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ABSTRACT

Heteroplasmy is the presence of a genetically heterogeneous population of mitochondrial
DNA (mtDNA) within the same individual, tissue, cell or even the same mitochondrion.
Heteroplasmy can result from de novo mutations or from inheritance of variants via the maternal
lineage. In hair, a somatic bottleneck occurs during hair follicle development, which results in a
restricted group of stem cells feeding the hair shaft with mitochondria. Here DNA was extracted
from 5-10 hairs from each of 11 different humans, and mtDNA regions containing heteroplasmic
sites previously identified in blood and cheek samples were amplified and sequenced using nextgeneration sequencing technology. We analyzed heteroplasmy allele frequency at such sites in
individual hairs and estimated the somatic bottleneck in hair using population genetics modeling.
The somatic bottleneck occurring during fetal development in hair was determined to be severe,
i.e. equal to only 7.16 (95% confidence interval 3.4-23.6) mtDNA segregating units. This
bottleneck is much more drastic than previously determined somatic bottlenecks for blood and
buccal tissues (equal to 136 and 458 segregating units, respectively), as well as more drastic
than, or comparable to, the germline bottleneck occurring during oogenesis (equal to 25-32
segregating units). Additionally, we found a positive correlation between donor’s age and
variance in heteroplasmy allele frequency in hair, indicating that older individuals have
accumulated more heteroplasmic variance in their hair. These findings have important
implications for our understanding of mitochondrial DNA dynamics in the human body.
Importantly, our results are also critical for forensics, as the heteroplasmic frequency from an
individual’s hair sample may not be reflected in other hairs, blood or buccal samples from the
same individual.
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Chapter 1
Introduction
Mitochondria play an essential role in cellular energy metabolism, coding for important
genes involved in bioenergetics (Stewart & Chinnery, 2015). The mitochondrial genome is
inherited through the maternal lineage. In humans, mitochondrial DNA (mtDNA) is a doublestranded, circular molecule composed of 16,569 base pairs and containing 37 genes (Stewart &
Chinnery, 2015). mtDNA has an elevated mutation rate compared to nuclear DNA (nDNA)
likely because of an increased number of replications per cell division, a less efficient DNA
repair system, and/or exposure to a mutagenic environment due to the presence of oxygen
radicals generated as a byproduct of oxidative phosphorylation (Xu et al., 2011). Each cell has
hundreds to several thousands of copies of mtDNA that replicate in both differentiated and
proliferating cells, indicating that mtDNA replication is a continuous process, which has been
speculated to lead to a rapid accumulation of mutations (Yasukawa, 2018).
Mutations that accumulate in the mtDNA may lead to the development of mitochondrial
diseases (Burgstaller et al., 2015). mtDNA mutations are linked to over 200 diseases, which
affect approximately 1 in 4,300 people, and include neurodegenerative diseases, diabetes, and
cancer (Stewart & Chinnery, 2015). The clinical phenotypes associated with mtDNA mutations
are extremely variable, with onset occurring during infancy or later in life (Taylor & Turnbull,
2005). mtDNA mutations have also been linked to aging, due to the accumulation of point
mutations and deletions in somatic tissues over time (Shokolenko et al., 2014).
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mtDNA experiences a high mutation rate and there are multiple mtDNA copies in each
mitochondrion and multiple mitochondrion copies in each cell. Therefore, the population of
mtDNA within the same individual, tissue, cell or even the same mitochondrion can be
genetically heterogeneous, a phenomenon known as heteroplasmy (Stewart & Chinnery, 2015).
Heteroplasmy may result from a de novo mutation or through inheritance via the maternal
lineage (Stewart & Chinnery, 2015). Heteroplasmy can vary in levels between cells, tissues or
organs of an individual (Stewart & Chinnery, 2015). Many mtDNA diseases are heteroplasmic,
and a certain allele frequency for a disease-causing variant must be reached before disease
symptoms become apparent (Stewart & Chinnery, 2015). As the frequency of these mutant
alleles increases, the disease symptoms become increasingly severe (Wallace & Chalkia, 2013).
However, a significant level of heteroplasmy has also been observed in the normal population,
with heteroplasmic sites identified in most individuals, even those not exhibiting disease
(Rebolledo-Jaramillo et al., 2014) (H. Zhang et al., 2018). Heteroplasmy frequency has also been
shown to increase with age, implicating heteroplasmy in aging phenotypes (Calloway et al.,
2000).
Heteroplasmy levels can change dramatically between generations due to the random
genetic drift that occurs during the germline bottleneck (Rebolledo-Jaramillo et al., 2014).
During oogenesis, the germline bottleneck causes a severe reduction in the amount of mtDNA
(and/or in the number of segregating mtDNA units) inherited from the mother, leading to
variable levels of the mutant and wild-type molecules passed to each offspring (RebolledoJaramillo et al., 2014). Research suggests this reduction occurs at the earliest stage during female
germline development (H. Zhang et al., 2018). Because the mtDNA is highly prone to mutations,
the bottleneck is thought to have evolved to purify the germline by preventing the accumulation
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of mutations that would eventually cause mitochondria to lose their function (H. Zhang et al.,
2018). Nevertheless, because genetic drift is a random process, deleterious heteroplasmies that
are at a low frequency in the mother may increase in frequency in the child and reach the
threshold for clinical symptoms of mtDNA disease (Rebolledo-Jaramillo et al., 2014). Therefore,
even if the mother is healthy, offspring randomly receiving high levels of a mutant allele at the
heteroplasmic site may exhibit symptoms of disease. In addition to random genetic drift, the
process of selection may play a role in altering heteroplasmy levels from one generation to the
next. If an advantageous or harmful mutation is present, there may be preferential selection for or
elimination of certain alleles to maintain optimal mitochondrial function (H. Zhang et al., 2018).
Purifying selection may eliminate harmful variants that are detrimental in the mtDNA of the
maternal germline, preventing them from being inherited by the child. Variants that are
beneficial to the offspring may be positively selected for, and preferentially inherited by the
child, also influencing minor allele frequency (Marlow, 2017).
Heteroplasmic allele frequency can also change within the lifetime of an individual due
to somatic bottlenecks. During mitosis, the allele frequencies of the mtDNA mutants can shift
between cells, organs and tissues within a single individual (H. Zhang et al., 2018). For rapidly
dividing cells, it is suggested that a bottleneck may occur in somatic tissues, which would allow
the tissue or cell to eliminate somatic mutations that were acquired during an individual’s life
time (H. Zhang et al., 2018). For tissues that do not divide or a post-mitotic cell, the acquired
mutations do not experience a high turnover, which may contribute to higher levels of
heteroplasmy and ultimately the aging process and the widespread development of mitochondrial
disease phenotypes in tissues as such as heart, muscle and brain (H. Zhang et al., 2018).
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To better understand the action of the somatic bottleneck in hair, the tissue studied in this
research, a general understanding of the embryology of hair is needed (Figure 1). Hair has
primarily ectodermal origins, with some contribution to the dermal papilla from the mesodermal
germ layer (Linch et al., 2001). At about nine to twelve weeks of gestation, a group of cells from
the ectoderm begin to grow downward to form a hair peg, which meets a group of mesoderm
cells that will form the dermal papilla and the sheath of the follicle (Linch et al., 2001). The
dermal papilla functions to influence the matrix cells in the hair bulb by directing the mitotic
activity (Linch et al., 2001). By week sixteen to twenty of gestation, the hair follicles are
established and begin producing hairs. This set of follicles developed prior to birth, which
averages around 5 million, is all the individual will have during their lifetime (Linch et al.,
2001). Each root of the hair is formed from a small group of stem cells in the hair follicle
(Bendall et al., 1997).

