depend entirely on the size of the reference population sarBglecontrast, as
Brenner 6s k app groporéon lofosthgletors €hsiplotypese observed only
once) in a population sample to approximate the rarity of a new haplotype, the calculated
LR for a previously unobserved mtDNA haplotype will depend both on database size and
the portion of the molecule rigeted (as Table B.demonstrates that the proportion of
singletons will be greater as the size of the targeted mtDNA region increases)

In comparison to the Clopp&earson ongailed method (currently recommended
for use in U.S. laboratorigdd44]), LRs developed using the kappa method ranged from 8
to 14fold higher across our three population samples when only HV1 and HV2 were
considered, and from 13 to -i@ld higherwhen the full CR was considered (Tabl8)6.
When the numbers of singletons across the entire mtGenome were used, LRs developed
by the kappa method were 31 to 284 higher in comparison to the Cloppeearson
method using a-1ailed 95% upper confidendienit. Similar values were obtained for the
full mtGenome haplotypes recently published by Kietgal. [89]. While the most
conservative haplotype frequency estimate may be preferred for some purposes, it is clear
from these results that LR calculations using the Clepearson method negate some of
the benefits of the increased resolution achieved by typing the complete mtGenome. Until
larger full mtGenome databases are available, Clepparson based LRs develoged
previously unobserved mtGenome haplotypes will be reduced in comparison to even
shared haplotypes based on smaller subsets of the molecule given the size of current CR

databases (for example, 2823 African American CR haplotypes are presently available
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Clopper-Pearson Brenner kappa
1-tailed 2-tailed HV1/HV2 CR Full mtGenome
Upper
95% Cl LR | 95% CI LR | Singletons o LR, | Singletons @ LR, | Singletons 9 LR,
This study
African American (n=170) 0.0175 57| 0.0215 47 120 0.7059 578 130 0.7647 723 168 0.9882 14450
U.S. Caucasian (n=263) 0.0113 88| 0.0139 72 170 0.6464 744 211 0.8023 1330 255 0.9696 8646
U.S. Hispanic (n=155) 0.0191 52| 0.0235 43 121 0.7806 707 130 0.8387 961 140 0.9032 1602
King et al.2014
Texas African American (n=87] 0.0338 30 | 0.0415 24 76 0.8736 688 85 0.9770 3785
Texas Caucasian (n=83) 0.0354 28 | 0.0435 23 77 0.9277 1148 83 >0.99* 9222
Texas Hispanic (n=113) 0.0262 38| 0.0321 31 96 0.8496 751 111 0.9823 6384
*As modeled in Bre

Table 6.3. Likelihood ratios for unobserved haplotypes using two different methods
ClopperPearsn 95% confidence interva)é88lan d Br enner 6 s [1B%ver psad toraltulate IARS for a haplotype not present in the database, for
a) both the three population samples reported in this study and the three population samples rdfiogexdt bl[89], and b) given different portions of the

mtGenomeAs defined by Brenndd89], o refers to the proporti on o f Thenumigeloesingletoss in(the Kiegalue hapl o

[89] datasets were obtained from their Table 1 (no full CR values were reported).
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EMPOP, Retase 11[111]). That is, despite the clearly smaller likelihood of
encountering a matching mtGenome haplotype versus a matching CR haplotype (for
example) among randombelected individuals (Table 6.2), Clopgeearsa LRs for full
mtGenome haplotypes will, for the time being, be smaller due to database size alone.

On the basis of the EMMA184] analyses and comparisons to Build 16 of
PhyloTree[115], 393 distinct named haplogroups were assigned to the 588 haplotypes
reported in this studyAppendices AC). Across the three population samples, all major
haplogroups were represented except L4, L5, L6, O, P, Q, S .andeZfrequency of
each mpor haplogroup by population is given in Talfe4, and Table6.5 details the
specific haplogroups present in each population at greater than Bl¥clevel of
phylogenetic resolution of the haplogroups in the latter table was selected to ease more
directcomparison to previous, GBased mtDNA studies; however more highly resolved
haplogroup categorizations are included where the frequencies also exceed 5%. These
data provide a snapshot of the predominant lineages found in each of the population
samples.

Based on the assigned haplogroups, the 588 mtGenome haplotypes were
classified into one of four broad biogeographic ancestry categories: African, East Asian,
West Eurasian and Native American (Figure 6.3). As has been previously rgpéagd
self-identified ancestry was highly correlated with maternal biogeographic ancestry for
the African American and U.S. Caucasian populations. For the African American dataset,

the vast majority of haplotypes (90.0%) were assignedpiogroups LO, L1, L2 and L3;
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Haplogroup African American U.S. Caucasian  U.S. Hispanic

A 1.8% 1.1% 26.5%
A2 (NA) 1.2% 0.8% 26.5%
A5, A10 (EA) 0.6% 0.4%

B 0.6% 1.5% 16.1%
B2 (NA) 0.6% 1.1% 15.5%
B4 (EA) 0.4% 0.6%

C 0.6% 0.8% 12.3%
Cib, Clc, C4c (NA) 0.6% 0.8% 12.3%

D 0.6% 5.8%
D1, D4h3 (NA) 5.8%
Dde (EA) 0.6%

E 0.6%

F 0.6% 0.4%

G 0.4%

H 1.8% 36.5% 11.6%

HV 2.3%

| 2.3% 1.3%

J 13.7% 1.3%

K 1.2% 8.0% 3.9%

LO 2.9% 0.6%

L1 17.1% 2.6%

L2 34.1% 0.8% 1.9%

L3 34.7% 7.1%

M 1.2% 0.4%

M1 (WEAF) 0.6%
M7 (EA) 0.6% 0.4%

N 0.6% 0.4%
Nla WEAF) 0.4%
N1b (WE) 0.6%

T 9.9% 2.6%

U 0.6% 14.8% 3.9%
U2, U3, U4, U5 (WE) 13.7% 3.9%
U6a3c (WEAF) 0.6%

U6a7a WEAF) 0.8%
U7a (WE) 0.4%

Vv 1.2% 3.0%

w 2.7% 1.3%

X 0.6% 1.1%

X2b, X2¢, X2i (WE) 1.1%
X2a (NA) 0.6%
Y 0.6%

Table 6.4.Haplogroup frequencies by population (following page)

Frequencies for each major haplogp for each population are given in bold. Where more than one of four

the biogeographic ancestries (African [AF], East Asian [EA], West Eurasian [WE], and Native American
[NA]) are represented in the haplotypes assigned to each major haplogroup, syob@pfercentages
(italicized) are also included. When more than one ancestry group could have been assigned due to
overlapping geographic distributions, the ancestry groupathaassigned is underlined. Percentage totals

for each population group may thappear to equal 100.0% due to decimal place rounding for each

haplogroup.
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Population Haplogroup % of haplotypes
L1b 10.6%
Lic 6.5%
L2a 24.1%
L2al 24.1%
L2ala 5.9%
L2alc 6.5%
African American L2alf 5.3%
L2c 6.5%
L3b 7.6%
L3e 12.9%
L3e2 7.6%
L3f 8.8%
L3flb 8.8%
H1 13.3%
J1 10.3%
Jic 8.7%
U.S. Caucasian K1 6.5%
T2 8.0%
us 10.6%
USa 5.7%
A2 26.5%
B2 15.5%
C1 12.3%
U.S. Hispanic Clb 9.7%
D1 5.2%
H1 5.8%
L3 7.1%

Table 6.5 Most common haplogroups by population
For each U.S. population sample, major haplogroups and subhaplogroups (in italics) detected at frequencies

of greater than 5.0% are listed

African American (n=170) U.S. Caucasian (n=263) U.S. Hispanic (n=155)
S 12.3%

4_7% 2.9% 2.7% 0.8%
2.4% =) 57T

B African M East Asian ™ West Eurasian M Native American

Figure 6.3. Biogeographic ancestry proportions in each of the three U.Sopulation group samples
Haplotypes for each population were assigned to one of four broad biogeographic ancestry categories
(African, East Asian, West Eurasian and Native Aosn) on the basis of EMMA184] estimated

haplogroups usinghyloTreebuild 16[115].
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whereas only 2.4%, 4.7% and 2.9% of the haplotypes represent East Asian, West
Eurasian and Native American ancestry, respectively. Similarly, 94.7% of the U.S.

Caucasian haotypes in this population sample are of West Eurasian ancestry, with only

minor contributions from African, East Asian and Native American lineages (0.8%, 1.9%

and 2.7%, respectively). By contrast, while the majority (60.0%) of the U.S. Hispanic

populaton sample was comprised of Native American lineages, West Eurasian and
African maternal ancestries were represented in substantial proportions (25.8% and
12.3% of haplotypes, respectively).

Comparisons between the population samples reported here anduphgvi
published CRbased datasets were made on the basis of biogeographic ancestry
proportions, as these can typically be ascertained for most haplotypes given CR data
alone Table6.6 provides the ancestry percentages for the current study as welltas for
previous studies for each of the three U.S. population grid@@195]. For the African
American andU.S. Caucasian populations, the proportion of haplotyp#iscting the
predominant ancestry is not statistically significantly different between this and previous
studies. However, for the U.S. Hispanic population, the differing proportions of Native
American haplotypes across three population samples (this study, Setusli¢t94] and
Allard et al. [192]) are significant (p=0.007). Specifically, the proportion of Native
American haplotypes in the U.S. Hispanic population sample reported here differs
significantly from that reported in the Allaret al. [192] study (p=0.008), even after
Bonferroni correction for multiple tests. This most likely due to differences in
geographic sampling, which will reflect the substantial regional differences in the Native

American component of a U.S. Hispanic population saifidlé]. Along these lines, the
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propation of haplotypes representing Native American maternal ancestry in a recently
published Southwest Hispanic population sample from Texas (7183);is highly

similar to the frequency of Native American haplotyp&3.8%) in the Allarcet al. study

[192].

African American

This study (n=170)

Diegoli et al.2009 (n=248)

Allard et al.2005 (n=1148)

African

East Asian
West Eurasian
Native American

U.S. Caucasian

90.0%
2.4%
4.7%
2.9%

This study (n=263)

93.1%
1.1%
4.3%
0.7%

Go n D adtal.2087 (n=1387)

91.6%
*

5.1%
*

Lao et al.2010 (n=245)

African

East Asian
West Eurasian
Native American

0.8%
1.9%
94.7%
2.7%

0.9%

*

96.9%

*%

*%

96.7%

U.S. Hispanic This study (n=155) Saunieret al.2008 (n=128)  Allard et al.2006 (n=686)
African 12.3% 14.8% 11.8%
East Asian 1.9% 1.6% -

West Eurasian 25.8% 22.7% 17.8%
Native American 60.0% 60.9% 70. 8

*Cannot be adequately separated based on the data prbsetite papers

**Not reported

ASignificantly

di fferent

from the

Table 6.6. Biogeographic ancestry proportions for each U.S. population from this study and previous
CR-based studies

The maternal biogeographic astry proportions inferred for each of the three U.S. populations based on
full mtGenome data (this study) and CR data (previous studiékgn the proportion of haplotypes
assigned to the predominant biogeographic ancestry for each population grouightaghlows in the

table) were compared, only the frequency of Native American haplotypes in the U.S. Hispanic population

sample in our sty versus the Allarét al.[192] data difered significantly (p=0.007).

In addition to comparisons based on inferred maternal biogeographic ancestry, we
also compared the haplotype distribution for the African American population sample

reported in this study to that described by Salaal. [196] in their analysis of an FBI

115



dataset[197]. When using the same haplogroup categories and level of phylogenetic
resolution, the composition of our African American sample (Figure 6.4) is nearly
identical to Figue 1 in Sala®t al.[196], and reflects the predominantly West African,
westcentral African and southwestern African origins of the mtDNA lineages present in
U.S. haplotypes of recent African descent reported by tki@oes and in other studies
[198-200].

-L, L
Non-L/U6 U6 Loa L1b

Ve

Other L3

Lic
Other LZ\

L3e

L2a
L3d

LSbJ L2c hzt:

Figure 6.4.Haplogroup composition of the African American population sample
For the African ancestry haplotypes present in our Afrisarerican population sample, haplogroups were
assigned at a level of phylogenetic resolution that would permit direct comp@ariBmure 1 in Salast al.

[196]. The images are strikingly similar.

The composition offlte African American, U.S. Caucasian and U.S. Hispanic
populations, and the extent of the diversity within each of the ancestry groups that
contribute to them, are reflected in pairwise comparisons performed for a) each
population sample and b) all sampéesxribed to each of the four biogeographic ancestry
categories Figure 6.5 displays histograms of pairwise comparisons for both the full
mtGenome and the CR only, for each of the three populations and three of the four

ancestry groups, plotted by the prajpm of comparisons performed to normalize for the
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Figure 6.5 Haplotype pairwise comparisons

Pairwise comparisons of the haplotypes were performed for each of the three populations and three of the
four biogeographic ancestry groups (African, WestaBian and Native Americanfomparisons for the
biogeographic ancestry groups utilized all haplotypes assigned to the ancestry group, regardless of
population The yaxis indicates the proportion of comparisons performed (to normalize for differing
samplesizes), and the-&xis represents the number of different¢é¢istograms on the left side of the figure
(panels a through f) represent comparisons performed using the complete mtGenome; whereas for the
comparisons on the right side of the figure (g throljgthe data compared were restricted to the ER

all analyses, length insertions at positions 309, 573 and 16193 were ignored.
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Groups Compared Full mtGenome | CR Only
By Population
African American pairwise 60.20 15.91
U.S. Caucasian pairwise 32.9 10.69
U.S. Hispanic pairwise 45.47 15.20
African American and U.S. Caucasian 58.45 15.91
African American and U.S. Hispanic 60.90 17.42
U.S. Caucasian and U.S. Hispanic 42.56 14.27
By Ancestry
African pairwise 60.38 16.01
West Eurasian pairwes 30.69 10.08
Native American pairwise 41.17 14.74
African and West Eurasian 60.16 16.14
African and Native American 64.70 19.08
West Eurasian and Native American 44.33 15.60

Table 6.7 Average pairwise number of differences

The average pairwise numbef differences for both the mtGenome and CR only are listattulations

were performed for each of the three U.S. population groups, three ancestry groups (African, West
Eurasian, and Native American), as well as combinations of those g®ampple ses for each group

were: African American (170), U.S. Caucasian (263), U.S. Hispanic (155), African (174), West Eurasian

(297), Native American (105)

differing sample sizes. The average number of pairwise differences for each of these sets
of compaisons are reported in Table 6.7. When the entire mtGenome was considered, the
U.S. Caucasian population sample (Figure 6.5b) and the haplotypes of West Eurasian
ancestry (Figure 6.5e) had asymmetrical bimodal pairwise distributions, with the first,
smaller peak representing the comparisons between recently diverged lineages in the
dataset, and the second, larger peak representing the comparisons between more distantly
related haplotypes. When these same analyses were performed with the comparison
restrictedto the CR (Figures 6.5h and 6.5k), the distributions were unimodal and Roisson

like (though still significantly different from a Poisson distribution; p < 0.0001 for both).
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For the U.S. Hispanic dataset, Figure 6.5c displays an asymmetrical bimodautigstri
similar to the U.S. Caucasians, but with a substantial tail to the right that represents
comparisons to and between the African ancestry haplotypes present in the population
sample. The Native American ancestry comparisons (Figures 6.5f and 6.Shaply
bimodal and more symmetrical, reflecting the origins of Native Americans and the
genetic distance between the haplotypes in this sample set (primarily, haplogroups A and
B from macrohaplogroup N, and haplogroups C and D from macrohaplogrouph#). T
comparisons between these haplotypes based on the CR alone Fusee the only

CR pairwise distribution that closely mirrors the shape of the distribution based on the
full mtGenome In contrast to the other sample sets, comparisons of both ftiwami\
American population sample and the African ancestry lineages for the complete
mtGenome resulted in multimodal distributions (Figarea and6.5d) and high average
pairwise numbers of differences (Tab&7). In comparison to the U.S. Caucasian and
U.S. Hispanic populations, fewer of the African American haplotypes are highly similar
to one another across the entire mtGenome, and a much greater number are genetically
very distant Consistent with results from previous studies of African American
popdation samples[89,196,198200], the distributions for these two comparisons
underscore the extensive mtDNA diversity that exists within Alffiican ancestry

component of U.S. populations

Indels and heteroplasmy
LHP in the CR has been watharacterized in a previous study8] with a much

larger sample size than we report here, and the observeennoeicf LHP across the
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complete CR in our dataset is generally consistent with previous reports (se®.Bable
However, a few observations from our data are worth noGwgrall, we observedHP

in HV1 in 17.5% of individuals Consistent with earlier exninations[138,201,202]

LHP in HV1 was observed in every sample in which a transition at position 16189
resulted in a homopolymer of nime more cytosine residues, and no LiW&s observed

when seven or fewer cytosine residues were present. Among the thirteen samples in
which some combination of transitions and insertions in HV1 resulted in a homopolymer
consisting of exactly eight cytosines, eight samples had detectible LI tamaining

five samples, LHP was either not present or was too minor to distinguish from sequence
background/noise. The incidence of HV1 LHP across all 588 samples in this study is
significantly higher (p=0.001) than the 5.0% recently described fet afsl01 western
European individual§203]. When our data were considered by population, though, the

observed frequency of HV1 LHP varied significantly (p<0.00001), with a high of 25.2%

African u.sS. u.s.

Santoset al. Irwin et al. Ramosetal.  This study | American  Caucasian Hispanic

2008 (n=210) 2009 (n=5015) 2013 (n=101) (n=588) (n=170) (n=263) (n=155)

HV1 LHP 17.1% 15% 5.0% 17.7% 24.1% 9.1% 25.2%
HV2 LHP 64.8% 45% 38.6% 53.7% 52.4% 50.6% 60.6%
HV3 LHP * 3% 5.0% 3.2% 2.4% 4.2% 2.6%
AC repeat * 4.3%** 3.0% 5.3% 3.5% 6.5% 4.5%

*Region not analyzed or data not reporte
**Percentage reflects AC repeat LHP described as "pronounced". The authors report that the majority of samples
(greater than 70%@xhibited some degree of LHP in this region.

Table 6.8. Frequency of LHP in the CR from this and recent studies

The percentage of samples with LHP are given for this study and three recent studies of heteroplasmy that
described rates for more than quetion of the CR. Some statistical comparisons were performed for HV1
LHP frequencies, and significant differences were found a) between the Ramof203] data and the

rate across all 588 of our haplotypes (p=010 and b) across the three U.S populations reported in the

current study (p<0.00001).
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in the U.S. Hispanic population, and a low of 9.1% in the U.S. Caucasian population
(Table6.8). This latter value is relatively consistent with the data reported byoRat

al. [203]; and the differences we observed by population are largely explained by a) the
nucleotide state at position 16189 (C or T), and b) the presence or absence of a
homopolymer with at least eight cytosiresidues, when these factors are considered by

major haplogroup (see FiguBed).
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Figure 6.6. Length heteroplasmy in HV1 by major haplogroup

The observed difference in the frequency of LHP in HV1 by U.S. population in this study (Table 6.8) is
largely explained by the presence or absence of a) the T to C transition at position 16189, and b) a resulting
cytosine homopolymer at least 8 bp or longer. Nearly all haplogroup B individuals (the majority of which
are from the U.S. Hispanic population sample) arslibstantial proportion of haplogroup L1, L2 and L3
individuals (all but two of which are from either the African American or U.S. Hispanic population sample)
meet both conditions, while overall fewer samples with West Eurasian haplogroups have the 16189

transition.
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LHP in the 523524 AC repeat region was clearly apparent (readily observed
above sequence background and/or noise upon initial inspection of the raw data) in 5.3%
of the samples in our datas&he majority (65%) of instances occurred in skwpvith
at least six dinucleotide repeats, and all thirteen haplotypes with seven or more AC
repeats had clear LHFhis result is consistent with a previous report on LHP in the AC
repeat regi on, which found fApronouandt ed?o
generally in individuals with six or more dinucleotide repda&8]. In addition to the
LHP observed in this and the three other expected regions (in HV1 around position
16193, in HV2 around position 309, andHivV3 around position 573), a single sample
exhibited one further LHP in the CR, at position 4@3is haplotype has T to C
transitions at positions 454, 455 and 460, resulting in a 10 bp cytosine homopolymer
Overall, across the 588 haplotypes, 374 indiald (63.6%) exhibited CR LHP, and
eighty-seven individuals (14.8%) possessed LHP in more than one portion of the CR.

LHP associated with indels in the coding region was observed in eleven instances
across our three datasets (1.9% of samples), at fivdneofeighteen coding region
positions at which indels were found (Tabl®). In four individuals, a T to C transition
at position 961 resulted in a 10 bp polycytosine tract, and all four of these haplotypes
exhibited LHP at position 96%imilarly, a T to Ctransition at position 8277 resulted in a
7 bp polycytosine stretch in three individuals; and in two of these, cytosine insertions
(two or three) and LHP were observéd the third individual, no additional cytosines
were present, and no LHP could beed¢td LHP was also observed in one sample at

position 8287, due to a T to C transition at 8286 and cytosine insertions that resulted in a
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Indels relative to Number of Instances of

the rCRS* Individuals associated LHP
595.1A 1

960 del 1

960.XC 5

965.XC 4 4
2156.1A 3

2232.1A 3

2395 del 13

2887-2888 del 1

3307.1A 1

4317 del 1

5752 del 1

5899 del 1

5752 del 1

5899 del 1

5899.XC 12 3
8278.XC 2 2
8287.XC 1 1
8281:-:8289 9bp del 39

8289.X 9bp ins 7 1
12241 del 1

15944 del 32

*Excludes 3107 del

Table 6.9. Coding region indels

Across all 588 haplotypes, indels were detected at eighteen different positions in the codingAtegion
three of these eighteen positions (960, 5899 and 8289), both insertions and deletiorsersed aHP

was detected at five of the eighteen positions, in eleven total instadb#e observation of an indel in
multiple individuals does not necessarily imply multiple occurrences of insertion or deletion at the position
(as some indels are prinilg or exclusively haplogrowassociated), the number of observations does

provides some indication of how frequently each indel might be observed in a population sample.

12 bp cytosine homopolymer. At position 5899, no LHP was detected when onlyea singl
cytosine was inserted, but LHP was observed in the three samples with six or more C

insertions. And finally, one sample had LHP of the 83289 9 bp insertion. In this
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individual at least two length variants were detected, and the majority molecute/ovas
9 bp insertions.

In addition to the LHP observed at coding region positions with indels relative to
the rCRS, 88.8% of samples had detectible LHP around position 12425. Positions 12418
12425 are an 8 bp polyadenine tract, and a mixture of moleculkss iregion has been
previously described (in a report on mtDNA heteroplasmy from MPS[2@4, and in
multiple cancer studies as reviewed in lezel. [205]). In our Sanger data, LHin this
region generally appeared as a mixture of two molecules consisting of seven or eight
adenine residues (see Figure 6.7 for an example). In all cases the majority molecule
matched the rCRS (eight adening&8]), and the LHP was generally minor enough that
it did not impact sequence coverage (i.e. in most cases, sequences did not need to be
trimmed). Among most of the sidsix individuals in which LHP at 12425 was not
identified or cold not be confidently called, nearly all sequences in the region had noise
(i.e. background) to the extent that the very low level LHP typically observed at 12425
would be obscured or difficult to detect. However, for two of the samples, a transition at
paosition 12425 appears to have prevented LHP.

The frequency of PHP in the 588 haplotypes was also examined (findings are
summarized in Tables 6.10 and 6.11). Across the entire mtGenome, a total of 166 PHPs,
in 140 individuals (23.8%) were identified. Twetftye samples (4.3%) exhibited more
than one PHP (twentfjpur samples had two PHPs, and one had three PHPs); and of the

individuals with PHP, 17.9% had multiple PHPs. The incidence of PHP across the entire
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Figure 6.7. Example of length heteroplasmy irthe 1241812425 adenine homopolymer
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?:ﬂ

LHP in the coding region around position 12425 was detected in almost 90% of sdBgplerally a mixture of two molecules (containing seven and eight
adenine residues) was observed, and in all cases, the majorityulaatestched the rCRS (eight adenines). The LHP was typically very minor, and frequently
was only clearly apparent in one sequence in normal view (paneld\we ver , when peaks are fApulled upd (panel
three sequenselearly above noise/background.
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All African u.sS. u.s.
Haplotypes American Caucasian Hispanic
n (individuals) 588 170 263 155
# of PHP 166 65 68 33
# (%) of individuals with PHP 140 (23.8%) 51 (30.0%) 62 (23.6%) 27 (17.4%)
# (%) of individu als with >1 PHP 25 (4.3%) 13 (7.6%) 6 (2.3%) 6 (3.9%)
% of individualswith PHP that have >1 PHP 17.9% 25.5% 9.7% 22.2%
# (%) of individuals with 2 PHP 24 (4.1%) 12 (7.1%) 6 (2.3%) 6 (3.9%)
# (%) of individuals with 3 PHP 1 (0.2%) 1 (0.6%) 0 (0.0%) 0 (0.0%)
# (%) of individuals with CR PHP 64 (9.9%) 28 (13.5%) 24 (8.8%) 12 (7.7%)

# (%) of individuals with coding region PHP

102 (15.8%)

37 (19.4%)

44 (15.6%)

Table 6.10. Point heteroplasmy statistics across all 588 samples and by pdgtion

21 (12.3%)

PHP statistics were calculated for all 588 haplotypes and for each of the three U.S. popAl#biahof

140 individuals (23.8%) had at least one PHP; and among those individuals with PHP-fitveefity.9%)
had more than one PHPhus, acrosthe entire mtGenome, multiple PHPs were seen within one individual

4.3% of the timeThe highest number of PHPs observed within a single individual was three

CR coding region
# of PHP 64 102
# (%) of individuals with PHP 58 (9.9%) 93 (15.8%)
# of positions at which PHP was observed 44 102
# of PHP observed in >1 individual 10* 0
% of individuals with >1 PHP in the region 0.85% 1.53%

# (%) of PHPs that represented transitions
# (%) of PHPs that were pyrimidifgyrimidine
# (%) of PHPs that were puringurine

62 (96.9%)
38 (59.4%)
24 (37.5%)

101 (99.0%)
41 (40.2%)
60 (58.8%)

Ratio of pyrimidine to purine PHPs 1.6:1 0.7:1
# (%) of PHPs that represented transversions 2 (3.1%) 1 (1.0%)
Ratio of transition to transversion PHPs 311 101:1

*Both 228K and 228R were observed; the total numbgositionsat which PHP was observed ir
>1 individual is 11

Table 6.11 Point heteroplasmy statistics by region
PHP statistics were calculated for the CR and the coding regie number, percemgje and ratio of

transitions (separated by type) and transversions are listed for each region of the molecule.
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mtGenome varied significantly between the three populations (p = 0.029). However,
when pairwise comparisons of the populations were performdg, tbe comparison
between the African American and U.S. Hispanic populations was significant after
Bonferroni correction for multiple tests (p = 0.007992hd the differences between
populations were not significant when the CR and coding region PHRscessidered
separately In a large study of more than 5000 individuals, Irveinal. [138] found
significant variation in the incidence of CR PHP between multiple populations, and
postulated the differences might dhee to the differing mtDNA lineages comprising each
of the populationsAs Table6.4 and Figure6.3 demonstrate, there is certainly extreme
variation in the composition of each of the three U.S. populations described here
Consistent with a recent studyadteroplasmy in complete mtGenonfi283], though, no
significant differences in the frequency of PHP by haplogroup across the entire
mtGenome were observed in our data, even when statistical analysis was resttieted to
eleven major haplogroups with greater than five PHPs (see ®dli#¢or the incidence
of PHP by haplogroup)Similarly, no significant differences by haplogroup were
observed when PHPs in the CR and the coding region were considered separttely
case of the present study and the results reported by Rarabf203], it may be that the
numbers of samples with PHP on a-paplogroup basis are simply too small to detect
any nonrandom differences.

A complete ist of the mtGenome positions at which PHP was detected is given in

Table 6.13. The sixtyjour PHPs observed in the CR were found in fdtght of the 588
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# and % # and % # and % # and %

samples w/ | samplesw/ | #CR samples w/ | # codR samples w/

n(hg) | #PHP PHP >1 PHP PHP CR PHP PHP codR PHP
H 117 34 31 265% | 3 2.6% 13 13 11.1% 21 20 17.1%
L3 70 28 21 30.0% | 6 8.6% 8 6 8.6% 20 17 24.3%
L2 63 22 17 27.0% | 5 7.9% 12 10 15.9% 10 10 15.9%
A 47 9 7 149% | 2 4.3% 4 3 6.4% 5 5 10.6%
U 46 14 12 26.1% | 2 4.3% 4 4 8.7% 10 8 17.4%
J 38 9 7 18.4% | 2 5.3% 3 2 5.3% 6 6 15.8%
L1 33 7 6 182% | 1 3.0% 3 3 9.1% 4 3 9.1%
B 30 6 6 20.0% |0 0.0% 2 2 6.7% 4 4 13.3%
T 30 6 6 20.0% | O 0.0% 0 0 0.0% 6 6 20.0%
K 29 7 6 20.7% | 1 3.4% 3 3 10.3% 4 4 13.8%
C 22 7 6 273% |1 4.5% 3 3 13.6% 4 4 18.2%
D 10 6 4 40.0% | 2 20.0% 1 1 10.0% 5 3 30.0%
Y, 10 3 3 300% |0 0.0% 3 3 30.0% 0 0 0.0%
w 9 3 3 333% |0 0.0% 2 2 22.2% 1 1 11.1%
| 8 1 1 125% | O 0.0% 0 0 0.0% 1 1 12.5%
HV 6 1 1 16.7% | 0 0.0% 1 1 16.7% 0 0 0.0%
LO 6 1 1 16.7% | 0 0.0% 1 1 16.7% 0 0 0.0%
X 4 2 2 50.0% | O 0.0% 1 1 25.0% 1 1 25.0%
M 3 0 0 0.0% | O 0.0% 0 0 0.0% 0 0 0.0%
F 2 0 0 0.0% | O 0.0% 0 0 0.0% 0 0 0.0%
N 2 0 0 0.0% | O 0.0% 0 0 0.0% 0 0 0.0%
E 1 0 0 0.0% | O 0.0% 0 0 0.0% 0 0 0.0%
G 1 0 0 0.0% | O 0.0% 0 0 0.0% 0 0 0.0%
Y 1 0 0 0.0% | O 0.0% 0 0 0.0% 0 0 0.0%

Table 6.12 Point heteroplasmy by major haplogroup

Table 6.13. All 166 point heteroplasmies observed across 588 haplotypes (following pages)

PHPs are organized by the number of occurrences, then by position. Botar222R8R were observed.

Relative Substitution

IUPAC Codon Rate (from Soareset
Occurrences Position Code Region/Gene Position Syn/NonSyn al. 2009)
6 16093 Y CR 79
5 152 Y CR 157
4 189 R CR 31
2 143 R CR 17
2 198 Y CR 20
2 207 R CR 36
2 234 R CR 12
2 16126 Y CR 20
2 16192 Y CR 33
2 16256 Y CR 29
1 64 Y CR 22
1 73 R CR 11
1 150 Y CR 63
1 153 R CR 15
1 199 Y CR 30
1 200 R CR 30
1 204 Y CR 43
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1 16311 Y CR 120
1 16320 Y CR 15
1 16325 Y CR 16
1 16390 R CR 31
1 16400 Y CR 3
1 16497 R CR 9

individuals (9.9%), at fortfour different positions. For a majority of these positions
(75%), PHP was observed in just one individual. Eight positions (18%) were
heteroplasmic in two individuals (one of these positions, 228, was observeth 228R

and 228K); and three positioinsl89, 152 and 16098 were heteroplasmic in four, five

and six individuals, respectivelfeveral previous examinations of PHP in the CR have
indicated that both 16093 and 152 may be hotspots for heteroplasmy
[25,138,203,206,207However, to our knowledge a high observed incidence of PHP at
position 189 has onlpeen reported in muscle tissue saramssociated with increased
age[208,209] and in association with increased BMI and insulin resistf2it@] (this
excludes the data reported by kfeal. [211], which has been shown to be problematic
[90]), though position 189 is recognized as one of the faster mutating sites in the
mtGenomgb5,137,139,212,213])n our data, PHP at 189 occurred on varied haplotypic
backgrounds (haplogroups L3bla4, U5aldl, J1c3 and Hlagl), and in two of the three
populations Visually estimated percentages of the minor molecule across the four
samples with 189 PHP ranged frori5% In all four cases the variant nucleotide was
most clearly apparent in the reverse sequences covering the position, but was confirmed
by at least one (thgh typically more than one) forward sequencethree of the four

cases of PHP at 189, the majority molecule matched the.rl@&&ge or healthelated
information was available for the anonymized blood serum specimens used for the

current study.
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A total of 102 PHPs were observed in the coding regime individuals
exhibited more than one coding region PHP, and thus the total number of individuals
with coding region PHP was ninetlgree (15.8%)However, each PHP was unique in the
dataset (observed innly a single individual) The absence of coding region PHPs
detected in more than one individual is consistent with the recent analysis by &ahos
[203], which found twentyone unique coding region PHPs among 160dividuals.
Among the twentyfour coding region PHPs reported by dti al. [204], one was shared
by more than one individual, however this PHP (3492M) is unlikely to be authentic in
either individual, given 1) the very lowcidence of transversietype PHPs reported by
Ramoset al.[203] and observed in this study (see below), 2) the very low frequency of
substitution at position 3492 (observed just once, and as a transition, amangréhe
than 2000 mtGenomes analyzed by Soatesl. [139]), 3) the identification (by the
authors themselves) of position 3492 as a sequencing error hot spot, and 4) the coverage
dip observed in this region in multipfatGenome sequencing studi¢89,100,214] R.

Just, unpublished data; and W. Parson, unpublished data) using lllumina platforms
(lMumina, Inc., San Diego, CA)In a slight depart@r from the absence of authentic
shared PHPs in the datasets reported by Ranas [203], Li et al. [204] and in this
study, the haplotypes recently published by Kaétal. [89] included three shared PHPs

(at positions 1438, 2083, and 8994) among the-&fght total coding region PHPs
detected (using an 18% threshold) in 283 individuals

When 203 coding region PHPs (from the 1103 total mtGesgoublished by
Ramoset al.[203], Li et al.[204] (minus the 3492M PHPs), Kingt al.[89] and reported

in this study) were considered in combioat only five additional PHPs were observed
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in more than one individual (see Taldld4). All five of these positions had low relative
substitution rates (1 to 3) among the 2196 complete mtGenome sequences previously
analyzed in a phylogenetic framework Boareset al. [139]. In fact, of the 102 coding
region PHPs in our data, only two occurred at positions among the fifteen fastest
evolving sites in the coding region (and only four among the fifty fastest sitesg whi
nearly half (44%) occurred at positions invariant among the >2000 published mtGenomes
included the Soarest al. analysis[139] (see Table5.13. In combination, these studies
suggest that the distribution of hetglasmy (which should more closely reflect mutation
rates than does complete substitution) in the coding region is not consistent with the
gammadistributed relative substitution rates reported for the re(did8]. This finding is

in contrast to the general correlation (with a few exceptions) between heteroplasmic
hotspots and mutation/substitution hotspots in the [CF8]. The seeming difference
between the observed relative hefasmy and substitution rates on a positign
position basis in the coding region has several possible explanations, including selection
(at multiple potential levels, e.g. individual, population, etc.), nucleotide state
stability/mutability (that may bsequence context dependent), and genetic. diikse
factors, alone and in combination, have been previously suggested to explain the
difference between phylogenetic and pedigree substitution rates in th80ER,215]
departures from the correlation between observed relative substitution and heteroplasmy
rates by position in the CR38,206,207hnd patterns of substitutiofiL89,213,216,217]

among others) and heteroplasf@93,218]in thecoding region.
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Soareset al.

