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Introduction: Interest in the analysis of RNA in forensically relevant body fluid stains has
increased in recent years and we have shown that a correlation exists between the state of
degradation of mRNA transcripts in dried stains and their age. In addition to estimating the
age of a forensic sample, instances exist in which being able to estimate the time of day
a biological sample was deposited at a crime scene would advance the investigation.
Methods: In this study, a panel of 10 RNA transcripts, suspected to fluctuate in abundance
during a daily circadian rhythm, were quantified by qPCR in blood stains collected from
unrelated donors over a 24-hour period. The abundance of a transcript in the circadian
marker panel was normalized against the abundance of either S100412 or CLOCK transcripts
expressed among blood cell populations. These studies aimed to detect and explore patterns
of abundance changes in transcripts during a 24-hour daily cycle. The reference pattern could
then be matched against the pattern of transcript abundance produced from a crime scene
bloodstain in an attempt to estimate the time of day the stain was deposited.

Results: Transcript abundance did not vary significantly in blood stains prepared from donors
collected repeatedly at the same time of day on different days. Likewise, the age of the donor did
not seem to significantly affect the transcript profile in stains collected at one time of day. Of 10
transcripts in the panel evaluated, PER3 in females showed a statistically significant change in
abundance over a 24-hour cycle if qPCR results were normalized against the CLOCK transcript
and changes in transcript abundance suggested a rhythmic pattern. Although some patterns of
transcript abundance suggested a rhythmic pattern, they did not achieve statistical significance
using repeated measures ANOVA, likely due to the variance in gene expression among indivi-
duals over a 24-hour period.

Discussion: The change in PER3 abundance in females suggests that the expression of this
gene follows a circadian rhythm. The pattern of PER3 expression could allow a blood stain
deposited by a female during the afternoon to be distinguished from one deposited in the
early morning based upon these qPCR results. The results also underscore the importance of
normalizing qPCR data against the appropriate target. Analysis of the transcriptome in blood
stains from males and females through RNA sequencing may allow other gene transcripts to
be identified that cycle in abundance in a way comparable to PER3 in blood from females.
Keywords: circadian rhythm, bloodstains, biological clock, RNA analysis, crime scene
investigation

Introduction
In recent years, the value of molecular analysis of RNA recovered from biological

evidence collected from a crime scene has been suggested.”” It has been reported
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that the analysis of RNA in evidence can reveal the tissue
source of a sample.*'" In addition, the state of RNA
degradation within biological evidence can provide an
estimate of sample age, a question sometimes important
for establishing the relevance of evidence to the crime
being investigated.'*'” The typical approach in such stu-
dies is to extract total RNA from a sample and reverse
transcribe it into a library of cDNA molecules, representa-
tive of the transcriptome, that are more stable for storage
and subsequent analysis.* ® Individual transcripts of inter-
est within the cDNA library are then analyzed, usually by
quantifying their abundance using PCR/capillary electro-
phoresis or gPCR.>*6:1?

One common approach involving qPCR is to quantify the
transcript of interest and to normalize that quantity against
the quantity of a second RNA whose abundance is unchan-
ging (such as rRNA or a housekeeping transcript).*¢"!
Normalizing qPCR reactions in this way reduces variance
among individual reaction results and allows changes in
abundance for the transcript of interest to be identified and
quantified. Peripheral blood consists of several unrelated
populations of cells. If one is trying to detect changes in the
abundance of a particular transcript, it is crucial to use
a normalizing transcript that is expressed by the same cell
population. In other words, the abundance of a transcript
expressed in macrophages would be best normalized against
a transcript also expressed in macrophages.

The degradation state of RNA in body fluid stains has
also been suggested to correlate with sample age and qPCR
has been used to follow the degradation process. For exam-
ple, Fuand Allen' used the degradation of RNA transcripts in
bloodstains as an indicator of sample age. It was possible
using their approach to estimate the age of dried bloodstains
with a window of accuracy of 2—4 weeks for stains aged up to
6 months and 46 weeks for stains aged up to one year.'
Beyond estimating the age of biological evidence recovered
from a crime scene, it might also be important to know when
during the day biological evidence was deposited.

