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A B S T R A C T   

Protein is a major component of all biological evidence, often the matrix that embeds other biomolecules such as 
polynucleotides, lipids, carbohydrates, and small molecules. The proteins in a sample reflect the transcriptional 
and translational program of the originating cell types. Because of this, proteins can be used to identify body 
fluids and tissues, as well as convey genetic information in the form of single amino acid polymorphisms, the 
result of non-synonymous SNPs. This review explores the application and potential of forensic proteomics. The 
historical role that protein analysis played in the development of forensic science is examined. This review details 
how innovations in proteomic mass spectrometry have addressed many of the historical limitations of forensic 
protein science, and how the application of forensic proteomics differs from proteomics in the life sciences. Two 
more developed applications of forensic proteomics are examined in detail: body fluid and tissue identification, 
and proteomic genotyping. The review then highlights developing areas of proteomics that have the potential to 
impact forensic science in the near future: fingermark analysis, species identification, peptide toxicology, pro-
teomic sex estimation, and estimation of post-mortem intervals. Finally, the review highlights some of the newer 
innovations in proteomics that may drive further development of the field. In addition to potential impact, this 
review also attempts to evaluate the stage of each application in the development, validation and imple-
mentation process. This review is targeted at investigators who are interested in learning about proteomics in a 
forensic context and expanding the amount of information they can extract from biological evidence.   

1. Introduction 

The handling, transfer and analysis of biological evidence is integral 
to forensic science [1]. With a few exceptions the dominating compo-
nent of evidence is protein. It is the matrix that contains other forensi-
cally relevant biomolecules, particularly DNA but other molecules as 
well [2]. The dissolution of the protein matrix and extraction of these 
molecules is a necessary precursor to subsequent analysis [3]. For most 
forensic scientists the role of proteins in forensics is historical and as a 
component to be removed prior to transfer, purification and analysis of 
the more polymorphic polynucleotides [4,5]. 

The protein in evidentiary samples however is highly complex and 
contains significant amounts of information [6]. Some of this informa-
tion may provide context about the tissue source of the material, or 
provide a genetic link to the donor of the material, and therefore be 
useful to investigators [7,8]. The protein population in a sample results 
from the transcriptional and translational programs and machinery of 
the originating cells and is a direct result of the sequence of nucleotides 

in open reading frames. Protein therefore can be used to identify the 
tissue or body fluid source of a sample, an important piece of forensic 
context that is still used today [7,8]. It also contains genetic information 
in the form of amino acid polymorphisms [9]. Prior to the DNA revo-
lution these were the major source of data for individualization. In 
addition to being more abundant in a sample, by many orders of 
magnitude, protein is also considerably more stable than DNA [10–14]. 
This means that protein may still be present when DNA is no longer 
accessible to investigators in biologically or environmentally degraded 
material [15,16]. 

The last few decades have seen a revolution in proteomics that 
mirrors that experienced in genomics [6,17]. The advances in proteomic 
technology, particularly mass spectrometry, have had a major impact on 
the life sciences and the potential also exists to have an impact on 
forensic investigation. Many of the early limitations of forensic protein 
science have now been addressed by these technologies and likewise the 
amount of identifying and contextual information that can now be 
extracted from proteomic workflows is considerable [6]. How these 
proteomic capabilities impact the practice of forensic science is an open 
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question that will be addressed over the coming years and decades. 
This review examines the history of protein science in forensics, 

noting the early use of protein in identification of tissue origin, and 
individualization. It explores the development of proteomic mass spec-
trometry and the potential this method has as a tool for the forensic 
investigator. Protein in forensic evidence has many differences and 

unique considerations when compared to protein analyzed in other 
areas of proteomics. As is the case with DNA methodologies, forensic 
proteomic markers and methods move from a discovery phase, through 
a development and validation phase and, if successful, an adoption 
phase by the forensic community. We detail six of these applications. 
Some mirror earlier uses of protein in forensics, but with greater power, 

Nomenclature 

DDA Data Dependent Acquisition 
DIA Data Independent Acquisition 
ESI electrospray ionization 
FN/FP false negative/false positive 
GVP genetically variant peptide 
LC liquid chromatography 
MALDI Matrix Assisted Laser Desorption Ionization 
MRM multiple reaction monitoring 
MS mass spectrometry 
MS1 mass spectrometry of peptide masses 

MS2 mass spectrometry of peptide fragments 
m/z mass over charge ratio 
PCR polymerase chain reaction 
PRM parallel reaction monitoring 
PSM Peptide Spectral Matching 
QQQ Triple quadrupole mass spectrometry 
RMP random match probability 
SAP single amino acid polymorphism 
SIL stable isotope labelled 
SNP single nucleotide polymorphism 
TN/TP true negative/true positive 
ZooMS Zooarchaeology using Mass Spectrometry  

Table 1 
Catalog of distinctively expressed body fluid specific proteins.  

Fluid specificity Accession number Protein name Yang et. al. Legg et. al. Van Steendam et. al. Zhoa et. al. 

Seminal Fluid Q02383 Semenogelin-2 ● ● ● ● 
P04279 Semenogelin-1 ● ● ● ● 
P15309 Prostatic acid phosphatase ● ● ● ● 
P07288 Prostate-specific antigen ● ● ●  
Q6W4X9 Mucin-6 ●    
B2R597 Beta-microseminoprotein ●    
P09466 Glycodelin ● ●   
P54107 Cysteine-rich secretory protein 1     
P61916 Epididymal secretory protein E1     
P12273 Prolactin-inducible protein     

Saliva P04745 Alpha-amylase 1 ●  ● ● 
P02814 Submaxillary gland androgen-regulated protein 3B ● ●   
Q6P5S2 Protein LEG1 homolog ●    
P09228 Cystatin-SA ● ●   
P28325 Cystatin-D  ●   
P01037 Cystatin-SN    ● 
P15515 Histatin-1 ● ●   
P02808 Statherin  ●   
Q16651 Prostasin    ● 
Q8TAX7 Mucin-7    ● 

Peripheral Blood P68871 Hemoglobin subunit beta ● ● ● ● 
P69905 Hemoglobin subunit alpha ● ● ● ● 
P02730 Band 3 anion transport protein ●    
P02549 Spectrin alpha chain, erythrocytic 1 ●    
P01009 Alpha-1-antitrypsin  ●  ● 
P10909 Clusterin    ● 
P01024 Complement C3  ●  ● 
P02790 Hemopexin  ●   

Vaginal Fluid Q9UBG3 Cornulin  ● ● ● 
Q9Y6R7 IgGFc-binding protein  ●   
P07476 Involucrin  ● ● ● 
O95274 Ly6/PLAUR domain-containing protein 3  ●   
P14780 Matrix metalloproteinase-9  ●   
P80188 Neutrophil gelatinase-associated lipocalin  ●   
O60437 Periplakin  ●   
Q6UWP8 Suprabasin  ●   
P08670 Vimentin  ●   
Q9HC84 Mucin-5B  ●   
P35321 Cornifin-A   ● ● 

Menstrual Fluid P20810 Calpastatin ● ●   
Urine P10451 Osteopontin  ●  ● 

P07911 Uromodulin  ● ● ● 
P01042 Kininogen-1    ● 
P02760 Protein AMBP   ● ●  

Proteomic analysis of body fluids (Fluid Specificity) identifies gene products (Protein Name, UniProt Accession Number) that have distinctive levels of expression and 
are candidates for biomarker development. These proteins are described in Yang et al., Legg et al., van Steendam et al., and Zhoa et al. [154,161,233,236] 
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reliability and sensitivity. Other applications are novel or developed for 
other purposes with potential impacts in forensics. This review un-
dertakes to delineate where each application is in the development and 
implementation process and the potential utility and impact of each on 
forensic practice. 

2. Historical uses of protein in forensic science 

The identification of body fluids is an essential component for crime 
scene reconstruction, establishing forensic context, and corroboration 
[1,7]. Each body fluid has a distinctive combination of proteins and 
small molecules [18]. Significant scientific effort has gone into identi-
fying and characterizing the distinctive protein components, genetic 
material and other biomolecules of body fluids, particularly in semen 
and blood (Table 1) [7,19]. A comprehensive survey by Gaensslen in 
1983 summarized these efforts going back to 1827 [20]. These foun-
dational studies used technologies that included early advances in 
inorganic and organic chemistry, biochemistry and protein science. As 
new technologies became available, such as protein electrophoresis, 
alternative light source methods, luminescent and fluorescent chemis-
try, and histology and immunology, these also were used to characterize 
protein and identification of forensically relevant body fluids [19–22]. 
Many of these approaches are still in development today and continue to 
be refined [19,23–27]. Current techniques for presumptive and confir-
matory tests depend on specific protein components of body fluids, such 
as the presence of the protein co-factor heme for the luminol reaction, or 
protein specific epitopes for immunological detection of body-fluid 
specific proteins. These protocols are still essential tools for crime 
scene investigation today [24,28]. Antibodies to specific proteins have 
been developed and characterized, both for denatured proteins as well 
as those with intact secondary and tertiary structures, for almost all 
forensically relevant body fluids [29]. This has resulted in the devel-
opment of accessible and affordable sandwich-type immunological 
detection cassettes and test strips for presumptive identification of body 
fluids [24,26,27]. Over time the development of specialized antibodies 
allowed for development of more quantitative ELISA assays that were 
also developed for forensically relevant body fluid proteins including 
semen, blood and saliva [30]. We argue below that the accuracy and 
sensitivity of mass spectrometry now allows for these protein assays to 
be confirmatory (Section 5). 

A major historical tool in the forensic analysis of biological material 
was the discovery and use of ABO blood types [31,32]. Chemically there 
are intrinsic advantages in these epitopes, since the carbohydrate 
structures are stable, antigenic and persist in the environment. Reliable, 
robust and sensitive immunological assays, both for presumptive and 
quantitative tests and assays were developed for both body fluids and 
solid tissue [20,33]. The presence of the two glycosyltransferases 
responsible for the epitopes, the N-acetylgalactosaminyltransferase for 
the Type A and galactosyltransferase for Type B, is genetically variant 
[34]. The result is a set of powerful immunological tools for individu-
alization, exclusion and paternity testing [35,36]. The probability that 
any individual would have a given variant was dependent on their ge-
netic ancestry [34]. The use of these markers in forensics was wide-
spread until the DNA revolution that began with Sir Alec Jeffreys and 
expanded and became codified with the adoption of STR-typing meth-
odologies [5,37–39]. 

Some of the tissue-specific proteins described were also discovered to 
have genetic variants [20,36]. Advances in chromatography, gel and 
paper electrophoresis, and enzyme kinetics were used to both identify 
these variants and develop assays for their detection in forensic samples 
[40]. The distribution of each variant in the population was used to 
estimate random match probability in early versions of the product rule 
[36,41]. These assays however were typically insensitive and consumed 
limited evidentiary material. Many methods required enzyme activity or 
intact secondary epitope structure resulting in a lack of sensitivity and 
false negative detection. Forensic technicians had to choose 

combinations of methods from multiple possible workflows to gain the 
maximum amount of forensic information and discriminating power 
from a sample. These choices required experience and superlative 
technical ability. The levels of discrimination gained roughly ranged 
across one to three orders of magnitude [41,42]. In spite of these now 
modest levels of discrimination, early protein-based assays were used for 
body fluid identification, individualization or exclusion, and species 
determination [20,36,42]. 