Figure 1. Embryological development of hair
The process begins with the downward growth of the primitive ectoderm at 9-16 weeks of gestation. The
process is completed by 16-20 weeks of gestation when all hair follicles are formed and begin producing
hair.
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This hair formation from a discrete group of stem cells leads to a limited pool of mtDNA
molecules that contribute to a somatic bottleneck and the a varying MAF (Linch et al., 2001).
Because developing hair follicles are rapidly undergoing cell divisions, with each division
leading to a stochastic segregation, this leads to highly variable MAF in hair (Bendall et al.,
1997). This creates a developmental genetic bottleneck, due to the random segregation of
mtDNA that are distributed between daughter cells after each round of mitosis (Figure 2) (Linch
et al., 2001). Following follicle development, hair roots and shafts are produced from the follicle
through rapid mitotic divisions of the matrix (Bendall et al., 1997). The cells forming the hair
shaft differentiate and never divide again. After being released from the matrix, they differentiate
into one of the three types of hair cells in the shaft -- cuticle cells, medullary cells or cortical
cells (Linch et al., 2001).

Figure 2. Random segregation of mtDNA leading to heteroplasmy
With each round of mitosis, there is a random distribution of mtDNA molecules in a cell. The parent cell
may have a low frequency of mutant mtDNA. However, as a result of stochastic segregation, the mutant
mtDNA can be found at higher frequency in some of the resulting daughter cells.
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In contrast, the embryological development of other cells differ in that these tissues form
from a larger number of stem cells that do not act as a genetic bottleneck (Paneto et al., 2007).
For example, in blood cells, samples consist of lymphocytes from a larger number of
hematopoietic stem cells (Paneto et al., 2007).
The analysis of mtDNA has become an extremely useful tool in the field of forensics in
the identification of individuals, due to the high copy number of mtDNA found in samples
compared to nuclear DNA. The sequence of mtDNA is particularly variable among different
individuals at two hypervariable regions, HV1 and HV2, of the mtDNA’s control region (also
known as D-loop), which allow for enhanced identification of different individuals (Sekiguchi et
al., 2004). Often DNA degradation is a problem encountered at a crime scene, leaving mtDNA as
the best option for identification because mtDNA degradation is limited due to the high copy
number and circular nature of mtDNA. mtDNA typing has become a common practice for
samples containing low amount of nuclear DNA such as hair shafts, old bones, and teeth (Melton
et al., 2012). Additionally, because mtDNA is maternally inherited, the sample can be compared
to reference samples from maternal relatives. The presence of heteroplasmy may complicate the
analysis of mtDNA; however, when interpreted correctly, it presents an advantage. Although
heteroplasmy allele frequencies are not used to verify the identification of samples due to the
possible variation between tissue types, they are used to increase the strength of the identification
(Just et al., 2015). For example, if heteroplasmy is detected at a specific site in the sample and
the suspect matches this heteroplasmy, the evidence is strengthened. In previous studies (Ivanov
et al., 1996), heteroplasmic sites in the mtDNA were used to determine the identity of skeletal
remains that were determined to belong to Russian Tsar Nicholas II. The identification was
determined by comparing the remains to two living relatives, who, with the exception of one