The circadian rhythm consists of repeated patterns of
biochemical change and behavior over a defined period of
time. Biologic rthythms have been observed in microorgan-
isms, plants, and animals, some species sharing ortholo-
gous control genes.'® Included in the circadian rhythm are
changes in gene expression that alter the body’s metabo-
lism in response to the light or feeding cycles, and the
question arises as to whether it might be possible to exploit
these rhythmic changes during the day to estimate the time
of day biological evidence was deposited at a crime scene.

The feasibility of using rhythmic gene expression as
a forensic tool would depend on the pattern of gene
expression “freezing in place” immediately or shortly
after an evidentiary sample is deposited at a crime scene.
Although this question has not been studied extensively,
Kimura et al'® quantified the expression of several genes
associated with the circadian rhythm in murine tissues.
RNA was extracted from heart, liver, and brain immedi-
ately following sacrifice and up to 48 hours after death.
Results demonstrated that the abundance of mRNAs tran-
scribed from core circadian rhythm genes did not change
after death.'” Likewise, Lech et al*®?' implied that when
a bloodstain is created at a crime scene, the levels of RNA
transcripts in the dried stain are reflective of gene expres-
sion at the time the stain was created.

Most studies on circadian changes in gene expression
have studied mRNA abundance levels in tissues of largely
homogeneous cell type.'” Blood, while considered
a “tissue” is in fact a mixture of numerous hematopoietic
cell types and therefore circadian patterns of gene expres-
sion are more difficult to define. Such patterns undoubtedly
exist inasmuch as some of the white cell populations in
blood exhibit a daily cycling in numbers or immune status.

As the circadian rhythm proceeds during the day, mRNAs
will appear as a result of transcription and likely disappear
through RNA degradation. Quantifying transcripts whose
abundance cycles during the day affords one possible
approach to estimate the time of day a stain was created. In
2014 Lech et al*® analyzed blood stains for microRNA
(miRNA) degradation rates and tried to correlate rate
changes with the deposition time for the stain. In this study,
no correlation of miRNA degradation with the circadian
rhythm was identified.>° However, in a later study, Lech

et al®!

did suggest that rhythmic patterns of gene expression
identified in dried blood stains could indicate when the stain
was created if RNA levels were analyzed together with levels
of melatonin and cortisol.>’ Unfortunately, this approach is
not an option in a forensic blood stain.

There are several transcription factors that drive and
maintain the rhythmicity of gene expression within the cir-
cadian rhythm. Brain and Muscle ARNT-Like 1 (BMALI)
and Circadian Locomotor Output Cycles Kaput (CLOCK)
proteins act as the central conductors of the circadian rhythm.
BMALI1 and CLOCK proteins heterodimerize and bind to
E-box activation sites on many genes that participate in
circadian rhythm and initiate transcription.”> Two families
of genes in particular, PER and CRY, are activated by the
BMALI1/CLOCK heterodimer. The polypeptides encoded by
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the PER and CRY families of genes also associate into
a heterodimer that feeds back negatively by disrupting the
BMALI/CLOCK heterodimer, thereby down regulating
transcription.”> %>

The core clock genes (BMALI, CLOCK, PERI-3, CRYI-
2) represent the first level of control in the circadian rhythm.
CLOCK and BMALI genes are activated in the morning
followed later by activation of PERI-3 and CRYI-2 genes
whose products disrupt the BMAL1/CLOCK heterodimer
and thereby downregulate their transcription. These genes
therefore follow regular daily patterns of expression, with
CLOCK and BMAL]1 exhibiting peak levels of expression in
the morning that slowly diminishes throughout the day.*®

In the study presented here, the expression of a collection
of genes that are reportedly associated with the circadian
rhythm in various tissues was studied.”* ** These transcripts
were quantified as a panel of markers in dried bloodstains
collected over a 24-hour period. Stains were created from
a cohort of volunteer blood donors composed of males and
females of varying ages. The broadly defined daily activities
and sleep patterns of the donors were recorded and were
similar but not identical. Quantitation of individual mRNA
transcripts extracted from the dried stains was performed
using qPCR and abundance data were normalized against
one of two transcripts (CLOCK or S100412).

