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ARTICLE INFO ABSTRACT

Keywords: Recent reports highlight possible improvements in individual identification using proteomic information from
Proteomic profiling human hair evidence. These reports have stimulated investigation of parameters that affect the utility of pro-
genetically variant peptides teomic information. In addition to variables already studied relating to processing technique and anatomic origin
human hair

of hair shafts, an important variable is hair ageing. Present work focuses on the effect of age on protein profiling
and analysis of genetically variant peptides (GVPs). Hair protein profiles may be affected by developmental and
physiological changes with age of the donor, exposure to different environmental conditions and intrinsic
processes, including during storage. First, to explore whether general trends were evident in the population at
different ages, hair samples were analyzed from groups of different subjects in their 20’s, 40’s and 60’s. No
significant differences were seen as a function of age, but consistent differences were evident between European
American and African American hair profiles. Second, samples collected from single individuals at different ages
were analyzed. Mostly, these showed few protein expression level differences over periods of 10 years or less, but
samples from subjects at 44 and 65 year intervals were distinctly different in profile. The results indicate that use
of protein profiling for personal identification, if practical, would be limited to decadal time intervals. Moreover,
batch effects were clearly evident in samples processed by different staff. To investigate the contribution of
storage (at room temperature) in affecting the outcomes, the same proteomic digests were analyzed for GVPs. In
samples stored over 10 years, GVPs were reduced in number in parallel with the yield of identified proteins and
unique peptides. However, a very different picture emerged with respect to personal identification. Numbers of
GVPs sufficed to distinguish individuals despite the age differences of the samples. As a practical matter, three
hair samples per person provided nearly the maximal number obtained from 5 or 6 samples. The random match
probability (where the log increased in proportion to the number of GVPs) reached as high as 1 in 10%. The data
indicate that GVP results are dependent on the single nucleotide polymorphism profile of the donor genome,
where environmental/processing factors affect only the yield, and thus are consistent despite the ages of the
donors and samples and batchwise effects in processing. This conclusion is critical for application to casework
where the samples may be in storage for long periods and used to match samples recently collected.

ageing
forensic investigation

1. Introduction in the genome using the proteome) for human hair comparison and
individual identification have shown promise as potential tools for

Protein profiling (comparison of relative protein expression levels) forensic investigation. For example, large inter-individual differences in
and proteomic genotyping (inferring single nucleotide polymorphisms protein profile are evident in hair shafts [1]. Studies using human twins
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[2] support the conclusion reached using inbred mouse strains [3] that
differences in profile have primarily a genetic basis. Corneocyte pro-
teins of the hair shaft [2], epidermis [4] and appendages provide an
even more direct connection to genotype in their reflection of in-
dividual allelic differences in the genome. Thus, detection of genetically
variant peptides (GVPs) containing single amino acid polymorphisms
(SAPs) that could be matched to single nucleotide polymorphisms
(SNPs) in the coding region of the genome provides a more dis-
criminating way to infer the genotype and even ancestry of the donor
[5].

From a forensic perspective, limitations on the use of samples for
such identifications are important to know. For example, recent find-
ings show that the hair shaft is equally useful for profiling or GVP
analysis regardless of its state of pigmentation [6] or anatomic site of
origin [7,8], although GVP analysis can offer much greater dis-
crimination. A property that remains to be examined is the reproduci-
bility of such samples with age of donor or period of storage. This issue
is pertinent because the protein content of samples may change with the
age of the donor at collection, and casework samples are often in sto-
rage for many years. Thus, investigators are likely to compare samples
from individuals at different ages and originating many years apart.

First, to determine whether global changes in hair are evident with
age, present work compares protein profiles in samples from groups of
individuals of different age. Samples collected at roughly the same time
are compared from American females in their 20’s, 40’s and 60’s from
European and African backgrounds, also permitting investigation of the
role of ethnic origin. Second, to examine changes in hair from in-
dividuals over time, samples were compared in protein profile and GVP
content from 9 subjects at age intervals of 4 to 65 years. The results of
both studies are presented and reconciled.

2. MATERIALS AND METHODS
2.1. Sample collection

For analysis of samples from different age groups, hair was collected
by a commercial supplier from 30 African Americans (10 each of ages
20, 40, 60) and 40 European Americans (20 of age 20 and 10 each of
ages 40 and 60), all female (Cohort 1). Samples are referred to as
“African” or “European” for simplicity. One sample from each donor
was analyzed. To find the effect of age on individuals, a second set of
samples that had been collected at different times (stored at room
temperature) from nine individuals (A — E (Cohort 2) and F-I (Cohort 3),
total three females and six males), each analyzed in sets of 2-6 re-
plicates (Table S1). According to donors, the hair was not chemically
treated (dyed, bleached, straightened). These samples were collected
with informed consent approved by the University of California Davis
Institutional Review Board (protocol 896494) and processed within a
year.

2.2. Sample processing for protein isolation and mass spectrometry

In each case, aliquots of 4 mg were processed essentially as pre-
viously described [1] except for using 0.05M ammonium bicarbonate
instead of 0.1 M sodium phosphate buffer during reduction and alky-
lation. Each cohort of samples was processed at a different time by a
different investigator. Hair protein digests from the age groups and
from individuals were randomized and analyzed by LC-MS/MS on a
Thermo Scientific Q Exactive Plus Orbitrap mass spectrometer essen-
tially as previously described [2].