7

(Ivanov et al., 1996) heteroplasmic site, matched the Tsar’s mtDNA genotype completely.
However, the brother of the Tsar was heteroplasmic at this same “exception” site (with a
different allele frequency due to the germline bottleneck), strengthening the identification
(Ivanov et al., 1996).
In this work, we explore the somatic bottleneck occurring in human hair samples and the
effect of this event on the minor allele frequency (MAF) observed in hair. We examined MAF at
several sites in hair roots and shafts from 11 individuals known to be heteroplasmic at the same
sites in their blood and cheek cells. Due to the numerous cell divisions and random genetic drift
in the segregation of mtDNA, the frequency of heteroplasmy in hair often differs from the levels
found in other tissues, such as cheek and blood. Few studies have focused on comparing the
levels of heteroplasmy among different tissues (especially the ones that also include hair).
However, a previous study observed heteroplasmy in hair when the blood sample provided by
the same individual was homoplasmic (Sekiguchi et al., 2004). Another study demonstrated that
the MAF was found to be the highest in muscle tissue, when comparing blood, muscle, brain,
and heart tissues (Calloway et al., 2000; Tuppen et al., 2010). Due to the clonal nature of hair
follicles, which leads to a restricted set of cells feeding the hair shaft following development,
heteroplasmic sites are expected to be common in hair samples (Paneto et al., 2010).
Additionally, the cells that feed the hair shaft contain a restricted set of mtDNA which can result
in varying MAF in different hairs of the same individual (Linch et al., 2001). Because hair is
often the evidence left behind and available for analysis at a crime scene, these developmental
phenomena have important implications for interpreting evidentiary results in the forensic field.
When comparing a suspect to the sample, investigators must keep in mind that the heteroplasmic
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frequency may vary between hairs of the suspect and that a heteroplasmy may be present in the
hair sample that is not present in another tissue of the suspect.
In this project, the mtDNA from five to ten hairs per individual collected from eleven
different individuals was extracted and mtDNA regions containing a heteroplasmic site
previously identified in blood and cheek samples were amplified and sequenced using next
generation sequencing in order to analyze the allele frequencies at these heteroplasmic sites. The
heteroplasmy frequency in the hair was compared to the previously determined frequency of
heteroplasmy of the blood and cheek tissues (Zaidi et al., manuscript in progress). Numerous
hairs from one individual were analyzed in order to study the differing levels of heteroplasmy
within the same individual, as well as numerous heteroplasmic sites within a single hair. Twenty
of the hairs were separated into hair shaft and root segments to determine whether there was a
difference between heteroplasmy frequency in the two distinct anatomical regions.
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Chapter 2
Materials and Methods

Sample selection and DNA Extraction

Hair samples were collected from mothers and their children (under IRB 30432EP). Hairs
from eleven individuals were selected for DNA extraction based on the number of hairs available
and the frequency of heteroplasmy observed in their blood and cheek tissue sample. Only hair
samples from individuals who had previously been determined to have a heteroplasmy with a
minor allele frequency (MAF) >5% in their blood and cheek samples were included (Zaidi et al.,
manuscript in progress). DNA from five to ten single hairs was extracted from each individual,
with a total of 87 hairs. Before starting the extraction, the hair was examined to determine
whether the root was present. Twenty-eight of the selected hairs, belonging to three separate
individuals, had the root available. For these hairs, one extraction was performed on the root
region of the hair, and a second extraction for the shaft region. Extraction and isolation of the
DNA from the hair particle was performed following the protocol of the Qiagen DNeasy Blood
& Tissue Kit. DNA was isolated from each hair using two pieces from the individual hair with a
size of 1-1.5 cm each; however, the amount was adjusted based on the perceived thickness of the
hair to ensure that a sufficient amount of DNA was isolated. DNA was eluted in a volume of 100
µl.
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mtDNA quantification

The mtDNA copy number in the hair samples was quantified using real time PCR
(BioRad CFX96 Touch System), ensuring a sufficient amount of mtDNA as template in each
hair sample for heteroplasmy analysis. Samples with less than 375 copies/µl were excluded. PCR
reactions contained 1 µl isolated DNA, 5 μl 2x PowerUp™ SYBR™ Green Master Mix (Thermo
Fisher Scientific), 3.6 μl PCR-grade water and 0.2 µM each primer specific for human mtDNA
(F: CCACAGCACCAATCCTACCT, R: GTCAGGGGTTGAGGTCTTGG, amplifying
positions 14,359-14,425 of the rCRS). A standard (106, 105, 104, 103, 102 molecules of a plasmid
containing the target mtDNA region) was used to quantify the mtDNA copy numbers in each
sample.
mtDNA copy number for each sample was quantified in triplicates. No template controls
were included in each experiment. Amplification was performed using the following protocol:
95℃ for 2 minutes, followed by 45 cycles at 95℃ for 15 seconds, 57℃ for 20 seconds, 72℃ for
30 seconds, and following the completion of these cycles 72℃ for 2 minutes. The melting curve
followed starting at 65℃ and was gradually increased to 95 ℃.

DNA Amplification for sequencing

To analyze the heteroplasmy present in the mtDNA, the samples were first amplified.
Primers (Table 1) were designed to amplify 401-767 bp regions containing the heteroplasmic
sites in the mtDNA that were previously determined in the blood and cheek tissue samples. PCR
of the samples was conducted using an 17.5 µl aliquot of the isolated DNA, which was added to
25 µl of Q5®️ High-Fidelity 2x Master Mix (NEB), 2.5 µl of 20x EvaGreen®️ DNA-binding Dye
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(Biotium) and 70 µl of the specified 10 µM primer for the sample. Melting curves were used to
ensure amplification of the correct PCR products. PCR was conducted on a Real-Time PCR
Thermal Cycler with the following protocol: 98℃ for 30 seconds, followed by 45 cycles at 98℃
for 10 seconds, 61℃ for 1 minute, 65 ℃ for 15 seconds, and following these cycles 65℃ for 5
minutes. The melting curve followed at 65℃, which was gradually increased to 95℃.