Whereas most of the circadian markers studied did not
show a discernable rhythmic pattern of abundance over
a 24-hour period, PER3 transcript abundance did exhibit
a significant difference in abundance for blood stains cre-
ated in the morning versus stains created with samples
collected in late afternoon or evening.

Materials and Methods
Collection of Blood Samples and

Preparation of Blood Spots

This study was conducted in compliance with the
Declaration of Helsinki and all capillary and venous blood
samples were collected from volunteers who consented in
compliance with the IRB oversight of this project. The
project was approved by the Oklahoma State University-
CHS IRB (IRB approval #2018010, April 24, 2018) before
blood donors were recruited. Capillary blood was collected
by finger stick from 47 volunteers. The transcript abundance
data produced from the bloodstains was grouped in various
ways to address the research questions being asked. For
example, for studies on the variance in transcript abundance
in stains collected on different days from a single donor,

quantity data for circadian transcripts in bloodstains from 8
donors were compared (samples collected at ~1 pm Central
Standard Time (CST) on 3 or 4 different days spread over 2—
3 weeks). For studies on the effect of donor age or donor sex
on gene expression, transcript abundance was determined in
stains from a total of 40 donors collected at 1 pm CST.
Finally, for studies on the changes in gene expression during
a 24-hour cycle, 13 donors (7 females and 6 males) volun-
teered to collect finger stick samples every 4 hours over
a 24-hour period.

Capillary blood samples were collected by finger stick
using Surgilance™ 2.8 mm 21-gauge safety lancets
(MediPurpose™, Duluth, GA). Capillary samples were
spotted in circles of minimum 20 mm diameter onto
nuclease-free 705™ Classic Specimen Cards (Fitzco®™,
Spring Park, MN). For some experiments, larger volumes
of blood were needed and phlebotomy was performed to
collect ~10 mL of anticoagulant free blood that was
spotted immediately onto the specimen cards and dried.
Specimen cards were stored in the dark at room tempera-
ture in the laboratory while awaiting processing.

Donors were chosen based upon age and sex, and all
completed a basic questionnaire asking about daily habits
and sleep patterns. The donors could be grouped by age from
ages 20—60 for a total of 4 groups (10 members in each 10-
year age span). Donors could also be grouped by sex and
there were about equal numbers of males and females among
the 47 total donors (22 males and 25 females).

RNA Extraction and Quantification

Total RNA was extracted from bloodstains excised from
the stored specimen card using TRIzol reagent (Thermo
Fisher, Waltham, MA) following instructions from the
supplier. Total RNA was recovered from the TRIzol
extract using the RNA Clean and Concentration Kit™
(Zymo Research, Irvine, CA) following instructions from
the manufacturer. Recovered nucleic acids were eluted in
15 pL of DNase/RNase-free water. RNA extracts under-
went DNase digestion using the Invitrogen™ EZ DNase™
System (Invitrogen, Carlsbad, CA) per the manufacturer’s
protocol. The entire RNA extract was treated using the
ezDNase™ protocol and then was placed on ice while
preparing for immediate reverse transcription.

RNA was quantified with the Qubit RNA HS Assay Kit
(Invitrogen, Carlsbad, CA) following instructions supplied
with the kit and measured using a Qubit™ Fluorometer 2.0
(Invitrogen, Carlsbad, CA). Quantification of RNA with the
HS reagents assures measurement of RNA with minimal
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interference of double stranded or single stranded DNA. An
average of ~300 ng of total RNA was recovered from each
bloodstain.

Reverse Transcription of RNA into
cDNA

Reverse transcription of RNA extracts was performed with
Invitrogen SuperScript IV VILO Master Mix (Invitrogen,
Carlsbad, CA) according to the supplier protocol. The kit
uses a combination of random and oligo dT primers for
reverse transcription catalyzed with a reverse transcriptase
engineered to exhibit reduced RNase H activity and high
processivity (Thermo Fisher, Waltham, MA). The entire
RNA (~300 ng) was
Incubations were performed with an MJ Mini Personal
Thermocycler (BioRad, Hercules, CA).

extract reverse transcribed.

Quantitative PCR (qPCR)

All gPCR reactions were analyzed in MicroAmp“Fast 96-well
reaction plates (0.1 mL) (Life Technologies, