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A B S T R A C T

The microanatomy of human hair differs as a function of the site of origin on the body. This was a major
consideration when anatomical features of hair were used as a means of comparison and human identification.
Recent advances have demonstrated that proteomics of the hair shaft can be used to develop profiles of protein
abundance and genetically variant peptides, the latter in turn being used to infer genotypes of SNP alleles.
Because the profile of proteins would be expected to change as hair anatomy changes, it is an open question if the
profile of genetically variant peptides will also change. While some sample to sample variation is expected, a
potential drawback of using genetically variant peptides to infer an individual genotype is that the proteomic
profile might change as a function of body site origin as well as an individual’s genotype. The hypothesis in this
study is that the profile of hair shaft genetically variant peptides depends more on an individual’s genotype than
on the site of hair shaft origin. To test this an analysis of both protein expression levels and genetically variant
peptides was conducted on 4 body sites (scalp, axillary, beard and pubic hair) from 5 individuals with 4 bio-
logical replicates. Levels of protein expression were estimated using label-free quantification on resulting pro-
teomic mass spectrometry datasets. The same datasets were then also analyzed for the presence of genetically
variant peptides. This study demonstrates that the protein profiles of hair shafts varied as a function of somatic
origin. By contrast the profile of genetically variant peptides, and resulting inferred genotype of SNP alleles,
were more dependent on the individual. In this study random match probabilities ranged up to 1 in 196.
Individual identification based on genetically variant peptides therefore can be obtained from human hair
without regard to the site of origin. If the site of hair shaft origin was legally relevant then microscopic analysis is
still necessary. This study demonstrates the utility of proteomic analysis for extracting forensic information from
hair shaft evidence.

1. Introduction

Recent work has demonstrated that proteomic datasets of hair shafts
can be a rich source of information for forensic human identification
[1]. Genetically variant peptides (GVPs), which contain single amino
acid polymorphisms (SAPs), can be used to infer the presence of the
corresponding non-synonymous SNP allele in an individual’s genome
[1,2]. Before this technique may be used in forensic casework however,
it needs to be established that the profile will not vary as a function of
body location [3]. Shed hair can come from many body locations and
can display distinctly different microanatomy [4–6]. Given these

differences in hair anatomy from different body locations, it is rea-
sonable to predict that there would also be differences in protein
composition and expression levels. It has been an open question whe-
ther these anatomical changes will systematically impact the detection
of genetically variant peptides.

Examination of protein profiles showed that inbred mouse strains
were distinguishable by their hair [7]. This finding suggested that hu-
mans, an outbred population, could also be distinguished by their hair
protein profiles. The suggestion was confirmed, a phenomenon that was
shown to have a genetic basis through studies of monozygotic twins
[8,9]. However, preliminary data indicated that the anatomic site of
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origin influenced the hair shaft protein profile [9].
Hair shafts are frequently found at crime scenes and potentially

constitute valuable evidence [3]. Comparative microscopic hair ex-
amination has generated evidence for human identifications in the past,
but quantitative analyses are now sought for greater accuracy and re-
liability [6,10]. Microscopic hair comparisons are still used to identify
the site of hair shaft origin [3,4,11]. Mitochondrial DNA in the hair
shaft, in the absence of nuclear DNA amplicons, has proven valuable in
this regard, but gives information about only the maternal genetic
lineage [12–15]. The hair protein constituents are a direct reflection of
an individual’s genomic sequence and expression levels and thus are a
potential rich source of genetic and identifying information [1].

With proper processing, proteins of the hair shaft are efficiently
trypsinized to yield peptides derived from the constituent proteins.
Matching the peptides to the human database identifies the proteins
digested, and numbers of matched peptide spectral counts indicates the
relative amounts of a given protein. However, since the peptide se-
quences also reflect variations in coding DNA sequence, the latter can
be inferred from the former. From databases of human genomic se-
quences, the known distribution of non-synonymous single nucleotide
polymorphisms in the genome among human populations can be
exploited to target variant peptides derived from hair proteins [1]. This
approach previously permitted matching a collection of hair samples to
the correct monozygotic twin donors [8].

2. Materials and methods

2.1. Human subjects and sample collection

A total of 5 subjects provided samples of hair shafts from four body
sites (25mg each, typically in tufts of hair about 2 in. in length) with
informed consent and approval from the Institutional Review Board of
the University of California, Davis (Protocol #741750-1). The sampled
hair had not received previous chemical treatment (coloring, bleaching,
straightening). The subjects were all male in order to include facial
beard hair in the cohort of different hair types. Other hair types col-
lected include shafts from the scalp, pubis and axillary region.