Table 1. Primers used in the amplification of mtDNA for sequencing

Library Preparation and Sequencing

Libraries were prepared for Illumina sequencing. From the 106 hairs used in the
extractions, libraries were prepared for 115 samples because two hairs contained more than one
heteroplasmic site of interest. The 115 PCR products were combined into 24 pools, with each
pool containing 4-6 samples (PCR products of different regions in the mtDNA). Gel
electrophoresis (on a 1% agarose gel) was performed for all samples and band intensities were
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quantified using the BioRad Quantity One software, to estimate the ratios of samples needed for
approximately equimolar pools.
To control for cross-sample contamination, DNA spike-ins were added to the pools: no
spike-in, PhiX RF I DNA (NEB), and pUC18 plasmid DNA (Thermo Fisher) were added in
alternating order (as previously described in (Rebolledo-Jaramillo et al., 2014)). Prior to
addition, spike-in DNA was fragmented to ~550 bp using the BioRuptor (Diagenode): 100 μl of
PhiX RF I DNA or pUC18 plasmid DNA were fragmented with the low power setting. The cycle
conditions were set to on for 30 seconds, followed by off for 90 seconds for 6 cycles.
The libraries were purified with 0.8 volumes of AMPure XP beads (Beckman Coulter).
The concentration of the purified samples was measured using the Qubit™ Broad Range Assay
to determine the amount of spike-in to be added to each pool to result in a final volume of 50 μl.
Initial library preparation steps of the 24 pools for sequencing were performed with the
NEBNext®️ Ultra II DNA Library Prep Kit for Illumina®️ (NEB; according to manufacturer's
instructions) starting with 2.5 µg of each of the 24 pools (PCR products pooled in equimolar
proportions). A modification was made in the adaptor ligation step of the protocol: adapters were
used from the TruSeq DNA Single Indexes Set A and TruSeq DNA Single Indexes Set B kits
(Illumina). Approximate concentrations of the libraries were determined using the Qubit™ HS
Assay Kit. Purity of the libraries was controlled on a Bioanalyzer High Sensitivity DNA Assay.
A final library quantification was performed using the Real-Time Thermal Cycler using the
KAPA Library Quantification Kit (KAPA Biosystems). Paired-end sequencing on the MiSeq
instrument was performed using the MiSeq v2 Reagent Kit (500 cycles) for Illumina®️.

13
Galaxy Analysis

The sequencing reads were analyzed and filtered using Galaxy (Afgan et al., 2018). A
workflow was created to filter the results to view the sequenced sites and the observed
heteroplasmic frequencies at these sites. Quality of the sequencing reads was checked using
FastQC (Thrash et al., 2018). Reads were mapped to the human reference genome (hg38) using
BWA-MEM (Rocha et al., 2012). BAM files were filtered (a) to have a mapping quality of at
least 20, (b) for primary alignment, (c) for proper pairing of pair-end reads, (d) to map the mate,
and (e) to have chrM as the reference. Bam Left Align was then used to re-align the positional
distribution of insertions and deletions present in the sequence. The Naive Variant Caller (NVC)
tool (Fleury, -F. Gouyet, & Leonetti, 2013) was used to call variants using a minimum number of
reads needed to consider a REF/ALT equal to 10, minimum base quality of 25, minimum
mapping quality of 40, and ploidy of 1. Variants were annotated using the Variant Annotator
tool: frequency threshold of 0 and a coverage threshold of 10. From the data produced, samples
with a sequencing depth greater than 1,000x were determined to be suitable for the analysis. The
samples with a sequencing depth less than 1,000x were required to have a minimum depth of 9x
for the minor allele to be included in the analysis. Ten samples were excluded from further
analysis since they did not meet those criteria. A MAF frequency of 1% was used as the cut off
for a site to be considered heteroplasmic.

Population Genetics and Statistical Analysis

The somatic bottleneck that occurs in hair development was estimated using two
approaches. First, we used the approach developed by Millar, Hendy, and co-workers, which
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they used to estimate the germline bottleneck in penguins (Millar et al., 2008). The following
equation was utilized to perform this calculation:
𝑁 = 𝑚𝑒𝑎𝑛 [𝑝 (1 − 𝑝)] / [𝑚𝑒𝑎𝑛 (𝑝 − 𝑝ℎ𝑎𝑖𝑟 )2 ]
, where p is the average of the blood and cheek MAF and phair is the average of the MAF of hairs
from the same donor. We used a second approach to estimate the somatic bottleneck, in which
the normalized variance was calculated, from which the reciprocal of the mean was taken to
determine the value for the bottleneck. The following equation was used:
𝑁=

1
[𝑚𝑒𝑎𝑛 (𝑝ℎ𝑎𝑖𝑟 −

𝑝)2
)]
𝑝 (1 − 𝑝)

, in which notations are as above. The confidence intervals for the somatic bottleneck were
calculated by bootstrapping the individuals with 1000 replicates.
To calculate the phylogenetic relationship between blood, cheek, and hair tissues, the
Hudson’s F st value was calculated in R studio. We first calculated the F st value, and then the
divergence (dxy ) as -2*log(1-Fst). To calculate the divergence between populations, Hudson’s F st
was first calculated using the following equations, 𝑁𝑢𝑚𝑒𝑟𝑎𝑡𝑜𝑟 = (𝑝1 − 𝑝2 )2 −
[(𝑝1 (1 − 𝑝1 ))/(𝑛1 − 1) − (𝑝2 (1 − 𝑝2 ))/(𝑛2 − 1)] , 𝐷𝑒𝑛𝑜𝑚𝑖𝑛𝑎𝑡𝑜𝑟 = [𝑝1 (1 − 𝑝2 )] +
[𝑝2 (1 − 𝑝1 )] , where 𝑝1 = allele frequency in population 1, 𝑝2 = allele frequency in population 2,
and 𝑛1 and 𝑛2 represent the population of population 1 and 2, respectively. This function was
applied to each heteroplasmic site separately to get a single estimate of divergence for each
heteroplasmy.
Following the calculation of Hudson’s F st, the relative internal branch lengths of the three
possible phylogenetic trees were calculated using the divergence estimates from all pairs of
comparisons. To calculate the divergence the following equation was used: 𝑑𝑥𝑦 = −2 ∗ 𝑙𝑜𝑔(1 −
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𝐹𝑠𝑡 ). Using the divergence estimates, three formulae were used to determine the internal branch
of three possible trees. In the three possible phylogenetic trees A represented blood, B
represented cheek, and C represented hair. For the first possible construction of the tree, the
formula (dac+dbc-dab)/2 was used to calculate the internal branch of this tree. The internal branch
of the second tree was calculated using (dab+dbc-dac)/2. The internal branch of the final tree was
calculated using (dab+dac-dbc)/2. The tree resulting in the highest positive value was considered
the best representation of the relationship among the tissues.
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Chapter 3
Results