2.3. Database searching and proteomic profiling based on weighted spectral
counts and statistical analysis

Data files generated for the samples of age groups (Cohort 1) and
the individuals A-E (Cohort 2) were analyzed using X!Tandem

Forensic Science International: Genetics 47 (2020) 102309

(2016.10.15.2) to search a Uniprot human database with an appended
database of common human contaminants and an appended identical
but reversed (decoy) peptide database for estimating false discovery
rates. The proteomics data are available in the MassIVE repository as
#MSV000085030, Proteome Exchange #PXD017771 (https://massive.
ucsd.edu/ProteoSAFe/dataset.jsp?task =

4a43733eab0c45a0a78a7afc7ad4f685). Also, the data from Cohorts 2
and 3 have been deposited to the ProteomeXchange Consortium via the
PRIDE [9] partner repository with the dataset identifier PXD016169.
Scaffold (version 4.8.2) was used to validate peptide and protein
identifications. Accepted protein identifications contained at least 2
identified peptides. False discovery rates were estimated as 0.1% and
2.9% for peptides and proteins, respectively. The MS results were
analyzed as weighted spectral counts (with clusters containing shared
peptides) after removal of entries not genuinely present judging by their
exclusive peptides. Differential protein abundance analyses were con-
ducted using the limma-voom Bioconductor pipeline, originally devel-
oped for analysis of RNA-Seq data and applied here to weighted spectral
counts [10]. Standard errors of estimates were adjusted for correlation
between replicates from the same sample; subject was included as a
fixed effect in all models. The R code is provided in supplemental files.

2.4. Protein profiling using PEAKS

Label-free quantitation was performed on the LC-MS/MS datasets of
individuals A-I (Cohorts 2 and 3) using PEAKS Studio 10.0
(Bioinformatics Solutions Inc., Waterloo, ON, Canada) to obtain their
protein profiles [11,12]. From 2 - 6 samples for each age from all nine
individuals amounting to a total of 67 datasets were analyzed against a
validated UNIPROT human reference proteome (uniprot-proteome_U-
P000005640_Human). Default settings of the algorithm were employed
except that the precursor mass error range and fragment ion were set to
10ppm and 0.04Da, respectively. Cysteine carbamidomethylation
(+57Da) was set as a fixed post translational modification, while
deamidation on glutamines and asparagines (+0.98 Da), oxidation of
histidines, tryptophan, and methionine (+15.99 Da), dioxidation of
methionines (+29.99 Da), pyroglutamation at glutamines (-17.02 Da)
and glutamates (-18.01 Da), and acetylation (+42.01) and formylation
(+27.99) of N-termini and lysines were variable modifications. The
resulting datasets, filtered with a 1% false discovery rate, were ana-
lyzed using the Q-module function of PEAKS Studio, and a heat map
was generated by label free quantitation for proteins with at least 2 fold
difference in the levels among the groups and a significance of 13 (p
value = 0.05; -10log(0.05) = 13.01). Due to batch effects identified by
comparing profiles of the most recent samples of Cohorts 2 and 3
(Figure S1) a collective comparison of the profiles of individuals A-I
was not performed.

2.5. GVP analysis

The data files of the nine individuals (A-I) sampled at different ages
were searched to generate GVP profiles to determine whether the in-
dividuals could be distinguished from each other by this criterion. For
GVP analysis, raw data files were submitted to X!Tandem peptide
spectra matching algorithm (Global Proteome Machine Fury, X!Tandem
Alanine 149 (2016.10.15.2)) after conversion to MzML format by
MSConvertGUI (Proteowizard 2.1 http://proteowizard.sourceforge.
net). Default search parameters of the algorithm were used except
that the virus and prokaryote reference libraries were excluded and
point mutations were included in the search. Protein and peptide log(e)
scores of -1, and fragment and parent mass error of 20 ppm and
100 ppm, respectively, were used. The files generated by X!Tandem
(.XML, thegpm.org) were used to obtain the peptide data, which was
then provided to/pasted into GVP Finder [13]. From the list of putative
GVPs, unique tryptic peptides carrying log(e) scores of < -2 were used
for GVP profiling if they displayed no other genetic or chemical
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modifications (except N/Q deamidation, methionine oxidation, cysteine
carboxymethylation and N-terminal acetylation) and, if corresponding
to a minor allele, with no major fragmentation masses corresponding to
the reference alleles. The GVPs observed in the current study were not
validated by DNA sequencing. However, the previously observed rate of
false positive identifications of 1.5-2% [4,5] using the employed
method provides high confidence in the GVP profiles. The mass spec-
trometry proteomics data from Cohorts 2 and 3 have been deposited to
the ProteomeXchange Consortium via the PRIDE [9] partner repository.

2.6. Random match probability calculation

Random match probabilities (RMPs) were calculated for the GVP
profile of each sample using the genotype frequencies of the identified
loci from the 1000 Genomes Project Consortium et al. [14]. As all the
studied subjects in Cohorts 2 and 3 were of European origin, only
European genotype frequencies were used for estimation of RMP. For
the calculation, each SNP was treated as independent except the mul-
tiple GVPs/alleles from one gene that were treated as one locus. The
frequency for the allele combination was then used to estimate the
RMPs. The product rule was applied to calculate the RMP for each
specific GVP profile [5].

2.7. Hierarchical clustering

For statistical analysis, all the GVPs detected in the biological re-
plicates were collated. GVPs detected in one or more replicates were
given the same weight. All the detections were assigned the value “1”,
and those that were not detected in the samples were assigned the value
“0”. GVPs that were either detected or not detected throughout the
samples (and thus were without probative value) were excluded from
the analysis. Agglomerative hierarchical clustering with complete
linkage was performed based on the Euclidean distance data for the
samples, and a dendrogram for the clustering was plotted using the
hclust function of R (Version 3.6.2) [8].