2009 relative
PHP Source Data substitution rate  Gene/Region Syn/NonSyn
Observed in two individuals in a single study

1438R 2 from Kinget al.2014 10 12S

2083Y 2 from Kinget al.2014 1 16S

3492M* 2 from Liet al.2010 0 ND1 NonSyn
8994R 2 from Kinget al.2014 6 ATP6 Syn
Observed in two individuals from different studies

2887Y 1 from Ramost al.2013 and 1 from this study 2 16S

5177R 1 from Kinget al.2014 and 1 from this study 3 ND2 Syn
7754R 1 from Kinget al.2014 and 1 from Let al.2010 1 CO2 NonSyn
9025R 1 from Kinget al.2014 and 1 from this study 1 ATP6 NonSyn
12654R 1 from Liet al.2010 and 1 from this study 3 ND5 Syn

* Likely not authentic

Table 6.14 Coding region point heteroplasmies observed in more than one individual

No coding region PHPs were found in multiple individuals in our stMdyen coding region PHP data
from more han 1000 individuals[89,203,204] plus the current study) was combined, only nine coding
region PHPs were observed in more than one individDake of these PHPs (3492M) is likely not

authentic

In a substantial departure from the abowentioned studies regarding
heterophsmy across the mtGenome, a very recent examination of mtDNA sequences
from 1,085 individuals using high coverage depth MPS data and an ~1% heteroplasmy
detection threshold found 4342 total PHPs at 2531 mtDNA positions (of 13,659 positions
examined), of with only 69.42% were observed in just a single individizdl9].
Relying on the same relative substitution rates published by Setaabfl 39] referenced
above, Yeet al. [219] reported a positive correlation between relative substitution rates
and heteroplasmy rateB%= 0.3702) However, coding region heteroplasmies were not
separated from CR heteroplasmies for that analysis, and an associdiieerbe

substitution and heteroplasmy hotspots has been previously described for th88CR
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When we applied the same analysis to all 166 PHPs detected in our studyo{sixnd

102 PHPs in the CR and coding regioaspectively), a similar positive correlation was
observed R = 0.3003,r = 0.5480; see Figuré.8a) despite the clear lack of correlation
between relative substitution rates and heteroplasmy rates among the coding region PHPs
in this study When the sme regression analysis was performed using only the 3547
coding regionPHPs reported by Yet al. [219], a much weaker positive correlation
between relative substitution rates and heteroplasmy rates was ob§&rveéi {076, r =

0.3280; see Figuré.8).

Additionally, further examination of the PHPs reported by éteal. [219]
indicated that some may be due to mixtures between distinct individuals/samples, rather
than true intraindividuamtDNA variation For example, among the sevewtye PHPs
reported for sample HG00740, nearly all of the positions are diagnostic for two distinct
MtDNA haplogroups (L1blala and B2b3a; according to Build 16 of PhyldTié&d).

Similar issues were observed among the PHPs described in another recent report on
human mtGenome heteroplasia0]. In that paper, nearly all of the twenty PHPs given

for sample NA12248 (for example) caa ascribed to one of two haplogroups (U5b2a2b

or Hle), and few PHPs that would be expected from a mixture of two samples
representing those haplogroups are abs€&hese findings cast some doubt on the
veracity of the incidence and pattern of heteroplasepprted in the Yet al.[219] and

Sosaet al. [220] studies, and thus the conclusions those authors have drawn from the

data.
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Figure 6.8. Correlation between PHP observations anetlative mutation rates

Plots reflect the relative substitution rate for each PHP observed a) across the entire mtGenome in our study
(166 total PHPs) and b) only the coding region PHPs ietYa. (3547 in total)219]. The R value for all

PHPs across the full mtGenome in this study (a) is similar totvealRe reported by Yet al.(compare to

their Figure S6B), and the strength of the positive correlation between relative substitution rates and

heteroplasmy rates rieduced when the Yet al. analysis was repeated without the CR PHPs.

Among the PHPs observed in the CR in our study, all but two (97%) were

transitiontype (purine to purine, or pyrimidine to pyrimidine) PHPs; and of these,
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approximately twethirds were pyrimidine transitions while onthird were purine
transitions (Table$.11and6.13. The 1.6:1 pyrimidine to purine ratio for PHPs in the
CR is consistent both with earlier analyses of CR heteropl§s88;221]and with the
approximately 1.3:1 pyrimidine to purine ratio in the nucleotide composition for the
region Only one of the 102 PHPs in the coding region was a transveygerchange,
indicating an even more extreme bias toward transtiyipe heteroplasmies than has
been previously reportd@03,218] And in contrast to the CR, more of the coding region
PHPs were purine (59%) versus pyrimidine (41%) transitions, despite a pyrirtodine
purine ratio (in terms of average overall nucleotide composition for the coding region)
that is nearly identical to the CRhe same phenomenon has been observed in previous
studies of both substitution and heteroplasmy in the coding rgd222]

Figure6.9 displays the proportion of PHPs observed by mtGenome region in our
data; and Figuré.10details both the proportion of positions within each coding region
gene at which PHP was observatid the portion of that variation that would lead to
synonymous and nonsynonymous changes to the amino acid if the observed mutations
were fixed In our data, the highest rate of PHP was observedTR8 (four PHPs
observed across 207 total positionEhe lowest rate of PHP was seen ND3, with
heteroplasmy observed at just one of 346 possible positions, followed closely by 12S
rRNA. Consistent with previous reports on coding region substitufidh6,222] the
highest rate of nonsynonymous variation in our heteroplasmy data was obsekI€thin
where six of seven PHPs would result in amino acid changes if the mutations were to
become fixedThis 1:0.17 nonsynonymous to synonymous ratio excdezlgene with

the next highest raticQYTB 1:0.6) more than-8ld. However,ATP§ with the highest
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overall rate of PHP in this study, and previously reported to have a high rate of
nonsynonymoussubstitution [222], had one of the lowest nonsynonymous to
synonymous heteroplasmy ratios at.1V8ith regards to codon position, 87% of the
seventysix PHPs in protektoding genes were observed in first or third positions,
whereas only ten were observed in the second codsitign (see Tablé.13. However,

all first codon position PHPs we detected were nonsynonymous chappeeximately

twice as many PHPs occurred in third versus first codon positions, and the first to second

to third position ratio for PHPs was 2.2:1:4.5

® Non-coding rRNAs ®tRNAs ™ Protein-coding genes

Figure 6.9 Point heteroplasmies by mtDNA region type
PHPs across all samples were categorized into four regionscodimg, rRNAs, tRNAs, and protein
coding genesAll PHPs in norcoding regions were found in the CR (that is, no PHPs were obsartresl

small intergenic nowoding regions).
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Figure 6.1Q Point heteroplasmyproportions by gene

PHPs across all protetoding genes plus the two rRNAs and all tRNAs (combined) were plotted by the
fraction of potential positions (size of the geneyvhich PHPs were observethus, the height of each bar

in the histogram indicates the relative rate of mutation observed for eachrgeractual number of PHPs
observed for each gene are indicated above the Daesmutations in the thirteen proteiading genes

were categorized as to synonymous or nonsynonymous amino acid changes if the mutations were to

become fixed.

Overall, the nonsynonymous to synonymous change ratio for the seienty
PHPs detected in protegoding genes in our study was 1;1advalue that is in close
agreement with a recent report on coding region heteropl§d3}. Our ratio is both
closer to a neutral model of sequence evolution and significantly different from some
previous examinatiaof patterns of coding region substitution in protein coding genes

(1:2.32 from Elsoret al.[216], p=0.035; and 1:2.5 from Kivisildt al.[217], p=0.013),
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but is not signifiantly different from the overall ratio determined from an evaluation of
>5000 published mtGenomes by Perataal. (1:1.97,[222]). However, the ratio from

our datawassignificantly different from the nonsynonymote synonymous ratio those
authors reported for the substitutions with frequencies at 0.1% or greater in the dataset
(1:2.69, p=0.006)

In addition to calculations of overall nonsynonymous to synonymous change
ratios, examinations of protecoding gene dastitutions in previous studies have also
found 1) a higher proportion of nonsynonymous variation and 2) higher pathogenicity
scores for nonsynonymous substitutions in younger versus older branches in the human
mtDNA phylogeny and other specigd39,216,217,223,224famong multiple others),
both of which provide further evidence that selection is acting to remove deleterious
mutations fom the mtGenome over timé&/hen we compared the average pathogenicity
scores (based on MutPred val(225] reported by Pereirat al.in their tables S1 and S3
[224]) for a) all posible nonsynonymous substitutions across the mtGenome, b) the sixty
nonsynonymous PHPs detected in our haplotypes and reported in three recent studies
[89,203,204] and c) the nonsymymous substitutions evaluated by Pereital. [224]
for mtDNA haplogroup L, M and N trees, the results again indicated that heteroplasmic
changes appear closer to a neutral model of sequence evolution than deteompl
substitutions (Figures.11). While the difference between the average pathogenicity
scores for heteroplasmies versus all possible substitutions was statistically significant
(p=0.01), the average pathogenicity score for the PHPs was also signifibeyitér
(p=0.0001) than the average for the haplogroup L, M and N substitutions with rho values

of zero (that is, the mutations observed at the tips of the trees) reported by &exeira
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Figure 6.11. Synonymous change rates and pathogenicity scores fieteroplasmies versus complete
substitutions

Panel A displays the synonymous change rates (relative to a nonsynonymous change rate of 1) for
heteroplasmies (from this study and Rametsal. [203]) and substitutionsralyzel in previous studies
[216,217,222]Panel B displays the average pathogenicity scores (basedt®nddwalue$225] reported

by Peréra et al.[224]) for all possible substitutions, the sixty total nonsynonymous heteroplasmies detected
in our haplotypes and reportedthree previous studig89,203,204] and complete substitutions analyzed

by Pereiraet al. [224]. In each panel, asterisks represent statistically significant differences from the

heteroplasmies (red bars).
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In other words,the heteroplasmic variants in our study have greater potential for
deleterious effect than the most recently acquired complete substitutions in the
haplogroup L, M and N lineages analyzed by the autligik®n the relative evolutionary
timescales for heteplasmy versus the fixation of new mutations, these comparisons
between heteroplasmic changes and complete substitutions in jmodeny genes
across both close and distant human mtDNA lineages thus also appear to provide some
further support for the te of purifying selection in the evolution of the mtDNA coding

region.

6.4. Conclusions

The 588 complete mtGenome haplotypes that we have reported here were
developed according to current besactice guidelines in forensics for the generation
and reviewof mtDNA population reference dafd3,44] The use of a robust PCR and
sequencing strategy, primarily robotic sample handling, electronic data transfer,
adherence to phylogenetic alignment rulé8,44,167] with reference to the current
MtDNA phylogeny[115], repeated reviews of the raw data, and the inclusion of multiple
quality control measures ensure that these haplotypes meet the highest data quality
standards and are appropriate for forensic Usderms of data review, though two
laboratores highly accustomed to examining mtDNA sequence data were involved in this
databasing effort (AFDIL and EMPOP), a small number of haplotype discrepancies (most
regarding missed or misidentified heteroplasmies by one laboratory or the other) were
encounteed when the raw data reviews were compaleaddition, two alignments that

did not adhere to the mtDNA phylogeny and were overlookelolylaboratories were
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later found upon screening all >2000 indels in the 588 haplatydee typically very
easilyresolved by reeview of the raw data, these discrepancies and misalignments (all
fully corrected in the final haplotypes reported here) once again highlight the importance
of incorporating multiple levels of quality control in the review of mtDNA popaoiat
reference data generated for forensic purposes

The biogeographic ancestry proportions inferred from the full mtGenome
haplotypes are consistent with previouplyblished mtDNA CR datasets for the same
three U.S. populations, thus demonstrating thatpopulation samples reported here are
as representative as the reference population data on which current haplotype frequency
estimates relyThe single exception was the Native American ancestry component of the
U.S. Hispanic population sample, whichifered significantly between this and one
previous study[192]. This is likely explained by geographic sampling differences
between the earlier study and the WUale population sample we report here

On average full mtGenome sequencing increased the proportion of unique
haplotypes in each population sample by 19.3% over what would have been achieved
with CR sequencing, and by 35.2% over HV1/HV2 sequendihgugh these resolution
improvements and the overall maty of shared mtGenome haplotypes in each population
sample (in both this and another recent st{&8]) clearly reveal the discriminatory
power of complete mtGenome typing among randesalmpled individuals, the
devdopment of LRs using the currenttgcommended44] ClopperPearson method for
95% confidence interval calculatiofis88] will largely negate this advantage (in terms of
describing the statistical weight of a match for a novel haplotype) until full mtGenome

databases are substantially largéecause of this, and the anticipated movement from
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CR-only sequencing to typing greater pons of the mtGenome in forensic practice, the
guestion of how best to capture and convey this additional discriminatory information
arises For the specific scenarios presented here, there would seem to be some benefit in
statistical approaches that takéo account both database size and datab@s@osition

As the haplotypes reported here are based on high quality Sanger sequence data
with minimal noise, these 588 profiles permit the most extensive insight to date into the
heteroplasmy observed asso a large set of randormbampled, population based
complete mtDNAs developed to forensic standaiidse incidence of PHP across the
entire mtGenome that we detecte@3.8% of individuals- is strikingly similar to the
PHP frequency described in two piays analyses[203,204] This PHP rate is
substantially lower than the incidence of heteroplasmy reported in recent MPS studies
using bioinformatics methods (and in one case, a detection thresholdteld$é)
[219,220] yet those higher heteroplasmy rates are questionable due to errors detected in
at least some of the data far greater proportion of individuals exhibited LHP in our
study than has le@ previously reporte§R03], in largest part due to 1) the LHP we
detected in the 12418425 adenine homopolymer, and 2) the differences between the
populations examinedVhen PHP and LHP are considered in combinatiaarly all
individuals (96.4%) in this study were heteroplasmibough our data even when
considered in combination with previous studiegrovide only a preliminary look at
coding region heteroplasmy (versus the extent of information now availabig@NA
CR heteroplasmy), comparisons between coding region heteroplasmy and substitution
patterns seem to provide additional support for selection as a mechanism of human

mtGenome evolution.
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The complete mtGenome databases representing the African Ametica.
Caucasian and U.S. Hispanic populations that we have developed will be available for
guery using forensic tools and parameters in an upcoming version of EMPOP (EMPOP3,
with expected release in late 201¥86]). In addition, the haplotypes are currently
available in GenBankThese extensively vetted and thoroughly examined Sdvagsd
population reference data provide not only a solid foundation for the generation of
haplotype frequency estimates, but can also sasve benchmark for the evaluation of
future mtGenome data developed for forensic purpofés includes comparative
examination of the features (e.g. variable positions, indels, and heteroplasmy) of not only
datasets developed as additional populatidareace data, but also single mtGenome
haplotypesi especially those generated using MPS technologies and protocols new to

forensics’ from casework specimens.
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Chapter 7. Questioning the prevalence and reliability of human
mitochondrial DNA heteroplasmy from massively parallel sequencing

data

In their analysis oMPS data from the 1000 Genomes Project, éfeal. [219]
reported a very high rate of humamtDNA heteroplasmy (89.68% of individuals),
including up to seventyone PHR within a single individual, when using an
approximately 1% minor allele frequency (MAF) thresholohspection of the
heteroplasmy data detailed in their Dataset S1 revealed that contamination, not
intraindividual variation, is the sourcé at least some of the reported heteroplashoy
instance, among the fifteen samples with twenty or more heteroplasmies, all appear to be
a mixture of at least two distinct individuals, and a minimum of 80.7% of the 584
heteroplasmies occurred at posigaiagnostic for the mtDNA haplogroups represented
in each mixtureTo cite specific examples: for sample HG00740, nearly all (90%) of the
seventyone heteroplasmies can be ascribed to one of two distinct mtDNA haplogroups
(L1bla7a, of sutsaharan Africarancestry; and B2b3a, a Native American lineage); and
for sample HGO1108Figure 7.1) fifty and twelve of sixtynine total heteroplasmies are
diagnostic for haplogroups LOala2 (sté@haran African) and M7clb (East Asian)
respectively (according to Build & PhyloTreg115]). Even among the heteroplasmies
reported for these samples that do not match an mtDNA haplogroup motif, some are
likely due to private mutations in either individual represented in each mixathesrr

than true intraindividual variation
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Absent an irdepth analysis of all 4342 heteroplasmies reported bgt¥. it is
unclear what MAF threshold would be needed to eliminate all of the variant positions that
are the result of mixturesWhen we aplied a 15% MAF cubff no haplogroup
diagnostic positions remained for sample HG00740, but a 25% threshold would be
required to achieve the same result for sample HGOH®&§ardless, it is evident that the
conclusions drawn by the authors should besitad if the data themselves are flawed
For example, in contrast to the positive correlation between substitution rates and
heteroplasmy rates reported by the authors, no correlation was obsef¥8d(R979,
p=0.23) when only the coding region hetergpiées with a MAF greater than 15% were
analyzed using the same substitution rate data employed by the authors

While use of a higher MAF threshold will undoubtedly exclude authentic
heteroplasmies present at lower frequencies, the heteroplasmy deteeshold applied
to MPS data must be high enough to both eliminate false positives due to chemistry,
template or bioinformatic method limitations, as well as overcome any sample mixtures
present in the data (due to contamination resulting from the progessvironment, or
jumping PCR when indexed samples are pooled during library preparation), even when
other quality control measures (such as quality score filtering and dstnahel
validation) are implementefR04]. Given errors identified in another recent study in
which extensive human mtDNA heteroplasmy within individuals was clai®@&11]
the question of whether mtDNA heteroplasmy present at low frequissythian 8.0%)
within an individual can beeliably detected using current MPS technologies and
bioinformatic approache$ even when coverage depths are very higlhremains

unanswered.
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Figure 7.1. Sample HG01108 heteroplasmies represented in the humatDNA phylogeny

To rCRS

The figure displays a simplified representation of the r@Ré&nted version of the currently accepted
human mtDNA pylogeny (PhyloTree Build 1BL15]) that includes only the branches relevantdample
HGO01108 Symbols and nomenclature are consistent with PhyloTree, where the @ symbol signifies
mutation toward the rCRS state, nucleotide positions in parentheses represent mutations that may or may
not be present, and inclusion of a nucleotide dfterbase position indicates a transversinrthis figure,

sample HG01108 heteroplasmies that can be ascribed to haplogroup LOala2 are highlighted in orange, and
sample HG01108 heteroplasmies at positions diagnostic for haplogroup M7clb are hightigiteehi

Branch positions highlighted in gray represent a mutation and reversion combination on the path between
the LOala2 and M7clb lineages (positions 146, 152, 182, 195, 263 and 16278), or homoplasy (position
5442), and thus would not be expected tmbserved as variant in a mixture of individuals of these two
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ancestries (and were not reported as heteroplasmic for sample HGQIOAB)2 and M7clb haplogroup

diagnostic positions that were not reported as heteroplasmic in sample HG01108 (positiagigigbted)

may be accounted for by a) the 2930 mtDNA positions that failed quality control standards andr¢hus we

not examined by Yet al. [219] for any sample, and b) additional potentially variant positions on-a by

sampl e basis that did not meet the authorsé criteri
explanations, such as reversion as a private mutatt@m)the seven heteroplasmies reported for sample
HGO01108 that were not ascribed to eithaplogroup (at positions 5112, 12616, 12684, 13095, 15891,

16362 and 16519), these may be due to either a) private mutations in either individual represented in the

mixture, or b) true mtDNA heteroplasmy.
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Chapter 8. Summary and future work

The research presented here demonstrates the utility of typing portions of the
mtDNA molecule outside the CR for forensic identification purposes, describes the need
for complete mtGenome databases for forensic comparisons, presents a -tmas®tS
stratgy for production of mtGenome haplotypes to current forensic data quality
standards, and reports full mtGenome reference data for three U.S. populations (African
American, U.S. Caucasian and U.S. Hispani€he ancestry proportions of the
population sampkeare largely consistent with CR datasets on which haplotype frequency
estimates and LR calculatiomsesently rely, andhe nearcomplete resolution of the
haplotypes across the full mtGenome establishes empirically the discriminatory potential
of full mtGenome sequencing for forensic purposesaddition to the utility of these
population data for the generation of mtGenome haplotype frequency estimates and as a
benchmark for the evaluation of future mtGenome data produced using new protocols
and technlogies, their development from very low DNA quantity samples demonstrated
that large (>2 kilobase) mtDNA fragments could be routinely recovered from forensic
like specimens in higkhroughput fashionThe more than 500 extensively vetted
haplotypes, repsenting a broad range of mtDNA haplogroups and determined from very
high quality Sanger data, have provided the best insight to date into the patterns and
incidence of heteroplasmy in the mtDNA coding region, and provide further support for

purifying seletion as a mechanism of human mtDNA evolution.
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Nearterm work arising directly from the research presented in this thesis

Future work on the mtGenome haplotypes reported here should include an
evaluation of the data in a phylogenetic framework to assestign-specific mtDNA
substitution rates for the coding regidiie relative substitution rates for positions across
the full mtGenome developed by Soaetsl.[139] are an extremely useful resource and
have been wdely cited in mtDNA studies since their publication (and were utilized in
Chaptes 6 and 7 of this thesis as a point of comparison for patterns of coding region
heteroplasmy) However, though these rates were determined from a large set of
mtGenomes (more than @0), some of the published datasets that were utilized may
contain errors; and such erragrespecially if systematic within particular datasetaay
impact the relative substitution rates developed from analyses of theGie¢m the
extremely high stagtards to which the haplotypes reported in this work were developed,
it would be worthwhile to use these data to estimate relative substitution rates, and to
compare the rates to those published by Saztrak Refinement of mtDNA substitution
rates will povide a more thorough understanding of patterns of mutation in the coding
region, which will assist in the interpretation of mixed contributor samples, heteroplasmy
and DNA damage as they are encountered in forensic casework.

In addition to clarifying comhg region substitution rates, a phylogenetic analysis
of the haplotypes (perhaps in combination with other published full mtGenome datasets
that are likely to be free of errors) may result in greater resolution of portions of the
human mtDNA phylogenyAs Appendices AC demonstrate, while the haplogroup
assignments for the majority of haplotypes are highly refined, some assigned haplogroups

(e.g. A2) are rather coarse by comparisdhose assignments, developed using an
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automated, maximum likelihoelsasedorogram that relies on both published mtGmees

and Build 16 of PhyloTre¢115,184] generally reflect the current knowledge of the
human mtDNA phylogeny, which is based on most of the complés@mname sequences
published (or publicly available) to date (more than 20,000 as of 19 Feb 2014,

www.phylotree.ord115]). Thus analyses of haplotypes representing less hrgsblved

branches of the tree may result in further insight into the molecular evolution of those
lineages and the population histories they represent.

Essential to the validation of mtDNA population reference datasets for forensic
use are quality controthecks o the data[43]. For mtDNA CR datasets, the field
standard at present, two leading forensic journals (Forensic Science International:
Genetics and the International Journal of Legal Medicine) require quality evalwht
the data (performed by EMPQOR11]) prior to manuscript acceptang43,112,114]
EMPOP performs these examinations using a varietyppliGations developed ihouse
or modified for forensispecific and automated ug3]. Yet, the majority of these are
specific for CR (or partial CR) data and cannot yet be applied to complete mtGenome
datasetslt is in part for this reason that the haplotypes reported in Chapter 6 were
repeatedly and thoroughly examined; no tools yet exist that would permit an automated
evaluation of the data qualityhus, modification of the tools currently employed by
EMPOP, or the deelopment of new applications, will be required to adequately assess
the quality of future full mtGenome datasets in a more automated fashion (especially
given the expected increase in the volume of mtGenome data produced as forensic
reference data)To this end, EMPOP plans to utilize the highality and thoroughly

vetted mtGenome haplotypes reported in Chapter 6 as a reference dataset to develop both
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a screening method for indel placement according to phylogenetic alignment rules
[43,44,167] as well as populatiespecific filters for quasi median network analyses
[43,111,226,227f full mtGenome datePresumably, these filters and a network analysis
applicationcould be available in the future on the EMPOP website to enable researchers
to evaluate their own datasets, as is presdahtycase for CR data with the current

version of EMPORA43,227]

Additional areas for longeterm research focus and consideration

Looking ahead, it is evident that larger mtGenome databases rEprgse
additional population groups (both U.S. and global) will be needed in foreAsidbe
examination of LRs in Chapter 6 demonstratese of the presentlgroscribed[44]
ClopperPe ar son fexact o0 nfisentehintedsal ¢aloulatiortElB8}owillc o
result in LRs for novel full mtGenome haplotypes that are smaller than CR haplotype
LRs due entirely to the disparity in dbtese sizes, despite the distinctly lower random
match probability when the complete mtGenome is typed clearly, the databases
reported in this study will not be appropriate for the development of haplotype frequency
estimates when gquestioned specimaresbelieved to originatedm norU.S. population
groups[43].

As many of these mtGenome databases will likely be developed using MPS
protocols and technologies (given the cost and throughput advantages in comparison to
Sanger sequencingB89]), an obvious area for continued research is in theldpment
and validation of laboratory protocolgjata analysis pipelinegand interpretation

guidelinesthat produce mtDNA profiles that meetetceed current standards for Sanger
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data Here, the seemingly best approach is generation of-bR8d haplotypes from the
same specimens for which higjuality Sanger data is available (or can be developed
concurrently) so that direct comparisons betwdnendata types can be perform&dich
work is already underway in multiple forensic laborator[66,214228], among others),
and will likely continue at leasuntil (if not beyond) the time when recognized
authoritative bodies for forensic genetics (e.g. the U.S. Scientific Working Group on
DNA Analysis Methods (SWGDAM), and the International Society for Forensic
Genetics (ISFG) DNA Commissiof#3,44)) publish guidelines for the use of MPS
technologies for mtDNA data generation for both reference population samples and
casework specimens

In line with these effds, a question that naturally arises from the analyses of
mtGenome heteroplasmy rates presented in Chapters 6 and 7 is: at what MAF can
authentic mtDNA heteroplasmy beliably detected in MPS data? In addition to some
notably problematic reports on mtl\heteroplasmy fronoutside the field of forensics
[211,219,220,229] a few forensic studies have also described detection of variant
nucleotides at very low MAFs when data resulting from artificially mixed retexen
guality samples have been examined (<§%8,100). In addition, a very recently
published study of 39 mothehild pairs reported heteroptag detected at the 0.1%
level [230]. However, 2% of the heteroplasmies could not be verified by digital droplet
PCR, and the detection of heteroplasmy at such a low thdesbguired an average
sequencadepth of 20,000X a level of coverageor that will not be costffective in
forensic practiceThus, no study has yet convincingly demonstrdi@@so consistent and

reliable heteroplasmpr mixture detectin i accuratelydistinguished from any other
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errors or artifacts presenit at very low frequency levels from MPS data, and authentic
casework material has not yet been examined in this reGavdn the complexities
associated with the forensic specimens to which mtDNA typing is oftdiedpip seems
possible that further research may demonstrate that thresholds for accurate heteroplasmy
detectionfrom cas&ork materal will never achieve the sub-B0% levels across the
molecule that have been promised in some studies (due both to template limitations and
the extreme sensitivity of MPS methods to contamination); and thus that the application
of MPS data in forensic practice may be no more sensitive to heteroplasmy detection than
the highquality Sanger data that can be developed at present. Regardless ceanghre
efforts aimed at determining the lowest possible MAF threshbtmlgh, it is important
to note that mtDNA heteroplasmy detection guidelines for MPS data for forensic
purposes will likely need to be determined via internal validatiomliss on a by
laboratory, byplatform and byprotocol basis, in the same way that stutter filters and
relative fluorescent unit thresholds are presently detewniar STR typing in forensics
[231,232] Whatever the intent of the research (tending toward basic or applied),
additional and more focused investigations into mtDNA heteroplasmy detection (and,
very similarly, the deconvolution of mixed cobutor sample$§ which has implications
beyond forensic identity testin@8]) from MPS data are clearly warranted.

An additional question facing the forensic mtDNA community is an ethical one
Given the potentidfor the discovery of medically relevant information, should the entire
mtGenome be sequenced from known specimens in the context of human identification?
While a recommendation on this front is beyond the intended scope of the work presented

in this thess, it is perhaps worthwhile to direct readers to some of the relevant forensic
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literature, and the current knowledge regarding diseslated mutations in the
mtGenome, given the anticipated discussion on this topic in the near. fAgin@as
reviewed inChapter 2, over the past ten years forensic laboratories in the U.S. have taken
differing approaches to typing variant positions in the mtDNA coding region with the
potential for nonsynonymous amino acid chand88,69,145,171] The website

MITOMAP (http://www.mitomap.org[9]) includes a catalog of diseaassociated

MtDNA point mutations, indels and rearrangemeAs of 16 April 2014, MITOMAP

listed seven reported (but not confirmed) associations with mtDNA control region point
mutations, and an additional nine unconfirmed associations for mutations at synonymous
posiions in the coding region264 such associations have been reported for
nonsynonymous mutations in the coding region, of which just tweingy are listed as
confirmed at twentgix total mtGenome positiondhe majority of these confirmed
reports on poinmutations are related to two specific diseases: Leberdiiang Optic
Neuropathy (LHON)[233,234] and Leigh Diseas¢235]. While the detection of
medcally relevant information in the course of forensic identity testing is clearly not
desirable, a codtenefit analysis of complete mtGenome sequencing may determine that
a) the risk is acceptably small given the reported incidence and penetrance rofe@mnfi
mtDNA-associated disorders in the general population, and b) the potential for detection
of diseaseassociated information exists wiiny genetic typing system, even current
forensic DNA targets (e.g. the mtDNA CR, which encodes regulatory informafiad
certainly, if the complete mtGenome were to be typed for forensic purposes, there are

existing models in other genetic testing disciplines for the storage, protection and
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reporting of sensitive genetic information that could potentially be adapteabdified
for such typing in a forensic context.

If the forensic community determines that the entire mtGenome can typed for
identification purposes, it seems it would also be worthwhile to revisit the interpretation
rules presently applied to match caamigons of mtDNA dataAs described ifChaper 1,
currentU.S. interpretation guidelingg4] dictate that matching nucleotide states at all
typed positions betweea questioned specimen and a known sample be reported as
Afcannot be excludedo, a mismatch at one po
mi smatch at two positions as an fAdexclusi o
originated from the same matal lineage) These rules are applied without regard to the
particular variant mtDNA positions in question, despite substitution rate heterogeneity
being a welknown feature of the human mtGenoi88,48,50,53,55,137,139,212,236]
Available information indicates that some coding region positionse halative
substitution rates on par with some of the fastesiving CR positions; and on the
opposite end of the spectrum, that many coding region positions have never been
observed as variarffor example, when the entire mtGenome is considered, ¢bokeg
region positions- 709, 11914 and 5460 rank among the 20 mtDNA sites with the
greaest number of observed changd89], yet nearly 65% ofproteincoding gene
positions were completely invariant in an analysis more than5000 complete
mtGenomes[222]. Given the high relative substitution rate of some coding region
positions, future mtDNA match comparisons based on larger portions of the molecule
may require the forensimtDNA community to evaluate and consider interpretation

guidelines that incorporate rate information in a statistical framework, rather than simply
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counting the number of differences between two mtDNA profiles, to accurately assess the
weight of such sequee differences and the likelihood of observation of more than one
complete substitution between generatidg@igarly, such an approach would also permit
more nuanced interpretation of a sequence difference observed between samples at a
single mtDNA positon when that position has an extremely low substitution fidte
incorporation of positiorspecific substitution rates into LR calculations for the
interpretation of mMtDNA match comparisohas been previously propog287,238] but

not yet implemented.

The future of forensic mtDNA typing

Finally, the likely neaterm use of MPS methods in forensics raises the question
of whether mtDNA sequencing will continue to be necessary or relexanntDNA
typing is often utilized when intact nuclear DNA templates are too limited to recover and
interpret using capillary electrophoresis fragment length analyses, will the increased
sensitivity of MPS in comparison to current typing methods make mtDN@eseing
obsolete? It seems unlikely, for several reasbirst, as described in the Introduction,
MtDNA typing is sometimes applied when the set of available references would preclude
STR kinship analyses, or the sample contains extremely limited wugiear DNA (e.g.
hair shafts) These scenarios and sample types will persist in forensic caseyemdnd
the routine performance of mtDNA sequencing at very few U.S. laboratories at present is
due in large part tthe cost of developing Sanger sequeti@ to forensic standards, the
need for qualitycontrolled reagents that are unavailable in kit form (as are available for

typing panels of STR loci), and the experience required to review and interpret sequence
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data As MPS protocols and bioinformatigsipelines are implemented in forensic
casework settings, the playing field for mtDNA and nuclear DNA may well be essentially
leveled With MPSbased typing, the development of both nuclear and mtDNA profiles
will require interpretation of sequence data fomensicspecific and sermutomated
bioinformatics methods; similar reagents and protocol steps will be utilized; and typing
costs may be more aliki seems that the near equalization of mtDNA and nuclear DNA
typing on these fronts could result more laboratories performing mtDNA analyses,
rather than fewerThird, as a colleague (Dr. Jodi Irwin) has noted, the potential to
recover full mtGenome data from low template and trace specimens with MPS, and the
utility of mtDNA data for mixture deconvolutim will likely motivate mtDNA typing on
all probative casework specimens regardless of whether nudétar may also be
recoverabld asthe inclusion of thesmtDNA profiles in CODIS should ultimatelgad
to additional missing persons identifications andensolved crimes.Finally, mtDNA
typing in forensics is unlikely to be obsolete anytime in the near future due to legacy
data Identical to the reasoning for maintaining the majority of the initial thirteen CODIS
core loci in new STR kits targeting a largnumber of markers (i.e. the composition of
STR profiles in existing databases to which newly developed profiles will need to be
compared, and the potential inability totype older specimens for different lo¢d39],
previously generated mtDNA haplotypes (for example, in missingoperdatabases,
including CODIS[240]) will also require direct comparison to profiles developed using
new methods.