Samples and sequence analysis

We collected five to ten hairs from 11 individuals to analyze the MAF in hair at specific
heteroplasmic sites, where the MAF had been previously determined in blood and cheek samples
from the same individuals (Zaidi et al., manuscript in progress). mtDNA from individual human
hairs was amplified, sequenced using Illumina paired-end read sequencing, and the sequencing
reads were mapped to human mtDNA (Materials and Methods). The sequences obtained from 14
previously determined heteroplasmic sites (Zaidi et al., manuscript in process) were analyzed in
Galaxy to obtain the minor and major allele present at the sites and the MAF (see Materials and
Methods). The obtained mean sequencing depth across all heteroplasmic sites was 7,679
(ranging from 74 to 39,314). To compute MAF a sequencing depth of ≥1,000 at a site was
required. For those sites with a sequencing depth less than this threshold, a minimum depth of
nine was required for the minor allele. These requirements led to the analysis of a total of 105
heteroplasmic sites in 87 individual hairs (Table 2). Nine individuals each possessed one
heteroplasmic site for analysis; however, individuals m137c1 and m188c2 possessed three and
two heteroplasmic sites, respectively. MAF at site 12192 in individual m163c1 was validated
with Sanger sequencing, and the two methods (Illumina and Sanger sequencing) led to very
similar results (frequency of heteroplasmy 0.819 and 0.793, respectively). A previous study
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(Rebolledo-Jaramillo et al. 2014) has also demonstrated good correspondence of MAFs between
the method used here (Illumina sequencing) and Sanger sequencing.

Table 2. Summary table of sequenced samples and heteroplasmic sites

The minor allele frequencies for the 14 sites sequenced in the blood, cheek and hair of eleven individuals.
The MAF of the hair sample in the table is an average of the MAF of all hairs collected from the donor.
The MAF recorded for the hair sample is based on the minor allele found in the blood and cheek tissue.
For those sites located in the coding region of the mtDNA, the base change from the minor allele and
resulting amino acid were recorded to determine if it was a synonymous or nonsynonymous
heteroplasmy.

Variance of heteroplasmy minor allele frequencies among Hairs

We observed a wide range of variance in MAFs among the different hairs collected from
the same individuals, suggesting that hairs coming from the same donor undergo a severe
somatic bottleneck. The normalized variance observed among an individual’s hair samples was
calculated for each individual. The MAF of each site was used to calculate the raw variance,
which was then normalized by dividing this value by 𝑝 (1 − 𝑝), where p represents the average
MAF of the hairs from an individual. The variance ranged from 0.026 to .729, with an average
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variance of 0.208 (Figure 3). Even though the hairs were collected from the same individual at a
similar location of the scalp, the MAF observed at the analyzed site in the hairs differed. This
finding can have important implications in the forensic field, as two hairs found at a crime scene
may not have the same MAF as each other, or the suspect. The normalized variance was also
calculated for the other somatic tissues. As seen in Figure 3, there is decreased variance in MAF
seen in these tissues compared to hair, suggesting a more severe bottleneck and more
accumulated variation through cellular turnover in hair.

Figure 3. MAF variation in hair and other somatic tissues
The calculated normalized variance of the MAF in hairs and other tissues collected from the same donor.
The variance was calculated from the MAF of the different hairs collected from the same donor to study
the consistency of the observed MAF. For three individuals, from whom the root region was sequence,
the variance of MAF of the root is represented in red. The number above each column indicates the
number of hairs included in the analysis for each individual. Additionally, the variance in MAF of the
blood and cheek tissue was calculated for comparison.

Additionally, we observed shifts in minor and major allele frequency between blood,
buccal and hair samples. In some instances, although the minor allele was at a higher frequency
than the major allele in one tissue, the major allele was at a higher frequency in another. For
example, in individual m163c1, the MAF found for the minor allele A in blood and cheek was
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0.44. However, in hair 2 collected from this individual we observed the frequency of the A allele
to be 0.82. However, not all hairs from m163c1 showed this trend. The remaining seven hairs
collected from this individual had a MAF for the A allele below 0.40. These observations
highlight the highly variable and inconsistent nature of MAF between tissues and between hairs
from the same individual.
We also explored the variation in MAF observed in two distinct regions of the same hair,
the hair root and hair shaft. However, we did not observe a consistent trend when comparing the
MAF seen in the root and shaft of individual hairs. The region of hair available and analyzed in a
forensic case can have important implications on the interpretation of the results obtained.
Sixteen hairs were sequenced at root region, while all hairs included in the study were sequenced
at the shaft region. Although there is little research on the difference in MAF at the root of hair
vs. the shaft, if root follicular tissue is present in a sample, instead of solely the fully keratinized
shaft, we expect this may be reflected in differing ratios of heteroplasmic variants (Linch et al.,
2001). Due to the growth pattern of hair, we expect the keratinized shaft to have increased
variance in the MAF, due to accumulated drift from additional mitotic divisions, as the shaft
grows outward from the dividing matrix (Linch et al., 2001). Therefore, for sixteen of the hairs,
collected among three different individuals, the root, in additional to the shaft region of the hair,
was extracted and sequenced separately to examine if there were any observable differences in
the variance of the MAF. The two distinct regions coming from the same hair did possess
different MAFs and we observed an increased variance in the shaft region of the hair compared
to the root region for two of the three individuals (Figure 3). However, due to a small sample
size, additional studies comparing the MAF of additional hairs at the distinct hair regions will
have to be performed to support this observation.
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Comparing MAFs between Tissues