2.2. Hair processing

Hair samples were processed as previously described [8]. Briefly,
4mg of hair shafts from each subject (n= 5) and site (scalp, pubic,
beard and axillary) were processed as 4 biological replicates in parallel
for a total of 80 samples. Hair samples were chopped into 2mm lengths,
weighed (4mg), rinsed twice in 2% sodium dodecanoate (SD) w/v in
0.05M ammonium bicarbonate to remove dust and debris, heated
overnight at 70 °C in 0.4mL of the same buffer adjusted to 25mM in
dithioerythritol, and then alkylated with iodoacetamide for 45min at
room temperature with magnetic stirring in the dark. To avoid dena-
turation of trypsin, SD was removed by ethyl acetate extraction after
acidification to pH 2–3 with TFA (0.75%). After the upper organic
phase was removed, the lower aqueous phase was readjusted to pH 8
with ammonium hydroxide and bicarbonate, and the protein was di-
gested by daily addition of 40 μg of reductively methylated trypsin
[13]. The digests were clarified by centrifugation (5min x 14,300 g)
and submitted for mass spectrometric analysis.

2.3. Mass spectrometry and protein identification

As previously described, digests were analyzed by separation on a
Proxeon Easy-nLC II HPLC followed by an in-line electrospray ioniza-
tion with a Proxeon nanospray source and mass spectrometry on a
Thermo Scientific Q Exactive Orbitrap (Thermo Scientific, Asheville,
NC, USA) [8]. Tandem mass spectral data were analyzed using
X!Tandem Vengeance (2015.12.15.2), and peptide/protein identifica-
tions were validated using Scaffold version 4.4.3. Protein identifications

(decoy false discovery rate 2.8%) were based on a minimum of two
peptides (peptide decoy false discovery rate 0.7%). For two-way com-
parisons of expression level at different sites, data were analyzed as
weighted-normalized spectral counts, where exclusive peptide counts
were used to delete proteins from the weighted that were identified
primarily through shared peptides. Two reagent blank samples with no
hair were incorporated into the analysis, with no consistent hair specific
genes identified and no genetically variant peptides detected. Each
acquisition was separated by a ‘sawtooth gradient’ wash.

2.4. Detection of genetically variant peptides

Acquired proteomic datasets from each sample were converted into
MGF format using MSconvertGUI (Proteowizard 2.1, http://
proteowizard.sourceforge.net) and submitted to the Global Proteome
Machine webserver (www.thegpm.org; X!Tandem Alanine
(2017.2.1.3)) and GPM Fury (X!Tandem Alanine (2016.10.15.2)).
Default search settings were used with the exception of a 20 ppm error
for the primary scan, inclusion of complete cysteine carbamidomethy-
lation (C+ 57), and partial modifications of oxidized methionine
(M+16), and deamidation (N+1, Q+1). Detected variant spectra
were filtered for quality and specificity. Quality measures include the
log(e) score of less than −2.0, a mass error of fragment ions of less than
0.04 Da, exclusion of peptides based on non-tryptic cleavage and the
presence of unexpected modifications and fragmentation masses that
also occurred on the alternative allele. Characterized genetically var-
iant peptides (GVPs) were identified in each dataset [1]. When com-
bining datasets from two biological replicates of a sample, presence of a
GVP was determined by detection in either or both datasets, with no
additional weighting for the second identification.

2.5. Label-free quantitation

Intensity-based absolute quantitation (iBAQ) values of samples
analyzed with a Q-Exactive Plus mass spectrometer were used to cal-
culate the relative molar amount of each protein [16]. iBAQ values
were calculated by importing MaxQuant (version 1.5.7.4). MS1 in-
tensity values and identification results were transferred into Scaffold
version 4.7.5 and iBAQ values calculated. Values were calculated for
the protein clusters identified by MaxQuant. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository with the dataset identifiers
PXD011732 and PXD012072, and the Center for Computational Mass
Spectrometry (massIVE) with the dataset identifier MSV000083233
(massive.ucsd.edu) [17].

