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1. Statement of the Problem / Research Question
1.1 The Probative Value of Hair Shafts. Hair is part of many crime scenes but it is underused forensically[9].
Each individual sheds about 100 to 200 cranial hairs a day, about one every 10 to 15 min[10]. Hair shafts are
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robust and persist in the environment[11-13]. Hair shafts are highly complex tissues and contain high levels of
biological information an, their presence can associate a suspect to a victim or a suspect to a crime scene.
Before the DNA revolution, hair shaft analysis was a major component of crime scene investigation[10, 14].
DNA based methods are difficult to employ on hair shafts however. The cornification process of hair shafts
degrades all nuclear DNA as part of the partial apoptosis involved in terminal differentiation of the hair shaft,
resulting in DNA pieces averaging round 30 bp in length[15, 16]. Likewise, the traditional forensic analysis of
hair shaft patterns, to associate an individual to evidentiary hair found at a crime scene has been thoroughly
discredited and found to be intrinsically subjective in its analysis[17-19]. The dependence of investigators on
DNA-based methods, and the discrediting of hair morphological comparisons, have resulted in hair no longer
being routinely examined in evidence despite of its ubiquity and potential to associate individuals with a crime
scene.
1.2 Proteomic Genotyping and its Applications Protein contains genetic information in the form of single
amino acid polymorphisms (SAPs), the result of non-synonymous SNPs[20, 21]. Proteomic genotyping is the
detection of genetically variant peptides (GVPs) that contain a SAP and then inferring the presence of the
corresponding SNP allele in the individual who produced the protein sample. In aggregate the resulting profile
of inferred SNP alleles, like any profile of nucleotide variation, can be used to calculate the statistical
association of an individual and a protein sample; the probability that a given combination of inferred SNP
alleles would randomly occur in the reference population[7]. Currently almost 500 non-synonymous SNP
alleles have been shown to be accurately inferred by genetically variant peptides, many of which are already
detailed in the literature[1, 4, 7, 22-24]. Genetically variant peptides will be present in any protein sample. The
samples where proteomic genotyping provides maximal benefit for a forensic investigator are samples where
obtaining information through DNA-based methods are problematic. This includes telogenic hair shafts,
degraded and compromised bones and teeth, fingermarks, and sexual assault evidence. Hair shafts, that are
discrete, robust, and easy to obtain, have been the initial focus of the development of proteomic genotyping as
a usable and practical method for investigators[7].
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1.3 The Scope of Proteomic Genotyping. Proteomic genotyping is a “read” of the nucleotide information
contained in message RNA and ultimately exomic DNA, filtered by the translational and transcriptional
machinery of the cell. Different tissues, since they have different proteins present, will have a different set of
GVPs. As mentioned above, at an individual level the SNP alleles that are reflected in different GVPs will
also change as a function of the donor’s DNA. At the individual level there are 10 to 12 thousand nonsynonymous SNPs are present in any genome, roughly one for every 2 proteins[20]. Globally there are 122
thousand missense SNPs with minor allele frequencies above 0.5% minor allele frequency, the threshold for
inclusion in our study, roughly 6 per gene product (www.ncbi.nlm.nih.gov/snp/). Given that up to 10,000
gene products are expressed at some level in the cell, roughly half of all open reading frames, this translates
to about 60,000 possible GVP alleles, per cell of which about 5,000 non-reference GVPs may be present in
the proteome of any individual cell. This is a significant amount of potentially useful genetic information that
can be obtained without the presence of DNA in a sample.
1.4 Application of the Product-Rule in Proteomic Genotyping. A profile of inferred SNP alleles, like any
nucleotide profile, can be used to estimate the distribution of the given profile in a reference population[7,
25]. We use the model of random match probability described initially in [7] and refined further in [1].
Basically, we treat each open reading frame as a single locus, with multiple GVPs (if they are present),
resulting in multiple effective alleles of different SNP genotype combinations. Random match probabilities
can now be estimated as the product of the frequencies of each gene combination. This can be described
mathematically as: 𝑅𝑅𝑅𝑅𝑅𝑅 = ∏(𝑓𝑓𝑓𝑓𝑓𝑓𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 |𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) 1). where RMP is the random match probability,