The phylogenetic relationship among hair, blood and cheek was examined based on the
measured MAFs within the different tissues and it was found that blood and cheek are most
closely related, while hair is more distantly related (Figure 5). Using the heteroplasmic frequency
previously determined at specific sites in blood and cheek and the average MAF of the analyzed
hairs for each individual, three pairwise comparisons were performed. Pearson’s correlation in
MAF between blood and cheek, hair and blood, and hair and cheek, was calculated and plotted
(Figure 4). We found that the MAF was most closely correlated between blood and cheek in our
samples (R²=0.782). The correlations between the MAFs found in the hair and blood samples
and between the hair and cheek samples were still evident, but were not as strong as between
blood and cheek samples (hair vs. blood: R2 value of 0.3999, hair vs. cheek: R2= 0.304).

Figure 4. MAF comparison between tissue pairs
The MAF found at the heteroplasmic sites in blood vs. cheek, blood vs. hair, and cheek vs. hair were
plotted and the R2 values were calculated. The MAF for hair displayed in the figure is an average from the
hairs collected from a single individual. The figures show blood and cheek are most closely correlated,
followed by hair and blood and then hair and cheek.
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To further explore the phylogenetic relationship of the three tissue samples, and to
determine whether hair is more phylogenetically related to blood or cheek, we computed
divergence calculated in the blood vs. cheek, blood vs. hair, and cheek vs. hair, using the
corresponding MAF values. The divergence between the different tissues (i.e. populations), with
the units of this divergence being the total amount of drift separating the two leaves of the
constructed tree was calculated (see Materials and Methods) as Hudson’s F st calculating the
numerator as (𝑝1 − 𝑝2 )2 − [(𝑝1 (1 − 𝑝1 ))/(𝑛1 − 1) − (𝑝2 (1 − 𝑝2 ))/(𝑛2 − 1)] and the
denominator as [𝑝1 (1 − 𝑝2 )] + [𝑝2 (1 − 𝑝1 )], where the allele frequency of population 1 and 2
are represented by 𝑝1 and 𝑝2 , respectively, while 𝑛1 and 𝑛2 are the sizes of these populations.

Figure 5. Phylogenetic relationship between tissues
Using the calculated divergences, it was determined that blood and cheek are the most phylogenetically
related tissues, with an internal branch length of 0.123. Hair does not appear to be related more closely to
either of the tissues.

To calculate the internal branch of the three possible phylogenetic trees, the divergence
estimates described above were used from all pairs of comparisons (Figure 6). The average

22

divergence estimate between blood vs. cheek was calculated to be 0.049, while the average
divergence calculated for blood vs. hair and cheek vs. hair was calculated to be 0.152 and 0.143,
respectively, supporting the finding that of the three tissues, cheek and blood are most closely
related (relative branch length= 0.123). However, based on the relative internal branches of the
hair vs. cheek and hair vs. blood, it could not be determined which tissue hair is more similar to
(relative branch length: between cheek and hair= 0.029, between blood and hair= 0.020). Hair
has ectodermal and mesodermal origins during fetal development (Linch et al., 2001), which
could explain the phylogenetic relationship between these two tissues; however, even, if a
collected hair contain follicular tissue, it is usually of ectodermal origin (Linch et al., 2001).

Figure 6. Divergence estimates between tissue pairs
The calculated divergence estimates between blood vs. cheek, blood vs. hair, and cheek vs. hair are
represented above. Blood and cheek have the smallest divergence, which supports the finding they are the
most closely related among the tissues.
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Despite the contribution from both ectodermal and mesodermal tissue during hair
development (Linch et al., 2001) the calculated F3 values resulted in all but one positive values
(Figure 7); negative values are expected if there is admixture. Therefore, we have no direct
evidence of mtDNA admixture between ectodermal and mesodermal tissues during hair
development.

Figure 7. Calculated f3 values for admixture analysis
The f3 values were calculated to indicate if admixture between tissues was occurring. Only one negative
value resulted, therefore, providing no direct evidence that admixture occurred between ectodermal and
mesodermal tissue during hair development.

Somatic Bottleneck Estimation

During fetal development and folliculogenesis, hair undergoes a genetic bottleneck. Once
the hair follicles are formed, this is all the individual will possess to produce scalp hair
throughout their lifetime, meaning the hair cells feeding the shaft with mitochondria are clonal in
nature and will reflect the isolated population (Linch et al., 2001). Therefore, our aim was to
estimate the somatic bottleneck that occurs during fetal development in human hair. Two
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approaches were used to accomplish this. First, we followed the method developed by Millar,
Hendy and co-workers, which they used to estimate the germline bottleneck in penguins (Millar
et al., 2008). In order to estimate the somatic bottleneck, N, that occurs during fetal hair
development, slight deviations from their method were applied to fit our data set. In this
modified method, N was estimated using the average of the blood and cheek MAF as the
maternal data and the average of the MAF of the hairs collected from the same individual as the
child’s data. These values represented the pre-bottleneck and post-bottleneck data, respectively.
The formula used to calculate N was:
𝑁 = 𝑚𝑒𝑎𝑛( 𝑝(1 − 𝑝)) ÷ 𝑚𝑒𝑎𝑛( (𝑝 − 𝑝ℎ𝑎𝑖𝑟 )2 )
where p is the average of the blood and cheek MAF and phair is the average of the MAF of hairs
from the same donor. Using this method, we determined N= 5.36 (95% confidence interval 2.618.4).
We also utilized a second approach to estimating the somatic bottleneck observed in hair,
i.e. a modified approach in which we calculated the normalized variance. Similarly to the first
approach above, the mean MAF of the blood and cheek tissue from an individual was used as the
pre-bottleneck (maternal) data. The mean of the MAF from the hairs from a single individual
was used as the post-bottleneck (offspring) data. The following formula was utilized to estimate
N, in which again p is the average of the MAF of the cheek and blood tissue and phair is the
average of the MAF in the hairs collected from the same donor.
𝑁 = 1.0/ (𝑚𝑒𝑎𝑛( (𝑝ℎ𝑎𝑖𝑟 − 𝑝)2 / [𝑝(1 − 𝑝)] ))
In this approach, the reciprocal was taken after the mean was determined. Using this method, N
was calculated to be 7.16 (95% confidence interval 3.4-23.6). Thus, both approaches give very
similar estimates of hair somatic bottleneck size.
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Variance and age
Variance in MAF calculated from hairs collected from a single individual was positively
correlated with the age of the donor (R²=0.6683). Thus, individual hairs of older individuals
accumulated greater differences in their MAF than did hairs of younger individuals due to the
high mitotic activity of hair resulting in increased cellular and mtDNA turnover throughout the
lifetime of an individual (Figure 8). The normalized variance was also calculated for other
somatic tissues; however, there was not a strong association between variation and donor age
(R²=0.1497). This trend supports the hypothesis that MAF variation in hair may be increased
throughout the lifetime of an individual due to increased mitotic activity, leading to increased
cellular and mtDNA turnover.