3. RESULTS
3.1. Hair proteome comparison among age groups

To study the effect of age and ethnicity on the hair proteome, hair
samples from European-American and African Americans of three age
groups (20s, 40s, 60s) were studied. The data were analyzed against
the Uniprot human database using X!Tandem (2016.10.15.2) and
peptide and protein identifications were validated using Scaffold (ver-
sion 4.8.2). The weighted spectral counts of 241 proteins were used for
analyzing pairwise differences in protein profile. As illustrated in
Table 1, significant pair-wise differences were not detected in different
age groups within each ethnic category or within the ethnic groups of
combined ages. However, some significant differences between samples
from African-American and European-American subjects were discern-
able (Fig. 1). Proteins higher in the African samples included TYRP1
(Tyrosinase Related Protein 1) and GPNMB (Glycoprotein Nonmeta-
static Melanoma Protein B), which participate in melanin biosynthesis
[11,15,12], and are a reflection of the higher melanin content in sam-
ples from the African-American cohort. In addition, certain keratins
(i.e., KRTs 1, 2,5, 9, 10, 24) were among the proteins higher in level in
the African samples. Two proteins involved in membrane lipid meta-
bolism, PLD3 [16] and LPCAT3 [17], were higher in the European hair
samples. As the cuticle cells are bounded by a protein membrane sur-
rounded by lipids [18], the higher number of cuticle layers in the
European compared to African samples could contribute to the differ-
ences in level of these hair proteins in the two populations. Other
proteins higher in the European samples are involved in autophagy
(HSP90AA1, ATG9Db), ribosomal function (RPS2, EEF1D), and calcium
binding (CALMLS). The overall data obtained from Cohort 1 identified
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Table 1
Pairwise comparisons of differentially expressed proteins by age and ethnic
origin*.

A A20’s A40’s B E20’s E40’s
A40’s 0 E40’s 0
A60’s 0 0 E60’s 0 0
C 20’s 40’s D A20’s A40’s A60’s
40’s 0 E20’s 8
60’s 0 0 E40’s 6
E60’s 2
E AllA
AllE 19

* Ethnic groups are indicated by African (A) and European (E) and age
groups by 20’s, 40’s and 60’s. The numbers in table indicate the number of
proteins with significant differences in expression level.
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Fig. 1. Proteins differing in hair samples from African and European subjects.
Shown are the ratios of relative amounts of proteins that differed significantly,
judging by weighted spectral counts, between the samples collected from
African and European subjects.

no consistent proteomic differences in hair shafts as a function of age in
the range of 20 to 60 years. Likewise, the lack of overall proteomic
differences precludes the possibility of global changes in GVP profile as
a function of age. Importantly, however, the data do not exclude the
possibility that age-related changes in protein abundance are not de-
tected due to compensating individual variation over time.

3.2. Proteomic profile comparisons at different ages in given individuals
based on weighted spectral counts

Because a lack of differences in the hair proteome as a function of
age in unrelated individuals could be attributed to compensating in-
dividual variation, a complementary analysis was also conducted on
recent hair samples and those that had been stored over 4 to 65 years
from 9 individuals (Supplementary Table S1). Two different groups of
subjects (Individuals A-E in Cohort 2 and Individuals F to I in Cohort 3)
were analyzed. For the first longitudinal study, proteomic datasets from
hair shafts from 5 individuals were processed, and significant differ-
ences in pair-wise protein abundances among a total of 211 proteins
were tabulated. As shown in Table 2, data from three subjects (A, D,
and E) showed few protein differences (0-6) with age in two-way
comparisons over periods of 4-11 years. Samples from one subject (C)
showed few differences (5-7) over a span of 6 years, but a substantial
number (27) over 11 years. One subject (B) showed a substantial
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Table 2
Pairwise comparison of proteins significantly different in expression level
(weighted spectral counts) in two-way comparisons®.

A6 All BO B65 CO Co6 Cl1 DO D5 EO E4

A0 2 0 34 4 64 7 7 23 22 206 132
A6 6 13 17 30 2 6 7 11 227 131
Al1 30 15 56 6 11 26 23 168 103
BO 32 26 17 35 14 16 147 120
B65 88 23 9 24 26 196 132
Cco 5 27 54 42 99 105
Cé 7 10 9 35 28
C11 38 28 168 93
DO 1 135 118
D5 204 127
EO 3

* Subjects are identified by letter and years since the first collection (0).
Comparisons within the same individual from different years are in bold italic.
The numbers in the table indicate the number of differentially expressed pro-
teins.

200000
|

150000

Average Distance
100000
1

50000
1

Within Subjects Between Subjects

Fig. 2. Distances in protein expression levels between samples from single in-
dividuals and between subjects. Box plots of Euclidean distances between
samples, based on weighted spectral counts. The solid line on each box in-
dicates the median, the lower and upper box edges indicate the 25th and 75th
percentiles, respectively, and the lower and upper whiskers indicate the smal-
lest and largest observations lying within 1.5 interquartile ranges of the box
edges, respectively.

number of differences (32) over a span of 65 years. As shown in Fig. 2,
the protein profiles from a single subject at different ages were much
closer in distance than the profiles among different individuals. The
data in Table 2 indicated that subjects D and E could be readily dis-
tinguished from all the other subjects, but some subject combinations
would be more difficult (e.g., AO or A6 versus C6 or C11). Also the
subjects B and C had high levels of internal differences, but these were
consistent with longer time frames, a 65 year storage time for subject B
and an 11 year difference for subject C. Storage time of the hair sample
may have contributed to these differences in protein profiling, although
physiological changes due to subject aging cannot be excluded.

3.3. Proteomic profile comparisons at different ages among individuals
based on heatmaps

An additional batch of hair samples (Cohort 3) was processed to
expand the number of longitudinal samples. The resulting proteomic
profiles were bioinformatically processed to obtain label free quanti-
tation and subsequent heat maps using Q-module in the PEAKs™ soft-
ware package (version 10.0) [11,12]. The samples were divided into
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two groups, new (recent samples) and old (collected 7 or more years
before present) based on the time since collection. As can be seen in
Fig. 3A, when protein profiles were filtered based on a 2-fold change
and p-value of 0.05, little difference was seen in the proteomes of older
and recent samples when compared collectively. Only 3 protein dif-
ferences were detected, one of which, KRTAP7-1, was a structural
protein and one, SEC23B, is involved in endosomal transport and was
significantly increased in pigmented hair [6]. The low number of sig-
nificant differences, again, could be attributed to the higher variation in
proteomic profiles from individual to individual that could cancel sta-
tistically significant effects. Another analysis was therefore conducted
on the most extreme case, individual I, with a 44 year gap in subject
age. Samples from this individual showed 54 proteins that had a 2-fold
change in abundance (p = 0.05) (Fig. 3B) with fifty proteins higher in
level in the recent samples compared to the older ones. These included
proteins reported to be concentrated in the cuticle (S100A3, KRT40,
KRT82, KRTAP16-1, 24-1, and 3-2) among other hair KRTs and KRTAPs
(http://www.proteinatlas.org; [19,20]. The higher amounts of cuticle
concentrated proteins in the recent samples could reflect the loss of
cuticle in the older samples [21]. Four of the proteins were higher in
level in the older samples, SYNE2 (cytoskeletal protein), AKAP9 (scaf-
folding protein), and GFAP (an intermediate filament protein) (http://
www.proteinatlas.org). A similar analysis from individuals F, G, and H
showed considerably fewer proteomic changes over a period of 7 years
with 2, 13, and 4 proteins respectively, differing among the stored and
recent samples.