2.6. Statistical analysis

For analysis of protein profiles, weighted spectral count data from
the Scaffold algorithm [9] were transformed using a variance stabi-
lizing transformation for negative binomial data, which takes the form

= + + +f x x x( ) ln[ ]θ
x
θ θ

2 1
2 . This transformation, when θ is se-

lected to minimize the correlation between the variance and standard
deviation of the transformed data, removes mean-variance dependency
from the data so that they may be analyzed using methods that assume
constant variance across the range of the data. Data were then analyzed
using the Bioconductor package for gene expression analysis limma,
version 3.28.17 [18], which fits linear models to each protein sepa-
rately and then applies empirical Bayes shrinkage to the estimated
variances to increase power. Application of the above transformation to
RNA-Seq data has been discussed [19]. The linear models used for
analysis include terms for body area, subject, and the subject-body area
interaction. Analyses were conducted using R, version 3.3.1 (R Core
Team, 2015). Multidimensional scaling plotting was performed as de-
scribed in Torgerson [20].
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For statistical analysis, GVPs that were detected in all subjects
(n=10) were removed. Remaining informative GVPs with uneven
distribution across the cohort were assigned a value of “1” for detected
and “0” for non-detected, then multiplied by the inverse of the genotype
frequency of the corresponding SNP allele in the 1000 Genomes Project
EUR population (phase 3) to give more weight to rarer GVPs. An ag-
glomerative hierarchical clustering dendrogram was constructed based
on the Euclidean distance matrix of the weighted detection data.
Analyses were conducted using R, version 3.4.3 (R Core Team, 2017).
The hierarchical clustering dendrogram was constructed using the R
function hclust (with default options) and the contributed R package
dendextend, version 1.6.0.

The probability of the proteomically inferred non-synonymous SNP
genotype occurring in the European population, also called the random
match probability (RMP), was calculated with the assumption of com-
plete dependence within an open reading frame and complete in-
dependence outside of the gene boundaries [1]. When multiple single
amino acid polymorphisms were detected within a gene boundary, the
combination of each possible allele was counted in the individual
genotypes of Europeans in the 1000 Genome Project (phase 3) to de-
termine the appropriate genotype frequency [1,21]. The population
distribution of the GVP profile was estimated as the product of inferred
SNP allele or allele combinations (Pr(GVP profile|EUR)). The use of
Jeffreys prior probability to estimate population distribution in the lack
of an observed SNP allele in the European population was not necessary
since all inferred SNPs were represented in reference populations of the
1000 Genome Project [1,21,22].

3. Results

3.1. Profile comparisons among individuals

Previous work demonstrated that profiles of protein expression le-
vels in scalp hair can distinguish among human donors in two-way
comparisons [8,9]. Present work investigated whether profiles of hair
from other body sites could also distinguish among individuals. To this
end hair samples from 4 different body sites (scalp, beard, axillary,
pubic) from each of 5 unrelated male individuals were collected and
analyzed with 4 biological replicates. Protein and peptide yields aver-
aged 634 ± 54, and 21,721 ± 1254 (average ± sd.) respectively
across all samples. There was no difference in proteomic yields from
hair shafts across different individuals or body locations (Figure S1).
The protein expression levels (weighted spectral counts) were com-
pared protein by protein between individuals separately for each body
site. Numbers of proteins with significantly different levels (adjusted
p<0.05) are given in Table 1. As indicated, hair from any of the 4 sites
was similarly discriminating among the 5 subjects. A multidimensional
scaling plot, similar to a principal component analysis, summarizes the
fold differences between samples in pairwise comparisons (Figure S2).

Hair from the same individual tended to cluster together. However,
comparing two individuals using profiles of protein expression with
hair from different sites appeared not suitable for such testing because
the information from different sites in a given individual were sub-
stantially different.

3.2. Protein expression levels vary with anatomic site

The weighted spectra count data above were employed to discern
consistent differences between hair samples from the different sites.
Fig. 1 shows the table of differences calculated by two-way comparisons
among the pooled values for the sites and a hierarchical clustering
based on these values. As indicated, hair from axillary and pubic re-
gions were the closest in profile of protein expression levels, while
beard hair was most different from those, and scalp hair was in be-
tween. Fold differences in protein level for each comparison are given
in Supplementary Table S1.

To help describe the differences among individual proteins in hair
from the different sites, the proteins were subjected to label free
quantitation [16]. For this purpose, the quantitative values for each
protein were averaged among the 5 subjects. The result is given in
Table 2, where the top 25 proteins at each site are shown. Although
semi-quantitative, these values are useful in judging the relative pre-
valence of constituent proteins. For example, as previously found using
an early method of label-free quantitation, keratins comprise> 90% of
the protein in the hair shaft [23].