The DNA revolution resulted in a dramatic change of focus for 
protein-based forensic analysis [5,7]. The higher levels of DNA poly-
morphism, development of PCR, and identification of indel loci that 
contained multiple highly discriminating alleles made a compelling case 
for developing and using DNA-based methods [5,43–45]. Another major 
and perhaps underappreciated result of the shift to DNA-based methods 
was a simplification and consolidation of sample and analytical work-
flows. Instead of choosing between multiple protein-based assays, 
forensic technicians would process a sample and conduct a PCR reaction 
followed by application onto capillary electrophoresis in order to obtain 
genotypes on multiple loci from a single sample [5]. While forensic 
science has justifiably focused on DNA-based methods, many of the 
initial challenges with protein-based forensics have been addressed by 
advances in protein science, in particular the development of proteomic 
mass spectrometry. 

3. Basics of proteomic mass spectrometry 

Advances in proteomic mass spectrometry have revolutionized, and 
will continue to revolutionize, cell biology and biochemistry [46]. This 
is due to major innovations that have solved four fundamental and 
intrinsic challenges in proteomics. The first is the continued evolution of 
protein and peptide separation and fractionation by high-pressure liquid 
chromatography (HPLC). Current chromatography instrumentation can 
generate higher, more consistent pressures and ultra-low and steady 
flow rates. Coupled with the availability of smaller column beads with 
more uniform diameters, chromatography has better performance, 
higher capacity and more consistent retention times. The advantage 
extends down to narrow nano-flow capillary columns with internal di-
ameters of 75 µm that result in reduced cross-sectional dilution and 
increased sensitivity in mass spectrometry [47]. These combine to pro-
vide data with higher depths of coverage while consuming less material. 

The second innovation, and most fundamental, was invention of 
electrospray ionization (ESI), published by John Fenn in 1989 [48,49]. 
When peptides are eluted from the chromatography column, they are 
atomized in a strong electric field with superheated neutral gases. The 
acidic solvent sublimates from the droplets conferring a charge on 
peptides within the droplet. The result is the conversion of a large 
peptide ion (often about 2000 Daltons) from a liquid to a gas phase, 
which is the ideal substrate for manipulation using electric fields. The 
process is chemically gentle and occurs without degrading the peptide, 
preserving the structure for subsequent analysis. Up to this point it was 
not possible to volatilize large peptides without introducing intense 
chemistries that would degrade larger molecules. 

The third advance that promoted proteomic mass spectrometry was 
improved engineering of mass analyzers that manipulate peptide ions 
and measure them with higher accuracy, precision, frequency and 
sensitivity with improved detectors. There are several approaches used 
and platforms available [50]. Quadrupoles select and direct peptides in a 
given mass range. Electromagnetic fields can then be used to move the 
ion cloud into different chambers to measure the mass of all peptides 
using either an ion trap (IT), orbitrap, or time-of-flight mass detector 
(ToF) [51]. Typically a single peptide is selected and moved to a colli-
sion chamber to be fragmented, mainly at the stable but more brittle 
peptide bonds (Fig. 1) [52]. The pieces can then have their masses 
measured, resulting in a fragmentation spectrum. The result is highly 
specific and reproducible; the spectrum pattern is a direct result of the 
amino acid sequence. The investigator gains two pieces of matched 
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information: a peptide mass and the fragmentation pattern (MS/MS) of 
the peptide pieces [53]. The MS/MS spectrum also contains several 
layers of information that can now be accurately predicted using deep 
learning approaches including which fragment ions are seen (not all are) 
and the intensity ratio between these fragment ions (spectral angle) 
[54]. The combination of all of these data points, retention time, peptide 
mass, fragmentation patterns and fragmentation ratios, is highly specific 
and, when validated, considered unique for a given peptide. 

The fourth innovation was sequencing of the human genome. In 
addition to accelerating the DNA revolution, this also allowed the 
complete human proteome to be delineated [55]. While the peptide 
fragmentation pattern is unique for a given peptide, matching the 
resulting spectrum to a given amino acid sequence can be highly com-
plex and uncertain when analyzed in isolation. By restricting the number 
of possible predicted peptide sequences to be present in a sample, the 
matching process becomes simpler and more confident [56]. In prote-
omic and bioinformatics terms this reduces the size of the ‘search space’ 
[57]. The process is called peptide spectral matching (PSM) [52,58]. 
Each match has a score that improves with increased alignments be-
tween a theoretical mass from a database and a fragmentation mass 
spectrometry spectrum mass from sample data. Statistical scores can be 
calculated to estimate the probability and range of uncertainty that a 
given score would occur randomly. However, the because the relation-
ship is statistical, even spectra with confident sequence assignment will 
have a formal, if often minute, level of uncertainty and possibility of 
mismatch. Peptide spectral matches consequently require additional 
validation as described below. 

These innovations combined to create a revolution in proteomics. 
The sequence of innovations described above is broadly described as 
shotgun proteomics, ‘bottom-up’ proteomics, or data-dependent acqui-
sition, and it accounts for the bulk of proteomic studies in the life sci-
ences (Fig. 1). The common orbitrap platform produced by 
ThermoFisher, a Q-Exactive mass spectrometer, can detect 10 peptides 
per second over a 2 h gradient using 2 µg of HeLa protein to generate 
48,000 spectra and detect 27,000 unique sequences from 3900 proteins 

in a single run [59]. The latest generation instrument, a Bruker timsToF 
mass spectrometer, can detect 100 spectra per second using 200 ng of 
HeLa protein to generate 600,000 spectra and detect 32,000 unique 
sequences from 5700 proteins [60]. These are highly complex, rich 
datasets that provide a comprehensive survey of a protein sample. These 
values increase with deep proteome mapping that uses combined runs or 
pre-fractionation of any samples [61,62]. The premise of forensic pro-
teomics is that information on this scope and scale will be useful to 
investigators. 

The goal of shotgun proteomics is to achieve the highest depth of 
coverage of the proteome and identify as many proteins and peptides as 
possible with limited a priori expectations for sample composition. 
Conceptually it is similar to large scale shotgun DNA sequencing using 
untargeted, unbiased DNA libraries. There are limitations to this 
approach however. There are millions of different peptides in a trypsin 
digest, from over 10,000 genes that are expressed in any tissue, and that 
have abundances that range over seven orders of magnitude [62,63]. It 
is unavoidable that there will be run-to-run variation. Selection of 
peptides for fragmentation is highly stochastic in shotgun proteomics, 
and some peptides may not be detected in every run [64]. Mass detec-
tion is concentration dependent and scanner acquisition is rate limited. 
This has significant implications for forensic proteomics, since the lack 
of detection cannot be taken as evidence of absence. This analytical 
challenge has many similarities with genetic analysis of low-read, low 
coverage genomes [65,66]. There are several innovations and data 
acquisition approaches to address the problem of stochasticity. One 
approach increasing in popularity is Data-Independent Acquisition 
(DIA) where fragment ion (MS2) spectra are continuously acquired in an 
unbiased fashion [67]. DIA has the advantage of collecting fragmenta-
tion data that allows for subsequent analysis of previously collected raw 
data. Analysis is currently challenging because it is difficult to match 
fragmentation data with the broader window of possible primary pep-
tide masses. Improved bioinformatic tools are being continually devel-
oped [54,67–69]. 

The most effective approach to deal with the problem of stochastic 

Fig. 1. Shotgun Proteomics. In shotgun proteomic mass spectrometry proteins are digested using trypsin and treated chemically with reduction and alkylation. The 
resulting complex peptide mixture are resolved using chromatography. As the peptides elute they are volatilized using electrospray ionization (ESI) and then 
manipulated using mass spectrometry to obtain both the mass of the peptide (MS1) and the mass of the peptide fragments (MS2) by injection into an orbitrap. The 
spectra of MS2 fragments are then compared to predicted spectra based on a protein database containing expected peptides from the human genome project. 
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effects is to use targeted data acquisition that focuses on a known set of 
highly characterized peptides [70]. This focuses the resources of the 
instrument on a limited set of targets and results in dramatically 
increased sensitivity. Targeted acquisition can be carried out on a va-
riety of platforms including the common “discovery” based systems, 
such as Orbitrap mass spectrometers operating in Parallel Reaction 
Mode (PRM), as well as dedicated targeted mass spectrometers, such as 
the triple quadrupole systems (QQQ) operating in Multiple Reaction 
Monitoring (MRM) mode as discussed below (Fig. 2). When operating in 
PRM-mode an Orbitrap has a predefined schedule of peptide masses that 
are targeted at scheduled retention times [71–73]. During data acqui-
sition, the targeted peptides are specifically selected in a quadrupole 
mass filter, transferred and accumulated in the instrument, and then 
fragmented with the resulting full scan fragment ions being measured in 
the Orbitrap [71]. PRM is flexible, easy to set up, and is highly sensitive 
[71–73]. It is limited however by the variable retention times in capil-
lary liquid chromatography and the expense of obtaining a 
proteomics-grade instrument. 

The most popular platform for targeted proteomics is the triple 
quadrupole mass spectrometer (QQQ) that is used in many clinical and 
forensic toxicology laboratories. In this configuration peptides are iso-
lated based on m/z values in quadrupole 1, fragmented in quadrupole 2, 
and specific fragment ions selected for detection in quadrupole 3 
(Fig. 2). Both targeted mass spectrometry approaches are quantitative. 
In the case of MRM the peak area of the targeted peptide pieces can be 
measured against a stable isotope labelled (SIL) peptide standard, or 
previously run standard curve run in the same sample sequence. An SIL 
peptide in the sample will have the identical retention time, peptide 
mass, fragmentation masses (transitions) and ratio of intensities as the 
known synthetic standard and these can be directly compared using an 
extracted ion chromatogram. In analytical chemistry and forensic toxi-
cology when these measurements are matched the analyst can conclude 
that the endogenous peptide is in the sample [74,75]. Using pre-defined 
retention time windows and precursor and fragment mass information, 

these targeted assays may be developed to simultaneously and repro-
ducibly detect hundreds of peptides in a single run, with high sensitivity, 
precision and accuracy [50,70,76,77]. At a practical level QQQ mass 
spectrometers have lower running costs, daily maintenance is more 
straightforward, and they are easier to use [76,78,79]. Modern QQQ 
mass spectrometers are capable of attomole-level (10-18) limits of 
detection at approximately half the cost in capital investment and 
significantly lower maintenance costs [80,81]. Because each run typi-
cally occurs over a 5–15-minute gradient, instead of the 60–90-minute 
gradients on proteomics-grade instruments, sample costs are much 
lower. Finally, QQQ instruments are broadly accessible to forensic sci-
entists since they are commonly used in forensic toxicology as well as 
clinical laboratories. 

In an integrated research program forensic proteomics requires the 
use of both targeted and untargeted mass spectrometry approaches. 
Discovery of forensically relevant peptides requires an untargeted 
bottom-up, shotgun proteomic, survey of the protein population in a 
tissue in order to identify, characterize and validate relevant peptides. 
The subsequent analysis of these peptides in a forensic laboratory setting 
requires the development of more robust, sensitive and cheaper targeted 
mass spectrometry protocols on triple quadrupole (MRM) or high pre-
cision proteomic-grade mass spectrometry systems (PRM). 