3.4. Genetically variant peptide analysis

To determine the effect of potential sample degradation with sto-
rage, GVPs in each sample were first identified and evaluated. The total
number of unique peptides was also measured in each proteomic da-
taset. Sample storage/age was not seen to affect the average number of
identified unique peptides in the samples over periods of < 10 years
(Fig. 4A). However, decreases of ~38, 27, and 33% of the unique
peptides, relative to their corresponding recent samples (stored

< lyear), were observed in the samples B, C and I over storage
periods of 65, 11 and 44 years, respectively (Fig. 4A and Table S1).
These results are consistent with the previous observations of a re-
duction in the complexity of proteomes over long periods of time,
leading to a loss/degradation of certain proteins [5,21]. By contrast, the
samples from individual A did not show significant alterations in the
amounts of detected proteins or unique peptides over a period of
11 years. The samples from individual E at both ages provided very low
numbers of identified unique peptides (=1200) and proteins (= 300)
compared to the average numbers observed in the other samples
(=3000 and =600, respectively) (Table S1), an example of a sub-
stantial individual effect.

Genetically variant peptide profiles were identified for each in-
dividual (A-I) in the longitudinal study with 2 to 6 biological replicates.
Overall, 237 different GVPs at 127 loci were identified with 67 + 18
GVPs per sample (Table S2). A straightforward relationship could not
be made between the age of the sample and the number of GVPs ob-
served except for the individuals B, C, and I (Fig. 4B). The numbers of
GVPs decreased 1.48 fold from 57.6 + 8.5 to 36.6 + 7 (p = 0.03) in
individual B, 1.5 fold from 63.3 = 10.5 to 40.3 = 14 (p = 0.015) for
individual C, and 2.1 fold from 63.6 + 6 to 33 = 3 (p = 0.007), for
individual I with storage over periods of 65, 11 and 44 years, respec-
tively. However, the number of GVPs detected was seen to be propor-
tional to the number of identified unique peptides in the samples
(R = 0.86, Fig. 5A) as also observed by others [22]. GVP detections,
when compared with the number of replicates used for each sample,
showed that three biological replicates provide enough information to
cover 97% of the GVPs, and adding more replicates is hardly more ef-
fective (Figure S2).
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Fig. 3. Heatmap showing differences in the proteomic composition of the newly and previously collected samples of (A) cohort 3 (individuals F-I), and (B) individual
I at two times points with a difference of 44 years. The numbers after the hyphens in the sample names represent the storage time of the samples.

3.5. Random match probability

To calculate the random match probability (RMP) at each age, SNP
profiles were inferred for each of the samples from their respective GVP
profiles. The genotype frequencies from the 1000 Genomes Project for
the inferred SNPs were used to calculate the RMPs. The calculation
employed the product rule with complete independence between GVPs
in different genes and complete dependence with GVPs from the same
gene. The calculated random match probabilities ranged from 1 in 73
(for sample E1) to 1 in 185 million (for sample A3). The log of the RMP
was found to be proportional to the number of GVPs detected (Fig. 5B)
with rare SNPs considerably increasing the RMPs.

3.6. Hierarchical clustering

Proteomic changes observed over 4-7 years were modest. However,

more substantial changes over time were observed proteomically in the
older samples from 44 and 65 year intervals. This was true for both total
numbers of identified proteins (Table S1) and total unique peptide le-
vels (Fig. 4A, Table S1). Significant changes were also observed due to
batch effects between the second and third cohort of longitudinal
samples. A central question of this study was whether these changes
also affected the profile of GVP-based inferred SNP genotypes. There-
fore, GVP profiles of the individuals at different ages were also com-
pared side by side. Samples from the same individuals were found to
carry a large proportion of GVPs common at all ages with some unique
GVPs (Figure S3). For the GVP profiles generated for individuals A-I,
every GVP detection was assigned a value 1 and a non-detection a value
0 to create a binary data file for calculating Euclidean distances and
from them to plot an agglomerative hierarchical clustering dendro-
gram. As seen in Fig. 6, samples collected at different time points from
the same individuals were clustered together, although distances
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be the number of GVPs observed (p value = 0.0001) and the higher the random
match probabilities calculated (p value = 0.003).

among subjects varied. This includes the samples that had the longest
storage periods and greatest level of changes, individuals B and I. It also
includes samples from different cohorts of longitudinal samples, in-
dividuals A to E and F to I, despite recognizable batch effects (Figure
S1). This indicates that the GVP-inferred profiles of SNP alleles were
more dependent on individual genotypes than changes occurring as a
result of storage with proteome degradation and batch effects.
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4. DISCUSSION

Previous work has shown that inbred mouse strains can be dis-
tinguished by their hair protein profiles [3]. Subsequently, human in-
dividuals were also shown to be distinguishable in this way [1]. Studies
of monozygotic twins indicate that the basis for such differences is
largely genetic [2]. That the twin profiles were not found to diverge
with age would be consistent with a lack of effect of age or changes with
age in the same direction within twin pairs. Present results support the
latter alternative. Inasmuch as the different hair shaft layers (e.g., cu-
ticle) have different protein profiles from the rest of the shaft [1], also
reported for sheep wool [23], changing proportions of the layers over
time as diameters change could result in altered profiles. Hair shaft
diameters reportedly change with age, decreasing in the elderly
[24,25]. This finding is consistent with a report that the relative content
of mRNAs encoding keratins and keratin associated proteins in hair
follicles also changes with age (Giesen et al, 2011). The basis for
chronological ageing is multifactorial, but includes accumulation of
oxidative damage from ambient oxidants, ultraviolet radiation, copper
content [26] and air pollution [27].

Present results indicate a lack of consistent population-wide
changes, but some changes are evident for individuals. This finding
supports possible usefulness of hair shaft protein profiling in distin-
guishing among individuals over short time periods, but it highlights a
dependence on a short interval between sample collections, a clear
limitation. Finding a substantially larger difference in subject C after
11 years compared to 5 or 6 years (27 versus 5 or 7) could be ratio-
nalized by a drift in profile. Comparing hair samples from individuals
collected at greater than 40 year intervals, as for subjects B and I, re-
veals a large drift. Such changes could result from effects of normal
ageing on hair follicle function/gene expression and profile modifica-
tions due to exposure to different physicochemical factors during sto-
rage. Therefore, proteomic profiling alone would not likely provide
sufficient information to distinguish individuals from each other on a
large scale. Moreover, batch effects from processing the samples at
different times could confound use of a database of proteomic profiles
for individual identification.

GVP analysis, on the other hand, was found to be a powerful tool to
identify the source of the hair sample in each of the nine subjects stu-
died despite the samples being stored even for periods > 40 years. GVP
analysis permits calculation of random match probabilities, providing a
statistical basis for confidence in the results. The older samples of the
individuals B and I, although deficient in proteins and peptides de-
tected, provided GVP profiles with RMPs of 1 in nearly 1000 and 500,
respectively. This capability is of particular interest for old and cold
cases, where hair is present as evidence and nuclear DNA is not avail-
able. The relation between the number of unique peptides, GVPs, and
the calculated RMPs testifies to the value of optimizing sample pro-
cessing procedures and ongoing efforts to maximize their yields in
problematic samples (e.g., from individual E).

The observation of lower unique peptide and protein yields with
longer storage is consistent with loss of cuticle in older hair samples
[21,28]. This phenomenon could also rationalize the higher proportion
in the recent samples of KRTAPs found in the present study. A factor of
potential importance is the chemical modification of samples during
long term storage. Deamidation, which has been linked with ageing of
hairs [29,30], was higher in samples stored over a period of at least 10
years (R = 0.97) (Figure S4). Other common chemical modifications
were not consistent in their direction of change. Nevertheless, this ob-
servation raises the prospect in general of chemical modifications, some
of which could depend on storage conditions. An important area for
future investigation is the impact on protein profiles, and especially on
GVP yield, of treatments individuals may use to reduce environmental
damage, and common chemical treatments that are known to induce
considerable damage and to reduce protein yields [31].
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Fig. 6. Hierarchical clustering dendrogram of all the samples from individual subjects. Based on the Euclidean distances among the samples, the clustering shows that
GVP profiles can distinguish individuals despite differences in hair collection and storage times.

4.1. Conclusion

The present study highlights that the hair, although very resilient in
nature, could undergo developmental and environmental changes over
decades, resulting in drift in profile and thus intra-individual variation.
Therefore, proteomic profiling alone has limitations for human identi-
fication. GVP profiles, in contrast, were seen to be more robust over
periods as long as 65 years. The stored hair samples, despite losing a
fraction of unique peptides and proteins, were sufficient to provide high
RMPs. These findings promise to be highly valuable in resolving routine
and even old cases where hair samples are available for investigation.

Proteomics repository files

The proteomics data are available on the MassIVE repository
(https://massive.ucsd.edu) MassIVE # MSV000085030,
ProteomeExchange # = PXD017771 (https://massive.ucsd.edu/
ProteoSAFe/dataset.jsp?task = 4a43733eab0c45a0a78a7afc7ad4f685).

The mass spectrometry proteomics data from Cohorts 2 and 3 have
been deposited to the ProteomeXchange Consortium via the PRIDE [9]
partner repository with the dataset identifier PXD016169.
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Table S2. GVPs identified at 127 loci.
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Figure S1.
Heatmap
showing at least
2 fold (p = 0.05)
difference in the
levels of proteins
between the most
recent samples of
cohort 2 and
cohort 3
emphasizing the
batch effect on
the proteomic
profiling. The
entries on the y
axis denote the
Uniprot IDs of
the proteins
while each
column is a
different sample.
The numbers
after the hyphens
in the sample
names represent
the time of
sample storage
(1Y =1 year).
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Figure S2. GVPs vs the number of replicates employed. The top panel presents the average
number of GVPs identified vs the number of replicates used, while the bottom panel shows the
percent GVPs unique to a replicate when 2, 3, 5 and 6 replicates were used. The number on the
top of each bar indicates the number of different sample files analyzed for each scenario.
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Figure S3. Number of GVPs common to samples at different ages or unique to a sample.
Venn diagrams for each of the individuals are labeled on top of each diagram. The ages written at

the tops of the circles represent ages of the individuals at the time of collection of samples.
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Figure S4. Deamidation of Q and N residues in proteins of hair samples stored for at least 10
years. Samples collected at different age points from individuals A, B, C and I were compared.