3.3. Analysis of genetically variant peptides across body sites

Proteomes of hair shafts from the four body sites (scalp, beard,
axillary, pubic) from five subjects were generated with four biological
replicates, as described above. Genetically variant peptide (GVP) pro-
files were collated from polymorphic peptides identified in the pro-
teomic datasets. Two biological replicates from each body site were
pooled for each individual. The resulting GVP profiles were collated for
each analyzed dataset and pooled for each set of replicate samples.
Figure S2 shows a heatmap summary of the GVPs detected in the da-
tasets. Due to the diversity in trypsin proteolysis, occasionally one SAP
is represented in several semi-tryptic partially redundant peptides, al-
though in this study that was not the case.

For statistical analysis, the values were weighted as the inverse of
inferred SNP genotype frequency from the European populations. This
follows the assumption that correlation between rarer alleles should

Table 1
Differences in protein expression levels at 4 bodily sites among 5 subjects ac-
cording to two-way comparisons. Shown are the numbers of proteins that differ
significantly in weighted spectral counts between subjects at a given site. The
subjects are numbered 1-5. Sampled are from axillary (A), beard (B), pubic (P)
and scalp (S) regions.

2A 3A 4A 5A 2B 3B 4B 5B
1A 21 54 54 28 1B 32 58 50 51
2A 52 46 29 2B 44 31 55
3A 59 60 3B 74 87
4A 45 4B 53

2P 3P 4P 5P 2S 3S 4S 5S
1P 17 29 48 20 1S 73 51 44 40
2P 19 46 34 2S 96 62 63
3P 19 38 3S 63 70
4P 30 4S 28

Fig. 1. Hierarchical clustering of significant pairwise differences in protein le-
vels from different anatomic sites. Data from all the samples at each site
(n= 20) were grouped and compared by site. The numbers of differences used
for the comparison are tabulated.
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have a greater weight in the analysis. From the data an agglomerative
hierarchical clustering dendogram was constructed based on the
Euclidean distance matrix of the weighted detection data. The GVP
profiles clustered by subject not by body site (Fig. 2). This indicates that
GVP profiles obtained from different body sites from one individual are
more similar than those profiles obtained from other unrelated in-
dividuals. While sample-to-sample variation occurs, and some GVPs are
not always detected, the differences observed are explained more by
underlying genotype than biological differences in protein expression
that track with anatomical changes to the hair shaft. The GVP profile
therefore appears dependent on individual genotype and is not

systematically affected by the anatomical source of the hair shafts.

3.4. Calculation of random match probability

Profiles of genetically variant peptides for each subject were cu-
mulatively combined from datasets of all body sites. These were used to
create profiles of inferred SNP alleles. The resulting probability of each
genotype occurring in the European population of the 1000 Genome
Project (Pr(GVP profile|EUR)) was estimated as described in the
Methods [1,21]. Application of the product-rule assumed complete
dependence within the open reading frame and complete independence
outside of the gene boundary [1]. Resulting random match probabilities
(RMP) ranged from a low of 1 in 8 to a high of 1 in 196 (Fig. 3). The
number of detected GVP peptides and inferred SNP alleles ranged from
23 to 27, although this is reduced to 12 to 17 when non-discriminatory
alleles (gf ≥ 0.99) are excluded.

4. Discussion

Based on results from inbred mouse strains [7,24], profiles of
human hair protein expression were originally pursued to expand the
usefulness of hair evidence for distinguishing among individuals. Pre-
sent results indicate that such comparisons are similarly discriminating
regardless of the anatomic origin of the hair provided that samples from
the same site are compared. Since the protein profiles depend on the
site of origin, analogous to those from epidermal corneocytes from

Table 2
Relative protein levels in hair from different anatomic locations. Estimates
obtained by label free quantitation (iBAQ) of all the samples from each site
(n=20) were averaged, normalized to 100%, and listed as percentages in order
of prevalence in scalp samples. The top 25 proteins account for> 98% of the
calculated total amounts.