The development of shotgun and targeted proteomic mass spec-
trometry solved a major problem for protein-based forensic analysis; the 
need to have multiple tests and assays for multiple markers that 
consumed highly limited forensic material. Workflows have simplified 
and coalesced into preparing a sample and applying it to mass spec-
trometry [82]. This parallels the effect of PCR on DNA based methods, 
where a single analysis can result in a genotype from many loci. Current 
proteomic methods are considerably more systematic, easier to imple-
ment, and more powerful in terms of information gained. The primary 
objectives of forensic proteomics however remain the same as earlier 
uses of forensic protein science: identifying the tissue source of the 
material, analyzing identifying genetic information, and species 

Fig. 2. Targeted Proteomics. In targeted mass spectrometry using a triple quadrupole mass spectrometer, proteins are digested using trypsin and treated chemically 
with reduction and alkylation. The resulting complex peptide mixture are resolved using chromatography. As the peptides elute at known retention times, they are 
volatilized using electrospray ionization (ESI), and the target peptide is filtered using a precise mass window using the first quadrupole (Q1), fragmented through 
collision induced dissociation in a second quadrupole (Q2), and two or three targeted fragments measured using the final quadrupole (Q3). Peptide validation occurs 
through simultaneous analysis of matching stable isotope labeled synthetic target peptides. 
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determination [7]. 

4. Proteomics of forensic samples 

Protein is intrinsically more stable than DNA. The DNA backbone is 
rich in slightly reactive electrophilic oxygen and nucleophilic amines 
[16]. The amines and oxygen in the peptide backbone however, are 
adjacent across the amide peptide bond and therefore less reactive [2]. 
The persistence of protein in a forensic sample makes proteomic mass 
spectrometry an ideal tool for analysis of compromised samples. This is 
demonstrated by the use of paleoproteomics for archaeological species 
identification [12,83,84]. The oldest DNA on record is from permafrost 
mammoth samples that are over a million years old [85]. There are 
several paleoproteomic dates beyond that point [86–89], with the cur-
rent oldest date being struthiocalcin protein detected in a 3.8 million 
year old Ostrich egg [90,91]. While controversial, there are even claims 
of collagen detected from even deeper time frames in Tyrannosaurus rex, 
Brachylophosaurus canadensis fossils [92–98]. The ability of paleo-
proteomics to discriminate between different species is dependent on 
extracting genetically relevant information from highly compromised 
protein samples. The same properties make protein an ideal substrate for 
analysis of forensic samples as well. 

Before proteomics can be widely applied to forensic contexts, prac-
titioners need to first recognize and account for the unique biological, 
chemical and analytical contexts, as well as legal requirements, of pro-
cessing material from a crime scene. A primary difference in forensic 
proteomics is the type of sample analyzed: forensic contexts result in 
degraded samples that are variable and often highly limited. As with 
DNA-based methods, forensic proteomic protocols need to accommo-
date large variation in the amount of material available for analysis. 
Proteomic samples in forensic science will tend to be solid substrates, 
such as hair or bone, or dried, such as body fluid or touch samples from 
skin or clothing. Forensic proteomic methods should be compatible with 
other methodologies such as DNA-typing, particularly since they are 
destructive. In addition, identified peptide markers need to be thor-
oughly validated to withstand legal and scientific scrutiny. 

4.1. The forensic environment and protein structure 

Biological samples located at a crime scene will either be removed 
from the body, be from a deceased individual, or will be in high variable, 
uncontrolled environments. These may include higher temperatures, 
availability of water, oxidative chemistry, extremes of pH, and endog-
enous and environmental small molecules and metabolites [1]. The 
repair mechanisms available in living cells and organisms will not be 
available to reverse the accumulation of denaturation and chemical 
modification to protein that accumulate over time prior to collection. 
The amount of intact, correctly shaped proteins is reduced. As discussed 
above, this compromises the sensitivity of body fluid detection and 
reduced the sensitivity of many, now obsolete, protein-based assays of 
genetic variation. Many chemistries are intrinsic and promoted by pro-
tein movement and ambient temperature. The most characterized and 
commonly detected of these is deamidation, where the side chains of 
glutamine and asparagine react with the peptide bond and convert to 
glutamic or aspartic acid or their gamma derivatives [99–102]. Another 
process is racemization of amino acids from L- into D-enantiomers 
[103–105]. Common environmental reactants, such as oxygen, can 
modify sulfur containing amino acid side chains, particularly methio-
nine and cysteine [106–109]. These modifications are, for the most part, 
highly predictable and easily incorporated into search algorithms. Other 
non-enzymatic chemistries are less predictive. Maillard reactions 
including Schiff Base formation, Amadorri rearrangements and aldol 
condensation reactions are highly diverse and become difficult to 
incorporate into search algorithms [110–112]. Eventually, these and 
other hydrolytic processes begin to cleave the peptide backbone. Mail-
lard reaction will increase cross-linking within and between 

polypeptides, polynucleotides, fats and carbohydrates [110,111, 
113–116]. Over time these two processes increase the diversity of pep-
tide masses, or peptidoforms, and reduce the level of unmodified pep-
tides available for analysis [117]. 

4.2. Forensic sample preparation 

Most sample preparation for proteomics follows a standardized 
workflow: protein extraction, proteolytic digestion and sample cleanup. 
This mirrors the workflows in DNA sample preparation[3]. Sample 
preparation may include rehydration, tissue homogenization, cell lysis, 
sample solubilization and centrifugation. The protein matrix needs to be 
denatured so that proteases may enter and digest the exposed peptide 
backbones within [118,119]. This occurs by the use of chaotropic 
agents, such as urea or guanidine, and strong detergents. The disulfide 
bonds in the matrix are opened up with reductants and capped by 
alkylation so that cysteines cannot reform randomly and reform the 
matrix [82,120]. The most common protease used is trypsin that cleaves 
the peptide backbone on the C-terminal side of the positively charged 
arginines and lysines [121–123]. The resulting peptides typically are 
8–15 residues long and have a positive charge at both ends of the pep-
tide, both ideal properties for chromatography, ionization, and manip-
ulation and fragmentation in mass spectrometry [60,121,124]. Intact 
proteins are large and accumulate many chemical and biological mod-
ifications, which complicate mass spectral analysis. Consistent predict-
able digestion with a protease however will limit mass variation, charge 
state variations, and produce good chromatography. Uniform proteol-
ysis will maximize the potential that any one peptide form will be suf-
ficiently concentrated to be detected. Following digestion, samples can 
be cleaned up and desalted prior to mass spectral analysis using 
solid-phase extraction [125]. Targeted protein or peptide capture with 
immobilized antibodies may also be used to enrich a sample prior to 
analysis, concentrating biomarker targets and mitigating the effects of 
complex matrices [126–128]. As discussed below (Section 8) some 
innovative work with magnetic beads and microwaves may further 
advance sample processing and analysis [129,130]. Alternatively, 
abundant proteins that would normally dominate the proteomic data 
can be depleted using commercially available immobilized antibodies 
[131,132]. Different substrates, such as bone, teeth or hair and skin may 
require specialized deviations from these standard protocols in order to 
accommodate the mineral content of bone [118,129,133–135] or the 
high sulfur content and level of disulfide bonds in keratinized hair, nails 
and skin [9,136–139]. In spite of these variations, these methods are 
straightforward and automatable, and allow for development of routine 
high-throughput operations favored by forensic laboratories. 

4.3. Multi-omic sample preparation 

The parallels between protein and DNA sample processing raise the 
possibility of obtaining both nucleotide and proteomic information from 
the same sample and processing workflow [140–143]. As mentioned 
above, both proteomic and DNA-based sample preparation follow a 
common pattern: biomolecule extraction, proteolytic digestion and 
sample cleanup. However, there are currently steps in both workflows 
that are incompatible for the other type of biomolecule. For example, 
proteinase K is not compatible with proteomics since its specificity is too 
broad, the number of peptides too variable, and peptide length too short. 
Likewise, the detergent sodium dodecyl sulfate is difficult to remove 
from a sample and is incompatible with mass spectrometry instrumen-
tation [119]. Iodoacetamide alkylation in proteomics releases iodine 
that has oxidative chemistry that may react with, and therefore degrade, 
polynucleotides [120,140,141,144,145]. These reagents can be easily 
substituted however. Proteinase K can be substituted by trypsin and 
LysC enzymes with no loss of DNA yields [140–142]. Chloroacetamide, 
that also may be used at lower concentrations, can be a substitute for 
iodoacetamide [82]. Sodium dodecyl sulfate can be substituted with 
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sodium dodecanoate, or even acid labile surfactants [136,137, 
146–148]. Magnetic beads may make workflows more compatible [130, 
149,150]. The end result of respective workflows, purified poly-
nucleotides or peptides, have significantly different chemical properties. 
A double stranded polynucleotide that is 100 base pairs long is about 66 
thousand Daltons and is highly anionic. The typical peptide length, 
ranging from 8–15 amino acids, is about 900–1700 Daltons and is highly 
diverse in terms of ionic and hydrophobic properties. Separation of these 
two types of substrate should be achievable with minimum loss of either 
polynucleotide- or protein-based information [140–142]. 

4.4. Forensic proteomic tissues and body fluids 

Forensic proteomics also differs from other proteomic methods by 
the types of sample that are typically analyzed. Body fluids are often 
easily accessible and as such have been used by proteomic specialists in 
the life sciences to demonstrate advances in mass spectrometry instru-
mentation, methodology and analysis [151]. This has resulted in an 
ultra-deep analysis of the salivary proteome and a demonstration that 
the salivary proteome is dynamic in response to smoking and daily 
fluctuations in the microbiome [152,153]. The proteomic composition 
of semen and vaginal fluid is also relevant for clinical as well as forensic 
applications [154–165]. The same is also true for sweat (Section 7.1) 
[166,167] and vomit [168]. Forensically relevant solid tissues such as 
bone [130,134,135,169–173], teeth (Section 7.4) [174–185], hair 
(Section 6.6) [9,186–192], nail plate [139], and skin cells (Section 7.1) 
[148,193,194], have also been thoroughly processed and analyzed for 
both forensic as well as clinical purposes. Mineralized and keratinized 
tissues have also been examined from a paleontological, paleoproteomic 
perspective that also has forensic relevance for analysis of highly 
degraded human remains [9,13,130,185,195–207]. 

4.5. Validation in forensic proteomics 

A basic question in proteomics is whether the spectra or other signals 
obtained through mass spectrometry are caused by peptides with the 
claimed amino acid sequences. The assignment of a peptide sequence 
with a fragmentation spectrum is intrinsically a statistical match that 
results in a possibility, if only a minute one, of false assignment. 
Increased confidence in peptide assignment can be achieved by 
increasing the stringency of peptide spectral matches [66]. These 
include, but are not limited to, ensuring that only tryptic peptides are 
analyzed, that the monoisotopic mass of the observed peptide must be 
close to the mass of the theoretical peptide, to only analyzing spectra 
above a given threshold signal level, and restricting the fragmentation 
spectra analyzed to only peptides with 2 or 3 charges [66]. 

There are three basic strategies to validate that the reported 
sequence of a peptide is the correct one. The first approach is to inter-
nally and statistically validate the efficacy of the peptide spectral 
matching process in shotgun proteomic datasets. This occurs through 
the use of decoy databases that are comprised of an equivalently sized 
database of incorrect peptide sequences that are known to not occur in 
the human proteome [208,209]. This approach assumes that incorrect 
matches to the decoy, or false, reference proteome database will occur at 
the same rate as incorrect matches to the human reference proteome 
database [208]. The occurrence of false decoy assignment will increase 
for poorer quality spectra. Peptide spectral matches are graded on a 
continuum of excellent to poor assignment scores based on the degree of 
alignment between theoretical and actual spectra. There are many 
variations on the theme and different scoring schemes [58,208–213]. 
Nevertheless, these scores allow us to create a gradient of low to high 
quality spectral assignments, with low quality assignments having a 
greater proportion of decoy assignments [208]. In proteomics the 
consensus is that a 1% level of false peptide assignment is acceptable, 
and the statistical quality score at which this occurs is the threshold for 
excluding poorer quality scoring spectra from the analysis. 