Figure 8. Correlation between tissue donor age and MAF variation
The correlation between the age of the donor and the level of variation observed in the MAF among the
hairs collected was explored. The trendline shows a positive correlation between age and variance, with a
R2 value of 0.668, indicating increased variation due to cellular turnover and throughout the lifetime of an
individual and the increased mitotic activity of hair. The same trend was not observed in the variance of
other somatic tissues.
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Chapter 4
Discussion

Variation of MAF in hair

Individual hairs collected from the same donors displayed a wide range of MAFs at each
site analyzed, indicating high variability in mtDNA in hair. In a previous study (Bendall et al.,
1997) that examined MAF in blood, buccal and hair samples, researchers found the proportions
of haplotypes to be similar in the blood and buccal cells, while hair roots showed highly variable
MAF, similar to the results obtained in our study. However, in their study multiple hairs samples
were collected from only one individual, which is why our study provides a significant advance.
While the hairs analyzed in our study were collected from the same region of the scalp, Bendall
and colleagues collected hair samples from different regions of the scalp, as well as the same
region, for a comparison. They found that variation among hairs collected within a 1-cm region
of the scalp was as high as among the hairs collected from different regions of the scalp (Bendall
et al., 1997). In most cases, the MAF from different tissues from the same individual varies,
which supports the idea that following fertilization, somatic cell divisions do contribute to the
mitochondrial segregation and ultimately these observed differences (Bendall et al., 1997). The
high variance seen among hairs from the same individual is attributed to a severe bottleneck
occurring during hair follicle formation.
In addition to this developmental bottleneck, the variable MAF we observed can be
explained by events during an individual’s lifetime that lead to genetic drift, specifically the
rapid mitotic activity of the hair matrix, the part of the hair follicle producing the hair shaft.
Following follicle development, hair roots and shafts are produced from the follicle through
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rapid mitotic divisions of the matrix (Bendall et al., 1997). The matrix has the highest mitotic
rate of any organ, and each round of mitosis can result in the random distribution of mtDNA
molecules to the daughter cells, leading to increase MAF variation between hairs collected from
the same individual (Martel & Badri, 2019). With each round of mitosis leading to the formation
of the root and shaft, there is a random segregation of mtDNA molecules to the daughter cells
(Bendall et al., 1997). Besides allowing a more detailed analysis of the distribution and
proliferation of mtDNA in hair development, this variable nature of hair also has important
implications in the interpretation of mtDNA analysis in forensic investigations as discussed
below.
The nature of heteroplasmy in distinct tissues is a topic that has limited research,
although studies have suggested that humans do possess extensive genetic variation in their
somatic tissues (O’Huallachain et al., 2012). It has been suggested that somatic mosaicism and
specific patterns of heteroplasmy in different tissues in the body are thought to reflect the
different bioenergetic demands of the respective tissue; a tissue may be more prone to
heteroplasmy due to their metabolic requirement or rate of cellular turnover (O’Huallachain et
al., 2012). A recent study found that tissues with the highest somatic mosaicism and increased
heterogeneity were dividing tissues, such as the liver and intestine (O’Huallachain et al., 2012).
Because hair root and shaft formation is induced through rapid mitotic divisions, it is expected
that these successive cellular divisions could increase the variation in MAF observed in different
hairs from the same individual throughout the lifetime (Bendall et al., 1997).
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Somatic bottleneck in hair

Some of the variable nature of the MAF in hair can be attributed to the somatic
bottleneck that occurs during the development of hair follicles. This somatic bottleneck occurs
after fertilization. During the somatic bottleneck, mtDNA variants are randomly distributed
during mitotic segregation, which results in varying levels of the minor and allele frequencies of
heteroplasmic sites in different tissues, cells and even within individual mitochondria. In
contrast, the germline bottleneck occurs during oogenesis and can also result in heteroplasmy.
During this bottleneck, the number of mtDNA segregating units are severely reduced from the
mother to her child. This reduction in mtDNA can results in mutant mtDNA alleles present at a
low frequency in the mother to increase in the child (Rebolledo-Jaramillo et al., 2014).
The unique embryological development of hair follicles is a major contributor to the
somatic bottleneck that occurs during development. Because each hair follicle is formed from a
small, discrete group of stem cells, unlike other types of cells such as lymphocytes, this leads to a
limited pool of mtDNA molecules present in each hair (Linch et al., 2001). As the follicles from
during fetal development, they rapidly undergo cell divisions, with each division leading to a
random segregation of mtDNA molecules among the daughter cells, resulting in highly variable
MAF in hair (Bendall et al., 1997). However, the somatic bottleneck during development does
not work alone in achieving this variation. Throughout an individual’s lifetime, genetic drift
plays a role in influencing variation observed in hairs as each mitotic division of the matrix,
resulting in the growth of the hair root and shaft, leads to a random segregation of mtDNA
molecules (Bendall et al., 1997).
In a previous study, the somatic bottleneck size for blood and cheek were calculated to be
136.2 (74.1-247.5) and 457.7 (103.9-2817.1), respectively (Wilton et al., 2018). Compared to the
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value calculated in this study of 7.07 (95% confidence interval 3.4-23.6) for the somatic
bottleneck taking place in hair, we see a much more severe bottleneck, which leads to more
drastic shifts in MAF among hairs from the same individual. This phenomenon is explained by
the development of each hair from a smaller discrete group of stem cells, leading to a restricted
group of mitochondria in hair (Linch et al., 2001). Because the bottleneck in hair is more severe,
the increased variation is expected, a result we observe in this study.