‘fGVPcomb’ is the population distribution of the combination of inferred non-synonymous SNP alleles, and
‘population’ is the respective major reference population in the 1000 Genomes Project.
We have observed in earlier work that there are significant and cumulative differences in the
genotype frequency of each GVP-inferred SNP allele in different reference populations. As a result the

likelihood ratio of ancestry can vary considerably as a function of donors genetic back ground[26, 27]. These
are amplified when combined as a result of the product rule, resulting in different random match probabilities
for different populations by many orders of magnitude[4, 7]. These have been exploited to derive likelihood
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values for genetic background[1, 7]. These likelihood estimates are derived as the quotient of random match
probabilities derived using frequency values for different populations. The resulting likelihood is a value
relative relationship between two populations. Earlier work noted that the changes in likelihood ratio of
quotient of RMPs from different population values changed over 9 orders of magnitude. Therefore, there was
considerable potential in using this method to provide a measure of a hair donor’s relative ancestry.
2. Project Design and Methods, Data Analysis, and Findings
2.1 Central Hypothesis: We therefore hypothesize that proteomic genotyping can estimate the ancestry of an
individual who donates a hair shaft. This can be obtained by maximizing the efficiency of hair sample
processing, followed by applying the optimized sample processing protocol to a sufficient number of subjects
(n = 170) from a range of genetic backgrounds to test the hypothesis.
2.2 Research Program: The research program breaks down into 5 components: 1) Optimization of hair shaft
sampling methodology, 2) GVP characterization, 3) Estimation of Likelihood Values, and 4) Prediction of
Biogeographic Background. In order to present data in a logical manner we change the order in how we
present the data. 5) We also include validation studies conducted on real world samples following guidance
outlined by SWGDAM[28]
For technical methodology we refer the reader to[1, 7].
2.3 Recruitment of Subjects. See Table 1.
2.4 Task 1: Optimization of Hair Sample Processing
Chemistry
Early iterations of the hair shaft processing protocol used 10
mg of hair shafts in order to obtain as complex a peptide
mixture as possible to allow for discovery of genetically
variant peptides (GVPs)[7]. This is not suitable as a forensic
method, we therefore sought to optimize the sample
processing method so that 20 mm of a single hair shaft could
be used. We used as a starting point the protocol developed by
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our collaborator Dr. Rice that relied on the harsh detergent sodium dodecyl sulfate, and later the more
amenable sodium dodecanoate, and high temperatures in order to maximally solubilize the sample[6, 29].
Results. This research is fully described in Goecker et al. [1]. To summarize: the reference protocol, while
resulting in a high level of solubilization also resulted in a high level of deamidation and lower level of
peptide identifications. We therefore tried two approaches to maximize the amount of proteomic information
obtained and therefore maximizing the amount of genetic information that could be obtained through
detection of genetically variant peptides. The first was to use gentle chemistry in processing the sample. By
using shorter trypsin digestion time, and lower temperatures, we observed less solubilization but we also saw
much greater levels of peptide identifications. The other advance we tried was a dramatic increase in the
level of reductants. By increasing DTT levels from the 25 mM level up to the 100 mM level we observed a
dramatic increase in GVP detection. Together the sensitivity (TP/(TP+FN)) of GVP detection increased from
11.4% to 33.6%, an almost 3 fold increase[1]. The total identified GVPs increased from 45 to 127 for the
optimized processing method, the number of unique peptides from 1585 ± 162 to 2703 ± 230 (p = 5 x 10-13)
and the average number of genetically variant peptides detected increased from 20 ± 5 to 73 ± 5 (p = 1 x 10). The RMP increased from a maximum of 1 in 1380 and a median value of 1 in 24 for the original