The second validation approach is to compare observed peptide 
masses, and mass spectra with an assigned peptide sequence, with 
known standards; synthetic peptides that will have identical chemical 
properties to the putative endogenous peptide in the forensic sample. 
Described above (Section 3), these standards have the same chroma-
tography and chemical metrics, except maybe for mass, as the endoge-
nous peptide in the sample [126,214,215]. Adding an identical synthetic 
peptide to the sample that contains an endogenous peptide and 
observing the resulting changes in intensity, known as standard addi-
tion, is common even though it obscures the endogenous peptide signal 
[216]. In targeted mass spectrometry that use analytical columns, 
retention time is very consistent and so standards can be added in 
separate runs. In shotgun proteomic platforms this is not a good option 
because retention times when using nanocapillary columns tend to vary 
and heavier stable isotope-labelled (SIL) peptides should be added to the 
sample [126,214,215]. Because of the heavier mass the standards, while 
behaving identically to endogenous peptides, will not interfere with 
mass detection. This form of validation is identical in concept to 
currently used and accepted approaches in forensic and other forms of 
toxicology [74,75]. A final use of standard peptides is to systematically 
compare the spectra of known peptides with spectra from within a 
sample [217,218]. This approach exploits the spectral libraries of pep-
tides generated by the National Institute of Standards and Technology or 
Global Proteome Machine [217,219]. The use of spectral libraries in this 
manner is a major tool for identifying and validating unknown com-
pounds in forensic toxicology [220,221]. 

The final validation used in forensic proteomics is genetic [9]. 
Genetically variant peptides, the result of non-synonymous SNPs, are 
used to infer the presence of SNP alleles in a donor’s genome. Peptide 
spectral matching for this small but informative subset of peptides can 
be challenging because most of the sequence is identical to the corre-
sponding peptide derived from the other allele, many fragments will be 
the same. Also, many single amino acid polymorphisms may have the 
similar mass shifts as chemically variant peptides. Without a high level 
of characterization and use of filtering criteria discussed below (Section 
6.3) many peptide sequences containing single amino acid poly-
morphisms will be false positives. Genetic inference however is easily 
tested by direct DNA sequencing of the predicted inferred SNP allele and 
the performance of individual GVP inference can be measured [9]. This 
mode of validation is unique to genetically variant peptides; sequencing 
invariant DNA is not informative. 

Validation in forensic contexts also requires additional measures. 
The Scientific Working Group on DNA Analysis Methods (SWGDAM) 
and FBI Quality Assurance Standards guidance require that forensic 
methods should conducted on samples from foreseeable real-world 
scenarios [222,223]. An example of these additional validation mea-
sures is described below in Section 6.6. 

The remainder of the review will focus on applications of forensic 
proteomics: body fluid and tissue identification and proteomic geno-
typing, as well as the developing methods of post-mortem interval 
estimation, species identification, peptide toxicology, sex estimation, 
and fingermark analysis. Each area will show a progression from dis-
covery of relevant biomarkers to forensic applications. Forensic appli-
cation generally requires a focus on quantitative methodology, efforts to 
demonstrate reliability, robustness, replication and reproducibility and 
to be thoroughly validated on real world samples [222]. In order for 
forensic proteomics to be practical for investigators the methods must 
provide useful confirmatory information and investigative leads as well 
as be accessible in terms of cost, ease of use, and access to the appro-
priate mass spectrometry platforms. 

5. Proteomic body fluid and tissue identification 

The classification of biological fluids of forensic interest (i.e. blood, 
semen, saliva, vaginal/menstrual fluid, etc.) found in relation to a crime 
is referred to as forensic serology. Biological fluid detection and 
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identification provides important contextual information to a forensic 
investigation. While genetic testing can help establish from whom DNA 
may have come from, only serological testing can provide an indication 
of the body fluid or tissue from which a DNA profile may have originated 
[5]. The ability to obtain the most probative value from a biological 
stain in a criminal investigation, requires both the development of an 
interpretable DNA profile and the identification of the biological sub-
stance from which the profile originated. 

The proteins present in a biological sample provide forensic 
contextual information. Transcriptional programs are tissue, or body 
fluid, specific. Proteomes consequently reflect tissue structure and 
physiological function. The gene products present in a sample, and their 
relative amounts, can therefore be used to infer the tissue origin of a 
sample. Contemporary forensic tools for the identification of biological 
fluids, however, are based on the same fundamental methods that have 
been employed for much of the history of forensic science. Namely, these 
are chemical reactions with components of a body fluid; detection of 
enzymatic activity characteristic of a body fluid; or, in the case of semen, 
direct visualization of spermatozoa by microscopy [20,224]. While these 
techniques have value to forensic investigations, they also suffer from a 
variety of substantial test-specific limitations, most notable are limita-
tions associated with specificity. Operational forensic laboratories still 
performing serological analyses have almost uniformly shifted from 
relying heavily on enzymatic and colorimetric assays in favor of 
immunological reactions in the form of immunochromatographic as-
says. While sensitive, fast, and easy to use, these assays can be costly and 
suffer from a lack of body fluid specificity. Target protein biomarkers 
present at lower concentrations in other biological fluids can also 
generate a positive reaction [29]. For example, the sensitivity of the 
ABAcard HemaTrace® can be as low as 0.07 μg/mL of hemoglobin, 
making the assay more sensitive than chemical color reactions for blood. 
As a result, however, the test has been shown to produce positive results 
with seminal fluid stains, and oral, vaginal, anal, and rectal swabs [225]. 
At this level of sensitivity, it is thought that the assay is detecting very 
low amounts of hemoglobin in these non-target fluids; thereby gener-
ating false positive reactions in regard to the biological fluid being tar-
geted. However, unpredictable cross-reactivity with non-target 
molecules having similar conformational epitopes is also possible as are 
non-specific binding events due to extremes of pH, the presence of 
organic acids or other sample-specific chemical compounds [226,227]. 
Environmental contaminants also have the possibility of interfering with 
antibody binding [29]. Degraded samples will not work with these as-
says due to loss of conformational integrity of the target protein. Addi-
tionally, at high concentrations of target antigen, these tests suffer from 
a phenomenon called the high-dose hook effect, leading to false negative 
reactions when the target antigen is in excess [228]. Finally, an inability 
to target multiple fluids within one assay leads to additional sample 
consumption and low throughput creating a bottleneck in the labora-
tory. In contrast to traditional methods, proteomic body fluid identifi-
cation allows for the multiplexing of multiple fluid detection within a 
single assay, requiring significantly less sample consumption as 
compared to traditional serological approaches and most crucially, 
provides a confirmatory identification of a target fluid. 

5.1. Discovery and validation of body fluid and tissue biomarkers 

The proteomics research and development pipeline are characterized 
by a discovery phase aimed at identifying candidate biomarkers of in-
terest, followed by a verification phase to assess their forensic utility. 
Following candidate verification, bioanalytical method validation must 
take place to assess the reliability and performance limits of the 
analytical approach. The initial discovery phase requires an extensive 
analysis of the target tissues, usually body fluids or other comparison 
tissues [70]. As previously stated, proteomes can be highly complex and 
with up to 10,000 gene products being expressed in any one cell type, 
many distinctive proteins that are apparently unique in one tissue may 

be present at low levels in other tissues [62,229,230]. For example, PSA 
can be detected in other body fluids including at minute but detectable 
levels in females [231]. Ideally biomarker proteins are unique for a 
given tissue or body fluid. An ideal protein will also be abundant and not 
vary greatly as a result of individual genetic background or physiology. 
Peptides from abundant and tissue-specific proteins are a good starting 
point for biomarker discovery [70]. However, forensically useful infor-
mation may also be expressed as ratios and relative abundances in 
comparison with other tissues and body fluids [154,232]. A number of 
untargeted proteomics studies have led to an extensive, somewhat 
overlapping list of biomarker targets for forensically relevant biological 
fluids including peripheral blood, vaginal/menstrual fluid, semen, 
urine, nasal secretion, vomit and saliva [154,161,162,165,168]. Over-
all, 44 fluid specific biomarkers were identified via several approaches 
(Table 1) [154,161,165,233]. 

While many protein biomarkers have been proposed for forensic use, 
not all peptides from the same protein are equal. Some peptides digest 
more readily, and other peptides ionize more efficiently in ESI. Other 
peptides may be from an area of the protein that may degrade faster in 
the environment or be subject to other endogenous protease activities. If 
a peptide is from an area of a biomarker protein that is environmentally 
modified, then that will change the mass of the peptide creating a 
chemical variant and proportionally reduce the abundance of the target 
peptide [136]. In order to establish the forensic utility of candidate 
protein biomarkers to correctly infer a biological fluid, a series of veri-
fication or validation steps must be conducted to establish the specificity 
and reliability of each peptide consistent with SWGDAM and 
SWGTOX/OSAC guidelines [74,222]. Studies designed to distinguish 
two closely related biological fluids, namely peripheral and menstrual 
blood have been undertaken [234,235]. Population studies have been 
conducted to demonstrate the specificity, detection consistency, and 
relative interindividual variability in protein abundance of biomarker 
targets in a cohort of 50 individuals [236]. Results of these studies have 
shown that multiple fluid specific protein markers are both specific to 
their intended fluid as well as consistently detected across a large pop-
ulation. Finally, several of these studies successfully identified the bio-
markers of interest in a wide array of casework-type samples. 

5.2. Targeted proteomic body fluid and tissue identification 

Once candidate protein biomarkers have been identified and veri-
fied, targeted assays can facilitate the detection and quantitation of even 
low abundance biomarker protein targets against a background of other 
non-target molecules in complex biological matrices. To date, all tar-
geted assays have utilized QQQ mass spectrometers operating in MRM 
mode [237]. Studies evaluating targeted assay performance for forensic 
biological fluid identification have been reported using casework-type 
samples as well as authentic casework samples [236,238,239]. In one 
such application, suspected bloodstains from multiple crime scenes were 
tested both with immunochromatographic assays as well as with a tar-
geted proteomic method. The targeted proteomic assay demonstrated 
greater sensitivity than traditional immunological test strips, especially 
when analyzing degraded and compromised samples. In another 
authentic application, researchers were able to couple machine-learning 
algorithms with novel proteomic biotargets to accurately predict organ 
tissue origin from various bovine samples. While successful in test cases, 
this assay was only partially successful in analyzing a bullet from a 
homicide investigation in order to predict the path it took through a 
victim [240]. While interpretation using machine-learning in this case 
was complicated by the fact that a bullet may pass through several or-
gans in a body, the ability to detect proteomic makers from such a 
challenging trace sample shows promise for future applications [236, 
240]. These studies have shown that targeted proteomic body fluid 
identification methods are rigorous, sensitive and amenable to chal-
lenging casework samples. Additional studies have demonstrated that 
targeted proteomic workflows are fully compatible with downstream 
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genetic testing [140–142]. 

6. Proteomic genotyping 

Protein contains genetic information in the form of single amino acid 
polymorphisms (SAPs), the result of non-synonymous SNPs [43, 
241–243]. Proteomic genotyping is the detection of genetically variant 
peptides (GVPs) that contain SAPs and then inferring the presence of the 
corresponding SNP alleles in the genome of the individual who produced 
the protein sample (Fig. 3). 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 sam-
ple; the probability that a given combination of inferred SNP alleles 
would randomly occur in the reference population [9]. Currently almost 
500 non-synonymous SNP alleles have been shown to be accurately 
inferred by GVPs in the literature [9,136,142,148,186,244]. GVPs will 
be present in any protein sample. The samples where proteomic geno-
typing provides benefit for a forensic investigator are those where 
obtaining DNA-based information is problematic. This includes telo-
genic hair shafts, degraded and compromised bones and teeth, finger-
marks, and sexual assault evidence. The method however can be used for 
any protein source [9,242]. 