With highly sensitive andmore costeffective typing methodologies on the

horizon, the forensic mtDNA field is truly maturing and approaching its fullest potential
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Though there is a clear need for further research to support the continued use of mtDNA
for forensic purposes, espally as relates to the implementation of MP&ed
protocols, the work presented in this thesis lays important pieces of the essential

foundation for extension of typing efforts to the full mtGenome
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Appendices

Appendix A. African American haplotypes

# of
Haplotypes Haplogroup  Sample Name(s) Haplotype (as differences from the rCRS)
2 \Y mtGAfrMD0003 263G 309.1C 315.1C 750G 1438G 2706G 4580A 4769G 5902C 7028T 8860G 15326G 15904T 16298C
mtGAfrVA0006

1 A2 mMtGAfrINO004 73G 146C 153G 235G 263G 315.1C 5824 663G 750G 1438G 1736G 2706G 4129R 4248C 4769G 4824G
7028T 7805A 8027A 8265C 8794T 8860G 10271T 11719A 12007A 12285C 12705T 13020C 14766T 1532¢
16111T 16183C 16189C 16193.1C 16223T 16290T 16319A 16362C

1 A2n mtGAfrNC0013  63A 64T 73G 146C 153G 235G 26 309.1C 315.1C 52324 663G 709A 750G 1438G 1736G 2706G 3849A
4248C 4769G 4824G 5105C 7028T 8027A 8794T 8860G 9344T 10700G 11719A 12007A 12705T 14766T
16145A 16223T 16290T 16319A 16362C

1 Ab5a3 MtGAfrKS0001  73G 207R 235G 263G 309.1C 315.1C 5234 663G 750G 1438G 1736G 2156.1A 2706G 4248C 4655A 476¢
4824G 7028T 8563G 8794T 8860G 9909C 11536T 11647T 11719A 12705T 12909G 14766T 15326G 1609
16187T 16223T 16290T 16319A

1 B2e mMtGAfrALO007  73G 263G 309.1C 309.2C 315.1C 499A 524.1A 524.2C 750G 882G 1438G 2706G 3547G 4769G 4820A
4977C 6119T 6473T 7028T 8283282 8283 8284 8285 8286 8287- 8288 8289 8860G 9950C 11177T
11419C 11719A 13590A 14049T 14308C 14766T 15326G 15535T 16182C 16183C 16189C 16193.1C 162
16362C 16519C

1 Clc mtGAfrCA0001  73G 249 263G 296 291- 315.1C 489C 750G 1438G 1888A 2706G 3552A 4715G 4769G 7028T 7196A 8584
8701G 8860G 9540C 9545G 9689R 10398G 10400T 10873C 11242T 11719A 11914A 12705T 13263G 14:
14318C 14766T 14783C 15043A 15301A 15326G 15487T 15930A 1622308C 16325C 16327T

1 D4e2 mtGAfrDC0003  73G 152Y 263G 315.1C 489C 750G 1438G 2706G 3010A 3593C 4769G 4883T 5178A 7028T 8414T 8701(
8860G 9540C 10398G 10400T 10873C 11215T 11719A 12705T 14668T 14766T 14783C 15043A 15301A :
15874G 16223T 16362C

1 Flblala mMtGAfrGA0010 73G 152C 249263G 309.1C 309.2C 315.1C 5Z24 750G 1438G 2706G 3970T 4732G 4769G 5049T 5147A
6392C 6962A 7028T 8860G 10310A 10609C 10976T 11719A 12406A 12633T 12882T 13928C 14476A 14"
15326G 15954G 16129A 16182C 16183C 16189C 181936232A 16249C 16304C 16311C 16344T 16519C

1 H mtGAfrNY0007 263G 315.1C 750G 1438G 2360C 4769G 6902G 8860G 15326G 16093Y

1 H39 mtGAfrWA0003 239C 263G 309.1C 309.2C 315.1C 750G 1438G 4769G 4890G 8860G 12145Y 15326G 16299G 16519C

1 H6alb4 mtGAfrVA0O004  239C 263G 315.1C 750G 1438G 3915A 4727G 4769G 5567C 8860G 9380A 10589A 15326G 16249C 163¢
16482G

1 Klblc MtGAfrTNO003  73G 94A 199C 263G 309.1C 315.1C 750G 1189C 1438G 1811G 2706G 3337A 3480G 4769G 5913A 6935
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8860G 9055A 9698C 9962A 10289G 1039805506 11299C 11467G 11719A 11914A 12308G 12372A 1416
14766T 14798C 15326G 15946T 16224C 16311C 16325C 16519C

K2abal

mtGAfrvI0001

73G 146C 152C 263G 309.1C 315.1C 324T 709A 750G 1438G 1811G 2706G 3480G 4561C 4769G 7028T
9055A 9698C 9716C 10550299C 11467G 11491G 11719A 12308G 12372A 14167T 14766T 14798C 15:
15803A 16148T 16224C 16235G 16311C 16519C

LOala2

mtGAfrGA0001

64T 93G 185A 189G 236C 247A 263G 315.1C-5234 750G 769A 825A 1018A 1048T 1438G 2245C 2706G
2758A 2885C 3516A 3594T 88C 4104G 4312T 4586C 4769G 5096C 5231A 5442C 5460A 5603T 6185C 7!
7146G 7256T 7521A 8428T 8468T 8566G 8655T 8701G 8860G 9042T 9347G 9540C 9755A 9818T 10398!
10589A 10664T 10688A 10810C 10873C 10915C 11176A 11641G 11719A 11914A 12007A 12705T 12720
13136G 13276G 13506T 13650T 14308C 14766T 15136T 15326G 15431A 16129A 16148T 16168T 16172(
16187T 16188G 16189C 16223T 16230G 16291Y 16311C 16320T 16357C 16519C

LOala2

MtGAfrMD0006

64T 93G 185A 189G 200G 247A 263G 315.1C 514T-&23F 750G 769A 825A 1018A048T 1438G 2245C
2706G 2758A 2885C 3516A 3594T 3866C 4104G 4312T 4586C 4769G 5096C 5231A 5442C 5460A 5603T
7028T 7146G 7256T 7521A 8428T 8468T 8566G 8655T 8701G 8860G 9042T 9347G 9540C 9755A 9818T
10589A 10664T 10688A 10810C 10873C 10915CAMID11176A 11641G 11719A 11914A 12007A 12705T
12720G 13105G 13276G 13506T 13650T 14308C 14766T 15136T 15326G 15431A 16129A 16148T 16168
16172C 16187T 16188G 16189C 16223T 16230G 16311C 16320T 16362C

LOala2

MtGAfrNC0015

64T 93G 185A 189G 200G 236C 242A3G 309.1C 315.1C 52824 750G 769A 825A 1018A 1048T 1438G
2245C 2706G 2758A 2885C 3516A 3594T 3866C 4104G 4312T 4586C 4769G 5096C 5231A 5442C 54604
6185C 7028T 7146G 7256T 7521A 8428T 8468T 8521G 8552C 8566G 8655T 8701G 8860G 9042T 9347G
9755A 9818T 10398G 10589A 10664T 10688A 10810C 10873C 10915C 11176A 11641G 11719A 11914A .
12705T 12720G 13105G 13276G 13506T 13650T 14308C 14766T 15136T 15326G 15431A 16129A 16148
16168T 16172C 16187T 16188G 16223T 16230G 16311C 16320T

LOalb2

mtGAfrMS0005

93G 95C 185A 189G 236C 247A 263G 315.1C-523F 750G 769A 825A 1018A 1048T 1438G 2245G 2706G
2758A 2885C 3516A 3594T 4104G 4312T 4586C 4769G 5096C 5231A 5442C 5460A 5563A 5603T 5911T
7028T 7146G 7256T 7521A 7711C 8428T 8468T 8566G 8655TGBB60G 8950A 9042T 9347G 9540C 9755
9804A 9818T 10398G 10589A 10664T 10688A 10810C 10873C 10915C 11176A 11641G 11719A 11914A
12705T 12720G 13105G 13276G 13506T 13650T 14007G 14106C 14308C 14766T 15136T 15326G 15431
16093C 16129A 16148T 16168T1&C 16187T 16188G 16189C 16223T 16230G 16278T 16311C 16320T

LOa2alb

mtGAfrCO0001

64T 93G 152C 189G 199C 236C 247A 263G 309.1C 315.1€H2B750G 769A 825A 1018A 1048T 1438G
2245G 2706G 2758A 2885C 3516A 3594T 3834A 4104G 4312T 4586C 4769G 5147A BAC 5460A 5558G
5603T 5711G 6185C 6257A 7028T 7146G 7256T 7521A 83882 8283 8284 8285 8286 8287 8288 8289
8428T 8460G 8468T 8566G 8655T 8701G 8860G 9042T 9347G 9540C 9755A 9818T 10398G 10589A 106
10688A 10810C 10873C 10915C 11143T 11172G76A 11641G 11719A 11914A 12007A 12705T 12720G
13105G 13276G 13506T 13650T 14182C 14308C 14755G 14766T 15136T 15326G 15431A 16093C 1614¢
16172C 16187T 16188G 16189C 16223T 16230G 16311C 16320T 16519C

Llbla

mtGAfrFLO009

73G 146C 152C 182T 185T 195@7A 263G 309.1C 315.1C 357G 5224 709A 710C 750G 769A 825A 1018/
1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701GHBEDG
10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789C 13880A 1396&
14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16172C 16187T 16189C 16223T 1626
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16270T 16278T 16293G 16311C 16519C

Llbla

MtGAfrTX0003

73G 152C 182 185T 195C 247A 263G 315.1C 357G 5824 709A 710C 750G 769A 825A 1018A 1738C
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393C 5655(
6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T BBILE:9540C
10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13563G 13650T 13789C 1388(
14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16187T 16189C 16223T 16264T 1627(
16278T 16311C 16519C

L1blal0

mtGAfrNC0003

73G 151T 152C 182T85T 195C 247A 263G 315.1C 357G 5824 709A 710C 750G 769A 825A 1018A 1738(
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393C 5655(
6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8BOBNE80C
10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789C 13880A 1417¢
14203G 14560A 14766T 14769G 15115C 15326G 16126C 16187T 16189C 16223T 16264T 16270T 16278
16311C 16519C

L1blal4d

mtGAfrSC0003

73G 152C 182T 185T 195C 2A 263G 315.1C 357G 52324 709A 710C 750G 769A 825A 1018A 1738C
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 3930T 4104G 4769G 5036G 5046A 5393(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G 8860G
10398G 10688A 10810C 10873C 11719A 12512T 12519C 12705T 13105G 13506T 13650T 13789C 1388C
14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16187T 16189C 16223T 16256T 1626¢
16270T 16278T 16293G 16311C 16519C

L1blal7

mtGAfrNC0007

73G 146C 15€ 182T 185T 189G 195C 234R 247A 263G 309.1C 315.1C 35766223573.1C 573.2C 573.3C
709A 710C 750G 769A 825A 1018A 1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693,
4104G 4769G 5036G 5046A 5393C 5655C 6548T 6827C 6989G 7028T 7055G 7146G73896T7521A 7859A
7867T 8248G 8468T 8655T 8701G 8860G 9540C 10398G 10688A 10810C 10873C 11719A 12519C 1270t
13105G 13506T 13650T 13789C 13880A 14178C 14203G 14560A 14766T 14769G 15115C 15326G 1562¢
16126C 16187T 16189C 16223T 16264T 16270T 16278T 16365COC

Libla3

mtGAfrALO001

73G 152C 182T 185T 189G 195C 247A 263G 309.1C 315.1C 357(5323709A 710C 750G 769A 825A 1018/
1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 3828G 4104G 4769G 5036G 5046,
5655C 6548T 6827C 6989G 702805bG 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G 88
9540C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506Y 13650T 13789C 138804
13980A 14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16187T 16189C 16223T 1626+
16270T 1628T 16293G 16311C 16519C

L1bla3

mtGAfrALO002

73G 150T 152C 182T 185T 189G 195C 247A 263G 309.1C 315.1C 357#GBRF09A 710C 750G 769A 825A
1018A 1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046/
5655C 6548T 687C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G ¢
9540C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789C 13880/
13980A 14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16187T 16189CI1BZHBIT
16270T 16278T 16293G 16311C 16519C

L1bla3a

mtGAfrKY0001

73G 152C 182T 185T 189G 195C 247A 263G 315.1C 357G %28 709A 710C 750G 769A 825A 1018A 1738(
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 3762G 4104G 4769G 5036G 5046A 55@3(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 7915T 8248G 8468T 8655T 8701G
9540C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789C 13880/
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13980A 14178C 14203G 14560A 14766T 14769G 15115C 15326G 16128TCT166189C 16223T 16264T
16270T 16278T 16293G 16311C 16519C

L1bla3a

mtGAfrMD0002

73G 152C 182T 185T 189G 195C 247A 263G 309.1C 315.1C 357(5323709A 710C 750G 769A 825A 1018,
1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 40868G 5046A 5393C 5655(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 7915T 8248G 8468T 8655T 8701G
9540C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789C 13880/
13980A 14178C 14203G 14560A 14766T 14769G 1&115326G 16126C 16187T 16189C 16223T 16264T
16270T 16278T 16293G 16311C 16519C

L1bla3a

mMtGAfrVA0012

73G 152C 182T 185T 189G 195C 247A 263G 315.1C 357G%28 709A 710C 750G 769A 825A 1018A 1738(
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 36984@ 4769G 5036G 5046A 5393C 5655C 654
6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7747T 7867T 7915T 8248G 8468T 8655T 8701G
9540C 10084C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789(
13880A 13980A 14178C 14203@360A 14766T 14769G 15115C 15326G 16126C 16187T 16189C 16223T
16264T 16270T 16278T 16293G 16311C 16519C

Llbla4

mtGAfrMI0003

73G 152C 182T 185T 195C 247A 263G 315.1C 357G 523 709A 710C 750G 769A 825A 1018A 1738C
2352C 2706G 2758A 2768G 2885C 3308ED4T 3666A 3693A 4104G 4769G 5036G 5046A 5393C 5655C 58
6260A 6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G
8860G 9540C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789C
1418C 14203G 14560A 14766T 14769G 15115C 15326G 16114A 16126C 16187T 16189C 16223T 16264
16265G 16270T 16278T 16293G 16311C 16519C

Llbla4

mtGAfrWA0002

73G 152C 182T 185T 195C 247A 263G 315.1C 357G 523 709A 710C 750G 769A 825A 1018A 1738C
2352C 2706@758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393C 5655C
6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G 8790A 8860C
10172A 10398G 10688A 10810C 10873C 11719A 12477C 12519C 12705T 131053 1383OT 13789C
13880A 14178C 14203G 14560A 14766T 14769G 15115C 15326G 16114A 16126Y 16189C 16223T 1626+
16270T 16278T 16293G 16311C 16399G 16519C

L1bla6

mtGAfrINOOO1

73G 152C 182T 185T 195C 247A 263G 315.1C 357G 528 709A 710C 750G 769A 825A 18A 1738C
2352C 2706G 2758A 2768G 2885C 3308C 3385G 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G 8860G
9755A 10398G 10688A 10810C 10873C 11719A 12519C 1278305G 13506T 13650T 13789C 13880A
14110C 14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16187T 16189C 16223T 1626
16270T 16278T 16293G 16311C 16519C

L1bla6

mtGAfrMO0004

73G 152C 182T 185T 195C 247A 263G 315.1C 357G 528 709A 710C 750G G9A 825A 1018A 1738C
2352C 2706G 2758A 2768G 2885C 3308C 3385G 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G 8860G
9755A 10398G 10688A 10810C 10873C 11719A1KC 12705T 13105G 13506T 13650T 13789C 13880A
14110C 14178C 14203G 14560A 14766T 14769G 15115C 15271T 15326G 16126C 16187T 16189C 1622:
16264T 16270T 16278T 16293G 16311C 16519C

Libla7

mtGAfrINO002

73G 152C 182T 185T 195C 247A 263G 315.1C 357G 528 709A 710C 750G 769A 825A 1018A 1738C
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393C 5655(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G 8860G
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10398G 10688A 10810C 188C 11719A 12519C 12705T 13105G 13506T 13650T 13789C 13880A 14178C
14203G 14560A 14766T 14769G 15115C 15326G 15406A 16126C 16189C 16223T 16264T 16278T 1629¢
16311C 16519C

Libla7

MtGAfrNY0004

73G 152C 182T 185T 195C 247A 263G 315.1C 357G 528 709A 710C 750G 769A 825A 1018A 1738C
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393C 5655(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7543G 7867T 8248G 8468T 8655T 8701G
9540C 10398G 10688A 10810C 108731719A 12519C 12705T 13105G 13506T 13650T 13789C 13880A
14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16187T 16189C 16223T 16264T 1627(
16278T 16311C 16519C

Libla7

mtGAfrPA0002

73G 152C 182T 185T 195C 198T 247A 263G 315.1C 357G &28 709A 710C 750G 769A 825A 1018A 1738C
2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393C 5655(
6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G 8860G
9540C 9855G 10398G 10688A IIRC 10873C 11719A 12519C 12705T 13105G 13650T 13789C 13831A 13
14178C 14203G 14560A 14766T 14769G 15115C 15326G 15706G 16126C 16187T 16189C 16223T 1626-
16270T 16278T 16293G 16311C 16519C

Libla7a

MtGAfrIL0004

73G 152C 182T 185T 195C 247A 263G 3@315.1C 357G 52FH24 709A 710C 750G 769A 825A 1018A
1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 5393(
6378C 6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7854C 7867T 8248G 8468T 8655T
8860G 950C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789C 1
14053G 14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C 16148T 16187T 16189C 1622:
16264T 16270T 16278T 16293G 16311C 16519C

Liclb

mtGAfrNC0005

73G 151T 152A82T 186A 189C 195C 198T 247A 263G 297G 315.1C 316A 523 750G 769A 825A 1018A
1291C 1438G 23922706G 2758A 2885C 3594T 3666A 3796 T 3843G 4104G 4219A 4688C 4769G 5553C 5
5951G 6071C 7028T 7055G 7146G 7256T 7389C 7498R 7521A 8027A 8277C 82788128C82468T 8619T
8655T 8701G 8860G 9072G 9467C 9540C 9861C 10084C 10321C 10398G 10586A 10589A 10688A 1081(
10873C 11719A 11899C 12681C 12705T 12810G 13105G 13485G 13506T 13650T 13789C 14000A 1414¢
14178C 14393G 14560A 14766T 14911T 15326G 15934R 16086Z9A 16187T 16189C 16223T 16241G
16278T 16291T 16294T 16311C 16519C

Lilclc

mtGAfrCA0004

73G 152C 182T 186A 189C 195C 247A 2283G 297G 315.1C 316A 385R 750G 769A 825A 1018A 1438G
2232.1A 23952706G 2758A 2885C 2882888 3208T 3594T 3666A 3796T 38843843G 4104G 4712T 4767G
4769G 5951G 6071C 6267A 7028T 7055G 7146G 7256T 7389C 7521A 8027A 8387A 8389G 8468T 8655T
8860G 9072G 9233C 9540C 10321C 10398G 10586A 10595C 10688A 10810C 10873C 11335T 11719A 1.
12810G 12879C 13105G 13485G 13506T 13658789C 14000A 14148G 14178C 14560A 14766T 14911T
15326G 16172C 16189C 16223T 16278T 16311C 16360T 16519C 16527T

Llc2ala

mtGAfrMI0004

73G 151T 152C 182T 186A 189C 195C 198T 247A 263G 297G 315.1C 316A 750G 769A 825A 1018A 142
1438G 2156.1A 23922706G2758A 2885C 3594T 3666A 4104G 4769G 5585A 5899.1C 5951G 6071C 6150,
6253C 7028T 7055G 7076G 7146G 7256T 7337A 7389C 7521A 7744C 8027A 8214C 8251A 8468T 8655T
8784G 8860G 8877C 9072G 9540C 10321C 10398G 10586A 10688A 10792G 10793T 10810C 1087GC 11
11719A 12049T 12705T 12810G 13105G 13149G 13212T 13281C 13485G 13506T 13650T 13789C 1400C
14178C 14560A 14766T 14812T 14911T 15016T 15326G 15784C 16071T 16129A 16145A 16187T 16189(
16213A 16223T 16234T 16265C 16278T 16286G 16294T 16311C 16360T 1658BLT16
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L1c2a2

mtGAfrVA0007

73G 151T 152C 182T 186A 189C 195C 198T 247A 263G 297G 315.1C 316A 709A 750G 769A 825A 942G
1420C 1438G 1531T 2156.1A 2395706G 2758A 2885C 3438A 3594T 3666A 4104G 4769G 5899.1C 5899.2
5899.3C 5899.4C 5899.5C 5899.6C 98%C 5899.8C 5899.9C 5951G 6071C 6150A 6253C 6990T 7028T 705!
7070T 7076G 7146G 7160T 7256T 7301G 7337A 7389C 7521A 8027A 8468T 8655T 8784G 8860G 8877C
9540C 10321C 10398G 10586A 10688A 10792G 10793T 10810C 10873C 11654G 11719A 12049T 12705
12810G13105G 13149G 13437C 13485G 13506T 13650T 13789C 14000A 14178C 14560A 14668T 14766
149117 15016T 15326G 15784C 16129A 16187T 16189C 16223T 16265C 16278T 16286G 16288C 16294
16311C 16360T 16519C 16527T

Lilc2bla

MtGAfrTX0005

73G 151T 152C 182T 186A 18AM5C 198T 204C 247A 263G 297G 315.1C 316A 508G 750G 769A 825A 1(
1438G 1709A 2220G 2392706G 2758A 2885C 3594T 3666A 4104G 4221T 4598C 4769G 5580C 5899.1C
5899.2C 5899.3C 5899.4C 5899.5C 5899.6C 5899.7C 5899.8C 5951G 6071C 6150A 6253C 6767G 7@8T
7076G 7146G 7256T 7337A 7389C 7521A 8027A 8296G 8468T 8655T 8701G 8784G 8860G 8877C 9072(
10031C 10321C 10398G 10586A 10688A 10792G 10793T 10810C 10873C 11164G 11654G 11719A 1204
12705T 12771A 12810G 12865G 13105G 13149G 13485G 13506T 136509CL34800A 14071G 14178C
14560A 14687G 14766T 14911T 15326G 16093C 16129A 16187T 16189C 16223T 16265C 16278T 16286
16294T 16311C 16360T 16362C 16519C 16524G 16527T

L1c2blc

mtGAfrLAO008

73G 152C 182T 186A 189C 195C 198T 247A 263G 297G 309.1C 315.1CGB3EA 723G 750G 769A 825A
1018A 1438G 23952706G 2758A 2885C 3421A 3594T 3666A 3777C 4104G 4769G 5580C 5894C 5899.1C
5899.2C 5899.3C 5899.4C 5899.5C 5899.6C 5951G 6071C 6150A 6253C 7028T 7055G 7076G 7146G 72°
7337A 7389C 7521A 8027A 8468T 8655T 8701G828B860G 8877C 9072G 9540C 10031C 10071C 10321C
10398G 10586A 10688A 10792G 10793T 10810C 10873C 11164G 11654G 11719A 12049T 12705T 1281(
13105G 13149G 13485G 13506T 13650T 13789C 14000A 14178C 14560A 14766T 14911T 15326G 1567~
16129A 16187T 16189C 16223 6265C 16274A 16278T 16286A 16292T 16294T 16311C 16360T 16519C
16527T

L1lc3a

mtGAfrFL0002

73G 151T 152C 182T 186A 189C 247A 263G 309.1C 315.1C 316A%2B 750G 769A 825A 1018A 1438G
2395 2706G 2758A 2885C 3594T 3666A 4104G 4769G 5951G 6071C 6224@A66791G 6917A 7028T 7146C
7256T 7389C 7498A 7521A 7789A 8027A 8468T 8655T 8701G 8860G 9072G 9540C 9966A 10398G 1058
10688A 10810C 10873C 11302T 11719A 12019T 12501A 12705T 12810G 12906T 13105G 13485G 13506
13650T 13789C 14000A 14178C 14560A 147669114 15226G 15326G 15905C 15978T 16129A 16182C
16183C 16189C 16215G 16223T 16278T 16294T 16311C 16360T 16368C 16519C

L1lc3a

mtGAfrNJO001

73G 151T 152C 182T 186A 189C 247A 263G 315.1C 316A 528 750G 769A 825A 990C 1018A 1438G 239!
2619G 2706G 2758R885C 3594T 3666A 4104G 4769G 4977C 5951G 6071C 6128T 6221A 6260A 6917A 1
7146G 7256T 7389C 7498A 7521A 7789A 8027A 8468T 8655T 8701G 8860G 9072G 9540C 9966A 10398
10586A 10688A 10810C 10873C 11302T 11719A 12019T 12375C 12501A 12705T 12810G 13165G 133
13485G 13506T 13650T 13789C 14000A 14178C 14560A 14766T 14911T 15226G 15326G 15905C 1597¢
16093C 16129A 16183C 16189C 16193.1C 16215G 16223T 16278T 16294T 16311C 16360T 16519C

Llc3ala

mtGAfrSC0001

73G 151T 152C 182T 186A 189C 247A 263G 309.1C 3AR16A 523 524 750G 769A 825A 1018A 1438G

2387C 23952706G 2758A 2885C 3105G 3594T 3666A 4104G 4769G 5951G 6071C 6221A 6260A 6917A 1
7146G 7256T 7389C 7498A 7521A 7789A 8027A 8468T 8655T 8701G 8860G 9072G 9540C 9966A 10398
10586A 10688A 10810C 108T 11302T 11719A 12019T 12501A 12616C 12705T 12810G 13105G 13204A
13485G 13506T 13593T 13650T 13789C 14000A 14178C 14560A 14766T 14911T 15226G 15326G 15905
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15978T 16093C 16129A 16183C 16189C 16193.1C 16215G 16223T 16278T 16294T 16311C 16360T 165!

L1c3blb

mtGAfrPA0001

73G 151T 152C 182T 186A 189C 247A 263G 309.1C 315.1C 316AF2B629C 750G 769A 825A 1018A
1438G 1686G 1888C 2083C 2283T 232306G 2758A 2885C 3210T 3434G 3594T 3666A 4104G 4755C 47¢
5951G 6071C 6182A 6221A 6917A 7028T 7146G 723889C 7521A 8027A 8251A 8417T 8468T 8655T 8701
8860G 9072G 9540C 10398G 10586A 10688A 10810C 10873C 11302T 11719A 12400G 12542T 12705T 1
13105G 13182C 13485G 13506T 13650T 13789C 13981T 14000A 14178C 14560A 14766T 14794T 14911
15226G 15326G 15905(G378T 16017C 16129A 16163G 16187T 16189C 16223T 16278T 16293G 16294T
16311C 16360T 16519C

L1c5

mtGAfrLA0O004

73G 151T 152C 182T 186A 189C 247A 263G 291T 297G 315.1C 316A5223709A 750G 769A 825A 1018A
1438G 23952706G 2758A 2885C 3594T 3666A 4104B69G 5390G 5951G 6071C 7028T 7055G 7146G 725
7389C 7521A 7762A 8027A 8143C 828282 8283 8284 8285 8286 8287 8288 8289 8468T 8655T 8701G
8860G 9072G 9540C 9899C 10398G 10586A 10688A 10810C 10873C 11150A 11719A 12425G 12630A 1.
12810G 13106 13359A 13368A 13485G 13506T 13650T 13789C 14000A 14178C 14560A 14766T 149111
15326G 15449C 15553A 15941C 16114G 16129A 16189C 16223T 16261T 16278T 16311C 16360T 16518

L2al

MtGAfrNY0001

73G 143A 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 128B8& 2706G 2789T 3594T 4104G
4316G 4769G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8788T 8860G 9221G 9540C 10115
10398G 10873C 11404G 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566G 1476
15301A 15326G 15784C 16189C 16223T 162782944 16390A

L2ala

MtGAfrMS0001

73G 146C 152C 195C 263G 309.1C 309.2C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T
4104G 4769G 5285G 6626Y 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540(
10115C 10398G 10873C 11719A 11914P044C 12693G 12705T 13590A 13650T 13803G 14566G 14766T
15244G 15301A 15326G 15629C 15784C 16223T 16278T 16294T 16309G 16390A 16497R 16519C

L2alal

mtGAfrMO0003

73G 146C 152C 195C 263G 309.1C 315.1C 524.1A 524.2C 524.3A 524.4C 750G 769A 1018A 1438G 241¢
2706G 2789T 3594T 3918A 4104G 4161T 4769G 5285G 7028T 7175C 7256T 7274T 7521A 7771G 8206A
8860G 9221G 9540C 10115C 10398G 10873C 11719A 11914A 11944C 11963A 12693G 12705T 13590A :
13803G 14566G 14766T 15244G 15301A 15326G 15391T 15629C 15B223T116278T 16294T 16309G
16368C 16390A 16519C

L2alal

MtGAfrNC0011

73G 146C 152C 195C 263G 309.1C 309.2C 315.1C 467T 524.1A 524.2C 524.3A 524.4C 750G 769A 1018,
2416C 2706G 2789T 3594T 3918A 4104G 4769G 5285G 6152C 7028T 7175C 7256T 7274T 7THRGA8Z06A
8616A 8701G 8860G 9221G 9540C 10115C 10398G 10873C 11719A 11914A 11944C 12693G 12705T 13!
13650T 13803G 14566G 14766T 15244G 15301A 15326G 15391T 15629C 15784C 16223T 16278T 16294
16309G 16368C 16390A 16519C

L2alal

mMtGAfrNY0006

73G 146C 52C 195C 263G 309.1C 315.1C 524.1A 524.2C 524.3A 524.4C 750G 769A 1018A 1438G 2416(
2706G 2789T 3594T 3918A 4104G 4769G 5285G 6152C 7028T 7175C 7256T 7274T 7521A 7771G 8078A
8206A 8701G 8860G 9221G 9540C 10115C 10398G 10873C 11719A 11914A 11948G 1Z6DST 13590A
13650T 13803G 14566G 14766T 15244G 15301A 15326G 15391T 15629C 15784C 16223T 16278T 16294
16309G 16368C 16390A 16519C

L2alal

mtGAfrVA0009

73G 146C 152C 195C 263G 292.1A 292.2T 315.1C 524.1A 524.2C 524.3A 524.4C 750G 769A 1018A 143¢
2416C 2706G 2789T 3594T 3918A 4104G 4769G 5285G 6152C 7028T 7175C 7256T 7274T 7521A 7771G
8701G 8860G 9221G 9540C 10115C 10398G 10873C 11248G 11719A 11914A 11944C 12693G 12705T 1
13650T 13803G 14566G 14766T 15244G 15301A 15326G 15391T 15629CC158829A 16223T 16278T
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16294T 16309G 16368C 16390A 16519C

L2ala2

mtGAfrSC0010

73G 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2232.1A 2259T 2416C 2706G 2789
3918A 4104G 4769G 5285G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G BBEDG 9540C
10115C 10398G 10870T 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 1456¢
14766T 15244G 15301A 15326G 15629C 15784C 16093C 16223T 16278T 16286T 16294T 16309G 16390
16519C

L2ala2

MtGAfrTNO004

73G 146C 152C 195C 263G 315.760G 769A 1018A 1438G 2416C 2706G 2789T 3594T 3918A 4104G 476!
5285G 7028T 7175C 7256T 7274T 7521A 7562G 7771G 8206A 8701G 8860G 9221G 9540C 10115C 103¢
10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566G 14766T 15244G 15301
15326G 1629C 15784C 16066G 16223T 16278T 16286T 16294T 16309G 16390A 16519C

L2ala2ala

MtGAfrMD0005

73G 146C 152C 195C 198T 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 3
4104G 4659A 4769G 5285G 7028T 7175C 7256T 7274T 7521A 7771G 8ZWAA8B860G 9221G 9540C
10115C 10398G 10454C 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 1456¢
14766T 15211T 15244G 15301A 15326G 15421G 15629C 15784C 16223T 16278T 16286T 16294T 16309
16390A 16519C

L2alazala

MtGAfrTX0002

73G 146C 13C 195C 263G 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 3918A 4104G 4.
5285G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C 10398G 10/
10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566G 14264T 15244G

15301A 15326G 15421G 15629C 15784C 16092C 16223T 16278T 16286Y 16294T 16309G 16390A 1651¢

L2ala3

mtGAfrMD0004

73G 143A 146C 152C 195C 263G 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 3918A 41
4769G 5285G 7028T 7175C 7256T 727A6521A 7753T 7771G 8206A 8701G 8860G 9007G 9221G 9540C
10115C 10398G 10873C 11399C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 1456¢
14766T 15244G 15301A 15326G 15629C 15747C 15784C 16093C 16223T 16278T 16294T 16309G 1639(
16519C

L2alb

MtGAfrLA0001

73G 146C 152C 195C 198T 207R 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 35
4104G 4769G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8347G 8701G 8860G 9221G 9540C 1011
10143A 10398G 10873C 11719A 11914A 11944C 122£693G 12705T3590A 13650T 13803G 14566G
14766T 15301A 15326G 15784C 16187T 16189C 16223T 16231C 16278T 16294T 16309G 16390A

L2alb

mtGAfrLA0011

73G 143A 146C 152C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G
7028T 7175C 7256T 7274T521A 7771G 8206A 8701G 8860G 9221G 9422G 9540C 10115C 10143A 10398
10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566G 14766T 15301A 1532¢
15784C 1616616189C 16223T 16278T 16294T 16309G 16325C 16390A

L2albl

mtGAfrFLO004

73G 146C 18C 195C 263G 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G 4769G 7!
7175C 7256T 7274T 7521A 7771G 7830A 8206A 8701G 8860G 9221G 9540C 10115C 10143A 10398G 1C
11719A 11914A 11944C 12130C 12357G 12693G 12705T 13590A 13650T 13803G 146683 15301A
15326G 15735T 15784C 16189C 16192T 16223T 16278T 16294T 16309G 16390A 16519C

L2albl

mtGAfrGA0013

73G 146C 152C 195C 263G 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G 4769G
7175C 7256T 7274T 7521A 7771G 7830A 8206A 87@B6G0G 9221G 9540C 10115C 10143A 10398G 10873
11719A 11914A 11944C 12130C 12357G 12693G 12705T 13590A 13650T 13803G 14566G 14766T 15301
15326G 15735T 15784C 16189C 16192T 16223T 16278T 16294T 16309G 16390A

L2albl

mtGAfrOH0001

73G 146C 152C 195C 263G R1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G 4769G 55¢
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7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C 10143A 10398G 10
11719A 11914A 11944C 12130C 12693G 12705T 13590A 13650T 13803G 14566G 14766T 15301A 1532¢
15735T 15784C 16189C 16192Y 16223T 16278T 16294T 16309G 16390A

L2alc

MtGAfrMI0005

73G 143A 146C 152C 195C 263G 309.1C 315.1G 523 750G 769A 1018A 1438G 2416C 2706G 2789T
3010A 3594T 4104G 4769G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8155A 8ZBA 8I60G 9221G
9540C 10115C 10398G 10873C 11404G 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803¢
14566G 14766T 15301A 15326G 15784C 15884A 16223T 16278T 16294T 16309G 16390A

L2alc

mtGAfrNC0010

73G 143A 146C 152C 195C 200G 263G 309.1C 315.1C 528 750G 769A 1018A 1438G 2416C 2706G 2789
3010A 3594T 3852T 4104G 4769G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G
9540C 10115C 10398G 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566(
14766T 15301A 15326G ¥B4C 16223T 16278T 16294T 16309G 16390A

L2alc

MtGAfrTX0008

73G 143A 146C 195C 263G 309.1C 315.1C-523+ 750G 769A 1018A 1438G 2416C 2706G 2789T 3010A
3594T 4104G 4561C 4769G 5774C 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860C
9540C 9947R 10115C 10398G 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G
14766T 15301A 15326G 15476A 15784C 16140C 16223T 16278T 16294T 16309G 16390A

L2alc2

mtGAfrVA0005

73G 143A 146C 152C 195C 263G 309.1C 315.1C 644G 750G 769A 1DABFG 2416C 2706G 2789T 3010A
3594T 4104G 4769G 6663G 7028T 7175C 7256T 7274T 7299G 7521A 7771G 8206A 8701G 8860G 9221(
10115C 10398G 10873C 10903T 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 1456¢
14766T 15301A 15326G 15784C 15924G 1HR16223T 16278T 16294T 16309G 16390A 16519C