The effect of age on MAF in hair

When comparing the variance in the MAF of hair samples and the age of the donors, we
observed a positive correlation, indicating that older hair donors had accumulated more variation
in the MAF of their hairs. Previous studies have suggested that there is a statistically significant
increase in the number of heteroplasmy with age (Calloway et al., 2000). One study found a
positive association between point heteroplasmy and age of the mother, indicating older
individuals had accumulated more mutations in their somatic tissue (Rebolledo-Jaramillo et al.,
2014). This idea was also demonstrated in a study performed in 2013, which suggested a
increase a 5-fold increase in the frequency of heteroplasmy in brain tissue over the course of 80
years in an individual (Kennedy et al., 2013). In our study, we observed increased variance in the
MAF at specific heteroplasmic sites in individuals with increased age. Because hair roots and
shafts are produced from rapid mitotic divisions, during which mtDNA is randomly segregated
from a discrete number of stem cells, it is expected that older donors would have more
opportunity to accumulate somatic mutations, reflected as an increase in variation of MAF
among the hair samples (Bendall et al., 1997)
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This increased variance in older individuals may contribute to aging phenotypes, as the
shifts in MAF may reach the threshold frequency that results in mitochondrial diseases
associated with increased age (Rebolledo-Jaramillo et al., 2014). In a study performed in mice,
researchers showed that a depletion of mtDNA led to dysfunctional hair follicles, defects in hair
shaft formation and visual hair loss, an extrinsic sign of aging (Singh et al., 2018). When the
mice were restored with functional mitochondria, these observations were reversed.

Phylogenetic relationship among tissues

When investigating the phylogenetic relationship between hair, blood and cheek, a
comparison of the MAF expressed in each suggested blood and cheek were most closely related,
while we did not have sufficient power to determine to which of the tissues hair was most closely
related. Although it possesses both ectodermal (hair bulb) and mesodermal (dermal papilla)
contributions during development (Linch et al., 2001), hair is more distantly related when
analyzing its phylogenetic relationship to blood and cheek. Hair does contain mesodermal
origins from the dermal papilla, however, collected or shed hairs most likely only contain
ectodermal contributions, even if follicular tissue is present (Linch et al., 2001). The MAF in hair
differs from that in blood and cheek tissues primarily due to the presence of a more severe
bottleneck that results in greater variation in the MAF expressed in the hair samples (Bendall et
al., 1997).

Forensic analysis of hair samples

Our results have important implications for forensic investigations, which often rely on
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mtDNA extracted from hair samples to identify a person. Although mtDNA has many features -genetic variability, greater abundance, and its ability to withstand degradation in extreme
environments -- that makes it a more reasonable target than nuclear DNA in forensic
investigations, the interpretation of these results must be approached with caution (Lee et al.,
2006). Heteroplasmy is one complication that accompanies the analysis of mtDNA. As suggested
by the results of this study, hairs collected from the same individual, even from similar locations
on the scalp, possess variable MAFs at heteroplasmic sites among each other, as well as blood
and buccal samples. Because hairs collected from the same individual have variable MAF, these
results can be misleading to investigators. For example, if a mtDNA sample is found at a crime
scene, the MAF expressed at certain heteroplasmic sites may differ between a sample taken from
a suspect or a victim. Alternatively, in some instances, the minor allele frequency may be higher
in one tissue, such as blood, while the major allele frequency is higher in another tissue, such as
hair, as we observed. Additionally, we observed minor and major allele frequency can shift
between different hairs from the same individual, making identification even more difficult. As
we observed, there was great variance in MAF in different hairs collected from the same
individual, especially in older donors, which could lead to the elimination of a person as a
suspect. Therefore, heteroplasmy must be extensively studied to better understand its
implications for forensic conclusions.
The results of our study can be used as a guide to forensic investigations because we
estimated the size of the somatic bottleneck in hair and this estimate can be used to predict
variation in MAF among different hairs, as well as among hairs and other tissues from the same
individuals. Hair and blood are two of the most common tissue types left at the crime scene, and
cheek cells can be collected from suspects or from victim’s relatives.
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Implications of MAF variation

Beyond forensics, our findings in regard to genetic variation within tissues have
important implications for understanding heteroplasmy and for future research studying the
variation of MAF between different tissues, cells and mitochondria. Our results do not support
the assumption that in healthy individuals, all healthy cells contain the same genomic content, as
we observed differing MAF in hair from individuals compared to their blood sample, buccal
sample and other hair samples (O’Huallachain et al., 2012). Our results have shown that the
MAF of numerous hairs from the same individual differs. Therefore, estimating the MAF
observed in an individual from a single hair sample will yield inaccurate results. Further, due to
heteroplasmy, it is difficult to predict the risk of developing a mitochondrial disease, as MAF can
change due to the germline bottleneck, a somatic bottleneck during development and bottlenecks
taking place during an individual’s lifetime (cellular division) (Poulton et al., 2010).
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