R code - Statistical Analysis - Age, Race
library(gdata)
library(edgeR)
library(dplyr)

library(RColorBrewer)

dat <- read.xIs("WeightNotNorm-Ages.xlsx", stringsAsFactors = F, nrow = 261)
drop <- which(unlist(lapply(dat, function(x) all(is.na(x)))))
dat <- dat[,-drop]

anno <- dat[,1:4]

counts <- dat[,5:ncol(dat)]

rownames(counts) <- datSAccession.Number

d <- DGEList(counts)

d <- calcNormFactors(d)

group <- unlist(lapply(strsplit(colnames(counts), split = ".", fixed = T),

function(x)x[1]))

mm <- model.matrix(~0 + group)

y <-voom(d, mm, plot =T)

fit <- ImFit(y, mm)

#Alvs A2
contr <- makeContrasts("groupA2 - groupA1l", levels = colnames(coef(fit)))
tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)



tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="A2_v_Al.csv", row.names = F)

#B1lvs B2

contr <- makeContrasts("groupB2 - groupB1", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file = "B2_v_B1.csv", row.names = F)

#ClvsC2

contr <- makeContrasts("groupC2 - groupC1", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="C2_v_Cl.csv", row.names = F)



#AlvsBl1

contr <- makeContrasts("groupB1 - groupAl", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file = "B1_v_Al.csv", row.names = F)

#BlvsCl

contr <- makeContrasts("groupC1 - groupB1", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="C1_v_B1.csv", row.names = F)

#AlvsCl

contr <- makeContrasts("groupC1 - groupAl1", levels = colnames(coef(fit)))
tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)



tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="C1_v_Al.csv", row.names = F)

# A2 vs B2

contr <- makeContrasts("groupB2 - groupA2", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file = "B2_v_A2.csv", row.names = F)

#B2vs C2

contr <- makeContrasts("groupC2 - groupB2", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="C2_v_B2.csv", row.names = F)

#A2vs C2
contr <- makeContrasts("groupC2 - groupA2", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)



tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="C2_v_A2.csv", row.names = F)

HitHHHE

age <- substr(group, 1, 1)

mm <- model.matrix(~0 + age)

y <-voom(d, mm, plot=T)

fit <- ImFit(y, mm)

#AvsallB

contr <- makeContrasts("ageB - ageA", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file = "B_v_A.csv", row.names = F)

#BvsallC

contr <- makeContrasts("ageC - ageB", levels = colnames(coef(fit)))



tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by ="P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="C_v_B.csv", row.names = F)

#AvsallC

contr <- makeContrasts("ageC - ageA", levels = colnames(coef(fit)))

tmp <- contrasts.fit(fit, contr)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file = "C_v_A.csv", row.names = F)

# MDS plot

cols <- brewer.pal(6, "Dark2")

tiff("MDS_age_race.tiff")

plotMDS(d, labels = group, col = cols[as.numeric(factor(group))])

dev.off()

#all1lvs.all 2

race <- substr(group, 2, 2)



mm <- model.matrix(~race)

y <-voom(d, mm, plot =T)

fit <- ImFit(y, mm)

#AvsallB

tmp <- contrasts.fit(fit, coef = 2)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, n = Inf, sort.by = "P")

tmp2SAccession.Number <- rownames(tmp2)

tmp2 <- left_join(tmp2, anno)

tmp2 <- select(tmp2, Accession.Number, logFC, P.Value, adj.P.Val,
Identified.Proteins)

write.csv(tmp2,file ="2_v_1.csv", row.names = F)



R code - Statistical Analysis - Individuals
library(gdata)

dat <- read.xlIs("ProfilesVsAge.xlsx", stringsAsFactors = F, skip = 1, nrow = 242, check.names = F)

dat2 <- dat

drop <- which(names(dat2) =="")

dat2 <- dat2[,-drop]

dat2[,5:73] <- lapply(dat2[,5:73], function(x)gsub(",", "", , fixed = T))

counts <- data.matrix(dat2[,5:73])

library(edgeR)
d <- DGEList(counts)
d <- calcNormFactors(d)

rownames(d) <- datS'#

pdata <- read.xIs("hair_aging_sample_info.xIsx", stringsAsFactors = F)

identical(pdataSsample, colnames(d))

# boxplot(dSsampleSnorm.factors ~ pdataSprocessed_by)

# Calculate batch-adjusted MDS plot

library(RColorBrewer)

cpms <- cpm(d, log =T)

resids <- t(apply(cpms, 1, function(x)resid(Im(x ~ processing_batch, data = pdata))))
cols <- ¢("black", brewer.pal(8, "Set2"))

tiff("./figures/MDS_batch_adjusted_by_subject_and_year.tiff", width = 8, height = 8, res = 400, units =
llinll)

plotMDS(resids, col = cols[as.numeric(factor(pdataSsubject))], labels = pdataScollection_year)

legend("right", text.col = cols, legend = levels(factor(pdataSsubject)), title = "Subject")



dev.off()

tiff("./figures/MDS_batch_adjusted_by_subject_and_sample.tiff", width = 8, height = 8, res = 400, units
= llinll

plotMDS(resids, col = cols[as.numeric(factor(pdataSsubject))], labels = colnames(cpms))
legend("right", text.col = cols, legend = levels(factor(pdataSsubject)), title = "Subject")

dev.off()

# derive time since sample collection as 2017 - year, or 2018 - year if second batch
pdataSsampage <- ifelse(pdataSprocessed_by =="TJP", 2017 - pdataScollection_year,

2018 - pdataScollection_year)

# Derive hair sample

pdataShair <- substr(pdataSsample, 1, nchar(pdataSsample) - 1)

#Setagetolifltl

pdataScollection_age <- ifelse(pdataScollection_age == "< 1", 1, as.numeric(pdataScollection_age))

HEHAHHEH R

HiHHH R Analysis by time since sample was collected

mm <- model.matrix(~sampage + subject, data = pdata)

y <-voom(d, mm, plot=T)

HitH##

write.csv(cbind(rownames(y), datSAccession.Number, ySE), file = "normalized_counts.csv", row.names =
F)

HitH##



# Calculate within-hair correlations

cor <- duplicateCorrelation(y, mm, block = pdataShair)Sconsensus

fit <- ImFit(y, mm, block = pdataS$hair, correlation = cor)