L2alc2a

mtGAfrMO0005

73G 143A 146C 152C 195C 263G 309.1C 315.1C 513A 750G 769A 1018A 1438G 2083C 2416C 2706G 27
3010A 3594T 4104G 4769G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 91 C
9968A 10115C 10398G 10873C 10903T 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803C
14007G 14249A 14566G 14766T 15301A 15326G 15784C 15924G 16193T 16213A 16223T 16239T 1627¢
16294T 16309G 16390A 16519C

L2alc3al

mtGAfrGA0007

73G 143A 146C 152@95C 198T 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2702A 2706G 278¢
3010A 3594T 4104G 4769G 5843G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 7858T 8206A 8701G
9221G 9540C 9932A 10115C 10398G 10873C 11350G 11719A 11914A 11944C 12693G 12706V 135D T
13653T 13803G 14374C 14566G 14766T 15115C 15301A 15326G 15394C 15784C 16223T 16278T 1629(
16294T 16309G 16390A 16519C

L2alc3al

mtGAfrVA0002

73G 143A 146C 152C 195C 198T 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 30
3594T 4D4G 4769G 5843G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 7858T 8206A 8473C 8701G
9221G 9540C 9932A 10115C 10398G 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 1
14566G 14766T 15115C 15283C 15301A 15326G 15784C 16223T 16278T 1629 IEB09G 16390A
16519C

L2alc3b

mtGAfrSC0008

73G 143A 146C 152C 195C 263G 309.1C 315.1C 455.1T 750G 769A 1018A 1438G 2416C 2706G 2789T :
3594T 4104G 4769G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9096C 9221C
9545G 9932A 1015C 10873C 11719A 11914A 11944C 12693G 12705T 12950G 13590A 13650T 13803G 1
14766T 15301A 15326G 15784C 16223T 16278T 16294T 16355T 16390A

L2alc4al

mtGAfrwWAO0001

73G 143A 146C 152C 195C 263G 309.1C 315.1G 523 750G 769A 1018A 1438G 2416C 270@@89T
3010A 3594T 4104G 4769G 5252A 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860C
9540C 10115C 10208C 10398G 10873C 11719A 11914A 11923G 11944C 12172G 12354C 12693G 12705
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13590A 13650T 13803G 13952R 14566G 14766T 15301A 15326G 15823 16278T 16294T 16309G
16390A 16519C

L2alch

mtGAfrILO006

73G 143A 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3010A 3
4104G 4769G 5747G 6663G 6713T 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8289.1C 8289.2C 82
8289.4C 8289.5C 8289.6T 8289.7C 8289.8T 8289.9A 8701G 8860G 9540C 10115C 10398G 10873C 1171
11914A 11944C 12693G 12705T 13260C 13590A 13650T 13803G 14566G 14766T 15301A 15326G 1578¢
16129A 16223T 16278T 16294T 16309G 16390A

L2alc5

mtGAfrMO0001

73G 143 146C 152C 195C 263G 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3010A 3594T 411
4769G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8538C 8701G 8860G 9221G 9540C 1011¢
10398G 10873C 11719A 11914A 11944C 12651A 12693G 12705T 13260C 13590A 136BB5113886C
14566G 14766T 15301A 15326G 15784C 16129A 16223T 16278T 16294T 16309G 16390A

L2ale

MtGAfrSC0007

73G 143A 146C 152C 195C 198T 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 34
3594T 4104G 4769G 7028T 7175C 7256T 7274T 7521 G/8206A 8701G 8790A 8860G 9221G 9230C 954
9833C 10115C 10398G 10873C 11719A 11914A 11944C 12630A 12693G 12705T 13590A 13650T 13803(
14566G 14766T 15301A 15326G 15601C 15758G 15784C 16051G 16223T 16278T 16294T 16309R 1639(
16519C

L2alf

mtGAfrALO005

73G 146C 152C 195C 198Y 263G 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4083Y 41
4769G 5581G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C 103¢
10873C 11176A 11719A 11914A 11944C 12693G 12705T 13590A 13650T 138GB8B6G 14766T 15301A
15326G 15784C 16189C 16223T 16232T 16278T 16294T 16309G 16390A

L2alf

MtGAfrGA0004

73G 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G
7028T 7175C 7256T 7274T 7521A 7771G 8206A 8289.1C .@288289.3C 8289.4C 8289.5C 8289.6T 8289.7C
8289.8T 8289.9A 8289.10C 8289.11C 8289.12C 8289.13C 8289.14C 8289.15T 8289.16C 8289.17T 8289.1
8701G 8860G 9221G 9540C 10115C 10398G 10873C 11137C 11719A 11914A 11944C 12079T 12693G 1
13590A 13650T 13788A3803G 14566G 14766T 15301A 15326G 15784C 16183C 16189C 16193.1C 1622:
16278T 16294T 16309G 16390A 16519C

L2alf

mtGAfrGA0006

73G 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1118G 1438G 2416C 2706G 2789T 3594T
4769G 5581G 7028T 7175C 7256Z7AT 7521A 7771G 7837C 8206A 8701G 8860G 9221G 9540C 10115C
10398G 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566G 14766T 15301
15326G 15784C 16189C 16192T 16223T 16278T 16294T 16309G 16390A 16519C

L2aif

mtGAfrGA0012

73G 146C 1520 95C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G 4
5581G 7028T 7175C 7256T 7274T 7521A 7740G 7771G 7853A 8206A 8701G 8860G 9221G 9540C 1011¢
10398G 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566T 133BHA
15326G 15784C 16189C 16223T 16278T 16294T 16309G 16390A

L2alf

mtGAfrLAO006

73G 146C 152C 195C 263G 309.1C 315.1C 513A 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4
4769G 5581G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9220G BEL15C 10398G
10873C 11719A 11914A 11944C 12603T 12693G 12705T 13590A 13650T 13803G 13884R 14566G 1476¢
15301A 15326G 15784C 16184T 16189C 16191.1C 16192T 16223T 16278T 16294T 16309G 16390A

L2aif

mtGAfrNC0001

73G 146C 152C 195C 263G 309.1C 315.B0G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G 476!
5581G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C 10398G 10¢
11719A 11914A 11944C 12693G 12705T 13590A 13650T 13708A 13803G 14566G 14766T 15301A 15326
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15784C 16189Cd223T 16270T 16278T 16294T 16309G 16390A

L2alf

mtGAfrPA0003

73G 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G
5581G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C 10398G 10¢
11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14566G 14766T 15301A 15326G 15784
16189C 16192T 16223T 16278T 16294T 16309G 16390A 16519C

L2alfl

mMtGAfrNV0001

73G 146C 152C 195C 263G 309.1C 315.1C 731G 750G 769A 1018A 1438G 2416C 2706G 2789T1BBHAT 4
4769G 5581G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C 103¢
10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13759A 13803G 14566G 14766T 15301
15326G 15784C 16189C 16192T 16223T 16278T 16294T 16309G 16390A

L2alf2

mtGAfrGA0014

73G 146C 152C 195C 263G 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104G 4769G !
5663T 7028T 7175C 7256T 7274T 7521A 7771G 7870C 8206A 8701G 8860G 9221G 9540C 10115C 1039
10873C 11692T 11719A 11914A 11944C 12693G 1270%B0A 13650T 13803G 14766T 15301A 15326G
15784C 16093C 16189C 16192T 16223T 16278T 16294T 16309G 16390A

L2ali

mtGAfrMD0001

73G 143A 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4
4769G 7028T 7175C 7256T 7274T 752TA71G 8206A 8701G 8860G 9221G 9540C 10115C 10398G 10873(
10891G 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13716G 13803G 14566G 14766T 1522¢
15301A 15326G 15784C 16183C 16189C 16192T 16223T 16278T 16294T 16362C 16390A

L2all2

MtGAfrNY0002

73G 146C152C 195C 263G 309.1C 315.1C 534T 750G 769A 1018A 1438G 2416C 2706G 2789T 3325A 35
4104G 4769G 5366A 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 1011¢
10398G 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 146683 15301A
15326G 15784C 16189C 16192T 16223T 16278T 16294T 16309G 16390A

L2almla

mtGAfrFLO008

73G 143R 146C 152C 153G 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3t
4104G 4769G 7028T 7175C 7256T 7274T 7521A 7771G 8206A-&282- 8283 8284 8285 8286 8287 8288
8289 8553T 8701G 8860G 9221G 9254G 9540C 10115C 10398G 10873C 11719A 11914A 11944C 126931
12705T 13326C 13590A 13650T 13803G 13884G 14566G 14766T 15301A 15326G 15784C 16189Y 1622¢
16278T 16294T 16309G 16390A

L2aln

MtGAfrALO003

73G 143A 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4
4317 4769G 5147A 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C
10398G 10873C 11719A 11914A 11944C 12693G 12705T ¥8338650T 13803G 14566G 14766T 15301A
15326G 15784C 16189C 16192T 16223T 16265G 16270T 16278T 16294T 16390A

L2b1b

mtGAfrCO0002

73G 146C 150T 152C 182T 183G 195C 198T 204C 263G 315.1C 385G 4189282350G 769A 1018A 1438G
1442A 1706T 2332T 2358G 2416206G 3594T 4104G 4158G 4370C 4767G 4769G 5027T 5147A 5331A 5¢
5814C 6026A 6629G 6713T 7028T 7256T 7521A 7624A 8080T 8206A 8350G 8387A 8701G 8860G 9221G
10115C 10398G 10586C 10828C 10873C 11151T 11719A 11944C 12236A 12705T 12948G 13590A 1365(
13924T 14059G 14305R 14766T 15110A 15217A 15301A 15326G 16114A 16129A 16213A 16223T 16278
16362C 16390A 16519C

L2b2

mtGAfrIL0003

73G 146C 150T 152C 182T 183G 195C 198T 204C 263G 309.1C 315.1C 750G 769A 1018A 1438G 1442A
2332T 2358G 2416C 2706G 3594104G 4158G 4370C 4767G 4769G 5027T 5331A 5814C 6614C 6713T 6¢
7028T 7256T 7521A 7624A 8080T 8206A 8387A 8503C 8701G 8860G 9221G 9540C 10115C 10398G 108
11119T 11719A 11944C 12236A 12705T 12948G 13590A 13650T 13980A 14020A 14059G 14766T 15110,
15217A 15301A 15326G 15604T 16114A 16129A 16213A 16223T 16278T 16390A
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L2b2

mtGAfrVA0008

73G 146C 150T 152C 182T 195C 198T 204C 263G 315.1C 513A 750G 769A 1018A 1438G 1442A 1706T .
2358G 2416C 2706G 3196A 3594T 4104G 4158G 4370C 4767G 4769G 4823C 2B31[ 5331A 5814C 6614C
6681C 6713T 6806G 7028T 7256T 7521A 7624A 8080T 8206A 8387A 8503C 8701G 8860G 9221G 9540C
10115C 10398G 10873C 11719A 11944C 12236A 12705T 12948G 13590A 13650T 14059G 14766T 1511(
15217A 15301A 15318T 15326G 16114A 16129A 16213A2B3216265G 16278T 16311C 16368C 16390A
16497G

L2b2a

mtGAfrLA0012

73G 146C 150T 152C 182T 195C 198T 204C 263G 315.1C 709A 750G 769A 1018A 1438G 1442A 1706T .
2358G 2416C 2706G 3594T 4104G 4158G 4370C 4767G 4769G 5027T 5331A 5814C 6614C 6713T B8T6(
7256T 7521A 7624A 8080T 8206A 8387A 8503C 8701G 8790A 8860G 9221G 9350G 9540C 10115C 1039
10873C 11719A 11944C 12236A 12705T 12948G 13590A 13650T 13966G 14059G 14407T 14766T 1511C
15217A 15301A 15326G 16114A 16129A 16213A 16223T 16278T 16354T 16390A

L2b2a

MtGAfrTX0001

73G 146C 150T 152C 182T 195C 198T 204C 263G 309.1C 315.1C 524.1A 524.2C 709A 750G 769A 1018/
1438G 1442A 1706T 2332T 2358G 2416C 2706G 3594T 4104G 4158G 4370C 4767G 4769G 5027T 53314
6614C 6713T 6806G 7028T 7256T 7521A 76248@D 8206A 8387A 8503C 8701G 8790A 8860G 9221G 935
9540C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 12948G 13590A 13650T 13966G 14059¢
14407T 14766T 15110A 15217A 15301A 15326G 16114A 16129A 16213A 16223T 16260T 16278T 16354"
16390A

L2c

mtGAfrFL0O006

64T 73G 93G 146C 150T 182T 195C 198T 263G 315.1C 3257%2B680C 709A 750G 769A 1018A 1438G

1442A 2332T 2416C 2706G 3200A 3316A 3594T 4104G 4769G 6150A 7028T 7256T 7521A 7624A 8206A
8860G 9221G 9540C 10115C 10398G 10873C 11719A 11944C 1223628G 12705T 13590A 13650T 13928(C
13958C 14766T 15110A 15217A 15301A 15317A 15326G 15497A 15849T 15978T 16223T 16278T 16390/

L2c

mtGAfrFLO007

73G 93G 95C 146C 150T 152C 182T 195C 198T 263G 309.1C 315.1C 3253282880C 709A 750G 769A
1018A 1438G 142A 2332T 2416C 2706G 3200A 3594T 4104G 4769G 7028T 7256T 7521A 7624A 7754A €
8206A 8269A 8701G 8860G 9221G 9540C 9591A 9746R 10115C 10398G 10873C 11074T 11719A 11944«
12236A 12705T 13590A 13650T 13928C 13958C 14311C 14750T 14766T 15110A 15217A 153266
15849T 16093C 16223T 16278T 16390A 16519C

L2c

mtGAfrLA0002

73G 146C 150T 152C 182T 195C 198T 263G 315.1C 325T 680C 709A 750G 769A 1018A 1438G 1442A 2!
2416C 2706G 3200A 3591A 3594T 4104G 4769G 7028T 7256T 7521A 7624A 8206A 8425G 8701G 8BBGC
9540C 10115C 10398G 10873C 11020G 11719A 11944C 12236A 12705T 12771A 13368A 13590A 136507
13928C 13958C 14569A 14766T 15110A 15217A 15301A 15326G 15849T 16223T 16278T 16390A 16519

L2c

mtGAfrMS0003

64T 73G 93G 146C 150T 182T 195C 198T 263G 315.18T7 F23 524 680C 709A 750G 769A 1018A 1438G
1442A 2332T 2416C 2706G 3200A 3594T 4104G 4769G 6150A 7028T 7256T 7521A 7624A 8206A 8701G
9221G 9540C 9935C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 13590A 13650T 13928C 1
14766T 15110A 15217A5301A 15317A 15326G 15497A 15849T 15978T 16223T 16278T 16390A

L2c

MtGAfrTX0007

73G 93G 146C 150T 152C 182T 195C 198T 263G 309.1C 315.1C 325BB2F80C 709A 750G 769A 1018A

1438G 1442A 2332T 2416C 2706G 3200A 3594T 4104G 4769G 6150A 7028T 728864 7624A 7856G 8206A
8701G 8860G 9221G 9540C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 13590A 13650T 1:
13928C 13958C 14766T 15110A 15217A 15301A 15326G 15497A 16184T 16223T 16278T 16294T 16390,

L2c2

mtGAfrGA0002

73G 93G 146C 150T 152C 182B5C 198T 263G 315.1C 325T 5224 680C 709A 750G 769A 1018A 1040C
1438G 1442A 2332T 2416C 2706G 3200A 3594T 4104G 4769G 7028T 7256T 7521A 7624A 8206A 8348R
8860G 9221G 9540C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 13590A 13650T 13988C 1
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14766T 15110A 15217A 15301A 15326G 15849T 16093C 16223T 16264T 16278T 16390A

L2c2

mtGAfrILO007

73G 93G 146C 150T 152C 182T 195C 198T 263G 315.1C 32575223680C 709A 750G 769A 1018A 1040C
1438G 1442A 2332T 2416C 2706G 3196R 3200A 3594T 4104G@&7628T 7256T 7521A 7624A 8206A 8701
8860G 8967T 9221G 9540C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 13590A 13650T 13
13958C 14766T 15110A 15217A 15301A 15326G 15849T 16223T 16264T 16278T 16390A

L2c2a

mtGAfrSC0009

73G 93G 146C 150T 152@2T 195C 198T 263G 309.1C 315.1C 325T-5234 680C 709A 750G 769A 1018A
1040C 1438G 1442A 2332T 2416C 2706G 3200A 3594T 4104G 4769G 7028T 7256T 7521A 7624A 8206A
8860G 9221G 9540C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 13590A 13650 13HEMC
14766T 15043A 15110A 15217A 15301A 15326G 15849T 16093C 16223T 16264T 16278T 16390A

L2c2a

mtGAfrVA0001

73G 93G 146C 150T 152C 182T 195C 263G 309.1C 315.1C 32515323680C 709A 750G 769A 1018A 1040(¢
1438G 1442A 2332T 2416C 2706G 3200A 359DAG 4769G 7028T 7256T 7521A 7624A 8206A 8701G 884
8860G 9221G 9293T 9462C 9540C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 13590A 13¢
13928C 13958C 14208Y 14766T 15043A 15110A 15217A 15301A 15326G 15849T 16093Y 16223T 16278
16390A

L2c2blb

mtGAfrCA0003

73G 93G 146C 150T 152C 182T 183G 195C 198T 263G 315.1C 325B5323F80C 709A 750G 769A 1018A
1040C 1438G 1442A 2332T 2416C 2706G 3200A 3594T 3769T 4104G 4769G 7028T 7256T 7521A 7624A
8567C 8701G 8772C 8860G 9063G 9221G 9540C 10113@81®10790C 10873C 11719A 11944C 12236A
12705T 13590A 13650T 13928C 13958C 14766T 15110A 15217A 15301A 15313C 15326G 15749T 15849
16223T 16264T 16278T 16311C 16390A

L2c4

mtGAfrNC0004

73G 89C 93G 146C 150T 152C 182T 195C 198Y 263G 315.1C 32515323680C 709A 750G 769A 1018A
1438G 1442A 2332T 2416C 2706G 3200A 3594T 4104G 4769G 5471A 7028T 7256T 7521A 7624A 8206A
8860G 9055A 9221G 9540C 10115C 10398G 10586A 10873C 11719A 11944C 12236A 12705T 13440T 1<
13650T 13928C 13958C 14766T 15110A 1521B301A 15326G 15849T 16223T 16256Y 16278T 16390A
16519C

L2dla

mtGAfrMS0006

73G 146C 150T 195C 263G 315.1C 456T 750G 769A 870T 1018A 1438G 2159C 2332T 2416C 2706G 325
3434G 3594T 3693A 4104G 4769G 6231T 7028T 7256T 7521A 8206A 8701G 8856A 8860GANIE9540C
9554A 9941G 10115C 10398G 10700G 10873C 10955T 11353C 11719A 11944C 12705T 13590A 13650T
14845T 15263T 15301A 15326G 15458C 15703G 15777C 16129A 16183C 16189C 16193.1C 16278T 163
16311C 16354T 16390A 16399G 16519C

L3b

mtGAfrMS0004

73G 189G 263G 315.1C 52324 750G 1438G 2706G 3450T 4769G 5773A 6221C 7028T 8251A 8537G 870
8860G 9007G 9449T 9540C 10086G 10398G 10873C 11719A 12705T 13105G 13914A 14182C 14766T 1f
15311G 15326G 15824G 159446048A 16124C 16223T 16278T 16362C

L3b

mtGAfrNJO002

73G 189G 263G 315.1C 52824 593C 750G 1438G 2706G 3450T 4769G 5201C 5773A 6221C 6261A 6620
7028T 8701G 8860G 9007G 9449T 9540C 10086G 10398G 10873C 11719A 12705T 13105G 13914A 141t
14766T 15301A 15311G 15326G 15824G 15948D48A 16.24C 16163G 16223T 16278T 16362C

L3bla

mtGAfrNC0008

73G 263G 315.1C 52324 750G 1438G 2706G 3450T 4769G 5099Y 5773A 6221C 7028T 8701G 8772C 8¢
9449T 9540C 10086G 10373A 10398G 10873C 11002G 11719A 12705T 13105G 13914A 14766T 15301A
15326G 5434T 15824G 159446124C 16223T 16278T 16301T 16362C 16519C

L3blal0

mtGAfrCA0002

73G 263G 309.1C 315.1C 52324 750G 1438G 2706G 3450T 4659A 4769G 5773A 5978G 6221C 6510R 7(C
7859A 8701G 8860G 9449T 9540C 10086G 10373A 10398G 10873C 11002G 1172@8V 13105G 13914A
14766T 15301A 15311G 15326G 15824G 159B124C 16189C 16223T 16271C 16278T 16362C 16519C
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16527T

L3blala

MtGAfrNY0005

73G 263G 315.1C 52324 750G 794Y 1438G 2706G 3450T 4769G 5773A 6221C 7028T 8701G 8860G 94<
9540C 10086G 103A 10398G 10873C 11002G 11719A 11800G 12705T 13105G 13914A 14766T 15301A
15311G 15326G 15824G 15883A 15946124C 16223T 16278T 16362C 16519C

L3bla4

mtGAfrMI0006

73G 189R 263G 315.1C 513A 524 750G 1710C 2706G 3450T 3645C 4769G 5773A 6221C 70Z28TG
8860G 9449T 9540C 9605T 10086G 10373A 10398G 10873C 11002G 11719A 12705T 13050G 13105G 1!
13914A 14766T 15301A 15311G 15326G 15824G 1596424C 16223T 16255A 16278T 16311C 16362C
16519C

L3bla6

mtGAfrLAO007

73G 152C 263G 315.1C 52824 750G 1438G 2706G 3385G 3450T 4769G 5255T 5773A 6221C 7028T 815¢
8701G 8860G 9449T 9540C 10086G 10373A 10398G 10873C 11002G 11719A 11914A 13105G 13658T 1.
14766T 15217A 15301A 15326G 15824G 15988124C 16223T 16278T 16362C 16519C

L3bla6

mtGAfrMS0002

73G 152C 263G 309.1C 315.1C 5224 750G 1438G 2706G 3385G 3450T 4769G 5255T 5773A 6221C 702
8155A 8701G 8860G 9449T 9540C 10086G 10373A 10398G 10873C 11002G 11719A 12705T 13105G 13!
14766T 15301A 15311G 15314A 15326G 15824G 1536424C 16223T 1627816362C 16519C

L3blb

mtGAfrNJO003

73G 152C 263G 309.1C 315.1C 5524 750G 1438G 2706G 3450T 4062C 4769G 5773A 6221C 6891G 702
8701G 8860G 9079G 9449T 9540C 10086G 10373A 10398G 10873C 11719A 12705T 13105G 13914A 14
15301A 15311G 15326G 1582415944 16124C 16223T 16278T 16362C

L3b2

MtGAfrDC0001

73G 263G 309.1C 315.1C 52324 750G 1438G 2706G 3420T 3450T 3645Y 4769G 5231A 5773A 6221C 69
7028T 8701G 8860G 9299G 9449T 9540C 10086G 10398G 10640C 10873C 11719A 12705T 13105G 139:
14766T 1480T 15301A 15311G 15326G 15824G 15948124C 16223T 16271C 16278T 16362C 16527T

L3b2

mtGAfrGA0003

73G 263G 309.1C 315.1C 52324 750G 1438G 2706G 3420T 3450T 4769G 5231A 5773A 6221C 6917A 70
8701G 8860G 9299G 9449T 9540C 10086G 10398G 10640C COBIAL9A 12705T 13105G 13914A 14766T
14950T 15301A 15311G 15326G 15824G 159481124C 16223T 16271C 16278T 16362C 16527T

L3b2b

mtGAfrDE0002

73G 146C 263G 315.1C 52824 750G 1438G 2706G 3420T 3450T 4769G 5773A 6221C 7028T 8701G 886!
9053A 9067G 94499540C 10086G 10398G 10640C 10873C 11719A 12705T 13105G 13914A 14766T 153
15311G 15326G 15550T 15824G 15946124C 16223T 16278T 16362C 16527T

L3b3

mtGAfrFL0O011

73G 185A 189G 263G 315.1C 5224 750G 1438G 2706G 3450T 4769G 5773A 6221C 6527G 78281G
8860G 9007G 9449T 9540C 10086G 10398G 10873C 11719A 12705T 13105G 13914A 13934T 14182C 1«
15301A 15311G 15326G 15824G 15946048A 16124C 16223T 16278T 16362C 16519C

L3d1'2'3'4'5'6

mtGAfrMD0008

73G 93G 151T 152C 195C 263G 309.1C 315.1G 523 750G 921C 1438G 2706G 4769G 5147A 5187T 702¢
7424G 7594Y 8618C 8701G 8860G 8950R 9540C 9554A 10398G 10873C 11719A 12705T 13105G 13886t
14188G 14284T 14766T 15301A 15326G 15949A 16124C 16223T 16257T 16519C

L3d1'2'3'4'5'6

MtGAfrTX0006

73G 151T 152@63G 309.1C 315.1C 52824 750G 921C 1438G 2706G 4769G 5147A 5187T 7028T 7424G
8618C 8701G 8860G 9540C 9554A 10398G 10873C 11719A 12705T 13105G 13886C 14188G 14284T 14
15301A 15326G 15949A 16124C 16189C 16223T 16257T 16519C

L3dlal

mtGAfrNY0003

73G152C 263G 315.1C 52324 750G 870Y 921C 1438G 1503A 2706G 3796G 4048A 4769G 5147A 6680C
7028T 7424G 7648T 8618C 8701G 8860G 9540C 10398G 10463C 10873C 11719A 11887A 12705T 1310t
13886C 14284T 14766T 15061G 15301A 15326G 16124C 16223T 16300G 16319A

L3dlala

mtGAfrVA0003

73G 150T 152C 263G 315.1C 5224 750G 921C 1438G 1503A 2706G 4048A 4203G 4769G 5147A 5471A
5899.1C 6339G 6680C 7028T 7424G 7648T 8618C 8701G 8860G 9540C 10398G 10640C 10873C 10915(C
11887A 12705T 13105G 13886C 14284T 14766T013815326G 16124C 16223T 16319A
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L3d1b2

mtGAfrLA0013

73G 150T 152C 195C 263G 315.1C 5824 750G 921C 1438G 2706G 4553C 4769G 5046A 5147A 6680C
7028T 7424G 7609C 8618C 8701G 8860G 9540C 10398G 10873C 11719A 12705T 13105G 13886C 1428.
14766T 15301A 153G 15514C 16124C 16223T 16292T

L3d1b3a

MtGAfrAL0004

73G 146C 152C 263G 315.1C 5Z24 750G 921C 1438G 2706G 4769G 5046A 5147A 6446A 6641C 6680C
7028T 7424G 8618C 8701G 8860G 9540C 10398G 10873C 11719A 12705T 13105G 13886C 14284T 146!
14766T 15110A15301A 15326G 15748C 16124C 16171G 16223T 16256T

L3d1d

mtGAfrVA0013

73G 152C 263G 309.1C 315.1C 5524 750G 921C 1438G 2706G 4769G 5147A 6680C 7028T 7424G 7765
8618C 8701G 8709T 8860G 8945C 9151G 9540C 10398G 10873C 11719A 12654R 12705T 131086G 1363
13886C 14128G 14284T 14766T 15301A 15326G 16124C 16223T 16256T 16368C 16519C

L3el

mtGAfrLAO005

73G 150T 200G 263G 309.1C 315.1C 595.1A 750G 1438G 2352C 2416C 2706G 4769G 6221C 6587T 702
8701G 8860G 9540C 9932A 10398G 10819G 10873C 11719A 12705PG41R12C 14766T 15301A 15326G
15670C 15942C 16189C 16223T 16327T 16343T

L3elala

mtGAfrTNO0O1

73G 150T 185A 189G 200G 263G 315.1C 750G 1438G 2352C 2706G 3438A 4769G 6221C 6587T 7028T ¢
8701G 8745R 8860G 9540C 10398G 10819G 10873C 11719A 12007RT1PZFD52G 14212C 14766T 15301A
15326G 15670C 15942C 16169T 16185T 16223T 16311C 16327T

L3ele

mtGAfrCA0005

73G 150T 189G 200G 263G 309.1C 315.1C 750G 1438G 2352C 2706G 4769G 6221C 6587T 7028T 8701(
9389G 9540C 10370C 10398G 10819G 10873C 11719A5M278152G 14212C 14753T 14766T 15301A 1532
15670C 15942C 16223T 16309G 16327T

L3e2alb

mtGAfrMI0001

73G 150T 195C 198T 263G 315.1C 750G 1438G 2352C 2706G 4769G 4823C 6413C 7028T 8701G 8860C
10398G 10819G 10873C 11719A 12705T 13105G 14212C 14¥748d9A 14905A 15301A 15326G 16223T
16311C 16320T 16519C

L3e2alb

mtGAfrSC0002

73G 150T 195C 198T 263G 315.1C 750G 942G 1438G 2352C 2706G 4769G 4823C 6413C 7028T 8701G
9540C 10398G 10819G 10873C 11719A 12705T 13105G 14212C 14766T 14869A 14905A 153R4G
16223T 16320T 16519C

L3e2albl

mtGAfrFLO010

73G 150T 195C 198T 263G 315.1C 499A 750G 1438G 2352C 2706G 4769G 4823C 6413C 7028T 7852A ¢
8860G 9006G 9540C 10398G 10819G 10873C 11719A 12705T 13105G 14212C 14766T 14869A 14905A :
15326G 1606C 16223T 16320T 16399G 16519C

L3e2albl

mtGAfrGA0015

73G 150T 195C 198T 263G 315.1C 499A 750G 1438G 2352C 2706G 4769G 4823C 6413C 7028T 8701G ¢
9540C 10398G 10819G 10873C 11719A 12545T 12705T 13105G 13958C 14212C 14766T 14869A 14905/
15301A 15326G G223T 16320T 16399G 16519C

L3e2albl

mtGAfrINO003

73G 150T 152Y 195C 198T 251A 263G 315.1C 499A 750G 1438G 2352C 2706G 4769G 4823C 5508C 64
6480A 7028T 8701G 8860G 9156G 9540C 10398G 10819G 10873C 11719A 12705T 13105G 14212C 143
14766T 14869A 1490515301A 15326G 16093C 16223T 16311C 16320T 16399G 16519C

L3e2albl

mtGAfrMI0002

73G 150T 195C 198T 263G 315.1C 499A 709A 723G 750G 1438G 2352C 2706G 4769G 4823C 6413C 66
7028T 8701G 8764A 8860G 9540C 10398G 10819G 10873C 11719A 12705T 13105G 14280C 14323A
14766T 14869A 14905A 15301A 15310C 15326G 15734A 16093C 16223T 16293T 16320T 16399G 16519

L3e2alb3

mtGAfrILO001

73G 150T 195C 198T 263G 309.1C 315.1C 750G 1438G 1888A 2352C 2706G 4769G 4823C 6413C 70281
8860G 9540C 10398G 10819G 13&711699G 11719A 12705T 13105G 13889A 14212C 14750G 14766T 14
14905A 15301A 15326G 16086C 16223T 16320T 16519C

L3e2b

MtGAfrFLO005

73G 150T 152C 195C 263G 309.1C 315.1C 750G 1438G 2352C 2706G 4769G 7028T 7746G 8701G 8860
9540C 10398G 10819G &03C 11719A 12705T 14212C 14766T 14905A 15301A 15326G 16172C 16183C
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16189C 16193.1C 16223T 16320T 16519C

L3e2b

mtGAfrGA0005

73G 150T 195C 263G 309.1C 315.1C 750G 1438G 2352C 2706G 4769G 7028T 8701G 8860G 9540C 103!
10819G 10873C 11719A 12705T 142124766T 14905A 15301A 15326G 15930A 16172C 16183C 16189C
16193.1C 16223T 16320T 16519C

L3e2b

mtGAfrGA0009

73G 150T 195C 263G 315.1C 750G 769A 1438G 2352C 2706G 4164G 4769G 6663G 7028T 8701G 8860(
9540C 10398G 10819G 10873C 11719A 12705T 14212C T4T76805A 15301A 15326G 16172C 16182C
16183C 16189C 16223T 16320T 16519C

L3e2b

mMtGAfrSC0011

73G 146C 150T 195C 263G 315.1C 335G 750G 769A 1438G 2352C 2706G 4769G 7028T 8701G 8860G 9
10018G 10398G 10819G 10873C 11719A 12705T 14212C 14364A 14766 TALA9861A 15326G 16172C
16183C 16189C 16193.1C 16223T 16320T 16519C

L3e2b

MtGAfrTX0004

73G 150T 195C 263G 315.1C 750G 1438G 2352C 2706G 4769G 5186G 7028T 8701G 8860G 9540C 103¢
10819G 10873C 11431Y 11719A 11963A 12705T 14212C 14766T 14905A 15301AGL38282C 16183C
16189C 16193.1C 16223T 16320T 16519C

L3e2b

mMtGAfrvi0002

73G 150T 152C 195C 263G 315.1C 750G 1438G 2352C 2706G 4769G 5899.1C 7028T 8701G 8860G 954!
10398G 10819G 10873C 11719A 12705T 13528G 14212C 14766T 14905A 15301A 15326G 1617ZC 1618:!
16189C 16193.1C 16223T 16320T 16519C

L3e3a

mtGAfrNC0002

73G 150T 152C 195C 263G 309.1C 315.1C 499A 523 573.1C 573.2C 573.3C 573.4C 573.5C 1438G 2000
2352C 2706G 4769G 5262A 6524C 7028T 8701G 8860G 9540C 9554A 10286G 10398G 10667C 10816G
10873C 11719A 12397G 12705T 13101C 14212C 14766T 15301A 15326G 16223T 16265T 16311C 16519

L3e3b

MtGAfrGA0011

73G 150T 195C 263G 315.1C 524 1438G 2000T 2352C 2706G 4655A 4769G 5262A 6524C 7028T 8701
8860G 9440T 9540C 9554A 10398G 10667C 10816&19G 10873C 11719A 12248G 12705T 13101C 13116
13197T 13651G 14212C 14766T 15245A 15301A 15326G 15812A 16093Y 16148T 16223T 16265T 16311
16519C

L3e3b

mtGAfrNC0014

73G 150T 195C 263G 315.1C 5Z24 1438G 2000T 2352C 2706G 4655A 4769G 5262A 6524C 78Z8LG
8860G 9540C 9554A 10398G 10667C 10816G 10819G 10873C 11719A 12248G 12705T 13101C 13197T :
14212C 14766T 15301A 15326G 15812A 16093C 16223T 16265T 16519C

L3e3b3

mtGAfrTNO002

73G 150T 185A 189G 263G 315.1C 5524 1438G 2000T 2352C 2706G 45 4769G 5262A 6524C 7028T
8701G 8860G 9540C 9554A 10398G 10667C 10816G 10819G 10873C 11719A 12248G 12705T 13101C 1
13651G 14212C 14750G 14766T 15043R 15301A 15326G 15812A 16183C 16189C 16193.1C 16223T 162
16465T

L3e3b3

mtGAfrVA0011

73G 150T 268 315.1C 523524 980C 1438G 2000T 2352C 2706G 4655A 4769G 5262A 6524C 7028T 870!
8860G 9540C 9554A 10398G 10667C 10816G 10819G 10873C 11016A 11719A 12248G 12705T 13101C
13651G 14212C 14766T 15301A 15326G 15812A 16189C 16223T 16265T 16465T

L3eda

mtGAfrILO005

73G 150T 263G 309.1C 315.1C 5Z24 709A 1438G 2352C 2706G 3316A 3915A 4769G 5262A 5584G 702
8289.1C 8289.2C 8289.3C 8289.4C 8289.5C 8289.6T 8289.7C 8289.8T 8289.9A 8701G 8860G 9540C 103
10819G 10873C 11257T 11719A 12705T 12771A 13788212C 14766T 15301A 15326G 16051G 16169S
16223T 16264T 16265R 16266Y 16519C

L3f1b

mtGAfrFLO003

73G 150T 189G 200G 207A 263G 309.1C 315.1C 750G 1438G 1719A 1822C 2706G 3396C 4218C 4769G
6650T 7028T 7379A 7819A 7852A 8527G 8701G 8860G 8932T 9988CC 10398G 10670T 10873C 11440A
11719A 12705T 14766T 14769G 15301A 15326G 15514C 15BRDOC 16223T 16274A 16292T 16311C
16519C
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L3flb

MtGAfrIL0002

73G 150T 189G 200G 207A 263G 309.1C 315.1C 750G 1406C 1438G 1822C 2706G 3396C 4218C 4769G
7028T7819A 8075R 8503Y 8527G 8701G 8860G 8932T 9540C 9950C 10398G 10670T 10873C 11440A 1:
12705T 13263G 14766T 14769G 15301A 15326G 15514C 13%B2O9C 16223T 16235G 16274A 16292T
16311C 16519C

L3f1b

MtGAfrLA0010

73G 150T 189G 200G 215G 263G 315.1CGE8BI38G 1822C 2706G 3396C 3777C 4218C 4769G 5601T 702
7819A 8527G 8701G 8860G 8932T 9540C 9950C 10398G 10873C 11440A 11719A 12705T 13879C 1476¢
14769G 15301A 15326G 15514C 15946140C 16189C 16209C 16223T 16292T 16311C 16519C

L3flb

MtGAfrNC0012

73G150T 189G 200G 207A 263G 315.1C 5824 750G 1438G 1822C 1958R 2706G 3396C 4218C 4769G
5601T 7028T 7819A 8527G 8701G 8860G 8932T 9540C 9950C 10398G 10873C 11440A 11719A 12705T
14769G 15244G 15301A 15326G 15514C 159BRP09C 16223T 16266T 162746292T 16311C 16519C

L3flbla

mtGAfrDC0002

73G 189G 200G 263G 309.1C 315.1C 750G 1438G 1822C 2706G 3396C 4136G 4218C 4769G 5601T 702
7819A 8410T 8527G 8701G 8860G 8932T 9540C 9950C 10070T 10398G 10873C 11440A 11719A 127051
13464T 14766T 14769G 15301A4326G 15514C 159446051G 16129A 16153A 16209C 16223T 16292T
16295T 16311C 16519C

L3flbla

mtGAfrDE0001

73G 189G 200G 204C 263G 309.1C 309.2C 315.1C 528 750G 1438G 1822C 2706G 3396C 4218C 4769G
5601T 6722A 7028T 7819A 8410T 8527G 8701G 8860G 8FEHADC 9950C 10070T 10398G 10873C 11440A
11719A 12678C 12705T 14766T 14769G 15301A 15326G 15514C 156429A 16183C 16189C 16193.1C
16209C 16223T 16292T 16295T 16311C 16519C

L3flbla

MtGAfrFLO001

73G 189G 200G 263G 309.1C 315.1C 750G 1438G 1822C 23886C 4218C 4769G 5601T 7028T 7819A
8410T 8527G 8701G 8860G 8932T 9540C 9950C 10070T 10398G 10873C 11440A 11719A 12705T 1476¢€
14769G 15301A 15326G 15514C 15946129A 16209C 16223T 16292T 16295T 16311C 16519C

L3flbla

mtGAfrNC0009

73G 189G 200G 207A 36 315.1C 750G 1438G 1822C 2706G 3396C 4218C 4769G 5601T 5899.1C 7028T
7819A 8410T 8527G 8701G 8860G 8932T 9540C 9950C 10070T 10398G 10873C 11440A 11719A 127051
14766T 14769G 15301A 15326G 15514C 159B129A 16209C 16223T 16292T 16295T 16311C 16519C

L3flbla

mtGAfrSC0004

73G 189G 200G 263G 309.1C 315.1C 750G 1438G 1822C 2706G 3396C 4218C 4769G 5601T 6581R 702
7819A 8410T 8527G 8701G 8860G 8932T 9540C 9950C 10070T 10398G 10873C 11440A 11719A 127051
14766T 14769G 15301A 15326G 15514C 15BN 29A 1620€ 16223T 16292T 16295T 16311C 16519C

L3flbla

mtGAfrSC0006

73G 189G 200G 263G 315.1C 750G 1438G 1822C 2706G 3396C 4218C 4769G 5601T 7028T 7819A 8410
8701G 8860G 8932T 9540C 9950C 10070T 10398G 10873C 11440A 11719A 11722C 12705T 14766T 147
15301A 15326G 15461C 15514C 159416129A 16209C 16223T 16292T 16295T 16311C 16519C

L3flblal

mtGAfrNEO001

73G 189G 200G 263G 272G 309.1C 315.1C 482Y 750G 1438G 1822C 2706G 3396C 4218C 4743A 4769C
7028T 7819A 8410T 8527G 8701G 8860G 8932T 9540C 9950Z0M010398G 10873C 11440A 11719A 12705
14766T 14769G 15080R 15301A 15326G 15514C 1598429A 16209C 16223T 16292T 16295T 16311C
16519C

L3f1b4

mtGAfrMA0001

73G 150T 189G 200G 263G 309.1C 309.2C 315.1C 750G 1438G 1822C 2706G 3396C 3505G 4218C 476¢
7028T 7819A 8527G 8701G 8860G 8932T 8937A 9540C 9950C 10398G 10873C 11440A 11719A 12705T
14769G 15301A 15326G 15514C 15629C 15%BP09C 16223T 16311C 16519C

L3flb4al

mtGAfrNYO0009

73G 150T 189G 200G 263G 309.1C 315.1C 750G 1438G 1822C 2BIBE 3505G 3705R 4218C 4769G 5601
7028T 7819A 8527G 8701G 8799G 8860G 8932T 9540C 9950C 10398G 10873C 11440A 11719A 12705T
14766T 14769G 15301A 15326G 15514C 159B8P09C 16223T 16311C 16519C

L3flb4c

mtGAfrMD0007

73G 150T 152C 189G 200G 234R3%5315.1C 750G 1438G 1822C 2706G 3396C 3505G 4218C 4769G 560:
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7028T 7819A 8527G 8701G 8860G 8932T 9540C 9950C 10398G 10873C 11440A 11719A 12705T 147661
14769G 15301A 15326G 15514C 15565Y 15988R09C 16218T 16223T 16291T 16292T 16295T 16311C
16519C

L3flb4c

MtGAfrSC0005

73G 150T 189G 200G 263G 309.1C 315.1C 750G 1438G 1822C 2706G 3396C 3505G 4218C 4769G 5601
7819A 8527G 8701G 8860G 8932T 9540C 9950C 10398G 10873C 11440A 11719A 12705T 14766T 1476¢
15301A 15326G 15514C 159446209C 16218T 1622316292T 16311C 16352C 16519C

L3hlbla

mMtGAfrNC0006

73G 189C 195C 263G 315.1C 5224 750G 1438G 1719A 2706G 2831A 3777C 4388G 4769G 5300T 6756¢
7028T 7055G 7861C 8701G 8767G 8860G 9509C 9540C 9575A 9827T 10044G 10289G 10398G 10873C .
11590G 11719A1963A 12705T 14410A 14766T 15301A 15326G 16126C 16179T 16215G 16223T 16256A
16284G 16311C

L3kl

mtGAfrMO0002

73G 150T 152C 235G 263G 315.1C 494T 735G 750G 1438G 2706G 3918A 4313C 4769G 6620G 7028T 7.
8649G 8701G 8860G 9007T 9329A 9467C 9540C 103983 9G 10873C 11719A 12705T 13135A 13477A
13542G 13862G 13992T 14766T 15301A 15314A 15326G 16075C 16129A 16223T 16355T

Mlald

mtGAfrVA0010

73G 150T 189G 195C 263G 309.1C 315.1C 489G 528 750G 813G 1438G 2706G 3421A 3705A 4769G
6261A 6446A 6671C 66800028T 8270T 82818282 8283 8284 8285 8286 8287 8288 82893 8701G 8860G
9540C 10398G 10400T 10873C 11719A 12346T 12403T 12705T 12950C 14110C 14766T 14783C 15043A
15301A 15326G 15672C 16129A 16189C 16223T 16249C 16311C 16359C 16519C

M7clc3

MtGAfrLA0009

73G 146C 199C 263G 309.1C 315.1C 489C-%28} 750G 1438G 2706G 3606G 4071T 4769G 4850T 5442C
6455T 7028T 8701G 8860G 9540C 9824C 10398G 10400T 10873C 11665T 11719A 12091C 12705T 1370
14766T 14783C 15043A 15236G 15301A 15326G 16223T 16295T 16B&#AOC

N1blb1

mtGAfrNY0008

73G 152C 263G 309.1C 315.1C 750G 1438G 1598A 1703T 1719A 2639T 2706G 3921A 4735A 4769G 491
4960T 5471A 7028T 8251A 8472T 8836G 8860G 10238C 11719A 11928G 12092T 12501A 12705T 128221
13129T 13710G 14581C 14766T 15326G 16146A76A 16223T 16390A 16519C

U6a3c

mtGAfrGA0008

73G 146C 185A 263G 291.1A 315.1C 5324 750G 960 1438G 1809C 2706G 3348G 4769G 5147A 5554A
6182A 7028T 7805A 8860G 11272G 11467G 11719A 12308G 12372A 12954C 14179G 14766T 15326G 1!
15790T 16172C 1@BC 16189C 16193.1C 16219G 16278T 16519C

X2ala

mtGAfrwi0001

73G 143A 153G 195C 200G 204Y 263G 309.1C 309.2C 309.3C 315.1C 573.1C 750G 1438G 1719A 2393T
3552C 4769G 6113G 6221C 6371T 7028T 8860G 8913G 11719A 12397G 12705T 13966G 14470C 145021
14766r 15326G 16093C 16182C 16183C 16189C 16193.1C 16193.2C 16223T 16278T 16357C 16519C
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Appendix B. U.S. Caucasian haplotypes

# of

Haplogroup

Sample Name(s)

Haplotype (as differences from the rCRS)

Haplotypes
2

H4ala2a

mtGCaucMAQ0002
mtGCaucPA0001

263G 35.1C 523524 750G 1438G 3992T 4024G 4769G 5004C 8269A 8860G 9123A 10124C 13708A 143
14582G 14956C 15326G

J1c3b

mtGCaucNJ0006
mtGCaucPA0020

73G 185A 263G 295T 315.1C 462T 489C 750G 1438G 2706G 3010A 4216C 4769G 7028T 8860G 10398C
11251G 11719A 12612 13708A 13934T 14766T 14798C 15326G 15367T 15452A 16069T 16126C

A10

mtGCaucNY0006

73G 235G 263G 315.1C 52824 544T 663G 750G 1438G 1736G 2706G 4248C 4769G 4824G 5393C 7028
7468T 8794T 8860G 9948A 10094T 11719A 12705T 14766T 15326G 16223T 1622901 183311C 16319A
16519C

A2q

mtGCaucCA0004

64T 73G 146C 153G 235G 263G 309.1C 309.2C 315.1€52B 663G 750G 1438G 1736G 1746G 2706G
3633C 4248C 4769G 4824G 4961G 4976G 5899.1C 7028T 8027A 8794T 8860G 8946T 9122Y 9893T 117
12007A 12705T 14154G 168T 15326G 16111T 16129A 16209C 16223T 16290T 16319A 16362C 16519C

A2w

mtGCauclL0003

64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 2706G 4248C 4769G 482
7028T 7124G 8027A 8794T 8860G 11016A 11719A 12007A 12705T 14766 T GSBZBLAT 16223T 16290T
16319A 16362C

B2alal

mtGCaucCA0009

73G 263G 309.1C 309.2C 315.1C 499A 750G 827G 1438G 2706G 3547G 4769G 4820A 4977C 6473T 70:
8281 8282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 10813T 10895G 11177T 11719A 12729
13135A 13590A 15326G 15535T 16111T 16183C 16189C 16193.1C 16217C 16483A

B2ada

mtGCaucCO0002

73G 215G 228A 263G 309.1C 309.2C 315.1C 499A 750G 827G 1393A 1438G 2706G 3547G 4769G 4820.
4977C 6473T 7028T 8288282 8283 8284 8285 8286 8287 8288 8289 8817G 8860G 9770C 9950C 1117
11719A 13590A 14766T 15326G 15535T 16092C 16111T 16129A 16182C 16183C 16189C 16193.1C 162
16320Y 16483A 16519C

B2s

mtGCaucTNO005

73G 263G 310C 314815 499A 750G 827G 930A 1438G 2706G 3547G 4769G 4820A 4977C 6473 B2B1
8282 8283 8284 8285 8286 8287 8288 8289 8567C 8860G 9950C 11177T 11719A 12616C 13590A 1374
14766T 15326G 15535T 16152C 16182C 16183C 16189C 16193.1C 16217C 16325C 16519C

B4c2

mtGCaucCA0013

44.1C 73G 263G 309.1C 315.1C 524.1A 524.20GF3119C 1438G 2706G 4769G 5108C 6932G 7028T-8281
8282 8283 8284 8285 8286 8287 8288 8289 8860G 11719A 14088C 14178C 14209G 14766T 15326G
15346A 16147T 16183C 16184A 16189C 16217C 16235G 16309G 16519C

Clc4

mtGCaucCA0001

73G 200G 204C 214G 24963G 2960 291- 309.1C 315.1C 489C 750G 1438G 1888A 2706G 3552A 4715G
4769G 7028T 7196A 8584A 8701G 8860G 9156G 9540C 9545G 10398G 10400T 10873C 11719A 11914A
12705T 13263G 14318C 14766T 14783C 15043A 15301A 15326G 15487T 15930A 16223T 16256T 16274
16298C16325C 16327T

C4clb

mtGCaucMI0011

73G 249 263G 309.1C 315.1C 489C 750G 1243C 1438G 2232.1A 2706G 3552A 4715G 4769G 6026A 702
7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A 11914A 11969A 12705T 132t
14208C 14318C 14433T 14766T 14T8B5043A 15148A 15204C 15301A 15326G 15487T 16203G 16223T
16298C 16327T 16362C 16519C

Fladal

mtGCaucCA0010

73G 146C 152C 24263G 309.1C 309.2C 315.1C 5822 523 524 750G 1438G 2706G 3970T 4086T 4769C
5985A 6392C 6719C 6962A 7028T 8277C 8278.1€832C 8278.3C 8860G 9053A 9548A 10310A 10609C
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11719A 12406A 12882T 13422G 13434G 13759A 13928C 14766T 15326G 15445C 16129A 16172C 1629
16304C 16362C 16519C

1 G2al mtGCaucCA0019 73G 263G 315.1C 489C 52824 709A 750G 1438G 2706G 4769G 4833G 5108C 560028T 7600A 8289.1C
8289.2C 8289.3C 8289.4C 8289.5C 8289.6T 8289.7C 8289.8T 8289.9A 8701G 8860G 9377G 9540C 9575
10398G 10400T 10873C 11719A 12705T 13563G 14200C 14569A 14766T 14783C 15043A 15301A 1532¢
16086C 16172C 16223T 16227G 16278T 16362C

1 H mtGCaucFL0012 195C 263G 315.1C 52524 750G 1438G 4769G 8860G 10658G 15326G 16311C 16519C

1 H mtGCaucMD0007 73G 263G 315.1C 750G 1438G 4769G 8860G 11134G 15326G 16223T

1 H mtGCaucPA0012 263G 315.1C 750G 1438G 3221G 4769G 5460A 8860G 9299G 15326G 1536BHC16

1 H1 mtGCaucFL0003 263G 315.1C 750G 1438G 3010A 4769G 8860G 11293T 14502C 15326G 16519C

1 H1 mMtGCaucKY0003 263G 315.1C 750G 1438G 2746C 3010A 4769G 8860G 13708A 13746T 15261A 15326G 15924G 16093C
16193.1C 16193.2C 16368C 16519C

1 H1 mtGCaucMA000S 263G 309.1C 309.2C 315.1C 750G 1438G 1462A 3010A 4769G 8860G 15326G 16126C 16189C 16193.1(
16193.2C 16293C 16400T 16519C

1 H1 mtGCaucNY0009 263G 315.1C 750G 1438G 3010A 4769G 5774C 8860G 15326G 16519C

1 H1 mtGCaucOHO0009 263G 315.1C 750G 1438G 301@469G 8860G 15326G 15785Y 16239T 16519C

1 Hl mtGCaucWI0004 263G 309.1C 315.1C 750G 1438G 1692R 3010A 4769G 6253C 8860G 15326G 16519C

1 H10ela mtGCaucPA0005 152C 263G 279Y 309.1C 315.1C 750G 1438G 4769G 8860G 10410C 12284A 13830C 14470A 15326G 1€
16221T 16266T 16519C

1 Hlla mtGCaucMD0008 195C 263G 309.1C 309.2C 315.1C 750G 961G 1438G 4769G 8448C 8860G 13759A 15326G 16293G 163

1 Hllal mtGCaucNY0023 195C 263G 315.1C 750G 961G 1438G 4769G 5021C 8448C 8860G 8898T 13759A 15326G 16183C 1618
16193.1C16278T 16293G 16311C 16519C

1 Hlla2a mtGCaucSC0002 195C 263G 315.1C 750G 961G 1438G 4769G 8448C 8860G 13759A 14587G 15326G 16092C 16140C 16
16311C

1 H13ala4 mtGCaucNJO003 263G 309.1C 315.1C 750G 1438G 2259T 4745G 4769G 8381G 8860G 13680T 14872F 15326

1 H14a2 mtGCaucVA0009 263G 315.1C 750G 1438G 1462A 4769G 6182A 7645C 8227C 8860G 10217G 15326G 16256T 16352C

1 H14b mtGCaucPA0016 263G 309.1C 315.1C 52824 750G 1438G 3197C 4012G 4769G 7403G 7645C 8860G 10217G 14887G 15
16192T 16519C

1 H16d mtGCaucVAO0010 152C 263G 315.1C 750G 1438G 4769G 8860G 10394T 14155T 14869C 15326G 16519C

1 H18 mtGCaucFL0O008 263G 309.1C 309.2C 315.1C 524.1A 524.2C 750G 1438G 4769G 5585A 6152C 8860G 13708A 14364A 1t
16311C 16519C

1 Hla mtGCaucOHO0018 73G 263G 315.1C T8 1438G 3010A 4769G 8601G 8860G 15326G 16162G 16519C

1 Hla mtGCaucVA0012 73G 263G 309.1C 315.1C 750G 1438G 3010A 4769G 5460A 8860G 15326G 16162G 16519C

1 Hla mtGCaucWI0001 73G 263G 315.1C 750G 1018A 1438G 3010A 4769G 5093C 8860G 15326G 16162G 16519C

1 Hlal mtGCaucNC0002 73G 263G 315.1C 750G 1438G 3010A 4769G 6365C 8860G 15326G 16162G 16209C 16519C

1 Hlac mtGCaucPA0017 73G 263G 309.1C 315.1C 750G 1438G 3010A 4769G 8860G 11447A 11893G 14979G 15326G 16189C 1t

1 Hlag mtGCaucSD0003 152C 263G 309.1C 31EC 750G 789C 1438G 3010A 4769G 578860G 14869A 15326G 16519C

1 Hlagl mtGCaucLAO003 263G 315.1C 750G 1438G 3010A 4769G 6272G 8860G 10259R 14869A 15326G 16267T 16519C

1 Hlagl mtGCaucPA0010 189R 263G 309.1C 315.1C 750G 1438G 2885C 3010A 4769G 6272G@ BBBOHG 14869A 15326G 16519C

1 Hlakl mtGCaucOHO0001 195C 263G 309.1C 309.2C 315.1C 750G 1438G 3010A 3666A 4769G 5393C 8860G 12094T 15326G 165!
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1 Hlaulb mtGCauclL0004 263G 315.1C 750G 1438G 1719A 3010A 4769G 8860G 11515A 15326G 16148T 16519C

1 Hlb mtGCauclDO003  140T 263G 315.1C 750G 1438G 3010A 4769G 8860G 15326G 16189C 16356C 16362C 16519C

1 Hlba mtGCaucFL0011 263G 309.1C 315.1C 750G 1438G 3010A 4769G 6569T 8860G 10101C 15326G 16270T

1 Hicl mtGCaucAR0001 263G 315.1C 477C 750G 1438G 1632Y 3010A 4768608 9150G 15326G 16093C 16209C 16263C 16519C

1 Hicl mtGCaucCT0004 263G 315.1C 477C 750G 1438G 3010A 4769G 8860G 9150G 15326G 16263C 16519C

1 Hicl mtGCaucGA0002 263G 315.1C 477C 750G 1438G 3010A 4769G 8531R 8860G 9150G 15326G 16263C 16519C

1 Hicl mtGCaicGAO0003 263G 309.1C 315.1C 477C 750G 1438G 3010A 4769G 8860G 9150G 15326G 16263C 16519C

1 Hilc2 mtGCaucFL0004 44.1C 263G 315.1C 477C 750G 1438G 3010A 4769G 8860G 12858T 15326G 16519C

1 Hlc2 mtGCaucNH0001 263G 309.1C 309.2C 315.1C 477C 750G 1193C 14386GA@T69G 5249C 8860G 12858T 15326G 16390R
16519C

1 H1c3 mtGCaucTN0001 152C 195C 257G 263G 309.1C 315.1C 477C 750G 1438G 3010A 4769G 8473C 8860G 8931G 15326G 1¢

1 Hlc4b mtGCaucOHO0023 263G 315.1C 477C 750G 1438G 3010A 4769G 8860G 13759A 15326G 168336T116400Y 16519C

1 Hlelbla mtGCauclD0004 263G 309.1C 315.1C 453C 750G 1438G 3010A 4769G 5460A 8023C 8512G 8860G 13590A 15326G 156¢
16519C

1 Hle3 mtGCaucWI0007 93G 199C 207A 263G 309.1C 315.1C 709R 750G 960.1C 1438G 2885C 3010A 4769G 5460A 88@T&s 153
15346A 16093C 16519C

1 H1j mtGCaucMAO0003 263G 309.1C 315.1C 750G 1438G 3010A 4733C 4769G 8860G 13911G 14025C 15326G 16519C

1 H1j3 mtGCaucCO0001 263G 315.1C 750G 1438G 3010A 4733C 4769G 5249C 8860G 15326G 16519C

1 Hin mtGCaucLA0002 146C 263G 309.1C 302C 315.1C 750G 1438G 2098A 3010A 4769G 8860G 15326G 16519C

1 H1n2 mtGCaucRI0O002 64Y 146C 152C 200G 263G 309.1C 315.1C 750G 1438G 2098A 3010A 4769G 5483C 8277C 8860G 1122
13431T 15244G 15326G 16519C

1 Hilg mtGCaucPA0007 263G 315.1C 750G 1438G 3010A 4154859C 8860G 15326G 15954G 16188G 16519C

1 Hilq mtGCaucSC0001 263G 309.1C 315.1C 750G 1438G 3010A 4769G 4859C 4973Y 6481Y 8860G 9948A 10586A 15301A 153
16093C 16519C

1 Hlu mtGCaucFL0014 263G 309.1C 315.1C 52824 750G 1438G 3010A 3483A 4769G 8578860G 9923T 13708A 15326G 162661
16320T 16519C

1 H23 mtGCaucNY0017 263G 315.1C 750G 1438G 4769G 8860G 10211T 15326G 16318G 16519C

1 H24a mMtGCaucCT0005 263G 315.1C 750G 1438G 3333T 4769G 7598A 8860G 13473R 15326G 15394C 16519C

1 H24a mtGCauclLO009 263G 35.1C 750G 1438G 3333T 4769G 7083G 8860G 13105G 15326G 16293G 16519C

1 H24a mtGCaucMT0002 263G 315.1C 750G 1438G 3333T 4769G 8860G 15326G 16293G 16519C

1 H27a mtGCaucPA0011 152C 263G 309.1C 315.1C 750G 1438G 4769G 8860G 9391T 11719A 15326G 16093C 163263 16519C

1 H2a2ala mtGCauclL0010  309.1C 315.1C 9126A 14279A 15314A

1 H2a2alb mtGCaucMNQOOO1 9299G

1 H2a5 mtGCaucNY0005 263G 309.1C 315.1C 750G 6179A 8860G 13708A 13962A 15326G 16519C

1 H3 mtGCaucWV0002 150T 152C 263G 315.1C 750G 1438G 4769G 6778&18 8556C 8860G 15326G 16519C

1 H31a mtGCaucMAO0008 72G 146C 195C 263G 309.1C 315.1C 750G 1438G 4769G 7930T 8860G 10771G 11893R 15326G 16319+
16519C

1 H33c mtGCaucNY0007 263G 309.1C 315.1C 573.1C 573.2C 709A 750G 1438G 4769G 8860G 10373A 11447A 143864 15188T
16519C

1 H3ap mtGCaucCA0017 146C 263G 309.1C 315.1C 750G 1438G 4769G 6776C 8464Y 8860G 10915C 15314A 15326G 16114T 16
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1 H3g mtGCauclD0002  152C 263G 315.1C 750G 1438G 4769G 6776C 8860G 10754C 12362T 15326G 16519C

1 H3kla mtGCaucINO0OO3  152C 263G 315.1C 750G 1438G 3591A 4769G 6776C 8860G 11590G 12217G 14687G 15326G 16519C

1 H3kla mtGCaucIN00O7  152C 263G 315.1C 750G 1438G 3591A 4561Y 4769G 6776C 8860G 11590G 12217G 14687G 15326G 16

1 H3m mtGCaucIN00O1  195C 263G 315.1C 750G 1438G 4263169G 6776C 8860G 13656Y 14501G 15326G 16311C 16519C

1 H47a mtGCaucCA0003 152C 263G 315.1C 52324 750G 1438G 4769G 8756C 8860G 8986G 9530C 12633T 13020A 15326G

1 H4alala mtGCaucMAO0001 73G 263G 309.1C 315.1C 5284 750G 1438G 3992T 4024G 4769G 50BZH9A 8860G 9123A 10044G
14365T 14582G 15326G

1 H4aladb mtGCaucCT0006 195C 263G 315.1C 52324 750G 1438G 3992T 4024G 4769G 5004C 8269A 8860G 9123A 9300A 12642G
14365T 14569A 14582G 15326G 15884A

1 H56 mtGCaucOH0020 152Y 263G 315.1C 750G 1438G 4769(88 8860G 11788T 15326G 16519C

1 H56 mtGCaucWV0001 263G 309.1C 315.1C 750G 1438G 4769G 8860G 11788T 15326G 16519C

1 H5al mtGCaucCA0018 186T 263G 315.1C 456T 52824 750G 1438G 4336C 4769G 8860G 12634G 15326G 15833T 16304C

1 H5al mtGCaucCT0001 152Y 2635 315.1C 456T 52324 750G 1438G 4336C 4769G 6722A 7642A 8860G 9103C 15326G 15833T
16304C

1 H5alf mtGCaucNY0001 263G 309.1C 315.1C 456T 52324 750G 961C 965.1C 1438G 4336C 4736C 4769G 8860G 12535T 15326C
15833T 16223T 16304C

1 H5algl mtGCaucSD0002 263G 315.1C 444G 456T 52824 750G 1438G 4336C 4769G 5082C 8860G 9804A 15326G 15833T 161141
16172C 16304C 16311C

1 H5alq mtGCaucFL0013 263G 309.1C 315.1C 456T 52324 750G 1438G 4336C 4769G 4916G 8860G 12151G 13879C 14771A 153
15833T 16304C

1 H5a2 mtGCauclL0002 263G 309.1C 315.1C 456T 750G 1438G 4336C 4769G 5839T 8860G 15326G 16304C

1 H5a6 mtGCaucARO0003 152C 263G 315.1C 456T 750G 1438G 4336C 4769G 5319G 8563G 8860G 15326G 16304C

1 H5a6 mtGCaucMDO0006 152C 263G 315.1C 340T 456T 750G 1438G 4336C &/8319G 7388W 8563G 8860G 13708A 15326G 1626
16304C 16497G

1 H5b mtGCaucTN0002 152C 263G 315.1C 456T 750G 1438G 4769G 5471A 8860G 10238C 13285G 15326G 16129A 16304C

1 H5b1 mtGCaucVAO0011l 146C 195C 263G 309.1C 309.2C 315.1C 456T 750G 1438G 1822C 4069G 8471A 5492C 8860G 14497G
15326G 16304C

1 H5b1 mtGCaucWI0003 146C 152C 195C 263G 309.1C 315.1C 456T 750G 1438G 4769G 5471A 8860G 13581C 14497G 15326G

1 H5b2 mMtGCaucOHO0010 263G 315.1C 327T 456T 750G 1438G 4769G 5471A 8860G 9948A 12864C 1532881 15304C

1 H5k mtGCaucMEO001 263G 315.1C 456T 750G 1438G 2626C 2887Y 4769G 8020A 8860G 15326G 16304C 16519C

1 H6ala mtGCaucGA0001 239C 263G 315.1C 750G 1438G 3548C 3915A 4727G 4769G 5048C 8860G 9380A 10166C 11253C 1532
16362C 16482G

1 H6ala2bl mtGCaucOHO0019 239C 263G 309.1C 315.1C 750G 1438G 3705A 3915A 4727G 4769G 5979A 7202G 8860G 9380A 9773T !
11253C 11662C 15326G 16209C 16362C

1 H6ala3a mtGCaucKY0001 239C 263G 309.1C 315.1C 750G 827G 1438G 3915A 4727G 4769G 5785C 8860G 9380A 11253C 15099¢(
15326G 16362C 16482G

1 H6alb2 mtGCaucNJO005 239C 263G 309.1C 309.2C 315.1C 750G 1438G 3915A 4727G 4769G 8860G 9254G 9380A 10589A 1430
15326G 16169T 16362C 16482G 16519C

1 H6alb3 mtGCaucLAO001 204C 239C 263G 315.1C 750G 1438G 3915A 4727G 4769G 8860@ 9BEBBOA 15326G 16193T 16219G

16319A 16362C 16482G
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1 H6alb3 mtGCaucMI0010 26T 146C 204C 239C 263G 309.1C 315.1C 750G 1438G 3915A 4727G 4769G 8860G 9380A 10589A 119
15326G 16193T 16219G 16362C 16482G

1 H6alb4 mtGCaucFL0010 239C 263G 315.1C 750G 1438Q1%A 4727G 4769G 8860G 9380A 10589A 15326G 16249C 16362C 16482

1 H6a2a mtGCaucNC0001 239C 263G 309.1C 315.1C 750G 1438G 3915A 4769G 8860G 9380A 11155T 15326G 15940C 16362C 16
16519C

1 H6C mtGCaucMI0012 152C 239C 263G 315.1C 750G 1438G 4769G 686%DG39804A 15326G 16362C 16482G 16527T

1 H7 mtGCaucRI0O001  73G 263G 315.1C 750G 1438G 4769G 4793G 8860G 15326G 16519C

1 H7 mtGCaucWI0006 263G 315.1C 524.1A 524.2C 750G 1438G 4769G 4793G 8587R 8860G 15326G 16355T 16519C

1 H72 mtGCaucNY0021 263G 315.1C 750G438G 4769G 6647G 8860G 13785T 15326G 15927A 16093C 16311C 16519C

1 H7cl mtGCaucNY0014 263G 309.1C 315.1C 750G 1438G 4769G 4793G 5601T 6296A 8860G 15326G 15758G 16093C 16265G !

1 HV mtGCaucNC0003 263G 309.1C 315.1C 750G 1438G 2706G 4769G 7028T@&BD1A 10205T 10920T 15326G 15514C 16311C

1 HV mtGCaucWI0005 146C 263G 315.1C 750G 1438G 2706G 4769G 7028T 8860G 10389C 15326G 15902G 16234T 16271C 1i

1 HVO mtGCaucOK0002 72C 195C 263G 309.1C 315.1C 750G 1438G 2706G 4688C 4769G 7004G 7028T 88B6G 16366G 16298C

1 HVO0al mtGCaucNEOOO1 263G 309.1C 315.1C 52824 750G 1438G 2706G 4769G 7028T 8860G 10196T 15326G 15904T 16126C
16298C

1 HVOb mtGCaucCT0003 72C 195C 198T 263G 309.1C 309.2C 315.1C 750G 1438G 2706G 4769G 7028T 8860G 15326G 16298C

1 HV16 mtGCauclD0001  150Y 263G 309.1C 315.1C 750G 1438G 2706G 4769G 5581G 7028T 8860G 12492T 15326G 16311C

1 I1alb mtGCaucAR0002 73G 199C 203A 204C 250C 263G 315.1C 455.1T 573.1C 573.2C 573.3C 573.4C 573.5C 750G 1438G 171
2706G 3447G 3990T 4529T 416%H734A 7028T 8251A 8616T 8860G 9947A 10034C 10238C 10398G 1091
11719A 12501A 12705T 13780G 14182C 14766T 15043A 15326G 15924G 16129A 16172C 16223T 1631:
16391A 16519C

1 12 mtGCaucCA0002 73G 152C 199C 204C 207A 250C 263G 309.1C 315.1C 573.1C 573.28CHB3.4C 573.5C 750G 1438G
1719A 2706G 4529T 4769G 7028T 8119C 8251A 8557A 8860G 10034C 10238C 10398G 11719A 12501A
12705T 13780G 14766T 15043A 15326G 15758G 15924G 16129A 16223T 16391A

1 12d mtGCaucNJ0004 73G 152C 199C 204C 207A 250C 263G 309.1C 3154€1C 573.2C 573.3C 573.4C 573.5C 750G 1438G
1719A 2706G 4529T 4769G 6480A 7028T 8251A 8860G 10034C 10238C 10398G 11719A 12501A 12705
13780G 14766T 15043A 15326G 15758G 15924G 16129A 16223T 16391A 16519C

1 I13a mtGCaucOHO0004 73G 152C 199C 204C 207A 23236C 250C 263G 309.1C 315.1C 524.1A 524.2C 524.3A 524.4C 573.1C 57
573.3C 573.4C 573.5C 573.6C 750G 1438G 1719A 2706G 4529T 4769G 7028T 8251A 8860G 10034C 10:
10398G 11719A 12501A 12705T 13780G 14766T 15043A 15326G 15924G 16086C 16129A 16223 1631!
16391A 16519C

1 13c mtGCauclA0004  73G 152C 199C 204C 207A 239C 250C 263G 309.1C 315.1C 524.1A 524.2C 524.3A 524.4C 573.1C 573.:
573.3C 750G 1438G 1719A 2628C 2706G 4529T 4769G 7028T 8251A 8860G 10034C 10238C 10398G 11
12501A 12705T 13780G 14766 TAE3A 15326G 15924G 16129A 16223T 16391A 16519C

1 I5¢c mtGCaucOHO0017 73G 199C 204C 250C 263G 315.1C 524.1A 524.2C 573.1C 573.2C 573.3C 573.4C 750G 1438G 1719A 2(
2706G 4529T 4769G 5471A 7028T 8251A 8269A 8860G 9025R 10034C 10238C 10398G 11719A 12501A
12705T 13780G 14233G 14766T 15043A 15119A 15326G 15924G 16129A 16169T 16223T 16391A 16518

1 Jib mtGCaucNEO0002 73G 195C 263G 295T 309.1C 309.2C 315.1C 462T 489C 750G 1438G 2706G 3010A 3338C 4216C 4769C

7028T 8269A 8860G 10398G 10685A 10873C 11251G 9ATIR127A 12591T 12612G 13708A 13933G 1476¢
15326G 15452A 16069T 16126C 16145A 16222T 16261T 16519C
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Jlblal

mtGCauclL0007

73G 242T 263G 295T 315.1C 462T 489C 750G 1438G 2158C 2706G 3010A 3254T 4216C 4769G 5460A
8269A 8557A 8860G 10237C 10398G 11£511719A 12007A 12612G 13632G 13708A 13879C 14766T 153
15452A 16069T 16093C 16126C 16145A 16172C 16222T 16261T

Jilblal

mtGCaucMT0003

73G 242T 263G 295T 315.1C 462T 489C 750G 1438G 2158C 2706G 3010A 4216C 4769G 5319G 5460A
8269A 8557A 8860G 103% 11251G 11719A 12007A 12612G 13708A 13879C 14766T 15326G 15452A 16
16126C 16145A 16172C 16222T 16261T

Jlblal

mtGCaucNC0004

73G 146C 242T 263G 295T 309.1C 315.1C 462T 489C 750G 1438G 2158C 2706G 3010A 4216C 4769G ¢
7028T 8269A 8557A 8860G 1038811251G 11719A 12007A 12612G 13708A 13753C 13879C 14470C 147¢
15326G 15452A 16069T 16126C 16129R 16145A 16172C 16222T 16261T 16311Y

Jicl

mtGCauclL0012

73G 185A 263G 295T 309.1C 315.1C 462T 482C 489C 709A 750G 1438G 2706G 3010A 3394C 4216C 47
7028T8387A 8860G 9205C 10398G 11251G 11719A 11810T 11908R 12612G 13708A 14443T 14766T 14
15326G 15452A 16069T 16126C

Jicl

mtGCaucMNO0006

73G 185A 228A 263G 295T 315.1C 462T 482C 489C 750G 1438G 2706G 3010A 3394C 4216C 4769G 70
8860G 10398G 11251G 119A 12612G 13708A 14766T 14798C 15326G 15452A 16069T 16126C 16215G

Jlcl2

mtGCaucTNOO0O06

73G 185A 189G 228A 263G 295T 309.1C 315.1C 462T 489C 750G 789C 1438G 2706G 2905G 3010A 40¢
4216C 4769G 6224T 7028T 8860G 10398G 11251G 11719A 12612G 13708A 147@&BIC1¥6326G 15452A
16069T 16126C 16261T

Jlcla

mtGCauclN0002

73G 228A 263G 295T 315.1C 462T 482C 489C 750G 1438G 2706G 3010A 3394C 4216C 4769G 7028T 8
9635C 10398G 11116C 11251G 11623T 11719A 12612G 13708A 13899C 14766T 14798C 15326G 15452
16069T 1426C

Jiclb

mtGCaucCA0016

73G 185A 228A 263G 295T 309.1C 315.1C 462T 482C 489C 750G 1438G 2706G 3010A 3394C 4216C 47
7028T 7184G 8860G 10398G 11251G 11719A 12612G 12696C 13708A 14766T 14798C 15326G 15452A
16126C

Jiclb

mtGCaucNY0010

73G 228A263G 295T 315.1C 462T 482C 489C 750G 1438G 2706G 3010A 3394C 3548C 4216C 4769G 7(
7184G 8860G 10398G 11251G 11719A 12612G 13708A 14766T 14798C 15326G 15452A 16069T 16126(

Jiclbla

mtGCaucFL0015

73G 185A 210G 228A 263G 295T 309.1C 315.1C 462T 482C Z89G 870T 1438G 2706G 3010A 3394C
4216C 4769G 5773A 6040G 7028T 7184G 8860G 10398G 10463C 11251G 11719A 12612G 13708A 147¢
14798C 15326G 15452A 16069T 16126C

Jiclbla

mtGCaucMI0009

73G 185A 228A 263G 295T 315.1C 462T 482C 489C 750G 1438G 2706G 3090UK 3394C 4216C 4769G
5773A 6912C 7028T 7184G 8860G 9548A 10398G 10463C 11251G 11719A 12612G 13708A 14766T 147
15326G 15452A 16069T 16126C 16272G 16519C

Jlc2

mtGCaucCA0011

73G 185A 188G 228A 263G 295T 315.1C 462T 489G 523 750G 1438G 2706G 30A04216C 4769G 7028T
8860G 10398G 11251G 11719A 12612G 13708A 14766T 14798C 15326G 15452A 16069T 16126C 16261
16519C

Jlc2al

mtGCaucKY0004

73G 185A 188G 228A 263G 295T 309.1C 315.1C 462T 489C 750G 1438G 2706G 3010A 4216C 4769G 6:
7028T 7245G 8839A 88& 9181G 10398G 11251G 11719A 12612G 13708A 14766T 14798C 15326G 154¢
15909G 16069T 16126C 16519C

Jic2c

mtGCaucMOO0001

73G 146C 185A 188G 228A 263G 295T 315.1C 462T 489C 750G 1438G 2706G 3010A 4216C 4769G 702
8860G 10398G 10685A 11251G 11719A 12611B281C 13708A 13933G 14766T 14798C 15326G 15452A
16069T 16126C 16519C

Jic20

mtGCaucMI0002

73G 185A 188G 228A 263G 295T 309.1C 315.1C 462T 489C 750G 1438G 2706G 3010A 4216C 4769G 7(
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8860G 10398G 11251G 11719A 12612G 13708A 14766T 14798C 15326G 1586@4T 16126C 16163G
16519C

J1lc3

mtGCaucMI0003

73G 185A 189R 263G 295T 309.1C 315.1C 462T 489C 750G 1438G 2706G 3010A 4216C 4316R 4769G
8860G 10398G 11251G 11719A 12565A 12612G 13708A 13934T 14766T 14798C 15326G 15452A 16069
16126C

J1lc3az2

mtGCaucMS0001

73G 228A 263G 295T 315.1C 462T 489C 750G 1438G 2706G 3010A 4216C 4769G 7028T 8860G 9548A !
10398G 11251G 11719A 12612G 13708A 13934T 14766T 14798C 15326G 15452A 16069T 16126C

Jic3c

mtGCaucOKO0006

73G 185A 228A 263G 295T 315.1C 462T 489C @3B2A 1438G 3010A 4216C 4769G 6956C 7028T 8860G
10398G 11251G 11719A 12382R 12612G 13708A 13934T 14766T 14798C 15326G 15452A 16069T 1612
16222T 16235G

J1c3f

mtGCaucMEO0002

73G 228A 263G 295T 315.1C 462T 489C 709A 750G 1438G 2706G 3010A 4216C 47@822ZC 8860G
10398G 10845T 11251G 11719A 12477C 12612G 13708A 13934T 14766T 14798C 15326G 15452A 1606:
16069T 16093C 16126C 16311C

J1c5

mtGCaucTNO0004

73G 185A 263G 295T 315.1C 462T 489C 573.1C 573.2C 573.3C 573.4C 750G 1438G 2706G 3010A 4216
4769G 398G 7028T 8860G 10398G 11251G 11719A 12612G 13708A 14311C 14766T 14798C 15326G 1!
16069T 16126C

Jlcbal

mtGCaucAL0001

73G 185A 263G 295T 315.1C 462T 489C 750G 1438G 2387C 2706G 3010A 4216C 4769G 5198G 7028T
10192T 10398G 10598G 11251G 117192612G 13708A 14766T 14798C 15326G 15452A 15553A 16069T
16126C

Jichal

mtGCauclL0O001

73G 185A 228A 263G 295T 309.1C 315.1C 462T 489C 750G 1438G 2387C 2706G 3010A 4216C 4769G ¢
6497C 7028T 8860G 10192T 10398G 10598G 11251G 11719A 12612G 13708A 14788 115326G 15452A
16069T 16126C

Jic7

mtGCaucNY0008

73G 228A 263G 295T 315.1C 462T 489C 750G 1438G 2706G 3010A 4216C 4769G 6554T 6734A 7028T ¢
10398G 11251G 11719A 12127A 12612G 13708A 14766T 14798C 15326G 15452A 16069T 16092C 1612
16261T

Jic&

mtGCauclA0003

73G 185A 228A 263G 295T 315.1C 462T 489C 524.1A 524.2C 750G 1438G 2706G 3010A 4216C 4769G
8860G 10084C 11251G 11719A 12612G 13708A 14766T 14798C 15326G 15452A 16069T 16126C 16319

J2alal

mtGCaucOHO0008

73G 150T 152C 189G 195C 214G 263G 295T 309.1C 315.1C 319C 489C 513A 750G 1438G 2706G 42
4769G 7028T 7476T 7789A 8860G 10398G 10499G 11251G 11377A 11719A 12612G 13708A 13722G 14
14766T 15257A 15326G 15452A 16069T 16145A 16231C 16261T

J2alala

mtGCaucAZ0002

73G 150T 152C 18C 215G 263G 295T 310.1T 315.1C 319C 489C 513A 750G 1438G 1617Y 1850C 2706C
4216C 4769G 7028T 7476T 7789A 8860G 10398G 10499G 11251G 11377A 11719A 12612G 13708A 137
14133G 14766T 15257A 15326G 15452A 16069T 16126C 16145A 16231C 16261T

J2alala2

mtGCawelA0002

73G 150T 152C 195C 215G 263G 295T 310.1T 315.1C 319C 489C 513A 750G 1438G 1850C 2706G 3447
4216C 4769G 7028T 7476T 7789A 8860G 10398G 10499G 11251G 11377A 11719A 12612G 13708A 137
14133G 14766T 15257A 15326G 15452A 16069T 16093C 16126C 16 8EA T 16261T

J2alala2

mtGCaucVA0003

73G 150T 152C 195C 215G 263G 295T 310.1T 315.1C 319C 489C 513A 750G 1438G 1850C 2706G 3447
4216C 4769G 7028T 7476T 7789A 8860G 10398G 10499G 11251G 11377A 11719A 12612G 13708A 137
14133G 14766T 15257A 15326G 154626069T 16126C 16145A 16231C 16261T

J2bla

mtGCauclN0005

73G 150T 152C 263G 295T 309.1C 315.1C 489C 709A 750G 1438G 2706G 4216C 4769G 5633T 7028T 7
8860G 9909C 10172A 10398G 10972R 11251G 11719A 12612G 13708A 14766T 15257A 15326G 15452/
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15812A 16069 16126C 16193T 16278T 16519C

J2bla

mtGCaucOH0016

73G 150T 152C 263G 295T 315.1C 489C 750G 1438G 2706G 4216C 4769G 5633T 7028T 7476T 8860G :
10321C 10398G 11251G 11719A 12612G 13708A 14766T 15110A 15257A 15326G 15452A 15812A 1606
16126C 16193T 1&/8T

J2bla

mtGCaucVA0008

73G 150T 152C 263G 295T 309.1C 315.1C 489C 750G 1438G 2706G 4216C 4769G 5633T 7028T 7476T
10172A 10398G 11084G 11251G 11719A 12612G 13708A 14766T 14774T 15257A 15326G 15452A 1581
16069T 16126C 16193T 16278T

J2blala

mtGCauclN0O004

73G 150T 152C 263G 295T 315.1C 489C 750G 1438G 2706G 4216C 4769G 5228G 5633T 7028T 7476T ¢
10172A 10398G 11251G 11719A 12612G 13708A 14569A 14766T 15257A 15326G 15452A 15812A 1606
16193T 16278T 16362C

J2bla6

mtGCaucNEO003

73G 150T 263@95T 309.1C 315.1C 489C 750G 1438G 2706G 4216C 4769G 5633T 7028T 7476T 8860G
9494G 10172A 10398G 11251G 11719A 12612G 13708A 14766T 15257A 15326G 15452A 15662G 15812
16069T 16126C 16193T 16278T 16519C

Klal

mtGCaucNJ0001

73G 263G 315.1C 497T 75013.89C 1438G 1811G 2706G 3480G 4769G 7028T 7825T 8860G 9055A 9698C
10398G 10550G 11299C 11467G 11719A 11914A 12308G 12372A 13434G 14167T 14766T 14798C 1532
16093C 16224C 16311C 16344T 16390A 16519C

Kla3al

mtGCaucSC0003

73G 263G 309.1C 315.1C 497T 5PA.524.2C 750G 1189C 1438G 1811G 2706G 3480G 4769G 7028T 755¢
8440G 8860G 9055A 9698C 10398G 10550G 11299C 11467G 11719A 12308G 12372A 12397G 13117G .
14167T 14766T 14798C 15326G 16093C 16224C 16311C 16519C

Kla4

mtGCauclLO005

73G 251R 263G 315.1€97T 524.1A 524.2C 524.3A 524.4C 750G 1189C 1438G 1811G 2706G 3480G 476¢
7028T 8860G 9055A 9698C 10398G 10550G 11299C 11467G 11485C 11719A 11914A 12308G 12372A 1
14766T 14798C 15326G 16224C 16249C 16311C 16519C

Kladal

mtGCaucFL0007

73G 263G 309.1309.2C 315.1C 497T 524.1A 524.2C 750G 1189C 1438G 1811G 2706G 3480G 4769G 62
7028T 8860G 9055A 9698C 10398G 10550G 11299C 11467G 11485C 11719A 11840T 12308G 12372A 1
14167T 14766T 14798C 15326G 16224C 16311C 16519C

Kladala

mtGCauclL0O006

73G 19% 263G 315.1C 497T 513R 524.1A 524.2C 750G 1189C 1438G 1811G 2706G 3480G 4295G 4769
6260A 7028T 8860G 9055A 9698C 10398G 10550G 11299C 11467G 11485C 11719A 11840T 12308G 12
12904R 13740C 14167T 14766T 14798C 15326G 15884A 16224C 16311C 16519C

Kladda2

mtGCaucOH0003

73G 263G 309.1C 315.1C 497T 524.1A 524.2C 750G 1189C 1438G 1811G 2706G 3480G 3553T 4295G 4
5508C 6260A 7028T 8860G 9055A 9698C 10398G 10550G 11299C 11467G 11485C 11719A 11840T 123
12372A 13740C 14167T 14766T 14798C 15326G 15884246 16245T 16266T 16311C 16519C

Kladala3

mtGCaucNY0016

73G 152C 195C 263G 315.1C 497T 524.1A 524.2C 750G 1189C 1438G 1811G 2706G 3480G 4295G 476!
5177A 6260A 7028T 8860G 9055A 9698C 10398G 10550G 11299C 11467G 11485C 11719A 11840T 123(
12372A 13740A4167T 14766T 14798C 15326G 15884A 16224C 16311C 16519C

Kladalf

mtGCaucKS0001

73G 152C 263G 315.1C 325T 497T 750G 1189C 1438G 1811G 2706G 3480G 4769G 6260A 7028T 8860(¢
9698C 10029G 10398G 10550G 11299C 11467G 11485C 11719A 11840T 12308G 123408 13167T
14766T 14798C 15326G 16224C 16311C 16519C

Kla4cl

mtGCaucOKO0003

73G 263G 315.1C 497T 524.1A 524.2C 524.3A 524.4C 524.5A 524.6C 524.7A 524.8C 750G 1189C 1250T
1811G 2706G 3480G 4769G 5264T 7028T 8860G 9055A 9698C 10398G 10410C 10580G 11267G
11485C 11719A 11782T 12308G 12372A 12612G 13098G 13827G 14167T 14581Y 14766T 14798C 1532
16169T 16224C 16246T 16311C 16519C
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Kla4dcl

mtGCaucOKO0005

73G 263G 315.1C 497T 524.1A 524.2C 524.3A 524.4C 524.5A 524.6C 750G 1189C 1250T 1438G 180G
3480G 4769G 5264T 7028T 8860G 9055A 9698C 10398G 10410C 10550G 11299C 11467G 11485C 1171
11782T 12308G 12372A 12612G 13098G 13827G 14167T 14766T 14798C 15326G 16169T 16224C 1624
16311C 16519C

Kla4d

mtGCaucMNO0002

73G 263G 315.1C 497T 524.1A 524.223C 750G 1189C 1438G 1811G 2706G 3480G 4769G 7028T 8860G
9055A 9698C 10398G 10550G 11071T 11299C 11467G 11485C 11719A 12308G 12372A 14167T 14766T
14798C 15326G 15355A 16093C 16224C 16311C 16519C

K1lb2al

mtGCaucMO0003

73G 146C 195C 263G 315.1C 524.1M52C 750G 1189C 1438G 1811G 2706G 3480G 4769G 5913A 7028T
8860G 9055A 9698C 10398G 10550G 11299C 11467G 11539T 11719A 12308G 12372A 12738G 12771A
14167T 14766T 14798C 15326G 16224C 16311C 16519C

Klcl

mtGCaucOHO0007

73G 146C 152C 263G 309.1C 315.498 523 524 750G 1189C 1438G 1811G 2706G 3480G 4769G 7028T
8860G 9055A 9093G 9698C 10398G 10550G 11299C 11377A 11467G 11719A 12308G 12372A 14167T 1
14766T 14798C 15326G 16224C 16311C 16519C

Klcl

mtGCaucTNOO0O7

73G 146C 152C 214G 263G 309.1C 315498 750G 1189C 1438G 1811G 2706G 3480G 4769G 7028T 886!
9055A 9093G 9698C 10398G 10550G 11299C 11377A 11467G 11719A 12308G 12372A 13375G 14167T
14798C 15326G 16224C 16311C 16519C 16527T

Klclb

mtGCaucCT0002

73G 146C 152C 263G 315.1C 49850G1189C 1438G 1811G 2706G 3480G 4769G 6389T 7028T 8860G 90!
9093G 9698C 10398G 10550G 11299C 11377A 11467G 11719A 12308G 12372A 14167T 14766T 14798C
15326G 15900C 16224C 16311C 16519C

Klc2

mtGCaucMDO0005

73G 146C 152C 263G 309.1C 315.1C 4980G 1189C1438G 1811G 2706G 3480G 4769G 5973A 6468T 662
7028T 7046G 8860G 9055A 9698C 10248C 10398G 10550G 11299C 11362G 11467G 11719A 12308G 12
12759T 12834G 14002G 14040A 14167T 14766T 14798C 15326G 16224C 16311C 16320T 16519C

Klc2

mtGCaucPA0003

73G 146C152C 263G 309.1C 315.1C 4980G 1189C 1438G 1811G 2706G 3480G 4769G 7028T 8860G 9C
9055A 9698C 10398G 10550G 11299C 11467G 11719A 12308G 12372A 14002G 14040A 14167T 147661
14798C 15326G 16224C 16311C 16320T 16519C

K2a3

mtGCaucMAO0006

73G 146C 152C&3G 309.1C 315.1C 709A 750G 1438G 1811G 2706G 3480G 4561C 4748Y 4769G 6750T
8860G 9055A 9698C 9716C 10550G 11299C 11467G 11719A 12308G 12372A 13293T 14167T 14766T 1-
15326G 16224C 16311C 16519C

K2a6

mtGCaucCO0003

73G 146C 152C 263G 294.1T 316.709A 750G 1438G 1811G 2308G 2706G 3480G 4561C 4769G 7028T
7286Y 8860G 9055A 9698C 9716C 10550G 11299C 11467G 11719A 12308G 12372A 14167T 14305A 14
14798C 15326G 16224C 16311C 16327T 16519C

K2blala

mtGCaucNY0011

73G 146C 153G 263G 309.1C 315.1M@&51438G 1811G 2217T 2706G 3480G 4769G 5231A 7028T 8860G
9055A 9698C 9716C 10550G 11299C 11467G 11719A 11869A 12308G 12372A 13135A 14037G 14167T
14798C 15326G 15484G 16222T 16224C 16270T 16311C 16519C

K2blala

mtGCaucSD0001

73G 146C 263G 315.1C 06 1438G 1811G 2217T 2706G 3480G 4769G 5231A 7028T 8860G 9055A 9698(
9716C 10550G 11299C 11467G 11719A 11869A 12308G 12372A 13135A 14037G 14167T 14766T 14798
15326G 16222T 16224C 16270T 16311C 16519C

L2alcl

mtGCaucMO0004

73G 143R 146C 152C 195C 198T3%5315.1C 750G 769A 930A 1018A 1438G 2416C 2706G 2789T 3010A
3308C 3594T 4104G 4769G 6663G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8604C 8701G 8860¢(
9540C 10115C 10398G 10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14001
14566G 1466T 15301A 15326G 15784C 16086C 16223T 16278T 16294T 16309G 16390A
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L2alllb

mtGCaucMO0006

73G 143A 146C 152C 195C 263G 315.1C 534T 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 41(
4769G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 26405C 10398G 10873C
11719A 11914A 11944C 12408C 12693G 12705T 13590A 13650T 13803G 14566G 14766T 15301A 1532¢
15784C 15880G 16093C 16189C 16192T 16223T 16278T 16294T 16309G 16390A

M7clc3

mtGCaucOHO0005

73G 146C 199C 207A 263G 309.1C 315.1C 489G 522 750G 1438G 2706G 3606G 4071T 4769G 4850T
5442C 6455T 7028T 8701G 8860G 9540C 9824C 10398G 10400T 10873C 11665T 11719A 12091C 1270¢
13896C 14766T 14783C 15043A 15236G 15301A 15326G 16223T 16295T 16362C 16519C

Nlalala2

mtGCaucMNO0003

73G 152C 189G 18C 204C 207A 263G 315.1C 573.1C 573.2C 573.3C 573.4C 573.5C 669C 750G 1438G 1
2702A 2706G 3336C 4769G 5315G 7028T 8485A 8860G 8901G 10238C 10398G 11719A 12501A 12705T
12810G 13780G 14766T 15043A 15184C 15299C 15326G 16086C 16147A 16223T 16248T BIBHT 1
16519C

Tlal

mtGCauclN0008

73G 152C 195C 263G 315.1C 709A 750G 1438G 1888A 2706G 4104G 4216C 4769G 4917G 7028T 7372
8860G 9899C 10463C 11251G 11719A 12633A 13368A 14766T 14905A 15326G 15452A 15607G 15928A
16126C 16163G 16186T 16189C 16294B04C 16519C

Tlal

mtGCaucMI0007

73G 152C 183G 195C 215G 263G 315.1C 709A 750G 1438G 1888A 2706G 4216C 4769G 4917G 7028T ¢
8860G 9899C 10463C 11251G 11719A 12633A 13368A 14766T 14905A 15326G 15452A 15607G 15928A
16126C 16163G 16186T 16189C 16294T 185

Tlal

mtGCaucPA0018

73G 150T 195C 263G 309.1C 315.1C 709A 750G 1438G 1888A 2706G 4216C 4769G 4917G 7028T 8697.
8860G 9377R 9899C 10463C 11251G 11539T 11719A 12633A 13368A 14180C 14766T 14905A 15326G
15607G 15766G 15928A 16126C 16163G 16186I89€ 16294T 16519C

Tlalb

mtGCaucWI0008

73G 152C 195C 263G 315.1C 709A 750G 1438G 1888A 2706G 4216C 4769G 4917G 7028T 8697A 8860(
10143A 10463C 11251G 11719A 12633A 13368A 14281T 14766T 14905A 15326G 15452A 15607G 1592¢
16126C 16163G 16186T 161836294T 16519C

Tlalc

mtGCaucFL0001

73G 152C 195C 263G 315.1C 709A 750G 1438G 1888A 2706G 4216C 4664T 4769G 4917G 7028T 86974
9120G 9899C 10463C 11251G 11719A 12633A 13368A 14766T 14905A 15236G 15326G 15452A 15607C
15928A 15965G 16126C 16163G 16T866189C 16294T 16519C

T2a

mtGCaucNY0003

73G 195C 263G 309.1C 315.1C 709A 750G 1438G 2706G 4216C 4464A 4769G 4917G 7028T 8697A 886
10463C 11251G 11719A 11812G 13368A 13965C 14233G 14766T 14905A 15326G 15452A 15607G 1592
16126C 16294T 16296T 16519C

T2ala

mtGCaucFL0009

73G 263G 309.1C 315.1C 709A 750G 1438G 1888A 2706G 2850C 4216C 4769G 4917G 6632C 7022C 7C
8697A 8860G 10463C 11251G 11719A 11812G 13368A 13965C 14233G 14687G 14766T 14905A 15326(C
15452A 15607G 15928A 16126C 16294T 16296T 16519C

T2ala

mtGCaucPA0019

73G 263G 315.1C 709A 750G 1438G 1888A 2706G 2850C 4216C 4769G 4917G 7022C 7028T 8697A 88¢
9242R 10463C 11251G 11719A 11812G 13368A 13965C 14233G 14687G 14766T 14905A 15326G 15452
15607G 15928A 16126C 16294T 16296T 16519C

T2ala2

mtGCaucVA0005

73G 263G 315.1C 709A 750G 1438G 1888A 2706G 2850C 4216C 4688C 4769G 4917G 7022C 7028T 86¢
8860G 10463C 11251G 11719A 11812G 13368A 13965C 14233G 14687G 14766T 14905A 15213Y 1532€
15452A 15607G 15928A 16126C 16294T 16296T 16519C

T2alb

mtGCaucNY0015

73G 263G 315.1C 709A 750G 1438G 1888A 2706G 3394C 3591A 4216C 4769G 4917G 7028T 8697A 877
8860G 10463C 11251G 11719A 11812G 13368A 13965C 14233G 14687G 14766T 14905A 15326G 15452
15607G 15928A 16126C 16287T 16294T 16296T 16324C 16362C 16519C
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T2b

mtGCaucMS0002

73G 263G 315.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 5147A 7028T 8697A 886C
9469T 10463C 11251G 11719A 11812G 13368A 14233G 14766T 14905A 15326G 15452A 15607G 15928
16126C 16294T 16296T 16304C 16519C

T2b

mtGCaucOH0022

73G 263G 309.1C 315.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 5147A 7028T 869
8860G 10463C 11251G 11719A 11812G 13368A 14233G 14587G 14766T 14905A 15326G 15452A 15607
15928A 16126C 16294T 16296T 16304C 16519C

T2b

mtGCaucUTO0001

73G 263G 35.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 5147A 7028T 7262G 8697+
8860G 9531G 10463C 11251G 11719A 11812G 13368A 14233G 14766T 14905A 15326G 15452A 15607(
15928A 16126C 16294T 16296T 16304C 16519C

T2b13

mtGCaucPA0013

73G 195C 263G 309.1809.2C 315.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 5147A
7028T 8697A 8860G 10463C 11251G 11719A 11812G 12202Y 13368A 14233G 14766T 14861A 14905A !
15452A 15607G 15928A 16126C 16294T 16296T 16304C 16519C

T2b13b

mtGCaucNJ0002

73G 263G 89.1C 309.2C 315.1C 573.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 514
7028T 7269A 8697A 8860G 10463C 11251G 11719A 11812G 13368A 14233G 14766T 14861A 14905A 1t
15452A 15607G 15928A 16126C 16294T 16296T 16304C 16362C 16519C

T2b3

mtGCau®A0006

73G 151T 263G 309.1C 315.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4561C 4769G 4917G 5147
7028T 8697A 8860G 10463C 10750G 11251G 11299C 11719A 11812G 12280G 13368A 14233G 14766T
15326G 15452A 15607G 15928A 16126C 16294T 16296T 16304C 16519C

T2b3e

mtGCaucMDO0002

73G 151T 263G 309.1C 315.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 5147A 7028
8697A 8860G 10463C 10750G 11251G 11719A 11812G 13368A 14233G 14766T 14905A 15326G 15452/
15607G 15928A 16126C 16187T 16294T 16296T 16304CAG51

T2b4b

mtGCaucNJ0008

73G 152C 263G 309.1C 315.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 5147A 7028
8697A 8860G 9254G 10463C 11251G 11719A 11812G 13368A 14233G 14766T 14905A 15326G 15452A
15928A 16104T 16126C 16294T 16304C 16519C

T2b5al

mtGCaucOR0001

3C 73G 263G 315.1C 573.1C 709A 750G 930A 1438G 1888A 2706G 3826C 4216C 4769G 4917G 5147A !
7028T 8504C 8697A 8860G 10463C 11251G 11719A 11812G 13368A 14233G 14766T 14905A 15326G 1.
15607G 15928A 16126C 16294T 16296T 16304C65d416519C

T2b6a

mtGCaucOH0021

73G 263G 309.1C 315.1C 458T 709A 750G 930A 1438G 1709A 1888A 2706G 4216C 4769G 4917G 5147,
7028T 8697A 8860G 9300A 10463C 11251G 11533T 11719A 11812G 12007A 13368A 14233G 14766T 1¢
15326G 15452A 15607G 15928A 16126Q36T 16296T 16304C 16519C

T2cla

mtGCaucMNO0005

73G 146C 234G 263G 315.1C 573.1C 573.2C 573.3C 573.4C 709A 750G 1438G 1888A 2706G 4216C 47¢
4917G 6261A 6975C 7028T 8455T 8697A 8860G 8903Y 10463C 10822T 11251G 11719A 11812G 12123°
13368A 13973T 14233G ¥66T 14905A 15115C 15326G 15452A 15607G 15928A 16126C 16189C 16265C
16292T 16294T 16519C

T2cld1l

mtGCaucMI0001

73G 146C 152C 263G 279C 315.1C 709A 750G 1438G 1888A 2706G 3206Y 4216C 4769G 4917G 5187T
7028T 7873T 8697A 8860G 10463C 10822T 11251GL9A711812G 11914A 13368A 14233G 14766T 14905/
15326G 15452A 15607G 15928A 16126C 16292T 16294T 16519C

T2d2

mtGCaucMD0004

73G 195C 263G 309.1C 309.2C 315.1C 709A 750G 1438G 1888A 2706G 4113A 4216C 4769G 4917G 54°
6445T 7028T 7961C 8697A 8860G 9210G 96110463C 11251G 11719A 11812G 12408C 13260C 13368A
14233G 14323A 14605G 14766T 14905A 15326G 15452A 15607G 15784C 15928A 16126C 16294T 1629
16368C 16519C
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T2f

mtGCaucOHO0014

73G 263G 309.1C 315.1C 709A 750G 1438G 1888A 2706G 4216C 4769G 4917G 7028 B33F 8282 8283
8284 8285 8286 8287 8288 82893 8697A 8860G 10463C 11251G 11272G 11719A 11812G 13368A 14233
14766T 14905A 15314A 15326G 15452A 15607G 15928A 16126C 16189C 16294T 16296T 16519C

T2flal

mtGCauclL0011

73G 195C 263G 315.1C 709A 750@38G 1888A 2706G 4216C 4769G 4917G 5277C 5426C 6489A 7028T
8270T 82818282 8283 8284 8285 8286 8287 8288 8289 8697A 8860G 10463C 11251G 11719A 11812G
13368A 14233G 14766T 14905A 15028A 15043A 15326G 15346A 15452A 15607G 15928A 16126C 1618.
1618C 16189C 16193.1C 16294T 16296T 16298C 16519C

T2flal

mtGCaucOH0012

73G 195C 263G 315.1C 709A 750G 1438G 1888A 2706G 4216C 4769G 4917G 5277C 5426C 6489A 702¢
8270T 82818282 8283 8284 8285 8286 8287 8288 82893 8697A 8860G 10463C 11251G 11719A812G
13368A 14233G 14766T 14905A 15028A 15043A 15326G 15452A 15607G 15650A 15928A 16126C 1618:
16183C 16189C 16294T 16296T 16298C 16519C

U2elal

mtGCaucPA0009

73G 152C 217C 263G 309.1C 309.2C 315.1C 340T 508G 524.1A 524.2C 750G 1438G 1811G 2706G 311¢
3720G 4769G 5390G 5426C 6045T 6152C 7028T 8860G 10127G 10876G 11197T 11467G 11719A 11732
12308G 12372A 13020C 13734C 14766T 15326G 15907G 16051G 16129C 16183C 16189C 16193.1C 16
16519C

U2e3a

mtGCaucOHO0015

73G 152C 217C 263G 30915.1C 394T 508G 3R1A 524.2C 524.3A 524.4C 575T 750G 1438G 1811G 2706¢
3170A 3720G 4769G 5390G 5426C 6045T 6152C 7028T 8860G 10876G 11467G 11719A 12308G 123724
13020C 13734C 14766T 15326G 15721C 15907G 16051G 16129C 16181G 16182C 16183C 16189C 162¢
16356C 16362C 16519C

U3b2

mtGCaucNY0004

73G 150T 152C 263G 309.1C 309.2C 315.1C-%23 750G 1438G 1811G 2706G 4188G 4640A 4769G 5004
7028T 7660C 8860G 9656C 11467G 11719A 12308G 12372A 13474C 13743C 14139G 14766T 15289Y 1!
15454C 15930A 159446343G

Udalal

mtGCawFL0006

73G 152C 195C 263G 309.1C 315.1C 499A 524.1A 524.2C 750G 961C 965.1C 965.2C 1438G 1811G 270
4646C 4769G 5899.1C 5999C 6047G 7028T 8167C 8818T 8860G 11332T 11467G 11719A 12308G 1237:
12618A 12937G 14620T 14766T 15326G 15693C 16134T 16356C 16519C

Udalal

mtGCauclL0013

73G 152C 195C 263G 309.1C 315.1C 499A 750G 961C 965.1C 965.2C 1438G 1811G 2706G 4646C 476S
6047G 7028T 8818T 8860G 11332T 11467G 11719A 12308G 12372A 12937G 14384R 14620T 14766T 1t
15693C 16134T 16356C 16519C

U4blbl

mtGCaucPA0004

73G 152C 195C 263G 315.1C 499A 750G 1438G 1811G 2706G 4646C 4769G 5999C 6047G 7028T 7705
8860G 9389G 10819G 11332T 11339C 11467G 11719A 12308G 12348T 12372A 13528G 13565T 14620T
15326G 15373G 15693C 15758G 16356C 16390A 16519C

U4b2a

mtGCaucRI0003

73G 195C 263G 309.1C 315.1C 499A 524.1A 524.2C 750G 1438G 1811G 2706G 4646C 4769G 5999C 6C
7028T 7673R 7705C 8860G 11332T 11467G 11719A 12308G 12372A 14620T 14766T 15260R 15326G 1¢
15883A 16136C 16356C 16519C

Udcla

mtGCaucCA0Q4

73G 150T 195C 263G 315.1C 499A 524.1A 524.2C 524.3A 524.4C 750G 1438G 1811G 2706G 4646C 47¢
4811G 5604Y 5999C 6047G 6146G 7028T 8860G 9070G 10907C 11009C 11332T 11467G 11719A 12308
12372A 14620T 14766T 14866T 15326G 15693C 16179T 16356C 16519C

USalal

mtGCaucFL0002

73G 263G 315.1C 750G 1438G 1700C 2706G 3197C 4769G 5495C 7028T 8860G 9477A 11467G 11719A
12372A 13617C 14364A 14766T 14793G 15218G 15326G 15924G 16256T 16270T 16399G 16519C

Ubalal

mtGCaucNY0022

73G 263G 315.1C 524.1A 524.2C 524.524.4C 750G 1438G 1700C 2706G 3197C 4769G 5495C 7028T 88¢
9477A 11467G 11719A 11914A 12308G 12372A 13617C 14766T 14793G 15218G 15326G 15924G 16184
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16256T 16270T 16399G

U5alb

mtGCaucCA0006

73G 263G 315.1C 750G 1438G 2706G 3197C 4615G 4769G 70BGEB77A 9667G 11467G 11719A
12308G 12372A 13617C 14766T 14793G 15218G 15326G 16192T 16256T 16270T 16399G

Ubalbl

mtGCaucVT0001

73G 263G 315.1C 750G 1438G 2706G 3197C 4769G 7028T 8860G 8865A 9477A 9667G 11467G 11719A
12308G 12372A 13617C 14766T 14793&218G 15326G 15404C 16192T 16256T 16270T 16291T 16399G

U5aldl

mtGCaucINO006

73G 189R 234G 263G 309.1C 315.1C 750G 1438G 2706G 3027C 3197C 4769G 5263T 7028T 8860G 947
11467G 11719A 12308G 12372A 13002A 13617C 14766T 14793G 14870G 15218G 15326G BXERIT 1
16270T 16399G

USalfl

mtGCaucCA0008

73G 195C 263G 315.1C 750G 1438G 2706G 3197C 4313C 4769G 5585A 6023A 7028T 7403G 7569G 79
8860G 9477A 11467G 11719A 12308G 12372A 13617C 13781C 14766T 14793G 15218G 15326G 161927
16256T 16270T 16278Y 16298C 163 16399G

U5alfl

mtGCaucNY0013

73G 195C 263G 315.1C 750G 1438G 2706G 3197C 4313C 4769G 5585A 6023A 7028T 7403G 7569G 86!
8860G 9024G 9477A 11467G 11719A 12308G 12372A 13617C 14766T 14793G 15218G 15326G 16192T
16270T 16311C 16399G

USali

mtGCaucPA0002

73G 263G 315.1C 750G 1438G 2706G 3197C 4769G 4796T 7028T 8772A 8860G 9477A 11467G 11719A
12308G 12372A 13617C 14003T 14766T 14793G 14893G 14971C 15218G 15326G 16093C 16192T 1625
16270T 16399G

Uba2al

mtGCaucMO0002

73G 263G 309.1C 313C1750G 1438G 2706G 3197C 4769G 7028T 8860G 9187C 9477A 11467G 11719A
12308G 12372A 13617C 13827G 13928C 14766T 14793G 15326G 16114A 16192Y 16256T 16270T 1629.
16526A

U5a2alb

mtGCauclA0001

73G 309.1C 315.1C 750G 1438G 2706G 3197C 4769G 7028T 8860G 94¥3@ 11467G 11719A 12308G
12372A 13015C 13617C 13827G 13928C 14766T 14793G 15326G 16114A 16192T 16256T 16270T 1629:
16526A

U5a2blc

mtGCaucVA0006

73G 263G 315.1C 750G 960.1C 1438G 2706G 3197C 4769G 7028T 8860G 9477A 9548A 11467G 117194
12308G 12372A3617C 13999T 14766T 14793G 15326G 15380G 15774Y 15903G 16192T 16256T 16270
16526A

U5a2c3a

mtGCaucCA0015

73G 140T 263G 309.1C 315.1C 573.1C 573.2C 750G 1438G 2706G 3197C 4769G 7028T 7960C 8860G 9
10619T 10709C 11465C 11467G 11719A 12308G 12372A7BAUT766T 14793G 15326G 16256T 16270T
16311C 16526A

U5a2c4

mtGCaucOH0006

73G 263G 315.1C 493G 750G 1438G 2706G 3197C 3531A 4769G 7028T 8860G 9477A 10619T 10644R 1
11719A 12308G 12372A 13617C 14766T 14793G 15326G 16192T 16256T 16270T 16526A

U5a2dla

mtGCaucOH0002

73G 263G 309.1C 315.1C 52324 750G 1438G 2706G 3197C 3750T 4769G 7028T 7843G 7978T 8104C 8¢
9148C 9477A 11107T 11467G 11719A 12308G 12372A 13617C 14577G 14766T 14793G 15326G 16256T
16270T 16526A

UbSa2dla

mtGCaucOHO0013

73G 263G 318.C 523 524 750G 1438G 2706G 3197C 3750T 4769G 7028T 7807T 7843G 7978T 8104C 8¢
9148C 9477A 11107T 11467G 11719A 12308G 12372A 13617C 14577G 14766T 14793G 15326G 16256T
16270T 16290T 16526A

USb1l

mtGCaucMNO0O0QO7

73G 150T 263G 315.1C 750G 1438G 2581663 3197C 4769G 5656G 7028T 7768G 8860G 9438A 9477A
11467G 11719A 12092T 12308G 12372A 12930C 13617C 14182C 14766T 15326G 16182C 16183C 1618
16270T 16519C

U5blb1

mtGCaucMO0005

73G 146C 150T 263G 315.1C 750G 1438G 2706G 3197C 4769G 5656G 7028T 788858860G 9477A
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10927C 11467G 11719A 12308G 12372A 12618A 13617C 14182C 14766T 15326G 16093C 16183C 1618
16193.1C 16270T

USblc

mtGCaucNH0002

73G 150T 263G 309.1C 315.1C 750G 1438G 2486C 2706G 3197C 4769G 5656G 5824A 7028T 7768G 88
9477A 11467G 117M™A 12308G 12372A 12726T 13617C 14182C 14766T 15191C 15326G 16189C 16270T
16311C

USblcl

mtGCaucCA0007

73G 150T 263G 309.1C 315.1C 519G 750G 1438G 2706G 3197C 4769G 5656G 7028T 7768G 8860G 947
11467G 11719A 12308G 12372A 13617C 14178C 14182C 14766 TLCSI®B26G 16189C 16270T 16311C
16336A 16526A

U5b2alal

mtGCaucMI0006

73G 150T 263G 309.1C 315.1C 750G 896G 1438G 1721T 2706G 3197C 4732G 4769G 7028T 7674C 776
8860G 9477A 11467G 11719A 12308G 12372A 13617C 13637G 14182C 14766T 15326G 15511C 161921
1631C

U5b2alal

mtGCaucMNO0004

73G 150T 263G 315.1C 750G 896G 1438G 1721T 2706G 3197C 4732G 4769G 7028T 7768G 8860G 947"
11467G 11719A 12308G 12372A 12715G 13617C 13637G 14182C 14384A 14766T 15326G 15511C 162:
16311C

U5b2a2b1

mtGCaucOK0004

73G 150T 266 309.1C 315.1C 750G 1438G 1721T 2706G 2757G 3197C 3212T 4732G 4769G 4843T 702
7768G 8074G 8860G 9477A 11467G 11719A 12308G 12372A 13617C 13637G 14182C 14766T 14956C 1
16189C 16191.1C 16192T 16270T 16398A

U5b2b3

mtGCaucNY0002

73G 150T 263G 315.1817T 750G 1438G 1721T 2706G 2755G 3197C 4769G 5899.1C 7028T 7543R 7768
8542C 8860G 9477A 9727T 10018R 11467G 11653G 11719A 12308G 12372A 12634G 13617C 13630G 1
14182C 14766T 15326G 15905C 16192T 16224C 16270T 16362C 16519C

U5b2b3ala

mtGCaucCA0005

73G 150T 263G 279C 315.1C 517T 750G 1438G 1721T 2706G 2755G 3197C 3338C 4769G 5261A 70281
8860G 9477A 9494G 11467G 11653G 11719A 12308G 12372A 12634G 13617C 13630G 13637G 14182C
15326G 15905C 16114T 16224C 16270T

U5b2c2

mtGCaucNY0019

73G 50T 263G 309.1C 309.2C 315.1C 723G 750G 960.1C 1438G 1721T 2706G 3197C 3861G 4769G 58!
7028T 7768G 8860G 9477A 10262G 11467G 11719A 12308G 12372A 13017G 13617C 13637G 14182C 1
15326G 16192T 16270T

U5b2c2

mtGCaucPA0014

73G 150T 263G 309.1C 315.123G 750G 960.1C 1438G 1721T 2706G 3197C 3861G 4769G 5836G 70281
7768G 8860G 9477A 10262G 11467G 11719A 12308G 12372A 13017G 13617C 13637G 14182C 14766T
16192T 16270T

U5b3a2

mtGCaucAZ0003

73G 150T 263G 315.1C 750G 1438G 2706G 3197C 4769G 702ZBIA72768G 8860G 9477A 9967Y 10978G
11467G 11719A 12308G 12372A 13617C 14182C 14766T 14803T 15326G 16192T 16235G 16270T 1630-
16465T

U5b3g

mtGCaucVAQ0007

73G 150T 228A 263G 315.1C 750G 1438G 2706G 3197C 4639C 4769G 5147A 7028T 7226A 7768G 886C
9477A 1035C 11467G 11719A 12308G 12372A 13617C 14020C 14182C 14766T 15326G 15672C 162707
16304C 16311C

Uba7ala

mtGCaucMA0004

73G 152C 263G 315.1C 750G 794A 1193C 1438G 1692T 2672G 2706G 3348G 4769G 5120G 5471A 702!
7805A 8473C 8860G 11467G 11719A 11929C 12308G72A 14179G 14766T 15043A 15326G 15530C 1563
16172C 16219G 16278T

U6a7a2a

mtGCaucTNOO0O3

73G 152C 263G 309.1C 315.1C 750G 794A 1193C 1438G 1692T 2706G 3348G 4769G 5471A 7028T 780:
8473C 8860G 11467G 11719A 11941G 12308G 12372A 14034C 14179G 1856B463A 15326G 15530C
15632T 16172C 16219G
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U7a

mtGCaucNJ0O007

73G 151T 152C 263G 315.1C 5224 571A 750G 980C 1438G 1811G 2706G 3741T 4769G 5360T 5390G
7028T 8137T 8286C 8287.1C 8287.2C 8287.3C 8287.4C 8287.5C 8684T 8860G 10142T 11467G 11719A
12308G 12372A 13500C 14569A 14766T 15326G 16309G 16318C 16519C

mtGCaucKY0002

72C 263G 315.1C 750G 1438G 2706G 4580A 4769G 7028T 8860G 15326G 15904T

mtGCaucNV0001

72C 228K 263G 309.1C 309.2C 315.1C 750G 1438G 2706G 4580A 4769G 7028T 8860G 15326G1HAB0G
16298C

< <<

mtGCaucOKO0001

72C 204C 263G 309.1C 309.2C 315.1C 750G 1438G 2706G 4580A 4769G 7028T 8860G 11197T 15326G
15930A 16298C

V11

mtGCaucPA0008

72C 93G 263G 309.1C 315.1C 750G 1438G 2706G 4580A 4769G 7028T 8251A 8860G 9974T INB20G
15326G 15904T 16298C 16519C

Vlial

mtGCaucVA0002

72C 263G 309.1C 315.1C 750G 1438G 2706G 4580A 4639C 4769G 5263T 7028T 8022C 8860G 8869G 1
15904T 16233R 16298C

Vlal

mtGCaucWI0002

263G 309.1C 309.2C 315.1C 750G 1438G 2706G 4580A 4639C 4/B3ET 7028T 8860G 8869G 9948A
15326G 15904T 16298C

V7

mtGCaucMI0008

93G 204C 263G 309.1C 315.1C 750G 1438G 2706G 2757G 4580A 4769G 7028T 7444A 8860G 9367C 15
15904T 16266T 16298C

V7a

mtGCaucOR0002

72C 93G 263G 309.1C 309.2C 315.1C 750G 1438G @QUHEBOA 4769G 7028T 7444A 8860G 11899C 15326C
15894A 15904T 16093Y 16153A 16298C

W3ala3

mtGCaucWV0003

73G 189G 194T 195C 204C 207A 263G 309.1C 315.1C 709A 750G 1243C 1406C 1438G 2706G 3505G 4
5046A 5460A 6267A 7028T 7151T 8251A 8860G 8994A 11674MAA 11947G 12414C 12705T 13263G
14766T 15109C 15326G 15784C 15884C 16223T 16292T 16519C

W3alc

mtGCaucFL0016

73G 189G 194T 195C 199C 204C 207A 263G 309.1C 315.1C 709A 750G 1243C 1406C 1438G 2706G 35!
4769G 5046A 5460A 7028T 7269A 7853A 8251A 8860G4399716C 11674T 11719A 11947G 12414C 1270¢
13263G 14766T 15326G 15784C 15884C 16223T 16292T 16519C

W3alc

mtGCaucOHO0011

73G 152Y 189G 194T 195C 199C 204C 207A 263G 309.1C 315.1C 709A 750G 1243C 1406C 1438G 270¢t
3505G 4769G 5046A 5460A 7028T 7269A 78538261A 8860G 8994A 9716C 11674T 11719A 11947G 12414
12705T 13263G 14766T 15326G 15784C 15884C 16223T 16292T 16519C

W4al

mtGCaucAZ0001

73G 143A 189G 192C 194T 195C 196C 204C 207A 263G 315.1C 709A 750G 1243C 1438G 2706G 3505C
4769G 5046A 5460A 70288251A 8860G 8994A 11674T 11719A 11947G 12414C 12705T 14766T 15326G
15884C 15924G 16223T 16519C

Wb5ala

mtGCaucFL0017

73G 189G 194T 195C 200R 204C 207A 263G 309.1C 315.1C 709A 750G 1243C 1438G 2706G 3505G 43
4769G 5046A 5460A 6528T 7028T 8251A 88609D48A 10097G 10410C 11674T 11719A 11947G 12414C
12705T 14766T 15326G 15775G 15884C 16223T 16258G 16292T 16362C 16519C

Wh5ala

mtGCaucNY0020

73G 189G 194T 195C 204C 207A 263G 315.1C 709A 750G 1243C 1438G 2706G 3505G 4363C 4769G 5(
5460A 6528T 7028T 82518860G 8994A 10097G 10410C 11674T 11719A 11947G 12414C 12705T 14766
15326G 15775G 15884C 16166G 16223T 16292T 16362C 16519C

W6a

mtGCaucVA0001

73G 189G 194T 195C 204C 207A 263G 309.1C 315.1C 524.1A 524.2C 709A 750G 1243C 1438G 2706G !
3939T 4093G 469G 5046A 5460A 7028T 8251A 8610C 8614C 8860G 8994A 11674T 11719A 11947G 124
12705T 13722G 14766T 15326G 15781T 15884C 16192T 16223T 16292T 16325C 16519C

X2b

mtGCaucMI0004

73G 153G 189G 195C 225A 226C 263G 309.1C 309.2C 315.1C 524.1A 524.2C 75 1A 2706G 4769C
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6221C 6371T 7028T 8393T 8860G 8910T 11719A 12705T 13708A 13966G 14470C 14766T 15326G 1592
16183C 16189C 16193.1C 16223T 16278T 16311C 16519C

1 X2cl mtGCaucFLO005 73G 153G 195C 225A 227G 263G 315.1C 750G 1438G 1719A 2706G 4769G 6221T 7028T 8705C 8860G
11719A 12705T 13966G 14470C 14766T 15326G 16183C 16189C 16193.1C 16223T 16255A 16278T 165
1 X2i mtGCaucMD0001 73G 153G 195C 225A 263G 309.1C 315.1C 750G 1438G 1719A 2706G 4769G 6221C 6371T 7028T 8521

8966C 11719A 12705T3B66G 14470C 14766T 15326G 16183C 16189C 16193.1C 16223T 16248T 162781
16519C
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Appendix C. U.S. Hispanic haplotypes

# of
Haplotypes Haplogroup  Sample Name(s) Haplotype (as differences from the rCRS)

3 K2a8 mtGHispKS0002 73G 146C 152C 207A 263G 315.1C 709A 750G 1438G 1811G 2706G 3480G 4561C 4769G 7028T 8860C
MtGHispTX0029 9698C 9716C 10550G 11299C 11467G 11719A 12308G 12372A 14167T 14766T 14798C 15326G 16182(
mtGHispTX0036 16183C 16189C 16224C 16311C 16519C

2 A2hl mtGHispCA0038 64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1598A 1736G 1888A 2706G
mtGHispINOO03  4248C 4769G 4824G 7028T 7702A 8027A 8794T 8860G 11719A 12007A 12705T 12811C 14766T 15326t

16111T 16223T 16290T 16319A 16335G 16526A

2 C1b2 mMtGHisplL0002  73G 249 290 291- 315.1C 489C 493G 52524 750G 1438G 2706G 3552A 4242T 4715G 4769G 7013A 70z
mtGHispVA0003 7196A 8584A 8701G 8860G 9540C 9545G 9557T 10398G 10400T 10873C 11719A 11914A 12454A 1270

13263G 14318C 14766T 14783C 15043A 15301A 15326G 1548Z23T 16298C 16325C 16327T 16519C

2 L3ele2 mtGHispPR0O003 90A 97A 106 107- 108 109 110 111- 150T 189G 200G 263G 315.1C 750G 1438G 2352C 2706G 4562G 4
mtGHispTX0005 6221C 6587T 7028T 8701G 8860G 9098C 9540C 10370C 10398G 10819G 10873C 11719A1HAHXRT

14212C 14766T 15301A 15326G 15670C 15942C 16223T 16327T

1 A2 MtGHispCA0006 64T 73G 146C 153G 199C 234G 235G 263G 309.1C 315.165223663G 750G 1438G 1736G 2706G 3826C

4248C 4769G 4824G 5147A 7028T 8027A 8794T 8860G 9311C 11453A 11719A 120003 T14551G
14766T 15326G 15355A 16111T 16216G 16223T 16290T 16319A 16362C 16391A 16519C

1 A2 mMtGHispCA0009 64T 73G 146C 153G 235G 263G 309.1C 309.2C 315.1528 663G 750G 1438G 1736G 2706G 4248C

4769G 4824G 7028T 8027A 8794T 8860G 11221G 11719ATRAR705T 14766T 15326G 16111T 16223T
16290T 16362C 16519C

1 A2 mtGHispCA0010 64T 73G 146C 153G 235G 263G 310C 3383 524 663G 750G 1438G 1736G 2706G 3394C 4248C 4769G

4824G 5634G 6260A 7028T 7853A 8027A 8794T 8860G 11719A 12007A 12705T 14766T 1BIPET
16193T 16223T 16290T 16319A 16362C 16519C

1 A2 mtGHispCA0017 64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 2706G 4248C 4769G

4824G 5899.1C 7028T 8027A 8794T 8860G 8932T 9893T 11719A 12007A 12609C 12705T 14154G 1476
15326G 16111T 16223T 16290T 16319A 16362C 16518A 16519C

1 A2 mtGHispCA0022 64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 596C 663G 750G 1438G 1736G 2706G 4248C 476!

4824G 6638C 7028T 7226A 8027A 8623G 8794T 8860G 11719A 12007A 12705T 12825C 14668 147
15326G 16111T 16131C 16134T 16223T 16290T 16319A 16357C 16362C

1 A2 mMtGHispCA0026 64T 73G 146C 153G 235G 263G 309.1C 315.1G 528 663G 750G 1438G 1736G 2706G 4248C 4769G

4824G 5114G 5177R 7028T 8027A 8794T 8860G 11719A 12007A 12705T 14766T 188261 16145A
16223T 16290T 16319A 16362C

1 A2 mtGHispCA0030 64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 2706G 4248C 4769G

4824G 7028T 8027A 8794T 8860G 9039A 11719A 12007A 12705T 14766T 15326G 16095T 16111T 1622
16290T 1639A 16362C

1 A2 mtGHispDEO001 73G 146C 153G 179C 235G 263G 315.1C 385G 523 663G 750G 1438G 1736G 2706G 4248C 4769G 48

7028T 8027A 8289.1C 8289.2C 8289.3C 8289.4C 8289.5C 8289.6T 8289.7C 8289.8T 8289.9A 8794T 88¢
9947A 11719A 12007A 12705T 1476@5326G 16111T 16218T 16223T 16290T 16319A 16362C 16519C
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A2

mtGHispFL0O009

64T 73G 146C 152C 153G 235G 263G 309.1C 315.1C 528 663G 750G 1438G 1736G 2706G 4248C 476¢
4824G 6032A 7028T 8027A 8794T 8860G 11719A 11914A 12007A 12705T 13740C 147&0G163111T
16223T 16290T 16311C 16319A 16362C 16519C

A2

mtGHispHI0001

64T 73G 146C 152C 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 2706G 4248C 4769G
4824G 7028T 7389C 7852A 8027A 8461A 8794T 8860G 8975C 9755A 11719A 12007A 12408C 12785 1
15326G 16111T 16124C 16223T 16290T 16319A 16362C

A2

mtGHispMI0001

64T 73G 146C 153G 235G 263G 315.1C-5234 663G 750G 1438G 1736G 2706G 4248C 4769G 4824G 70
8027A 8794T 8860G 11719A 12007A 12705T 14766T 15326G 16223T 16256T 16290T 163198 16362

A2

mtGHispPA0001

73G 146C 153G 235G 263G 309.1C 315.1C-%23 663G 750G 1438G 1736G 2706G 4248C 4769G 4824G
7028T 8027A 8794T 8860G 11653G 11719A 12007A 12705T 13731G 14766T 15326G 16111T 16223T 1¢
16319A 16362C

A2

mtGHispPR0O006

73G 146C 15G 179C 207A 235G 263G 315.1C 385G 5334 663G 750G 1438G 1736G 2706G 4248C 4769
4824G 7028T 8027A 8794T 8860G 9947A 11719A 12007A 12705T 14766T 15326G 16111T 16223T 162¢
16319A 16362C 16519C

A2

mMtGHispTX0018

64T 73G 146C 235G 263G 315.1C 5324 663G 750G 1438G 1736G 2706G 4248C 4769G 4824G 7028T
8027A 8598C 8794T 8860G 11719A 12007A 12705T 14766T 15258G 15326G 16069Y 16111T 16129A 1¢
16265T 16287T 16294T 16319A 16320T 16362C

A2

MtGHispTX0022

64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 2706G 4248C 4769G
4824G 7028T 8027A 8794T 8860G 11221G 11719A 12007A 12705T 14766T 15326G 16111T 16223T 16:
16362C 16519C

A2

MtGHispTX0035

64T 73G 146C 153G 235G 247A 263G 309.1C 315.1C 3746528 663G 750G 1438G 17368706G 4248C
4769G 4824G 7028T 8027A 8794T 8860G 11719A 12007A 12373G 12705T 14766T 15326G 16111T 162
16278T 16290T 16319A 16362C 16519C

A2

mtGHispTX0043

64T 73G 146C 235G 263G 315.1C 5324 663G 720C 750G 1438G 1736G 2706G 4248C 4370C 4769G 4¢
7028T 8027A 8794T 8860G 11719A 12007A 12705T 14766T 15326G 15793T 16093C 16111T 16223T 16
16319A 16362C 16519C

A2ac

mtGHispFL0002

64T 73G 146C 153G 235G 249G 263G 309.1C 309.2C 315.135223663G 750G 1438G 1736G 2706G 424¢
4769G 4824G 7028T 8U2 8794T 8860G 9064A 9377G 11719A 12007A 12705T 14766T 15074C 15326G
16111T 16213A 16223T 16290T 16319A 16362C

A2ad

mtGHispFL0005

64T 73G 146C 153G 189.1A 194T 235G 263G 315.1C 528 663G 750G 1438G 1736G 2706G 4248C 476¢
4824G 7028T 8027A 8093C BAT 8794T 8860G 9837R 11719A 12007A 12705T 14766T 15326G 16111T
16187T 16223T 16290T 16300G 16319A 16362C 16519C

A2am

mMtGHispTX0023

64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 2706G 4248C 4769G
4824G 6253C 7028T 8027A 87948B60G 11719A 12007A 12705T 14766T 15229C 15314A 15326G 161111
16129A 16223T 16290T 16319A 16362C

A2am

MtGHispTX0031

64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 2706G 4248C 4769G
4824G 6253C 7028T 8027A 8794T 8860G 11712A07A 12705T 14766T 15106A 15229C 15314A 15326G
16111T 16129A 16223T 16290T 16319A 16362C

A2f

MtGHispTX0003

64T 73G 146C 153G 235G 263G 309.1C 309.2C 315.1€B2B 663G 676A 750G 1438G 1736G 2706G 424¢
4769G 4824G 7028T 8027A 8794T 8860G 11719A T2002705T 12940A 14766T 15326G 16111T 16223T
16290T 16319A 16362C
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A2f3

mtGHispPR0002

64T 73G 146C 153G 235G 263G 315.1C-5234 663G 750G 1438G 1736G 2706G 4248C 4769G 4824G 55
7028T 8027A 8794T 8860G 9156G 11719A 11914A 12007A 12705T 12940A 14Z7&bT 15028T 15323A
15326G 16111T 16223T 16234T 16290T 16319A 16362C 16519C

A2hl

MtGHispTX0025

64T 73G 146C 153G 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1598A 1736G 1888A 2706G
4248C 4769G 4824G 7028T 7702A 8027A 8047C 8794T 8860G 11719 A2P705T 12811C 14766T
15326G 16111T 16223T 16290T 16319A 16335G 16526A

A2hl

mMtGHispTX0028

64T 73G 146C 235G 263G 309.1C 315.1C-38% 663G 750G 1438G 1598A 1736G 1888A 2706G 4248C
4769G 4824G 7028T 7702A 8027A 8794T 8860G 11719A 12007A 12705TLC2BA766T 15326G 16111T
16223T 16290T 16319A 16335G 16526A

A2i

mtGHispWAO0003

64T 73G 94A 146C 153G 235G 263G 309.1C 315.1C 528 663G 750G 960.1C 960.2C 1438G 1736G 270¢
3307.1A 3308C 4248C 4769G 4824G 5165T 6527G 6620C 7028T 8027A 8794T 886@A 1PDD7A 12705T
14280G 14470C 14766T 15326G 15386T 16111T 16223T 16290T 16319A 16325C 16362C 16519C

A2j

mtGHispTX0030

64T 73G 146C 153G 235G 263G 309.1C 309.2C 315.1C 385¢5243663G 750G 1193C 1438G 1736G 2706
4248C 4769G 4824G 6307G 7028T 802974T 8860G 10595C 11548G 11719A 12007A 12561A 12705T
14766T 15326G 16111T 16223T 16290T 16319A 16362C

A2l

mMtGHispWA0002

64T 73G 146C 153G 235G 263G 315.1C 5234 663G 750G 1438G 1736G 2706G 4248C 4769G 4824G 70
8027A 8794T 8860G 11719A 12007A 15 14766T 15326G 15629C 16223T 16290T 16319A 16362C

A2m

mMtGHispC0O0001

73G 146C 153G 235G 263G 315.1C 5834 663G 750G 1438G 1736G 2706G 4248C 4769G 4824G 4856C
6689T 7028T 7245G 8027A 8794T 8860G 8947T 8995A 9039A 10274C 11719A 11914A 12007A 12705T
13135A 14530C 14766T 15172A 15326G 15784C 16104T 16129A 16223T 16240G 16290T 16319A 1636.
16449T 16451T 16455A

A20

mMtGHispCA0016

73G 146C 235G 263G 315.1C 5224 663G 750G 1438G 1736G 2706G 3972G 4248C 4769G 4824G 7028
8027A 8794T 8860G 11719A 12DA 12705T 14766T 15326G 16223T 16290T 16319A 16362C

A20

mtGHispTX0047

64T 73G 146C 153G 235G 263G 315.1C 5224 663G 723C 750G 1007A 1438G 1736G 2706G 3972G 424
4769G 4824G 7028T 8027A 8794T 8860G 11719A 12007A 12705T 13032G 14766T 15326G 162X 16
16362C

A2t

mtGHispCA0027

73G 146C 153G 235G 263G 309.1C 315.1C-%23 663G 750G 1438G 1736G 1842G 2071C 2706G 4248C
4769G 4824G 7028T 8027A 8794T 8860G 9053A 11404G 11719A 12007A 12705T 14766T 15236G 1532
16111T 16223T 16290T 16319A 16356C G6BG

A2t

mtGHispOR0001

73G 146C 153G 235G 263G 315.1C 5834 663G 750G 1438G 1736G 1842G 2071C 2706G 4248C 4769G
4824G 7028T 8027A 8794T 8860G 9053A 11404G 11719A 12007A 12705T 14766T 15236G 15326G 161
16223T 16290T 16319A 16356C 16362C

A2ul

mtGHispCA0024

64T 73G 146C 153R 235G 263G 309.1C 315.1G 523 663G 750G 1438G 1736G 1806Y 2706G 4248C
4769G 4824G 7028T 7702A 8027A 8794T 8860G 11719A 12007A 12705T 12906T 14766T 15326G 1611:
16136C 16147T 16223T 16257T 16290T 16319A 16344T 16362C

A2vl

mtGHispAZ0006

64T 73G 146C 152C 153G 235G 263G 309.1C 309.2C 315.105323663G 750G 1438G 1736G 2706G 4248
4769G 4824G 6491A 7028T 7051C 8027A 8794T 8860G 11719A 12007A 12705T 14766T 15326G 15679
16111T 16223T 16239T 16290T 16319A 16362C 16519C

A2vl

mtGHispTX0020

64T 73G 146C 152C 153G 235G 263G 315.1C 523 663G 750G 1438G 1736G 2706G 4248C 4769G 482+
6491A 7028T 7051C 8027A 8794T 8860G 11719A 12007A 12705T 14766T 15326G 15679G 16111T 162:
16239T 16290T 16319A 16362C 16519C
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A2wl

mtGHispMD0002

64T 73G 146C 153G 214G 235G 263G 309.1C 309.2C 315.15343573.1C 573.2C 573.3C 573.4C 663G
750G 1438G 1736G 2706G 4248C 4769G 4824G 7028T 7124G 8027A 8572A 8794T 8860G 11016A 1171
12007A 12366G 12705T 13681G 14693G 14766T 15326G 16111T7TaABR23T 16290T 16311C 16319A
16362C

A2wl

MtGHispNMO0005

64T 73G 146C 153G 263G 309.1C 315.1C-E8% 573.1C 573.2C 573.3C 573.4C 663G 750G 1005C 1438C
1736G 2706G 4248C 4769G 4824G 6221C 7028T 7124G 8027A 8794T 8860G 8896A 10907C 11016A 11
12007A12705T 14766T 15326G 16111T 16187T 16223T 16290T 16319A 16362C

A2z

mtGHispIL0004

73G 146C 152C 153G 214G 235G 263G 309.1C 315.1€32B 663G 750G 1438G 1736G 2706G 2836T
3744G 4248C 4769G 4824G 6632C 7028T 8027A 8794T 8860G 11719A 12007A 12198T 12766T
15326G 16083T 16111T 16223T 16256T 16290T 16319A 16362C

B2

MtGHispCA0004

73G 263G 309.1C 315.1C 499A 750G 827G 1438G 2706G 3547G 4231G 4769G 4820A 4977C 6473T 70.
8281 8282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 11177T 117AA3105G 13590A 14766T
15326G 15535T 16183C 16189C 16193.1C 16217C 16278T 16519C

B2

mtGHispCA0020

73G 152C 263G 309.1C 315.1C 499A 750G 827G 1438G 2706G 3547G 4512A 4769G 4820A 4977C 596-
6245G 6473T 7028T 8269A 8288282 8283 8284 8285 8286 8287 8288 8289 8860G 9210G 9950C
11177T 11719A 11854C 11914A 13590A 14323A 14766T 15326G 15535T 16183C 16189C 16193.1C 16=
16293G 16319A 16519C

B2

MtGHispCA0039

73G 263G 309.1C 309.2C 315.1C 499A 750G 827G 1438G 2706G 3547G 4769G 4820A 4977C 58TLA 54
5777A 6473T 7028T 7260T 8288282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 10978G
11177T 11719A 13590A 14766T 15326G 15535T 16182C 16183C 16189C 16217C 16259T 16519C

B2

mtGHispCA0041

73G 263G 307308 309 315.1C 499A 750G 827G 1438352C 2706G 3547G 4769G 4820A 4977C 6473T
7028T 82818282 8283 8284 8285 8286 8287 8288 8289 8860G 9186T 9950C 11177T 11719A 13590A
14766T 15326G 15535T 16183C 16189C 16193.1C 16217C 16278T 16456A 16519C

B2a

mtGHispTX0027

73G 263G 309.1C 309.2815.1C 499A 524.1A 524.2C 750G 827G 1438G 2706G 3547G 4769G 4820A 497
5054A 6473T 7028T 828 B282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 10795G 11177T
11719A 13590A 14766T 15326G 15535T 16111T 16183C 16189C 16193.1C 16217C 16483A 16519C

B2b

MtGHispTX0034

73G 263G 309.1C 315.1C 499A 524.1A 524.2C 750G 827G 1438G 2706G 3547G 4769G 4820A 4977C 6-
6755A 7028T 82818282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 11177T 11719A 13477R
13590A 14766T 15326G 15535T 16092C 1618BA83C 16189C 16193.1C 16217C 16223T 16519C

B2b2

mMtGHispTX0004

55C 63C 64T 73G 195C 263G 309.1C 315.1C 499A 750G 827G 1438G 2706G 3547G 4769G 4820A 4977
6473T 6755A 7028T 8152A 8288282 8283 8284 8285 8286 8287 8288 8289 8860G 9083C 9950C
11177T 11719A 13590A 14766T 15326G 15535T 16129A 16145A 16183C 16187T 16189C 16217C 1631¢
16323C 16519C

B2b3a

mtGHispPR0008

73G 152C 263G 271T 309.1C 309.2C 315.1C 454C 455C 460C1963 750G 827G 1438G 2706G 3547G
3918A 4012G 4232C 4769G 4820A 4977478T 6755A 7028T 82818282 8283 8284 8285 8286 8287

8288 8289 8860G 9531G 9950C 11177T 11719A 13590A 13708A 14766T 15326G 15535T 15784C 1609.
16182C 16183C 16189C 16193.1C 16193.2C 16217C 16249C 16312G 16344T 16519C

B2c2a

mtGHispTX0037

73G 146 263G 309.1C 309.2C 315.1C 499A 5824 750G 827G 1438G 2706G 3547G 4755C 4769G 4820,
4977C 6473T 7028T 7241G 8283282 8283 8284 8285 8286 8287 8288 8289 8702T 8860G 9950C
10133G 11177T 11719A 13590A 14757C 14766T 15326G 15535T 16182C 166839C116217C 16319A
16519C
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B2c2b

mtGHispAZ0004

73G 146C 152C 263G 309.1C 309.2C 315.1C 499A 750G 827G 1438G 2706G 3547G 4755C 4769G 482(
4977C 6473T 7028T 7241G 8283282 8283 8284 8285 8286 8287 8288 8289 8860G 9682C 9950C
11177T 11719A 1359913661G 14757C 14766T 15326G 15535T 16182C 16183C 16189C 16193.1C 1621
16295T 16324C 16519C

B2c2b

mMtGHispFL0004

73G 146C 152C 263G 309.1C 309.2C 315.1C 499A 750G 827G 1438G 2706G 3547G 4755C 4769G 482(
4977C 6473T 7028T 7241G 8283282 8283 8284 8285 8286 8287 8288 8289 8860G 9682C 9950C
11177T 11719A 13590A 13661G 14757C 14766T 15326G 15535T 16182C 16183C 16189C 16217C 1629
16519C

B2d

mtGHispNJO003

73G 263G 309.1C 309.2C 315.1C 4889A 750G 827G 1438G 2706G 3547G 4122G 4123G 4762GA8
4977C 6473T 7028T 8288282 8283 8284 8285 8286 8287 8288 8289 8860G 8875C 9682C 9950C
11177T 11719A 13590A 14766T 15326G 15535T 16183C 16189C 16193.1C 16217C 16218T 16335G 16¢

B2f

mtGHispIN0001

73G 263G 315.1C 499A 750G 827G 1438G 2736G7G 3796G 3996T 4769G 4820A 4977C 6473T 7028T
7202R 82818282 8283 8284 8285 8286 8287 8288 8289 8860G 9212T 9950C 10535C 11177T 11719A
13590A 13833G 14766T 15326G 15535T 16183C 16189C 16217C 16519C

B2f

MtGHispTX0050

73G 263G 309.1C 315.1(®9A 524.1A 524.2C 750G 827G 1438G 2706G 3547G 3796G 3996T 4769G 482(
4977C 6473T 7028T 8288282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 10535C 11177T
11719A 13590A 13833G 14766T 15326G 15535T 16093C 16183C 16189C 16193.1C 16217C 16519C

B2gl

MtGHispTX0026

73G 114G 146C 263G 315.1C 499A 709A 750G 827G 1002T 1438G 2706G 3547G 3766C 4769G 4820A -
6164T 6473T 7028T 8288282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 11177T 11719A
13590A 14766T 15326G 15535T 16183C 16189C9B:1C 16217C 16298C 16519C

B2g2

mtGHispCA0018

73G 114G 263G 309.1C 309.2C 315.1C 499A 750G 827G 1438G 2706G 3547G 3766C 4769G 4820A 497
6040G 6164T 6473T 7028T 7340A 828P82 8283 8284 8285 8286 8287 8288 8283 8860G 9950C
11177T 11647T 11AA 11875C 13590A 14766T 15326G 15535T 16183C 16189C 16193.1C 16217C 1651

B2g2

mtGHispTX0021

73G 94A 114G 263G 309.1C 315.1C 499A 750G 827G 1438G 2706G 3547G 3766C 4769G 4820A 4937C
6164T 6473T 7028T 7340A 8288282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 11177T
11623T 11647T 11719A 11875C 13590A 14470C 14766T 15326G 15535T 15994R 16148T 16183C 1618!
16193.1C 16217C 16519C

B2j

mtGHispFL0010

73G 131C 183G 263G 291.1A 315.1C 499A 750G 827G 1438G 2706G 3547G 4769G 4820A 49717 GAF 310
7028T 82818282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 10754R 11177T 11719A 12950C
13590A 14766T 15326G 15535T 15924G 16156A 16166G 16183C 16189C 16193.1C 16217C 16519C

B2m

mtGHispCA0031

73G 263G 309.1C 315.1C 499A 750G 827G8@2706G 3547G 4769G 4820A 4977C 5585A 6473T 7028T
8281 8282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 11177T 11719A 13590A 14766T 1532¢€
15535T 15766G 16164G 16183C 16189C 16193.1C 16217C 16325Y 16519A

B2o

mtGHispAZ0007

73G 159C 263G 315C 499A 750G 827G 1438G 2706G 2804G 3547G 4769G 4820A 4977C 6473T 6647C
7028T 82818282 8283 8284 8285 8286 8287 8288 8289 8292A 8860G 9950C 11177T 11719A 13590A
13879A 14766T 15326G 15535T 16092C 16182C 16183C 16189C 16217C 16519C

B20

mMtGHispCA0013

73G 159C 263G 296T 309.1C 309.2C 315.1C 499A 750G 827G 1438G 2706G 2804G 3547G 4769G 482C
4977C 6473T 6647C 7028T 8283282 8283 8284 8285 8286 8287 8288 8289 8860G 9950C 10601C
11177T 11719A 13590A 14766T 15326G 15535T 16092C 16182C 161GBEOC 16193.1C 16193.2C 16217C
16519C

B2q

mtGHispAZ0003

73G 146C 263G 309.1C 309.2C 315.1C 499A 750G 827G 1438G 2706G 3547G 4047C 4769G 4820A 497
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6473T 7028T 82818282 8283 8284 8285 8286 8287 8288 8289 8860G 9287A 9950C 11177T 11719A
126331 13590A 14766T 15326G 15535T 16183C 16189C 16193.1C 16217C 16278T 16519C

B2r

mtGHispTX0019

73G 152C 263G 309.1C 309.2C 315.1C 499A 750G 827G 1438G 1664A 1888A 2010C 2706G 3547G 476
4820A 4977C 58996473T 7028T 82818282 8283 8284 8285 8286 8287- 8288 8289 8860G 9615C 9950C
11177T 11719A 13590A 14766T 15326G 15535T 16182C 16183C 16189C 16193.1C 16217C 16519C

B2t

mtGHispTX0010

73G 263G 310C 31399A 750G 827G 1438G 2706G 3547G 4769G 4820A 4977C 5786C 6473T 7028T 82
8282 8283 8284 8285 8286 8287 8288 8289 8772C 8860G 9950C 10792G 11177T 11719A 13590A 1471
15244G 15326G 15535T 15884A 16183C 16189C 16193.1C 16217C 16357C 16467T 16519C

B4dala

mtGHispHI0003

73G 146C 263G 309.1C 309.2C 315.1C-5224 750G 793T 1438G 1842G 2706G69G 5465C 6719C 7028T
8281 8282 8283 8284 8285 8286 8287 8288 8289 8860G 9123A 10238C 11719A 12239T 14766T 1532¢
15746G 16182C 16183C 16189C 16217C 16261T 16519C

Cilb

mtGHispCA0028

73G 249 263G 2906 291- 309.1C 315.1C 489C 493G 5X24 750G 1438G 2706G 3552A 4715G 4769G 5351
7028T 7196A 8584A 8701G 8860G 9540C 9545G 9804A 10398G 10400T 10873C 11719A 11914A 12705
13263G 14318C 14560A 14766T 14783C 15043A 15301A 15326G 15487T 16183C 16189C 16193.1C 16.
16298C 16325C 16327T 16359C

Cib

mtGHispTX0012

73G 195C 249263G 296 291- 309.1C 309.2C 315.1C 489C 493G 5824 750G 1438G 2706G 3552A 4715G
4769G 7028T 7196A 7211A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11152C 117194
11914A 12071Y 12705T 13263G 14318C 14766T 14783C 150463Q1A 15326G 15487T 16092Y 16223T
16243C 16298C 16325C 16327T

Cilb

mtGHispTX0014

9A 73G 188G 199Y 24263G 290 291- 315.1C 489C 493G 52324 750G 1438G 2706G 3552A 4715G 476¢
5057T 7028T 7196A 7337A 8155A 8584A 8685A 8701G 8860G 9368G 9380A 9BMEGA0398G 10400T
10873C 11719A 11914A 12705T 13263G 13701G 14318C 14766T 14783C 15043A 15301A 15326G 154¢
16223T 16298C 16325C 16327T 16465T

Cib

mtGHispTX0024

73G 249 263G 290 291- 309.1C 315.1C 489C 493G 5224 750G 1438G 1717C 2706G 3335C 3893552A
4715G 4769G 7028T 7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A 11914/
12705T 13263G 14318C 14766T 14783C 15043A 15301A 15326G 15487T 15941C 16223T 16325C 1632

C1bl0

mtGHispCA0001

73G 146C 152C 24263G 296 291- 309.1C 3151LC 385G 489C 493G 52324 750G 1438G 2706G 3552A
4715G 4769G 6284G 7028T 7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A
12705T 13263G 14318C 14482T 14766T 14783C 15043A 15301A 15326G 15487T 15622C 16129A 1617
16223T 16298C 1631 16325C 16327T 16519C

Cib11

mtGHispTX0011

72C 73G 194T 249263G 296 291- 315.1C 489C 493G 52524 750G 2706G 3552A 4715G 4769G 7028T
7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A 11914A 12705T 13263G 14<
14766T 14783C 15043A5B01A 15326G 15487T 15670C 16223T 16295T 16298C 16325C 16327T

Clbl4

mtGHispCA0025

73G 228R 249263G 290 291- 315.1C 489C 493G 52324 709A 750G 1438G 2706G 3552A 4715G 4769G
5894G 6872G 7028T 7196A 8584A 8701G 8860G 9540C 9545G 10397G 10398G 1080GT 11719A
11914A 12705T 13263G 13953C 14318C 14766T 14783C 15043A 15301A 15326G 15487T 16172C 1618
16223T 16298C 16325C 16327T

Cilb4

mtGHispPR0007

73G 143A 249263G 290 291- 309.1C 315.1C 489C 493G 5224 750G 2706G 3552A 4167T 4715G 4769G
7028T 7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A 11914A 12705T 1326:
14318C 14524G 14766T 14783C 15043A 15301A 15326G 15487T 16086C 16183C 16189C 16193.1C 16
16278T 16298C 16325C 16327T
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Clb7a

mtGHispCA0003

60C 73G 249263G 290 291- 309.1C 309.2C 315.1C 489C 493G 5324 750G 1117G 1310T 1438G 2706G
3552A 4715G 4769G 7028T 7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A
12705T 13263G 13635C 14318C 14766T 14783C 15043A 15301A 15326G 15470C 15487T 1623&T 162
16311C 16325C 16327T 16463G

Clb7a

MtGHispCA0015

60.1T 71 73G 249 263G 290 291- 309.1C 315.1C 489C 493G 5224 750G 1310T 1438G 2706G 3552A
4715G 4769G 7028T 7196A 8251A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A
12705T 1263G 13635C 14318C 14766T 14783C 15043A 15301A 15326G 15470C 15487T 16223T 1629¢€
16311C 16325C 16327T 16390A

Cilb7a

mtGHispCA0034

73G 249 263G 2906 291- 309.1C 315.1C 489C 493G 512C 5324 750G 1438G 2706G 3552A 4695C 4715G
4769G 5671T 7028T 7196/684A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A 11800G
11914A 12705T 13263G 13635C 14318C 14766T 14783C 15043A 15301A 15326G 15470C 15487T 1622
16298C 16311C 16325C 16327T 16519C

C1b9

mtGHispNM0004

73G 198T 210G 247A 24263G 296 291- 309.1C 315.1C 489C 493G 52824 750G 1438G 2706G 3552A
4715G 4769G 6297C 7028T 7196A 8047C 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 1
11914A 12705T 13263G 13434R 14318C 14766T 14783C 15043A 15301A 15326G 15487T 16223T 1629
16325C 16327T

C1b9

mtGHispTX0017

73G 198T 249263G 290 291- 309.1C 315.1C 489C 493G 5224 750G 1438G 2706G 3552A 4715G 4769G
5887Y 6297C 7028T 7196A 8047C 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A
12705T 13263G 14318C 14766T 14783C 15043A 18305326G 15487T 16223T 16298C 16325C 16327T

Clc

mtGHispFL0001

73G 249 263G 290 291- 293C 315.1C 489C 750G 1438G 1888A 2706G 3552A 4715G 4769G 5333C 7028
7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873C 11719A 11914A 12705T 13263G 14:
14765T 14783C 15043A 15301A 15326G 15487T 15930A 16223T 16298C 16325C 16327T

Clc

mtGHispNY0001

73G 249 263G 290 291- 293C 315.1C 489C 750G 1189C 1438G 1888A 2706G 3552A 4715G 4769G 5333
7028T 7196A 8584A 8701G 8860G 9540C 9545G 10398G 10400T 10873CAL1TAR4A 12705T 13263G
14318C 14766T 14783C 15043A 15301A 15326G 15487T 15930A 16223T 16298C 16325C 16327T

Clc

mtGHispTX0038

71.1G 73G 249263G 296 291- 309.1C 315.1C 489C 750G 1438G 1888A 2366A 2706G 3552A 4506G 471¢
4769G 7028T 7196A 8584A 8701GEB5 8994A 9540C 9545G 10398G 10400T 10873C 11719A 11914A
12705T 13153G 13263G 14318C 14766T 14783C 15043A 15064G 15301A 15326G 15487T 15930A 161z
16298C 16325C 16327T 16519C

Clc6

mtGHispAZ0002

73G 249 263G 290 291- 309.1C 315.1C 489C 750G 1438G 1888706G 3552A 3693A 4715G 4769G 7028T
7196A 8584A 8701G 8860G 9230C 9540C 9545G 10398G 10400T 10873C 11719A 11914A 12414C 127(
13105G 13263G 14318C 14766T 14783C 15043A 15301A 15326G 15487T 15930A 16153A 16223T 1629
16325C

D1

mtGHispCA0008

73G 263G315.1C 489C 750G 961C 965.1C 965.2C 1438G 2092T 2706G 3010A 3834A 4769G 4883T 517
6254G 7028T 8414T 8701G 8860G 8871G 9540C 9591A 10188G 10398G 10400T 10873C 11719A 1270¢
14668T 14766T 14783C 15043A 15301A 15326G 15984C 16223T 16325C 16362C

D1

mtGHipCA0019

73G 263G 309.1C 309.2C 315.1C 489C 750G 1438G 2092T 2706G 3010A 4769G 4883T 5178A 7028T 8¢
8701G 8860G 9540C 10398G 10400T 10873C 11719A 12705T 14668T 14766T 14783C 15043A 15301A
16223T 16325C 16362C

D1

mtGHispNM0002

73G 263G 292C 309C 315.1C 489C 750G 1438G 2092T 2706G 3010A 4769G 4883T 5178A 7028T 84141
8701G 8860G 9540C 10398G 10400T 10873C 11719A 12705T 14668T 14766T 14783C 15043A 15301A .
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16223T 16325C 16362C 16526A

1 D1 mtGHispNYO0007 55.1T 57C 59C 64T 73G 131C 143A 189G 2®63G 309.1C 309.2C 315.1C 489C 750G 1438G 2092T 270¢
3010A 3699G 4769G 4883T 5178A 5655C 7028T 8701G 8860G 9540C 10097G 10398G 10400T 10873C
12705T 14668T 14766T 14783C 15043A 15301A 15326G 16183C 16189C 16194C 16195C 16223T 1629
16325C 16362C

1 D1 mMtGHispTX0007 73G 263G 309.1C 315.1C 489C 750G 1438G 2092T 2706G 3010A 4769G 4883T 5178A 7028T 8222C 84
8701G 8860G 9540C 10398G 10400T 10873C 11719A 12705T 13488C 14668T 14766T 14783C 15043A
15326G 16223T 16325C 16362C 16519C

1 D1hl mtGHisplLO003  73G 204C 263G 309.1C 315.1C 489C 750G 1438G 2092T 2706G 3010A 4769G 4883T 5178A 7028T 786
8414T 8701G 8860G 9095C 9540C 10398G 10400T 10873C 11719A 12594Y 12705T 13327R 13635C 14
14766T 14783C 15043A 15301A 15326G 16092C 16223T 16256 T AGRF3R5C 16362C

1 D1i MtGHispTX0049 73G 263G 315.1C 417A 489C 750G 1438G 2092T 2706G 3010A 3438A 4769G 4883T 5178A 5237A 702¢
8414T 8701G 8860G 9540C 10398G 10400T 10873C 11719A 12280G 12705T 14668T 14766T 14783C 1
15301A 15326G 16223T 16325C 16362C

1 D1i2 mMtGHispCA0014 73G 263G 315.1C 417A 489C 551G 709A 750G 1438G 2092T 2706G 3010A 3316R 4769G 4883T 5178A
7642R 8414T 8701G 8860G 9540C 10398G 10400T 10873C 11314G 11719A 12280G 12705T 14668T 14
14783C 15001C 15043A 15301A 15326G 15877A233216274A 16325C 16362C 16368C

1 D4h3a mMtGHispCA0021 73G 263G 315.1C 489C 52824 750G 1438G 2706G 3010A 3336C 3396C 3644C 3927G 4025T 4092A 46:
4769G 4883T 5048C 5178A 5480G 6285A 7028T 8414T 8701G 8713G 8860G 8946G 9458T 9540C 1039
10400T 10873 1719A 12705T 13135A 14668T 14766T 14783C 15043A 15301A 15326G 15734A 162231
16241G 16263C 16301T 16342C 16362C

1 E2al mMtGHispCA0032 73G 195C 263G 315.1C 489C 750G 1438G 2706G 3027C 3705A 4491A 4769G 7028T 7598A 8440G 870
8730G 8860G 9080G 9254G 954003928G 10400T 10873C 11719A 12705T 13626T 14766T 14783C 1504:
15178G 15301A 15326G 16051G 16223T 16362C 16390A 16519C

1 H mtGHispNJ0004 73R 263G 315.1C 629Y 750G 1438G 4769G 8860G 15326G 16093C 16223T

1 Hl mtGHispVA0002 263G 315.1C 750G 1438G 3010A 3424269G 5075C 8860G 15326G 16519C

1 H10el mtGHispTX0041 263G 309.1C 315.1C 750G 1438G 4769G 8860G 13830C 14470A 15326G 16221T 16519C

1 Hla mtGHispCA0005 73G 263G 309.1C 315.1C 750G 1438G 3010A 4769G 8860G 15326G 16162G 16519C

1 Hlam mtGHispNV0004 263G 3®.1C 315.1C 750G 1438G 3010A 4763A 4769G 8860G 15326G 16519C

1 H1lb mtGHispWAO0001 93G 263G 315.1C 315.2C 750G 1438G 3010A 4769G 8860G 15326G 16093C 16189C 16193.1C 16193.2
16356C 16519C

1 H1bl mtGHispKS0001 263G 315.1C 52324 750G 1438G 3010A 3796G @89G 8860G 15326G 16183C 16189C 16193.1C 16356C
16362C 16519C

1 Hicl mtGHisplL0001 263G 315.1C 477C 750G 1438G 3010A 4769G 5147R 5945T 8860G 9150G 15326G 16147Y 16263C 165

1 Hic21 mtGHispCA0036 263G 309.1C 315.1C 477C 750G 1438G 3010A 4638R 4767G 438805 15326G 16189C 16519C

1 Hlela6 mtGHispCA0037 150T 263G 315.1C 750G 1438G 3010A 4769G 5460A 5964C 8512G 8860G 14902T 15326G 16256Y 165

1 H1il mtGHispVA0001 152C 263G 315.1C 750G 1438G 2784R 3010A 4769G 6237A 8860G 9300A 15326G 16519C

1 H2a2al mtGHispMAQ001 315.1C 3107

1 H2a2b mtGHispGA0002 263G 309.1C 309.2C 315.1C 8860G 15326G 16291T

1 H3 mtGHispTNO001 263G 315.1C 750G 1438G 4769G 6776C 8860G 12950G 13928C 15326G 16126C 16145A 16166G 1651!
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H3

mtGHispTX0040

263G 315.1C 750G 1438G 4769G 6€78860G 14900A 15326G 16519C

[EnY

H3ap

MtGHispTX0032

263G 309.1C 309.2C 315.1C 750G 1438G 4769G 6590C 6776C 8860G 10199T 10915C 15326G 16042A

H5a3b

MtGHispCA0033

263G 309.1C 309.2C 315.1C 456T 513A 750G 1438G 4336C 4769G 8860G 12648G 15326G1HREBM
16304C

[EnY

H7

mtGHispTX0009

263G 315.1C 750G 1438G 4769G 4793G 8860G 15326G 16249C 16519C

12

mtGHispAZ0001

73G 152C 199C 204C 207A 250C 263G 309.1C 315.1C 573.1C 573.2C 573.3C 573.4C 750G 1438G 171¢
2706G 4529T 4769G 5973A 7028T 8251A 8860G HID30238C 10398G 11719A 12501A 12705T 13780G
14560A 14766T 15043A 15326G 15758G 15924G 16129A 16223T 16391A 16519C

I15a2

MtGHispTX0039

73G 199C 204C 250C 263G 309.1C 315.1C 385G 573.1C 573.2C 573.3C 573.4C 573.5C 750G 1438G 17
2706G 3615G 3918A 45294769G 5074C 5096C 7028T 8251A 8742G 8860G 9254G 10034C 10238C 103¢
11719A 12501A 12705T 13780G 14088C 14233G 14766T 15043A 15326G 15924G 16092C 16129A 161¢4
16223T 16354T 16391A 16519C

J1b2

mtGHispCA0002

73G 263G 295T 315.1C 462T 489C 750G 1438G T73806G 3010A 4216C 4769G 6719C 7028T 8269A 886
10398G 11251G 11719A 12612G 13708A 14766T 14927G 15326G 15452A 16069T 16126C 16145A 162
16261T

J1c8a2

mMtGHispFL0006

73G 185A 228A 263G 295T 315.1C 462T 489C 750G 1438G 2706G 2707R 3010A 4216C 4269G FABA
8860G 10084C 11251G 11719A 12612G 13708A 14766T 14798C 15326G 15452A 16069T 16126C 1626¢
16319A

KlalOa

mtGHispMD0001

73G 150T 195C 263G 315.1C 497T 524.1A 524.2C 524.3A 524.4C 750G 1189C 1438G 1811G 2706G 34
4769G 7028T 8860G 9055A 969803B8G 10550G 11299C 11467G 11719A 12308G 12372A 14167T 1476
14798C 15326G 16048A 16093C 16172Y 16224C 16291T 16311C 16519C

Klalbld

MtGHispTX0033

73G 263G 315.1C 497T 750G 1189C 1438G 1811G 2706G 3480G 4769G 7028T 8860G 9055A 9698C 10
10550G 1129901467G 11470G 11719A 11914A 12308G 12372A 14167T 14388G 14569A 14766T 14798
15326G 15924G 16092C 16223T 16224C 16311C 16519C

K2bla

mtGHispAZ0008

73G 146C 263G 315.1C 524.1A 524.2C 750G 1438G 1811G 2217T 2706G 3480G 4769G 5231A 7028T 8
9055A 9698(0716C 10550G 11299C 11467G 11719A 11869A 12308G 12372A 13135A 14037G 14167T 1
14798C 15326G 16213A 16224C 16311C 16519C

LOa2alal

mtGHispMNO0001

64T 93G 152C 189G 236C 247A 263G 315.1C-528F 750G 769A 825A 1018A 1048T 1438G 2245G 2706G
2758A 288% 3516A 3594T 4104G 4312T 4586C 4598C 4769G 5147A 5231A 5442C 5460A 5603T 5711G
6185C 6257A 7028T 7146G 7256T 7521A 8264T 88PB2 8283 8284 8285 8286 8287 8288 8289 8428T
8460G 8468T 8566G 8655T 8701G 8860G 9042T 9178A 9347G 9540C 9755A 9BRFEGLO0589A 10664T
10688A 10810C 10873C 10915C 11143T 11172G 11176A 11641G 11719A 11830C 11914A 12007A 127C
12720G 13105G 13276G 13506T 13650T 14182C 14308C 14755G 14766T 15136T 15326G 15431A 161¢
16172C 16187T 16188G 16189C 16223T 16230G 16311C 16B2RMOC

Libla7a

mtGHispNY0008

73G 152C 182T 185T 195C 228A 247A 263G 315.1C 357G 528 709A 710C 750G 769A 825A 1018A
1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 4104G 4769G 5036G 5046A 539¢
5655C 6378C 6548T 6827C 6989G 7028T 705386G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 87(
8860G 9540C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506T 13650T 13789(C
13880A 14053G 14178C 14203G 14560A 14766T 14769G 15115C 15224T 15326G 16126C 16187T 161¢
16223T 16264T 1627016278T 16293G 16311C 16519C

L1b2a

mtGHispGA0001

73G 146C 152C 182T 185T 189G 247A 263G 309.1C 315.1C 357(5323709A 710C 750G 769A 825A
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1018A 1738C 1842G 2352C 2706G 2758A 2768G 2885C 3308C 3339G 3594T 3666A 3693A 4104G 475&
4769G 6548T 6827C 69897028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 8655T 8701G ¢
9540C 10398G 10688A 10810C 10873C 11719A 12171G 12519C 12705T 12891T 13105G 13506T 1365C
13789C 13893G 14178C 14323A 14560A 14766T 14769G 15115C 15326G 16111T 16126C 16187T 161€
16223T 16239T 16270T 16278T 16293G 16311C 16519C

L1c2blb

mtGHispNJO005

73G 151T 152C 182T 186A 189C 195C 198T 247A 263G 297G 315.1C 316A 513A 750G 769A 825A 101¢
1438G 2220G 2392706G 2758A 2885C 3202C 3594T 3666A 4104G 4769G 5087C 5814C 5899.1C 59511
6071C 6150A 6253C 6480A 7028T 7055G 7076G 7146G 7256T 7337A 7389C 7521A 8027A 8468T 8655
8701G 8784G 8860G 8877C 9072G 9108G 9540C 10031C 10321C 10398G 10586A 10688A 10792G 107
10810C 10873C 11164G 11654G 11719A 11963A 12049T 12669T 12705T 128108&1BADA9G 13485G
13506T 13650T 13789C 14000A 14178C 14560A 14587G 14766T 14911T 15326G 15924G 16129A 1618
16214T 16223T 16265C 16278T 16286A 16291T 16294T 16311C 16360T 16519C 16527T

L1cS

MtGHispCA0040

73G 151T 152C 182T 186A 189C 247A 263G 291T 2316.1C 316A 523524 709A 750G 769A 825A 1018A
1438G 23952706G 2758A 2885C 3594T 3666A 4104G 4769G 5390G 5951G 6071C 7028T 7055G 7146G
7389C 7521A 7762A 8027A 8143C 82882 8283 8284 8285 8286 8287 8288 8289 8468T 8655T 8701G
8860G 90785 9540C 9899C 10398G 10586A 10688A 10810C 10873C 11150A 11719A 12425G 12630A 1:
12810G 13105G 13359A 13368A 13485G 13506T 13650T 13789C 14000A 14178C 14560A 14766T 1491
15326G 15449C 15553A 15941C 16114G 16129A 16187T 16189C 16223T 16261T 16278T 16360T
16519C

L2alf

mtGHispNV0001

73G 146C 152C 195C 263G 309.1C 315.1C 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 4104C
5581G 7028T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9248T 9540C 10115C 103
10873C 11719A 11914A 1194412693G 12705T 13590A 13650T 13803G 14566G 14766T 15301A 15326C
15784C 16189C 16192T 16223T 16278T 16294T 16309G 16390A 16519C

L2all2

mtGHispNY0003

73G 143A 146C 152C 195C 263G 315.1C 534T 750G 769A 1018A 1438G 2416C 2706G 2789T 3594T 41
4769G 5366A B28T 7175C 7256T 7274T 7521A 7771G 8206A 8701G 8860G 9221G 9540C 10115C 1039
10873C 11719A 11914A 11944C 12693G 12705T 13590A 13650T 13803G 14110C 14566G 14766T 1530
15326G 15784C 16189C 16223T 16278T 16294T 16309G 16390A

L2c

mtGHispPR0004

73G 93G 8C 146C 150T 152C 182T 195C 198T 263G 315.1C 3257 528 680C 709A 750G 769A 1018A
1438G 1442A 2332T 2416C 2706G 3200A 3594T 4104G 4769G 7028T 7256T 7521A 7624A 8206A 8701(
8860G 9221G 9540C 10115C 10398G 10873C 11719A 11944C 12236A 12705T 13590A 13838T 13958C
14750T 14766T 15110A 15217A 15301A 15326G 15849T 16180G 16223T 16278T 16390A 16519C

L3bla

mtGHispPR0005

73G 152C 263G 315.1C 52824 750G 1438G 2706G 3450T 4769G 5773A 6221C 7028T 8547C 8701G 87
8860G 9449T 9540C 10086G 10373A 1039BI873C 11002G 11719A 12705T 13105G 13914A 13926C 147
15301A 15311G 15326G 15434T 15824G 15948124C 16223T 16278T 16362C 16519C

L3blal0

mtGHispPR0O001

73G 263G 315.1C 52324 750G 1438G 2706G 3450T 4659A 4769G 5773A 6221C 7028T 7859A 8701G 8
9449T 9540C 10086G 10373A 10398G 10873C 11002G 11719A 12705T 13105G 13914A 14182C 14323/
14766T 15301A 15311G 15326G 15824G 1594B1124C 16223T 16278T 16362C 16519C

L3d1'2'3'4'5'6

mtGHispTX0016

73G 152C 263G 309.1C 315.1C 5324 750G 921C 1438G 27@53504C 4619C 4769G 5147A 7028T 7424C
8618C 8701G 8860G 9540C 10398G 10873C 11503T 11719A 12705T 13105G 13368A 13886C 13966G 1
14766T 15301A 15326G 15434T 16124C 16148T 16223T 16311C 16362C 16519C

L3d2b

mtGHispNY0004

73G 152C 199C 263G 309.1C 316.523 524 750G 921C 1438G 2163G 2706G 4688C 4769G 5147A 7028"
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7424G 8618C 8701G 8860G 9540C 10398G 10873C 11150A 11719A 12705T 13105G 13886C 14272T 1+
14584C 14766T 15301A 15326G 16111T 16124C 16223T

L3eldl

mtGHispFLO008

73G 150T 152C 189G 200G 26 309.1C 315.1C 750G 1438G 2352C 2706G 4769G 6221C 6587T 7028T 8
8703T 8860G 9300A 9540C 10398G 10819G 10873C 11176A 11719A 12705T 12738C 14152G 14212C 1
15301A 15326G 15670C 15942C 16176T 16223T 16256T 16327T

L3e2alb

mtGHispFL0007

73G 150T 19C 198T 263G 315.1C 750G 793T 1438G 2352C 2706G 4769G 4823C 6413C 7028T 8011T 8
8860G 9540C 10398G 10819G 10873C 11719A 12705T 13105G 14212C 14766T 14869A 14905A 15301/
15319T 15326G 16223T 16320T 16519C

L3e2b

mtGHispNY0006

73G 150T 195C 263G 315.10G 1438G 2352C 2706G 4769G 7028T 8701G 8860G 9540C 10398G 1081
10873C 11719A 12705T 14212C 14766T 14905A 15287C 15301A 15326G 16172C 16183C 16189C 1619
16223T 16301T 16320T 16519C

L3eda

mtGHispCA0035

73G 150T 263G 315.1C 52324 1438G 2352C 206G 3915A 4769G 5262A 5584G 7028T 8701G 8860G 95¢
10398G 10819G 10873C 11257T 11719A 12705T 13368A 13749T 14212C 14662G 14766T 15301A 1532
16051G 16093C 16223T 16264T 16311C 16519C

L3flb4

MtGHispTX0045

73G 150T 189G 200G 263G 309.1C 315.1C 750@B4B8822C 2706G 3396C 3505G 4218C 4769G 5601T
7028T 7819A 8527G 8701G 8860G 8932T 8937A 9540C 9950C 10398G 10873C 11440A 11719A 12705T
14766T 14769G 15301A 15326G 15514C 15629C 1596209C 16223T 16311C 16519C

Tlal

mtGHispNC0001

73G 152C 195C 263G 30%C 315.1C 709A 750G 1438G 1888A 2706G 4216C 4769G 4917G 6845T 7028T
8697A 8860G 9899C 10463C 11251G 11719A 12633A 13368A 14766T 14905A 15326G 15452A 15607G
15928A 16126C 16163G 16186T 16189C 16294T 16519C

T2albla

mtGHispNJ0001

73G 263G 315.1C 709A 7506138G 1888A 2141C 2396T 2706G 4216C 4769G 4917G 7028T 8563G 8697,
8860G 9117C 10463C 11251G 11719A 11812G 13145A 13368A 13965C 13966G 14233G 14687G 14766
14905A 15326G 15452A 15607G 15928A 16126C 16294T 16324C 16519C

T2b19b

mtGHisplA0001

73G 195C 263@09.1C 315.1C 523524 709A 750G 930A 1438G 1664A 1888A 2706G 4216C 4769G 49171
4944G 5147A 7028T 7859A 8697A 8860G 10463C 11251G 11719A 11812G 13368A 13681G 13928C 14:
14766T 14905A 15326G 15452A 15607G 15928A 16126C 16248T 16294T 16296T 16304C 16519C

T2b3b

mtGHispAR0001

73G 152C 263G 309.1C 315.1C 709A 750G 930A 1438G 1888A 2706G 4216C 4769G 4917G 5147A 702¢
8697A 8860G 10463C 10750G 11251G 11719A 11812G 13368A 13722G 14233G 14766T 14905A 15326
15452A 15607G 15928A 16126C 16294T 16296T 163040965

U5a2ald

mtGHispFL0003

73G 263G 309.1C 315.1C 750G 1438G 2706G 3197C 4232C 4655A 4769G 7028T 8020A 8860G 9477A 1
11719A 11893G 12308G 12372A 13617C 13827G 13928C 14766T 14793G 15326G 16114A 16126Y 161
16192T 16256T 16270T 16294T 16526A

U5a2b3a

mtGHispAZ0005

73G 150T 263G 309.1C 315.1C 4550G 1438G 2706G 3197C 4769G 7028T 8860G 9477A 9548A 11467C
11719A 12308G 12372A 13246C 13351T 13617C 14684T 14766T 14793G 15326G 16168T 16192T 1625
16270T 16526A

U5blc2

mtGHispCA0007

73G 146C 150T @G 309.1C 315.1C 516T 750G 1438G 2706G 3197C 4769G 5656G 7028T 7768G 8860C
9110C 9477A 11467G 11569C 11719A 12308G 12372A 13617C 14182C 14766T 15191C 15326G 16174
16189C 16270T 16311C

USblc2b

mtGHispIN0002

73G 150T 263G 315.1C 516T 750G 1438G 2706&/814769G 5656G 6341T 7028T 7768G 8860G 9477A
11467G 11719A 12308G 12372A 13194A 13617C 14182C 14766T 15191C 15326G 16174T 16189C 161¢
16270T 16311C
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U5b2b

mtGHispCA0011

73G 150T 263G 309.1C 315.1C 750G 1438G 1721T 2706G 3197C 4769G 5460A 7028T 3806D877A
10908C 11467G 11653G 11719A 11923G 12308G 12372A 12634G 13617C 13630G 13637G 14182C 147
15326G 16270T

U5b3

mtGHispCA0012

73G 150T 228A 263G 315.1C 338T 750G 1438G 2706G 3197C 3203G 3710T 4248C 4769G 7028T 7226/
8860G 9477A 11467G 118BA 12308G 12372A 13617C 13926C 14182C 14766T 15326G 16192T 16270T
16304C 16526A

wi

mtGHispHI0002

73G 119C 189G 195C 204C 207A 263G 315.1C 709A 750G 1243C 1438G 2706G 2905R 3505G 3795T 4
5046A 5460A 5495C 7028T 7864T 8251A 8860G 8994A 11674T 11711DA7G 12414C 12705T 14766T
15326G 15884C 16223T 16292T 16519C

W3alb

mtGHispNY0009

73G 146C 189G 194T 195C 204C 207A 263G 309.1C 315.1C 709A 750G 1243C 1406C 1438G 2706G 35
4769G 5046A 5460A 7028T 8251A 8860G 8994A 9611T 10245C 11674T 11719A 11941&C112705T
13263G 14766T 15326G 15784C 15884C 16223T 16290T 16292T 16519C

Y2ala

mtGHispTX0008

73G 263G 309.1C 315.1C 482C 750G 1438G 2706G 2856T 4769G 5147A 5417A 6941C 7028T 7859A 82
8289.2C 8289.3C 8289.4C 8289.5C 8289.6T 8289.7C 8289.8T &289%2A 8860G 10398G 11299C 11719A
12161C 12705T 14178C 14693G 14766T 14914G 15244G 15326G 16126C 16231C 16311C
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