6.1. Genetic information in the proteome 

The amount of genetic information in a proteomic sample can be 
considerable. At the individual level a typical genome contains 
3.5–4.3 million SNPs, depending on their genetic background [43]. A 
subset of these variants, non-synonymous SNPs, change the 
codon-assignment in an open reading frame, resulting in a single amino 
acid polymorphism (SAP) that occurs in a genetically variant peptide 
(GVP) (Fig. 3) [9,245]. Like the originating SNP alleles these peptides 
occur at a given frequencies in the population. There are between 10.2 
and 12.2 thousand non-synonymous SNPs per genome, depending on 
ancestral background [43], roughly a common variant locus in every 
second gene product. Most of these variants are commonly distributed 
across the population, with about 70% having a minor allele frequency 
greater than 5% [44]. While this is the ‘snapshot’ that occurs within an 
individual, the scope of potential non-synonymous SNPs is much larger. 
At the time of writing, the dbSNP database (ncbi.nlm.nih.gov) contained 
720 million SNPs of which 7.9 million are missense SNPs. By far most of 
these variants are rare and even private [43]. However, as many as 122 
thousand had a minor allele frequency greater than 0.5%, the threshold 
used in proteomic genotyping [9], and 69 thousand were common with 
global minor allele frequencies above 5%, the rough equivalent of 3.5 

common GVPs per protein in the population. Given a typical proteome 
of 400 proteins, such as in the hair shaft proteome, an investigator could 
anticipate 1400 GVP-inferred common loci that would be useful for 
human identification [136]. This value will decrease as samples degrade 
and detectable proteomes become less complex, and the value will in-
crease as sample processing improves and mass spectrometers and bio-
informatic algorithms become more sensitive. The potential for increase 
is high. In living human cells about 10–11 thousand genes are expressed, 
which is about 50% of the total number of available genes [55]. Much 
higher than the 400 most detectable proteins. The level of protein 
expression varies widely, with a dynamic range across many orders of 
magnitude from less than 1000–20 million per cell, with a median value 
of around 300 thousand copies per cell, the equivalent of 18 cycles of 
PCR [62,246]. The premise of proteomic genotyping is that this level of 
genetic information will be informative to the forensic investigator. 

6.2. Discovery of genetically variant peptides 

Discovery to this point has focused on discovery of minor allelic 
peptides and has been limited by the sample size and populations 
examined for GVPs. The largest cohort published to date was 66 Euro-
pean American subjects [9]. GVP discovery has predominantly occurred 
from the most abundant proteins and those with higher minor allele 
frequencies. As samples from more individuals are examined, and at 
greater sensitivity, GVP discovery will increase. The discovery process to 
this point has primarily depended on empirical analysis of peptide 
spectra with mass shifts consistent with amino acid substitution. This 
‘bottom up’ approach focuses on highly performing peptides that ionize 
well and come from proteins with a high copy number per cell. It has 
been the major mode of GVP discovery to this point. 

A systematic and simpler method for discovery is to identify non- 
synonymous SNP alleles through prior exome or genomic sequencing 
[148,247]. In this ‘top-down’ discovery approach, potential alleles are 
identified in genomic datasets, and the presence of predicted GVPs 
confirmed in a matching proteome, using a customized reference protein 
database. This discovery process is not limited by peptide ionization 
efficiency or protein abundance. This process also has the potential to 
identify rare, sometimes private GVPs that may be unique to an indi-
vidual [148,247]. This approach raises the possibility that very rare, 
private GVPs may be used to resolve an individual contribution from a 
complex mixture [148,244]. This individualization strategy raises sig-
nificant statistical and genomic challenges. Validation for this ‘top--
down’ approach is different, since the same set of matching proteomic 
and genomic data cannot be used for both discovery and validation. This 
could easily be addressed through proteomically processing another 

Fig. 3. Proteomic Genotyping is the Use of Proteo-
mic Data to Infer SNP Genotype. A non-synonymous 
SNP results in a change in codon assignment, in this 
case G1471C in the gene KRT82 (rs1732263). This 
variant results in a change in codon assignment from a 
glutamate (E) to an aspartate (D) at amino acid in 
position 452. These changes can be detected in prote-
omic mass spectrometry, since the trypsin digested 
peptide results in a shift in peptide mass and changes in 
the resulting fragmentation spectrum. Detection of this 
peptide allows the investigator to infer the presence of 
the corresponding SNP allele in the donor’s genotype. 
(reproduced with permission from [245]).   
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sample set and correctly confirming inferred SNP allele directly with 
DNA sequencing. As discussed above (Section 4.5) other validation 
mechanisms, such as standard peptides, are also available. 

At a practical level there are factors that limit the effective number of 
usable GVPs for human identification. Proteomic genotyping is a “read” 
of the nucleotide information that is filtered by the translational and 
transcriptional machinery of the cell. Different tissues, with different 
proteins present, will have a different set of relevant GVPs. Another 
primary limitation is ionization efficiency. As with any potential peptide 
biomarker some GVPs may be too long or hydrophobic to efficiently 
ionize during electrospray ionization or be resolved on chromatography 
[248]. Some peptides are subject to matrix effects, too hydrophilic or too 
modified to bind efficiently to chromatography columns. Some peptides 
come from more easily degraded portions of a protein. Some GVPs may 
be too small or too similar to other proteins, and so have peptide se-
quences that occur elsewhere in other gene products that are 
non-variant. This is common among the highly paralogous keratins and 
keratin-associated protein families. For a GVP to be useful for identifi-
cation and individualization the sequence can only be unambiguously 
derived from a single point on the genome. Homologous sequences from 
other genes will most likely be invariant and present in every individual. 
For many loci, only one of the paired GVPs derived from a SNP locus 
may be appropriate or useable for allele inference [9]. 

There are other chemical limitations to GVP spectra interpretation. 
Firstly, there are polymorphisms that have the same or similar mass. 
These include isoleucine to leucine and lysine to glutamine and vis versa. 
Secondly there are chemical modifications that have the same mass shift 
as a genetic variant. Common modifications, or chemical variants, 
include asparagine to aspartate, glutamine to glutamate (deamidation), 
methionine to phenylalanine, and proline to leucine or isoleucine 
(oxidation). These genetic polymorphisms should be excluded because 
they can be accounted for by common chemical variants. Depending on 
the context and on a case to case basis this may also include poly-
morphisms accounted for by formylation (lysine to arginine) or incom-
plete alkylation with iodoacetamide (minus 57 daltons) or 
overalkylation may be confused as arginine to valine or vis versa. A final 
category is spectra of diverse, sometimes multiple, chemical variants 
where a peptide spectral match can be made by using a genetic amino 
acid variant. These spectra look and align differently to a peptide with 
true genetic variation, even though they have the same total mass. There 
will often be ‘blank’ regions of the peptide sequence where there are no 
alignments, and they will often have a major, but unaligned fragmen-
tation masses, that corresponds to an amino acid in the alternative allele. 
These falsely attributed GVPs almost always correspond to very rare 
non-synonymous SNPs, for the simple reason that there are considerably 
more to choose from. The likelihood of a GVP being correctly assigned 
can be broadly described mathematically as:  

LR = Pr(GVP)/Pr(CVP)                                                                (1.0) 

where Pr(GVP) is the genotype frequency of the genetic variant, and Pr 
(CVP) is the combined probability of all chemical modifications that 
result in the same mass. The Pr(CVP) is intangible and cannot be accu-
rately calculated outside of highly controlled laboratory conditions, 
although it presumably will increase in older more degraded samples. 
The numerator however is quantifiable because the GVP distribution 
would be the same, sampling and population structural issues aside, to 
known genotype frequencies in extant genetic databases. More common 
genetic variants consequently are more likely to account for mass shifts 
in a peptide. Empirically, GVP-based inference tends to fail below 1% 
genotype frequency, or 0.5% allelic frequency [9]. In addition, a sur-
prisingly high percentage (10–30%) of spectra have minor contributions 
from other peptides resulting in chimeric spectra that have the potential 
to contribute to ambiguous spectra and incorrect sequence assignment 
[249]. 

6.3. SNP allele inference from proteomic data 

Using a peptide sequence to infer a SNP allele assumes that a single 
amino acid polymorphism is correlated to a single nucleotide poly-
morphism. However, because of degeneracy in the genetic code, the 
‘wobble hypothesis’, there are sometimes multiple potential nucleotide 
changes that can result in an observed novel amino acid. At a practical 
level however, only one of the possible non-synonymous SNP alleles is 
common in the population based on extant DNA databases [43,250]. 
The loci used in proteomic genotyping are common and well repre-
sented, for the most part, in every continental population. The origi-
nating mutation event therefore would have occurred in a common 
ancestor, deep in human evolutionary history, and become commonly 
incorporated into human germlines prior to global migration events 
[250]. While other nucleotide possibilities may exist for any one amino 
acid change, SNPs are typically biallelic and only one possibility is 
recorded in extant genomic databases. The likelihood of the correct 
proteomic inference being the recorded non-synonymous SNP allele can 
be described as: 

LR = Pr⁡(annotated SNP allele)
Pr⁡(unannotated SNP allele)

(2.0) 

The probability of an annotated allele is equivalent to the genotype 
frequency, also described as the population distribution, of a given allele 
[9,247]. The probability of an unannotated allele resulting in the same 
change in codon assignment being present in a genome at a specific 
point is vanishingly low, particularly since extant aggregated nucleotide 
databases now contain more than 71 thousand genomes and 125 thou-
sand exomes (gnomad.broadinstitute.org) [251]. In the unlikely event of 
alternative nucleotide variants that result in the same codon reassign-
ment do occur then the most common allele could be used in the product 
rule to provide the most conservative random match probability esti-
mate. The same considerations also apply to mistranslation of mRNA 
that can occur in conditions of cellular stress and tRNA depletion, with 
the additional provision that any change would occur as a minor 
contributor to the pool of translated peptides from a nucleotide sequence 
[252,253]. As discussed above, any inferences can also be validated by 
direct confirmation of the SNP allele in a subject’s genome or inclusion 
of SIL peptides in the sample. Using these techniques the performance of 
individual GVP inferences can be quantified in terms of false discovery 
rates (FP/(FP+TP)), sensitivity (TP/(TP+FN)) and accuracy 
(TP+TN)/(TP+FP+TN+FN) [254,255]. 

6.4. Proteomic Genotyping and the Product-Rule 

A profile of inferred SNP alleles, like any nucleotide profile, can be 
used to estimate the distribution of the given profile of variants in a 
reference population [9,256]. Even if the fidelity of SNP allele inference 
can be assumed, the profile of non-synonymous SNP alleles still has 
unique features that need to be considered when estimating random 
match probabilities. The first factor is the stochastic nature of GVP 
detection in shotgun-proteomics [63]. This acquisition mode samples as 
many peptides as possible out of a complex population that may exceed 
a million different peptides in live cells, and potentially even more in 
forensic tissues subject to environmental degradation [62]. Because of 
this GVP-based inference is intrinsically positive in that assumptions can 
only be made from what is detected, because genotyping is binary in this 
model it is intrinsically difficult to separate a homozygotic and hetero-
zygotic genotype. It is also difficult to set phase, because peptides are 
small and it is not easy to assign an allele to a haplotype [256]. The only 
assumption that can be made is that the individual is not homozygotic 
for the other allele [9,256]. The appropriate estimate of the population 
distribution for any one GVP therefore is:  

Pr(GVPA) = 1-fB 
2                                                                        (3.0) 
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where ‘B’ is the alternative allele and f is the allelic frequency. Because 
the 1000 Genomes Project provides individual genotypes [43], equation 
3 can be rewritten as:  

Pr(GVPA) = 1-fB|B                                                                        (3.1) 

to provide an empirically based value, where ‘fB––B’ is the proportion of 
the reference population that is homozygote for the other allele. These 
values can be framed as the proportion of the population that has at least 
one copy of allele ‘A’. The limitation of binary detection of GVPs how-
ever is confined to shotgun proteomics. Quantitative mass spectrometry, 
by measuring the amount of both peptides deriving from a SNP locus, 
can determine the range of respective peptide signals at which hetero-
zygote peptides occur and establish homozygosity or heterozygosity 
based off these signal ratios [257]. This approach incorporates estab-
lished limits of detection and quantification [257]. This approach is 
analogous to calls for homozygosity in STR loci based off relative fluo-
rescence signals [5]. A similar approach is also used to estimate the 
probability of females sex based of the amelogenin X-isoform signal in 
the event that the Y-isoform is not detected in proteomic sex estimation 
using logistical regression curves [183,258]. The potential to identify 
homozygosity based off proteomic signals would considerably increase 
the discriminating power of proteomic genotyping. 

Genetically variant peptides are not evenly distributed across the 
proteome and can be subject to linkage disequilibrium. Some genes, 
such as those encoding catalytic activities, are under higher levels of 
selective pressure and have less or no common single amino acid poly-
morphisms. The density of GVPs in other open-reading frames appears 
sporadic and ranges from zero to multiple common non-synonymous 
SNP alleles. Multiple GVP loci within an open reading frame are sub-
ject to linkage disequilibrium. Automatically treating each GVP locus as 
statistically independent is therefore inappropriate. The initial model for 
application of the product-rule treated each open reading frame as a 
single locus, assuming complete linkage within the gene and complete 
independence outside of the gene boundary [9,244]. The expansion of 
locus boundaries to incorporate a whole gene has the advantage of 
substantially expanding the functional number of GVP-inferred alleles 
from 2 to 4, 8 or even more. The other advantage is that a frequentist 
counting of each combination of non-synonymous SNP allele combina-
tions make no assumptions about linkage disequilibrium [259]. In order 
to determine the population distribution of each SNP combination in a 
gene locus matching individual genotypes are needed [9,244]. These are 
available using the 1000 Genomes Project, but not when using larger 
aggregated nucleotide databases [43,251]. Gene-based frequencies of 
GVP-inferred combinations can be calculated by counting the number of 
observations of a given combination in respective major reference 
populations in the 1000 Genomes Project [9,244]. By treating each gene 
as a GVP-inferred locus, random match probabilities can now be esti-
mated as the product of the frequencies of each gene combination. This 
can be described mathematically as: 

RMP =
∏

(fGVPcomb|population) (4.0)  

where RMP is the random match probability, ‘fGVPcomb’ is the popula-
tion distribution of the combination of inferred non-synonymous SNP 
alleles within a gene boundary, and ‘population’ is the respective major 
reference population in the 1000 Genomes Project. The earlier method 
of counting GVP combinations was effectively limited to three SNP loci 
because this resulted in 27 different possible combinations, given that 
heterozygotic combinations need to be treated equivalently [9,244]. 
Recently a study published an approach that directly counted given 
combinations against all genotypes in the respective major populations 
in the 1000 Genomes Project and incorporated it into a ‘GVPFinder’ 
algorithm, bypassing the need to restrict analysis to only three loci per 
gene [136]. 

The major assumption of the above product rule model is that the 
effects of linkage disequilibrium fade beyond the boundaries of the open 

reading frame. For many GVP-inferred loci this is a reasonable 
assumption and one that is easily verified [260]. This approach is a 
temporary solution however since about 40% of inferred SNP alleles 
from the hair shaft and skin cell proteome occur in keratin and 
keratin-associated protein gene clusters on chromosomes 12 and 17 
[261–263]. The assumption of equilibrium outside of the gene boundary 
therefore cannot be taken as a given and needs to be individually tested. 
If there are residual levels of linkage disequilibrium beyond the open 
reading frame that include other GVP-inferred SNPs then the locus 
boundaries would need to be expanded to cover these additional infer-
red SNP alleles. or Alternatively, statistical dependency may be incor-
porated directly into a modified product rule or some inferred SNP 
alleles removed from analysis. One suggested solution is to arbitrarily 
set a value of 200,000 bp instead of the open reading frame [247]. This 
would significantly reduce linkage disequilibrium, although it may be 
difficult to apply in a gene cluster. There also may be instances of re-
sidual linkage equilibrium that would require incorporation into prod-
uct rule calculations. Another recent study proposed that the boundaries 
of a GVP-inferred locus should be expanded to incorporate a whole 
chromosome; frequentist approaches to estimate population distribution 
would be taken within the chromosome and Bayesian approaches be-
tween chromosomes [256]. This expansive approach solves the problem 
of linkage disequilibrium but introduces additional problems. It does not 
take many inferred SNP alleles to observe genotypes that are not rep-
resented in any extant genetic databases, resulting in null observations. 
Null observations are difficult to handle statistically and use of upper 
bound estimates using the Clopper-Pearson, Jeffreys beta prior, or 5/2 n 
rule all result in overly conservative RMP estimates, and in the case of 
the 5/2 n rule, introduce additional biases [264–266]. This is similar to 
the problems commonly associated with random match probability es-
timates of mitochondrial DNA or Y-chromosome STR haplotypes [265, 
266]. The conservative errors in mitochondrial and Y-STR haplotype 
RMP estimates are considered appropriate in the United States, but 
overly conservative in European jurisdictions [265,266]. For now, the 
appropriate nucleotide boundaries of genetic loci, where the assumption 
of total linkage can be made internally and no linkage occurs outside of 
these boundaries, require definitive definition and empirical 
demonstration. 

Precise measurement of linkage disequilibrium opens up the possi-
bility of incorporating GVP-inferred SNP genotypes with other geno-
types. Proteomic genotyping is more likely to make a positive 
contribution to forensic practice in highly degraded evidence where 
only partial or null STR profiles and mitochondrial haplotypes are 
available for forensic analysis [266,267]. GVP-inferred loci are auto-
somal [148]. In aggregate multiple types of genotypes, STR, identifying 
SNPs, Alu-elements and GVP-inferred SNPs, may combine into a single 
potentially highly discriminating genotype, provide linkage effects be 
addressed [267,268]. A recent publication measuring the nucleotide 
distance between skin cell GVP-inferred loci and STR loci on the same 
chromosome showed that the closest STR was 2.2 Mb away and 90% 
were more than 32 Mb away [148]. These nucleotide distances are well 
beyond any residual effects from linkage disequilibrium and combined 
complex genotypes safe from linkage effects and risk of statistical de-
pendencies [245,269,270]. The same is true for combining mitochon-
drial haplotypes and autosomal genotypes. In spite of the fundamentally 
different nature of inheritance and population distribution, inheritance 
of nucleotide variation is biologically independent at the mechanistic 
level. The combination of mitochondrial haplotype and GVP-inferred 
genotypes into a single random match probability is consequently an 
attractive possibility [9,271]. Any errors resulting from overestimation 
of combined haplotype and genotype frequency are unlikely to be 
greater than those that result from a conservative application of 
upper-bound priors such as those obtained with the Clopper-Pearson 
estimate. Nevertheless, even justified theoretical models need to be 
validated by suitably powerful matching datasets, as was generated by 
the Budowle laboratory on a Chilean population of matching haplotypes 
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and STR profiles [266,272]. That study observed low levels of de-
pendency but concluded that these were not functional. To quote: “[b] 
ased on autosomal loci, Y-STRs, and mtDNA, these three systems are 
mutually independent” [272]. 

Protein-based product-rule estimates also need to accommodate 
standard corrections that are necessary in other forms of forensic gen-
otyping. Because GVPs are within open reading frames, presumably they 
are also subject to positive and negative selective pressures in addition 
to genetic drift. Hardy-Weinberg Equilibrium need to be tested for and 
GVP-inferred SNP alleles that deviate may need to be eliminated from 
forensic analysis. Population structures, both between and within pop-
ulations would need to be addressed just as they are for STR-typing. The 
incorporation of FST values into the product rule is the subject of a recent 
publication [256]. Just as SNP loci are used for different forensic pur-
poses, depending on their properties, it is reasonable to expect 
GVP-inferred SNP loci to also become specialized [191,256,273–276]. 
For example, GVP-inferred loci with higher FST values may be used 
specifically for ancestral estimation. 

6.5. Likelihood of biogeographic ancestry 

Differences in FST values for GVP-inferred SNPs, as observed for other 
SNP loci, result in RMP estimates that vary widely as a function of the 
variable genotype frequencies that are observed in different reference 
populations. The result is RMP values that vary by many orders of 
magnitude [9,148,273,277]. These differences have the potential to 
provide likelihood values for genetic background and preliminary 
values have been calculated in the literature [9,136]. These estimates 
are derived as the quotient of random match probabilities derived using 
genotype frequency values from different reference populations [9]. 
Describing this mathematically: 

LR =
Pr

(
GVPprofile

⃒⃒
population1

)

Pr
(
GVPprofile

⃒⃒
population2

) (5.0)  

where the numerator is the random match probability estimated using 
genotype frequency values obtained from one population, and the de-
nominator is the random match probability using values from another 
population. When comparing European and African populations the 
results have been high, with likelihood values ranging over 6 orders of 
magnitude. Profiles of genetically variant peptides from European 
samples were more common in European reference populations less 
frequent in reference African populations and vice versa [136]. The 
resulting likelihood is a value of relative relationship of the sample be-
tween two populations. These estimates are not equivalent to absolute 
ancestry and cannot in isolation be taken as proof of genetic back-
ground. In order to move beyond a tentative estimate, the reliability of 
likelihood values need to be measured on an appropriately sized sample 
of known ancestries. Likewise, the variability of likelihood values needs 
to be established within each population. The resolution of these values 
also needs to be established. When estimates of random match proba-
bility were calculated from all major reference populations in the 1000 
Genomes Project using GVP-inferred SNP allele profiles from human 
skin corneocytes, no effective difference could be determined among 
non-African populations [148]. This calculation of likelihood ratio is not 
equivalent to a probability that a given individual belongs to a given 
genetic ancestry. The likelihood values vary widely, if with different 
distributions, within populations. The proportion of a given population 
having a given LR value remains to be established. Ancestral population 
are not equivalent to geographic populations. Nevertheless, these ex-
periments are achievable and the potential exists where two types of 
appropriately framed information can potentially be provided to in-
vestigators: individualization through estimation of RMPs and biogeo-
graphic ancestry through use of likelihood ratios. 

6.6. Proteomic genotyping in hair shafts 

Hair shafts are a part of every crime scene but are underutilized 
forensically [278,279]. Hair shafts are discrete, robust, and easy to 
obtain. Because of this they have been the initial focus of proteomic 
genotyping development as a usable and practical method for in-
vestigators [9]. More than 90% of healthy individuals shed more than 75 
cranial hair shafts per day, roughly one every 15–20 min [279–281]. 
Proteomic processing of hair shafts is a challenge. The tissue is robust, 
due to the high level of isopeptide and disulfide cross-linking that 
effectively makes the hair shaft a single protein molecule [282]. These 
factors make hair a forensically persistent tissue [283]. Hair can be a 
vehicle for DNA transfer and potentially associate an individual to a 
crime scene [278,284]. While the dominating proteins are a range of 
paired Type-I and Type-II keratin gene products and keratin-associated 
proteins, the proteome of hair shafts is surprisingly complex [9, 
188–190,247,285–287]. The final stages of the cornification process, 
transglutaminase reactions, entrap and cross-react with house-keeping 
genes and other essential gene products required to maintain cell 
viability up to the final stage of terminal differentiation [9,284,288]. A 
method demonstrating a multi-omic isolation of both mtDNA and GVPs 
from hair shafts, with minimal consequences for yields of either type of 
biomolecule, has also been published [142]. After processing and 
application to shotgun mass spectrometry, datasets from hair shafts are 
interrogated for the presence of GVPs [9,136]. The profile of GVPs are 
then collated and used to estimate random match probability at this 
point using the RMP method introduced in the initial demonstration 
paper, although some assumptions regarding linkage disequilibrium 
need to be addressed [9,256]. Using the current iteration of the product 
rule the estimated probabilities that a given profile of SNP alleles occurs 
in the 1000 genome European population ranges up to 1 in 1.1 million 
and up to 1 in 640 million in African populations [136]. This is roughly 
consistent with other groups that also estimate random match proba-
bilities from proteomic data [247,256,271]. 

Implementation of hair shaft proteomic genotyping requires a 
rigorous validation process analogous to that used for other novel 
forensic technologies [222]. The validation process in hair shafts has 
been demonstrated in work by at least six independent laboratories 
[136,142,191,247,289,290]. Most publication to date has focused on 
various aspects of sample preparation, particularly the demonstration of 
the method on single hair shafts, and compatibility with mitochondrial 
DNA isolation [136,142,191,247,289,290]. However research effort has 
also been spent meeting the guidelines for validation laid out by 
SWGDAM, which require performance to be evaluated on samples 
exposed to real world situations and scenarios [222]. Proteomic geno-
typing consequently has been applied to hair from different body sites, 
pigmentation status, sample ages and post-explosion, to determine if 
these introduce a systematic bias onto the composition of GVP-inferred 
genotypes. These scenarios each result in distinctive changes to prote-
omic protein profiles [186,187,285,291,292]. However, the detection of 
GVP profiles in these samples was more robust and GVP-inferred SNP 
allele profiles were more correlated to the individual in these different 
contexts, showing that genotype was more determinative than the bio-
logical or chemical context [186,187,291,292]. The one exception was a 
study that focused on a limited subset of GVPs and where a single 
peptide was differentially detected in hair from different body sites, and 
was inconsistent with an earlier study that worked with more GVPs 
[285,291]. Robustness in GVP-inferred genotypes is not unexpected. 
GVP profiles are binary and detection or non-detection is a more robust 
outcome than continuous changes in protein profiles that are a result of 
biological or chemical conditions. As observed above however, there 
would be limits to GVP-profile stability [285]. With more proteomic 
information extracted from a forensic sample, or with greater difference 
in tissue type or chemical treatment, changes in relative amounts of 
different protein will start to be reflected as systematic differences in the 
profiles of detected GVPs. Partial profiles are accepted within certain 
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limits for STR-typing [5]. As with SNPs and STRs loci it would be a 
matter for regulatory bodies and legal precedent to determine accept-
able tolerances for changes in profiles of GVP-inferred loci. The accepted 
level of sensitivity for GVP detection has not been systematically 
addressed by researchers in the field, although it has been a major focus 
of research conducted by the FBI laboratory [286,290]. The efforts to 
this point have focused on increasing the sensitivity of GVP detection 
through sample processing and instrumentation, as opposed to setting 
definitive guidelines for inclusion of a given GVP in legally accepted 
forensic datasets and analyses. 

Implementation of proteomic genotyping, as with any novel forensic 
technology, is driven by a range of factors. The major is the utility it 
provides to investigators in terms of useful identifying information and 
lead generation, particularly if other established methods provide par-
tial or null data. Hair proteomics is attractive here because of the 
ubiquity of hair shafts and amount of information that may be gained 
proteomically when other methods, such as mtDNA haplotyping or 
DNA-typing provide partial or inconclusive findings. Additional prior-
ities also play a role, such as compatibility with other methods, sample 
consumption, and amount and type of information gained. The method 
would need to pass hearings, in a Daubert, Frye or Kelly context, on the 
legal applicability of evidence obtained. These have strict and well- 
established guidelines, SWGDAM requires a thorough analysis of the 
replicability, reproducibility, sensitivity, detection limits and whether 
the human GVPs also occur in other species [222,286,290,293]. These 
will start to accumulate as the priorities of the field move from 
increasing sensitivity and maximizing detection, a binary outcome, to a 
more quantitative approach that incorporates limits of detection and 
quantitation. This will mirror the work conducted on proteomic body 
fluid determination [224,232,234–236,239]. Cross-laboratory studies 
have been conducted, although the field is yet to consolidate around a 
single mass spectrometry platform [142,293]. This would help to 
establish standardization, guidelines for interpretation, and appropriate 
levels of consistency, reproducibility, robustness, sensitivity and 
discriminatory power. Costs will also become standardized. The issue of 
linkage disequilibrium in the application of the product rule for 
GVP-inferred SNP profiles will need to be addressed [9,256]. 

We anticipate that application of proteomic genotyping in a forensic 
context will comprise of proteomic analyses of evidentiary material, 
followed by DNA sequencing of the DNA material from the reference 
sample of the suspect, or the individual thought to be the donor. This 
does not preclude the possibility of proteomic analysis of both samples, 
but a mixed analysis of this type will remove one of the points of vari-
ation between the evidentiary and reference sample (Fig. 4). This also 
means that implementation of hair shaft proteomics as a tool of human 
identification will also ultimately require development of SNP assays 
that correspond to the GVP-inferred non-synonymous SNP genotypes 
[9]. 

7. Other applications of forensic proteomics 

The above applications of proteomics reflect the major focus of 
forensic proteomics and are closest to implementation. The two above 
applications, body fluid and tissue identification and individualization 
through genotyping, reflect the historical priorities of forensic protein 
science. However, other applications of forensic proteomics are also 
under active investigation and development. Some of these also reflect 
historical priorities of forensic science, such as fingermark analysis and 
species determinations. Other applications reflect new priorities in the 
field: peptide toxicology, sex estimation and estimation of the post- 
mortem interval. 

7.1. Proteomic analysis of fingermarks 

Fingermarks are an important source of forensic information that can 
provide a unique link between an individual and evidence or crime 

scene [294–301]. Fingermarks are created when material is transferred 
from the fingers or palms onto a solid surface. The transfer often con-
tains forensically useful information, either in the form of a 
two-dimensional friction ridge pattern, or informative molecules such as 
small compounds, DNA and protein [294,297,301–306]. The transfer is 
highly variable, often resulting in low levels of material available for 
analysis [307]. A dominant feature of fingermarks is the difficulty in 
obtaining DNA [308]. The deposition of biological material depends on 
many variables, such as the length and pressure of contact, the porosity 
and adhesiveness of the deposition surface, the level of transferable 
material on the donor’s skin, and environmental factors such as hu-
midity [307]. This often results in failure to obtain useable STR-profiles 
and this has driven the development of low copy number DNA pro-
cessing methods to maximize the amount of template present in analysis 
[308]. Because the fingermarks are on exposed two-dimensional sur-
faces, they are subject to environmental degradation [305,309–312]. In 
a scenario where one particular type of information may not provide 
sufficient information, such as a partial STR-profile, incorporation of 
additional information types may provide additional identifying infor-
mation or investigative context [143,148,313–315]. Analytical methods 
therefore need to be multi-omic, where sample processing does not 
compromise other modes of analysis [140,141,143,194,304,316–318]. 
Particularly emphasis is placed on efficient transfer of material so the 
maximum amount of material enters into the analytical workflow [140, 
143,194]. 

The nature of fingermarks allows MALDI mass spectrometry to be 
conducted in a two-dimensions resulting in images of multiple masses 
[295,304,316,319–321]. This is a powerful approach to identification of 
relevant compounds in a fingermark, providing information about an 
individual’s biology, metabolome and chemical exposure [295]. This 
analysis also maintains and potentially enhances digital information in 
the latent print, resolve overlapping proteins, detect fingermarks below 
bloodstains [319], and can be adopted for proteomics [313,314, 
322–324]. Proteomics has been used to identify body fluids in 

Fig. 4. Proteomic Genotyping of Hair Shafts in a Forensic Context. An 
evidentiary hair shaft found at a crime scene can be proteomically analyzed 
using mass spectrometry and endogenous GVPs in the hair shaft detected. These 
can be used to develop an inferred genotype of SNP alleles. The resulting profile 
can be directly matched to a suspect’s DNA genotype and a statistical measure 
of association estimated. 
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fingermarks, such as vaginal fluid or blood [162,314,315]. Fingermark 
proteins, like any protein source, are a source of genetically variant 
peptides that can be used for human identification and potentially es-
timates of biogeographic background [143,148,194]. The GVP- inferred 
SNP genotypes are compatible with other genotypes, such as STRs and 
Alu-element profiles [148]. The forensic role of proteins in fingermarks 
is an active area of investigation and promises to be at the forefront of 
developments in sample capture and transfer into analytical workflows, 
sample processing, proteomic genotyping, and development of complex 
genotypes into single values for human identification and lead 
generation. 

7.2. Protein markers for species identification 

There are many forensic scenarios where it is necessary to identify 
the originating species of biological evidence as part of standard crim-
inal investigation, enforcement of fish and wildlife regulations, customs 
and border protection, food security, and analysis of foreign protein 
contaminants and adulterants. Just as proteins contain information of 
genetic variation in human populations, they also contain phylogenetic 
information. As animal populations differentiate, and evolutionary 
biodistance increases, variants within a population may become the 
major allele through selective pressure or genetic drift. Eventually, 
novel alleles may become invariant with nucleotides and amino acids 
that are no longer polymorphic, but rather population- and species- 
specific. Many peptides from different species will remain identical in 
ontologically related proteins, particularly from related species, but 
commonality decreases with evolutionary distance [198]. However, 
well annotated faunal genomes allow for simple identification of 
species-specific amino acids and resulting peptide biomarkers. The im-
mediate forensic application is the species identification of bone pieces 
with no remaining DNA or osteological markers [12,90,201,325]. Many 
of these protocols use a variation of mass spectrometry called 
Matrix-Assisted Laser Desorption Ionization (MALDI) that generates a 
precise and accurate peptide mass fingerprint off a two-dimensional 
surface. Described as Zooarchaeology using Mass Spectrometry 
(ZooMS), MALDI is commonly used in species identification using bone 
proteomes. ZooMS is based on the principle that closely related species 
will have more overlapping peptide masses while also containing com-
binations of species- and genus specific peptide masses [326,327]. The 
identification of species from degraded bone material using proteomics 
is an active area of investigation within the paleoproteomic and bio-
archaeological communities and attempts have been made to systema-
tize analytical workflows and set standards for their communities [90]. 
Necessarily, these criteria differ to those required of the forensics com-
munity. Investigators engaged in wildlife forensics often need to analyze 
samples that are degraded or highly processed, both of which can result 
in DNA removal with protein preservation. 