# Estimate contrasts

Hyear

tmp <- contrasts.fit(fit, coef = 2)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, sort.by ="P", n = Inf)
length(which(tmp2Sadj.P.Val < 0.05))

anno <- dat[,1:4]

names(anno)[2] <- "ldentified Proteins"

out <- merge(anno, tmp2, by.y = "row.names", by.x = "#")

out <- out[order(outSP.Value),c("Accession Number", "Identified Proteins", "MW", "logFC", "P.Value",
"adj.P.val")]

write.csv(out, "Protein_Expression_by Years_Since_Collection_Results_ ALL_SAMPLES.csv", row.names
=F)

# Plot significant proteins by year

sigs <- rownames(tmp2)[which(tmp2$adj.P.Val < 0.05)]

f <- function(X){

protein <- unlist(strsplit(dat$'Accession Number [which(dat$'#" == X)], split="|", fixed =
TI[L1DI3]

x <- as.numeric(ySE[X,])
plotname <- paste0("./figures/", protein, " _ALL_SAMPLES.tiff")
tiff(plotname, width = 8, height = 8, res = 400, units = "in" )

plot(x ~ collection_year, main = protein, xlab = "Year", ylab = "Normalized Expression", data =
pdata)



abline(Isfit(pdataScollection_year, x), col = 2)

dev.off()

drop <- which(pdataShair == "R")
plotname <- gsub("_ALL SAMPLES"," NO_SAMPLE_R", plotname)
tiff(plotname, width = 8, height = 8, res = 400, units = "in")
plot(x[-drop] ~ pdataScollection_year[-drop],

xlab = "Year", ylab = "Normalized Expression", main = protein)
abline(Isfit(pdataScollection_year[-drop], x[-drop]), col = 2)
dev.off()
}

sapply(sigs, f)

# Refit model without hair R

drop <- which(pdataShair == "R")

mm <- model.matrix(~sampage + subject, data = pdata[-drop,])
y.n01951 <- voom(d[,-drop], mm, plot =T)

cor <- duplicateCorrelation(y.n01951, mm, block = pdataShair[-drop])Sconsensus
fit <- ImFit(y.no1951, mm, block = pdataShair[-drop], correlation = cor)
tmp <- contrasts.fit(fit, coef = 2)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, sort.by = "P", n = Inf)
length(which(tmp2Sadj.P.Val < 0.05))

anno <- dat[,1:4]

names(anno)[2] <- "ldentified Proteins"

out <- merge(anno, tmp2, by.y = "row.names", by.x = "#")

out <- out[order(outSP.Value),c("Accession Number", "Identified Proteins", "MW", "logFC", "P.Value",
"adj.P.val")]

write.csv(out, "Protein_Expression_by_Years_Since_Collection_Results_NO_SAMPLE_R.csv", row.names
=F)



HHHH B SR B R
HHHHHH A R R
# Analysis by subject age at collection

mm <- model.matrix(~collection_age + subject, data = pdata)

y <-voom(d, mm, plot=T)

# Calculate within-hair correlations

cor <- duplicateCorrelation(y, mm, block = pdataShair)Sconsensus

fit <- ImFit(y, mm, block = pdataShair, correlation = cor)

# Estimate contrasts

Hyear

tmp <- contrasts.fit(fit, coef = 2)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, sort.by ="P", n = Inf)
length(which(tmp2Sadj.P.Val < 0.05))

anno <- dat[,1:4]

names(anno)[2] <- "ldentified Proteins"

out <- merge(anno, tmp2, by.y = "row.names", by.x = "#")

out <- out[order(outSP.Value),c("Accession Number", "Identified Proteins", "MW", "logFC", "P.Value",
"adj.P.val")]

write.csv(out, "Protein_Expression_by Subject Age at_Collection_Results_ ALL SAMPLES.csv",
row.names = F)

# Refit model without hair R
drop <- which(pdataShair == "R")

mm <- model.matrix(~collection_age + subject, data = pdata[-drop,])



y.n01951 <- voom(d[,-drop], mm, plot =T)

cor <- duplicateCorrelation(y.n0o1951, mm, block = pdataShair[-drop])Sconsensus
fit <- ImFit(y.no1951, mm, block = pdataShair[-drop], correlation = cor)

tmp <- contrasts.fit(fit, coef = 2)

tmp <- eBayes(tmp)

tmp2 <- topTable(tmp, sort.by ="P", n = Inf)

length(which(tmp2Sadj.P.Val < 0.05))

anno <- dat[,1:4]

names(anno)[2] <- "ldentified Proteins"

out <- merge(anno, tmp2, by.y = "row.names", by.x = "#")

out <- out[order(outSP.Value),c("Accession Number", "Identified Proteins", "MW", "logFC", "P.Value",
"adj.P.Val")]

write.csv(out, "Protein_Expression_by Subject Age at_Collection_Results NO_SAMPLE_R.csv",
row.names = F)

cor(pdataScollection_age, pdataScollection_year)

HitH i HHHHHTHHH] Pairwise contrasts between hairs, within each batch
mm <- model.matrix(~0 + hair, data = pdata)

y <- voom(d, mm, plot =T)

fit <- ImFit(y, mm)

# Estimate contrasts--pairwise comparisons of all hairs
samps <- unique(pdataShair[pdataSprocessed_by == "TIP"])
nsamp <- length(samps)

out <- dat[,c("Accession Number", "ldentified Proteins (467)", "MW")]