Gene Name Axillary Beard Pubic Scalp

KRT85a 25.46 25.19 25.42 26.04
KRT33Bb 21.63 23.28 21.98 24.28
KRT32 9.91 10.26 9.90 10.58
KRT35 7.93 8.57 7.99 8.57
KRT38c 9.85 6.65 10.28 6.32
KRT36 4.94 4.93 5.01 4.99
KRT75 2.66 2.42 2.52 3.07
KRT7 2.17 2.38 2.22 2.42
KRT10 3.47 2.34 3.08 2.41
GRIPAP1 0.99 1.30 1.50 2.10
KRT82 1.94 1.97 1.90 1.90
HIST1H4A 1.92 1.72 1.72 1.67
HIST1H2BC 1.14 1.06 0.99 1.06
VSIG8 0.90 0.75 0.83 0.78
hCG_2039566 0.36 0.45 0.40 0.38
KRT39 0.36 0.33 0.33 0.37
KRT14d 1.12 1.86 0.32 0.35
S100A3 0.35 0.29 0.32 0.28
HIST2H3PS2 0.35 0.27 0.29 0.27
LGALS3 0.20 0.23 0.20 0.22
CALML3 0.27 0.33 0.28 0.21
UBB 0.27 0.32 0.26 0.20
LGALS7 0.17 0.22 0.18 0.14
SFN 0.10 0.15 0.10 0.09
DSG4 0.08 0.08 0.08 0.08

a Cluster including KRT81, KRT83, KRT86.
b Cluster including KRT31, KRT33A, KRT34, KRT40.
c Cluster including KRT37.
d Cluster including KRT16, KRT17.

Fig. 2. Hierarchical clustering dendrogram of GVP detection
data. Proteomic duplicates were pooled and detected GVPs
collated and weighted by the inverse of genotype frequency. A
hierarchical clustering dendogram was generated as described
in the Methods. Branches corresponding to clusters by subject
are shown in a different color for each subject. Sample labels
indicate the body area from which the sample originated:
S= Scalp, B=Beard, P= Pubic, A=Axillary.

Fig. 3. Random Match Probabilities of the Profile of Genetically Variant
Peptides. The cumulative profile of genetically variant peptides was developed
for each subject. Each probability of the inferred SNP genotype occurring in the
European population of the 1000 genome project was estimated as described in
the Methods. Probabilities are presented as the inverse of Pr(GVP profile|EUR).
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different sites on the skin, comparing the same sites is critical [24,25].
A corollary is that the site of origin of a hair from a given individual
could be deduced by comparing its profile to those from other anatomic
sites of interest in that individual. This application, which could be
useful in certain forensic contexts, merits further exploration.

While this use of protein profiles has merit, including an evident
genetic basis for the observed differences among individuals, applica-
tion to personal identification appears less discriminating than using
genetically variant peptides (GVPs) [1,8,9]. Present work demonstrates
that GVP profiles developed using hair derived from different anatomic
sites in an individual are more similar than profiles from different in-
dividuals. Thus, the hair donors were easily sorted by their GVPs re-
gardless of the anatomic origin of the sampled hair. These inferred
genotypes can be discriminatory with random match probabilities of up
to 1 in 196 obtained in this study.

In the present case, some GVPs were not detected in certain profiles,
producing false negatives. The detection of GVPs, as with any peptide,
is dependent on meeting the chemical thresholds for fragmentation
(MS2) in the mass spectrometry instrument [8]. These chemical and
analytical factors are intrinsic to proteomic analysis and are unlikely to
be due to underlying biological variation. An important caveat in this
study is that the inferred genetic SNP alleles were not confirmed by
separate DNA-based genotyping and depend on the validation gained in
previous studies [1]. Biological variation does play a role, however.
Occasionally a common GVP would appear only for a single subject. We
hypothesize that such variation is due to protein expression level as
well as GVP frequency [8]. Recent improvements in hair processing and
instrumentation have increased the sensitivity of GVP detection several
fold even for low levels of hair [26]. In our laboratory random match
probabilities can now range up to 1 in 100 million for a single hair (data
not shown), which is not yet at the level of identity. While these levels
of detection exceed the values in this study, more development is still
required. We predict that the detection of more GVPs in the sample will
have two effects: correlation of GVP profiles within an individual will
increase regardless of body location, and correlation between in-
dividuals will decrease. Investigators can therefore use hair as a source
of protein-based genetic information regardless of the anatomical site of
origin. This and other methodological improvements promise to yield
dramatically improved estimates of random match probability and thus
increase the forensic utility of hair shafts for individual identification.
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