7.3. Peptide toxicology 

Another related application is toxicological detection of introduced 
biological material into a sample [328,329]. DNA-based methods will 
not be helpful when a purified protein is added to a sample, such as a 
protein toxin. Forensic toxicology now also includes protein and peptide 
analyses using targeted proteomics methods [127,330,331]. A promi-
nent example is the biological warfare agent ricin protein [125,127, 
332–334]. It is part of a wide family of protein toxins that need to be 
detected in food production and a wide range of other legal and security 
contexts [335]. Other foreign peptides that are targeted in toxicology 
include dermorphin, a 7-amino acid peptide from the skin of the South 
American Phyllomedusa frog, and a potent binder to the opioid receptor 
[336]. It is part of a family of peptides used in horse racing [337,338]. A 
related application has been developed for detection of synthetic in-
sulins, where suspected overdoses have been implicated in homicides as 
commercial insulins have specific amino acid modifications [328,329, 

339]. 

7.4. Proteomic sex estimation 

Forensic proteomics can also be used to sex an individual. Amelo-
genins, the most characterized sex specific gene family, are expressed as 
a gene product in enamel, the most robust human tissue [184,340]. The 
stability of protein in enamel is much higher than other tissues [89,183], 
due to the two dimensional microcrystal interface of calcium apatite that 
increases protein stability, deep into archaeological time [10,90,91]. 
There are two forms of the protein, one from each sex-chromosome 
[183]. Amelogenin protein is integral to enamel biosynthesis, a pro-
cess that degrades the protein with endogenous proteases. The result is 
multiple peptides representing many of the amino acids in the protein 
[183]. These peptides are a rich source of biomarkers for the X- and 
Y-chromosome. These can be quantified and used to partition samples 
into male and female samples. The detection of these respective markers 
may consequently be used to estimate the sex-chromosome karyotype of 
the enamel donor [183,205]. Proteomic sex estimation has successfully 
been applied to enamel from a 9400 year old Homo sapiens samples and 
even an 800,000 year old Homo antecessor sample [179,183]. 

Proteomic sex estimation is a third fundamental method of sex 
estimation. Osteological sex estimation is easily conducted in the field 
by a trained expert but is limited by the preservation status of human 
remains and the age of the deceased individual, male and female skel-
etons only become dimorphic after puberty [257,341,342]. Genomic sex 
estimation has the advantage of not being constrained by skeletal 
preservation or individual development [343–345]. The sex chromo-
some amelogenin loci are in all commercial forensic STR-based analysis 
kits [5]. Current forensic sex-estimation methods rely on both 
STR-typing and quantitative PCR, such as used in the Quantifiler® HP 
and Quantifiler® Trio DNA Quantification Kits [312,343,346–349]. 
Detection of male DNA is sensitive in current forensic methods because 
it uses a multi-copy locus on the Y-chromosome [265,350]. Environ-
mental contamination using qPCR is an issue, but this is addressed by 
subsequent measurement of amelogenin allele balance and mixture 
analysis [265]. Highly degraded samples may still, theoretically, pose a 
challenge if DNA template levels become too low. The sensitivity levels 
at which sex-determination using forensic DNA methods begin to fail 
appears not to be demonstrated, although this has been demonstrated 
using ancient DNA methods that are more sensitive [258,351–354]. 
Proteomic sex estimation outperforms both osteological and ancient 
genomic methods [258]. Proteomic sex estimation of an archaeological 
sample of 55 individuals resulted in confident sex estimates in all sam-
ples, with genomic and osteologic methods providing confident esti-
mates in 64% and 25% of individuals respectively [258]. In the 
comparison study proteomic sex estimation signals did not decline over 
time, yet DNA reads decreased by roughly an order of magnitude per 
millennium [258]. Proteomic sex estimation also was successful on fe-
tuses, infants and partially cremated individuals. Genomic and proteo-
mic sex estimates sometimes conflicted [258]. These conflicts were all in 
lower quality DNA samples, below 100,000 reads. Conditional, 
‘consistent with.’ DNA -based sex estimates below this level were 
incorrect 31–38% of the time depending on the DNA-method used 
[258]. No such study directly comparing proteomic and forensic DNA 
sex estimation has been attempted. 

Proteomic sex estimation is a validated technique with clear appli-
cability in archaeological contexts [353,354]., the utility in forensic 
contexts needs to be established. Any new method requires rigorous 
validation tests to assess the overall performance, advantages, and 
possible caveats, in order to evaluate its range of applications within 
forensic workflows. Sex estimation using forensic DNA sample pro-
cessing and analytical workflows is considered robust, yet the poten-
tially more accurate ancient DNA methods proved to be less reliable than 
proteomic methods. A systematic analysis of current forensic 
sex-estimation as a function of DNA quality and direct comparison with 
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proteomic sex estimation remains to be demonstrated. 

7.5. Estimation of post-mortem interval 

Environmental chemistries change the character of protein as a 
function of time. Proteomic degradation therefore may be a means to 
proteomically calibrate the post-mortem interval [355–357]. This has 
been applied to predict the short-term post-deposition interval of fin-
germarks [305]. Over longer periods, changes in the bone proteome 
have been used to identify proteins that degrade at different rates over a 
period of months or years. This data has been used to develop algorithms 
for prediction of post-mortem intervals [170,358]. Housekeeping glob-
ular proteins, such as glycolytic enzymes, are more flexible and conse-
quently more subject to degradative chemical processes [355]. A recent 
study used proteomics to study the release of decompositional fluid 
post-mortem in pigs [359]. Changes in the profile of proteins in fin-
germarks have also been used to estimate the post-deposition interval 
[305]. This process may be even more consistent in bones left in aqueous 
environments [355]. The advantage of proteomics is that these methods 
are not dependent on anatomical integrity [170]. The role of protein 
modifications also plays a potential role here. For instance, deamidation 
of hair proteins has been measured to increase over a period of decades 
[292] and has also been used to estimate the post-mortem interval 
[355], date archaeological material and separate out archaeological 
protein from modern contaminating keratins [88,179,360–363]. Dea-
midation is known to occur at different rates depending on the amino 
acid, flanking protein sequences and protein flexibility [364–368]. 
These complex and variable chemical and environmental factors result 
in a high level of variance of deamidation at different time points, 
indicating it is more of a preservation and exposure signal than an in-
dicator of time [102,183,363]. These processes will be accentuated and 
possibly dominated by the introduction of environmental microflora 
that will use the protein as a supply of nutrient and introduce 
non-specific proteases. While the sample will increase in complexity due 
to these diverse modifications, the portion of the proteome available for 
analysis will decrease in complexity, resulting in information loss. The 
contingent nature of chemical modifications, large number of potential 
modifications, and limited ability to fully identify all proteoforms [117], 
all present challenges to estimation of the post-mortem interval. The 
necessary experiments are achievable however and within the scope of 
current technology. 

8. Looking forward 

Just as the last 30 years have introduced fundamental change in 
proteomic technology, further innovations will continue to shape and 
spur development in the forensics proteomic field. Instrumentation will 
continue to evolve. For example, as described above, the latest genera-
tion of mass spectrometer, a timsToF mass spectrometer from Bruker, is 
able to obtain 600,000 spectra from a 2 h run and 200 ng of protein 
[60]. When compared to yields from a Q-Exactive-Plus orbitrap mass 
spectrometer from Thermo, the state of the art only 5 years previously, 
this is more than ten-fold the amount of data using one tenth the amount 
of protein [59]. The acquisition of data on mass spectrometers, partic-
ularly the use of stable isotope chemistries, the use of sample multi-
plexing, and data independent acquisition strategies, will have an 
impact on forensics just as they will on the rest of the proteomic field. In 
terms of sample preparation, the use of magnetic beads promises to 
dramatically expand the applicability of proteomics to degraded and 
environmentally exposed samples [130,149,369]. Robotics and short-
ened MS gradients times will expand the number of that can be applied 
to proteomic workflows. Another potential breakthrough is the use of 
nanopores for sequencing of single protein molecules [370]. Similar in 
many ways to the Oxford Nanopore third generation DNA sequencing 
platform, the potential of single protein molecule sequencing has 
obvious potential for forensics. In addition to increased sensitivity, this 

approach directly sequences protein and theoretically removes the need 
to match complex fragmentation spectra with sequences from reference 
protein databases [371]. There are still significant technical challenges 
[371]. Instead of 4 nucleotides there are 21 amino acids with many 
potential post-translational modifications, resulting in many different 
hydrodynamic volumes and current blockages [371,372]. Many of these 
resistivities are very similar [371]. Sequencing of homopolymeric re-
gions, long a problem in DNA nanopore sequencing, are also a problem 
with protein sequencing [371]. Elimination of secondary structure in 
proteins may prove more challenging than in DNA and greater control of 
peptide translocation is also required [371]. Nevertheless, peptide 
sequencing has been accomplished, including identification of peptide 
sequence variants [372]. Advances in proteomics also extend to bio-
informatic analysis. The use of machine learning in creating and 
differentiating proteomic profiles is a promising and powerful area of 
future investigation [373–375]. 

9. Conclusion 

Protein is intrinsic to biological evidence. It is highly stable and is the 
most abundant biomolecule in forensic samples. The protein population 
in a biological sample is numerous, and highly complex with useful 
chemical, biological and genetic properties for the investigator. The 
protein information in biological evidence has historically been used for 
body fluid and tissue determination, human identification, and species 
determination. The advent of powerful, highly sensitive, informative 
and robust DNA-based methodologies changed the focus of forensic 
protein science towards body fluid identification. In recent years pro-
teomic technology, through mass spectrometry, has developed to extract 
more information from the protein component of evidence, and to do so 
using simpler, more consistent and reproducible workflows. Protein has 
always been, and continues to be, a major focus of body-fluid identifi-
cation. Now due to mass spectrometry reliable peptide biomarkers for 
body fluid identification are becoming more quantitative, sensitive and 
robust, performing at higher levels of sensitivity and accuracy than other 
antibody-dependent platforms. Forensic protein sample processing 
methods and mass spectrometry are beginning to be developed that are 
compatible with DNA-based methods, consume less sample, and can be 
automated. This provides a powerful tool for understanding the forensic 
context of a crime scene; the tissue source of biological evidence can be a 
critical piece of investigative information. The development of proteo-
mic mass spectrometry and improved sample processing methodologies 
also provide new opportunities for extracting identifying genetic infor-
mation from a forensic sample. The detection and generation of genet-
ically variant peptide profiles from protein can still occur after all DNA 
in a sample has been degraded. Initially focused on hair shafts the 
technology for GVP detection continues to evolve and challenges such as 
application of the product-rule are being actively investigated. Valida-
tion studies such as application to real life scenarios and cross- 
laboratory performance studies are beginning to occur. Forensic prote-
omics also extends to other potential applications. Proteomic sex esti-
mation, post-mortem interval estimation, species determination and 
fingermark analysis are all being actively investigated. Each of these 
areas are at different stages of development, and the applicability of 
each method to forensic investigation and how, and how much, they 
become adopted by the forensic community remains to be established. 
The mandate of forensic science is to increase the integrity of the 
criminal justice system. This means, among other things, that in-
vestigators need to obtain the maximum amount of information from a 
sample with a minimum of sample consumption. Forensic proteomics 
has reached a point where it can, or can soon, create additional tools that 
help meet these mandates. The more efficient and effective analysis of 
the protein content of evidence presents opportunities for those seeking 
to maximize the amount of information that can be extracted from a 
crime scene. 
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D. Heintzman, J.D. Kapp, I. Kirillova, Y. Moodley, J. Agusti, R.-D. Kahlke, 
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