names(out)[2] <- "Identified Proteins"
nsig <- matrix(nrow = nsamp, ncol = nsamp)
for (i in 1:(nsamp - 1)){
for (jin (i + 1):nsamp){
cont <- paste("hair", sampsli], " - hair", sampsl[j], sep ="")
contr <- makeContrasts(cont, levels = colnames(coef(fit)))
tmp <- contrasts.fit(fit, contr)
tmp <- eBayes(tmp)
tmp2 <- topTable(tmp, sort.by = "none", n = Inf)
nsig[i, j] <- nsig[j, i] <- length(which(tmp2S$adj.P.Val < 0.05))
names(tmp2) <- paste(names(tmp2), samps[i], "v", sampslj], sep =".")
out <- cbind(out, tmp2[,c(1,4,5)])
}
}
samps <- unique(pdataShair[pdataSprocessed_by == "RHR"])
nsamp <- length(samps)
out <- dat[,c("Accession Number", "Identified Proteins (467)", "MW")]
names(out)[2] <- "ldentified Proteins"
nsig <- matrix(nrow = nsamp, ncol = nsamp)
for (iin 1:(nsamp - 1)){
for (jin (i + 1):nsamp){
cont <- paste("hair", sampsli], " - hair", sampsl[j], sep ="")
contr <- makeContrasts(cont, levels = colnames(coef(fit)))
tmp <- contrasts.fit(fit, contr)
tmp <- eBayes(tmp)
tmp2 <- topTable(tmp, sort.by = "none", n = Inf)
nsigli, j] <- nsig[j, i] <- length(which(tmp2S$adj.P.Val < 0.05))
names(tmp2) <- paste(names(tmp2), samps[i], "v", sampslj], sep =".")

out <- cbind(out, tmp2[,c(1,4,5)])



}
}

rownames(nsig) <- colnames(nsig) <- samps

library(openxlsx)

wb <- createWorkbook()

addWorksheet(wb, "Results of Pairwise Comparisons")
writeData(wb, "Results of Pairwise Comparisons", out)

posStyle <- createStyle(fontColour = "#006100", bgFill = "#C6EFCE")
pvalcols <- grep("adj", names(out))

sapply(pvalcols,function(x) conditionalFormatting(wb, "Results of Pairwise Comparisons", cols = x, rows
= 1:nrow(out),

rule = "<0.05", style = posStyle))
addWorksheet(wb, "Num Sig Comparisons")
writeData(wb, "Num Sig Comparisons", nsig, rowNames =T)
Sys.setenv(R_ZIPCMD="C:/Rtools/bin/zip")

saveWorkbook(wb, "Pairwise Comparisons Between Samples.xlsx", overwrite = TRUE)

HHHHHHH R H IR R R R R R R
Hit#

HHHHHHH R R R R R
HitH#

# subject-time interaction
mm <- model.matrix(~sampage*subject, data = pdata)

y <-voom(d, mm, plot = T)

# Calculate within-sample correlations

cor <- duplicateCorrelation(y, mm, block = pdataShair)Sconsensus

fit <- ImFit(y, mm, block = pdataShair, correlation = cor)



# Estimate contrasts
f <- function(subject){
if (subject =="A"){
con <- "sampage"
lelse{
con <- paste0("sampage + sampage.subject", subject)
}
contr <- do.call(makeContrasts, list(contrasts = con, levels = make.names(colnames(coef(fit)))))
rownames(contr) <- colnames(coef(fit))
tmp <- contrasts.fit(fit, contr)
tmp <- eBayes(tmp)
results <- topTable(tmp, sort.by = "none", n = Inf)[,c("logFC","P.Value","ad].P.Val")]
names(results) <- paste(names(results), subject, sep =".")
return(results)
}
subs <- unique(pdataSsubject)

out <- lapply(subs, f)

# Merge files

results <- do.call(cbind, out)

anno <- dat[,1:4]

out <- merge(anno, results, by.y = "row.names", by.x = "#")
library(openxlsx)

wb <- createWorkbook()

addWorksheet(wb, "Results")

writeData(wb, "Results", out)

posStyle <- createStyle(fontColour = "#006100", bgFill = "#C6EFCE")

pvalcols <- grep("adj", names(out))



sapply(pvalcols,function(x) conditionalFormatting(wb, "Results", cols = x, rows = 1:nrow(out),
rule = "<0.05", style = posStyle))
Sys.setenv(R_ZIPCMD= "C:/Rtools/bin/zip")

saveWorkbook(wb, "Subject by Time Since Sample Collection Interaction Model.xIsx", overwrite = TRUE)

HitiH R Plots of distances
cpms <- cpm(d, log =T)

resids <- t(apply(cpms, 1, function(x)resid(Im(x ~ processing_batch, data = pdata))))

d <- dist(t(resids), diag =T)

d2 <- as.matrix(d)

subs <- unique(pdataSsubject)
nsub <- length(subs)
between.subject.dists <- NULL
between.subject.names <- NULL
within.subject.dists <- NULL

within.subject.names <- NULL

for (i in 1:nsub){
for (jin 1:i){

subjectl <- subs][i]

subject2 <- subs[j]

if (i == j){
t1 <- which(pdataSsubject == subject1)
#
tmp <- d2[t1, t1]

tmpO0 <- as.numeric(tmp[lower.tri(tmp)])



within.subject.dists <- c(within.subject.dists, tmp0)

pairname <- paste(subjectl, subjectl, sep =".")

within.subject.names <- c(within.subject.names, rep(pairname, length(tmp0)))
} else{

t1 <- which(pdataSsubject == subject1)

t2 <- which(pdataSsubject == subject?2)

tmp <- d2[t1, t2]

tmpO0 <- as.numeric(tmp)

between.subject.dists <- c(between.subject.dists, tmp0)

pairname <- paste(subjectl, subjectl, sep =".")

between.subject.names <- c(between.subject.names, rep(pairname, length(tmp0)))

}
}

names(within.subject.dists) <- within.subject.names

names(between.subject.dists) <- between.subject.names

avg.within.subject <- tapply(within.subject.dists, names(within.subject.dists),
function(x)sqrt(mean(x”2)))

avg.between.subject <- tapply(between.subject.dists, names(between.subject.dists),
function(x)sqrt(mean(x”2)))

tiff("./figures/Distance Boxplots.tiff", width = 8, height = 8, res = 400, units = "in"

boxplot(list(avg.within.subject, avg.between.subject), beside =T,

ylab = "Average Distance", xaxt = "n")
axis(1, at = 1:2, labels = c("Within Subjects", "Between Subjects"),line = 1, tick = F)

dev.off()