13

processing method to up to 1 in 624 million from a single hair with a median value of 1 in 1.1 million after
chemical processing optimization (p = 4 x 10-7). Likewise, median RMPs for the African samples increased
from 1 in 5.1 x 101 to 1 in 1.5 x 108, and European samples increased from 1 in 1.3 x 101 to 1 in 2.2 x 103.
These increases in RMP also meant that the likelihood of ancestral background increased as well. A
likelihood ratio (LR) defined as the RMP calculated from the African population divided by the RMP
calculated from the European population. With optimization and increased GVP detection, the likelihood
ratio for European samples (eq. 2) decreased by 0.94 ± 0.39 orders of magnitude (p = 1 x 10-4), while the
African samples increased by 3.90 ± 0.32 orders of magnitude (p = 5 x 10-4). The GVP profiles from African
subjects were therefore considerably less frequent in European populations than in African ones and vice
versa.
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2.5 Task 2. Characterization of GVPs and optimization of mass spectrometry data acquisition. This
research is from a manuscript about to be submitted to Journal of Proteome Research. A total of 497
genetically variant peptides have been discovered in this project. This format is not appropriate for a full
cataloging of the genetic and chemical properties of each genetically variant peptide, an information of about
80% of identified GVPs can be located in the supplemental section of [1]. A selected panel of 24 GVPs were
synthesized with stable isotope labelling in order to
allow for spiking of the sample into the sample. This
was then used as in internal standard to evaluate the
efficacy of different mass spectrometry platforms. The
characterization of this panel’s performance (Figure 1)
demonstrated that targeted mass spectrometry
acquisition methods increased detection by roughly 1.3
to 1.6 fold depending on the mode of data acquisition.
This is over and above any improvement made using the
chemical treatments optimized in Task 1. The effect of
these improvement son estimated random match probabilities is dramatic. An overall 1.6-fold increase in
GVP detection would result in 120 GVPs being regularly being detected and an estimated median RMP of 1
in 1013.
2.5 Task 3 Estimation of Likelihood Ratio Values of Genetic Background.
As described above the Likelihood ratio for ancestral background follows the following formula:
𝑃𝑃𝑃𝑃�𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 �𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝1 �
𝐿𝐿𝐿𝐿 =
where probability of the combined profile of detected genetically variant
𝑃𝑃𝑃𝑃�𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 �𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 �

peptides is calculated for one reference population and divided using the same equation but calculated using
population distribution values from a second population. Previous work showed that European and African
Populations LR values ranged from 104 for African samples to 10-4 for European Samples, 8 orders of
magnitude. In order to estimate these values from the hair donated in this project, GVP-inferred SNP alleles
also require additional levels of characterization at the genetic level. This includes an analysis of FST values,
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Homozygosity, Hardy Weinberg
equilibrium and linkage
disequilibrium. These parameters
provide constraints on proteomic
genotyping and use of GVPinferred SNP alleles to calculate
the product rule. As described in
Figure 2 there are 8 GVPinferred SNPs that have FST values above 0.2 and are potentially ancestrally informative. This raises the
possibility that some GVPs may be used specifically for ancestral informativeness[30]. These properties help
explain some of the dramatic shifts in LR values observed in our data. With enough GVP detections
cumulative differences in genotype frequencies will amplify and result in functionally different random
match probabilities depending on which major reference population group is used. We showed earlier that
the GVP profiles from the hair of African subjects were less frequent in the European population relative to
the African population and profiles from European subjects were less frequent in the African population
relative to the European population[1, 7]. The effect was significant with LR values spanning 8 orders of
magnitude.
A total of 170 samples were processed, from 5 population groups: African (AFR, n = 47), Admixed
or African American (ADM, n = 21), European (EUR, n = 79), Middle Eastern (ME, n = 12) and Asian
(EAS, n = 8). Samples were processed using the optimized hair sampling method described in Task 1 and
subjected to shotgun proteomics on a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass
Spectrometer[31]. The resulting datasets were screened for GVPs using the algorithm GVPFinder
(parkerlab.ucdavis.edu) and Random Match Probabilities were calculated using the method described above
in the introduction, Task 1 and in Goecker et al.[1].
2.6 Task 4 Prediction of Ancestry as a Function of LR (EUR/AFR) Values
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When LRs were calculated values ranged over 22.5 orders of magnitude, from 10-14 to 108 (Figure 3A).
When absolute LR was plotted as a function of data quality, or in this case as number of detected GVPs,
there was a distinct cut-off in data quality of 60 GVPs (Figure 3B). The remaining LR values were ranked
(ranging from 0 to 1) from each population and plotted (Figure 3C). Based off these figures we can make 3
observations: 1) There is no effective difference between the European and Asian and Middle Eastern
populations, 2) As can be seen there is a wide range of LR values in different populations and there is
considerable overlap, categorical statements about ancestry, at for most subjects, is possible. 3) In spite of
this the LR values for each population, African,
Admixed, and European, were quite distinctive. Other
descriptions about ancestry are therefore possible.
Below a Log10(LR(EUR/AFR)) value of -9 the
ancestry of the hair shaft will be 100% African, and
above a value of 7 the sample will have a European
donor. These criteria are only met in 18.2% of
African samples, and 15.9% of European samples,
assuming the that more than 60 detected GVPs could
be detected in the hair shaft sample. If the additional
assumption is made of an equal prior probability of
detecting an African, Admixed or European hair shaft,
these conditions would be met a total of 11.4% of the
time. It is more useful therefore to describe the
probability of ancestry for each range of Log10(LR)
values. To reach that point the proportion of each
population was plotted as a function binned ranges of
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Log10(LR) values (Figure 4B). These empirical proportions provide a resource for addressing the central
research question of this project:
determining the probability of a
given ancestry for a given likelihood
ratio.
Based off these calculations
a GVP-derived Likelihood ratio
above 5 orders of magnitude would
be 100% likely to be European and
between 1 and 5 orders of Magnitude
(10 to 100,000) would be 65 to 68%
likely to be European. An LR value
between 1 x 10-1 to 1 x 10-5, would
have a probability of 49%, 47% and 4% of being African, Admixed or European respectively. Combining
Admixed and African probabilities would result in a 96% probability. Only African and admixed hair shafts
can account for an LR value below 1 x 10-5.
2.6 Additional Validation of Proteomic Genotyping
SWGDAM guideline stipulate that development of new methodologies also need to be tested on ‘real-world’
scenarios. In terms of evidentiary analysis of hair shafts located from a crime scene, we anticipated that there
are three scenarios that could test the limits of hair shaft analysis: hair from different body sites, greying hair,
chemically processed hair (in this case hydrogen peroxide) and hair stored for years and decades at room
temperature. In each of these scenarios the central question is whether the resulting GVP profiles would have
a systematic bias as a function of potential differences that might occur in a sample. Would the presumed
proteomic differences in protein profiling result in a change in GVP profiling. With the exception of hydrogen
peroxide treatment all of these studies have been published[2, 3, 5]. In all three published scenarios there was
no intrinsic bias imposed by changes in the proteome resulting from differing conditions.
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2.7 Basic Findings. Based on the data presented or otherwise published, we can make the following
conclusions. Hair shaft processing methos are better when large amounts of reductant are used and gentle
chemical methods are applied, we saw a three-fold improvement in data yields from a single hair shaft. We
discovered and characterized 497 GVPs. A description of the physical and chemical properties of many of
these is available in the supplemental section of [1]. The genetic characterization of these GVP-inferred SNPs
includes those which have significant differences in their FST values and are potentially ancestry informative
SNPs. When 170 samples from a range of ancestries were processed and likelihood ratio of genetic background
values calculated, values ranged over 22.5 orders of magnitude. When these values were plotted as a function
of population there was distinctive patterns as a function of population with admixed samples distributing
between European and African samples. When population numbers were binned and then plotted as a function
of population proportion as a function of LR value, we were able to then calculate the probability of a given
population as a function of LR assuming an equal distribution of African, admixed or European samples. We
can state that LR values below 10-5 are categorically admixed or African individuals, LR values below 1 in 107

are categorically African, and LR values above 105 are European. Between these extremes, were most samples

are likely to be, Pr(population|LR) values can be calculated and tabulated, for example an LR value between
101 and 105 would be 65% to 68% likely to be European, assuming equal prior likelihood of obtaining a sample
from either ancestral background.
3. Implications for criminal justice policy and practice in the United States.
Hair is a ubiquitous forensic substrate that is currently highly underutilized. This project lays the groundwork
for efficient processing of hair and the ability to obtain high levels of genetic information that are useful to an
investigator. We now routinely obtain random match probabilities above 1 in 100 million and demonstrate the
potential for routine values of 1 in 1013. This project demonstrates that information from a forensically relevant
hair shaft can now include probabilities of a donor’s ancestry for a given likelihood ratio. These methods are
rigorous, scientifically and statistically based and as such meet the criteria stipulated in the 2009 NRC report:
Strengthening Forensic Science in the United States.
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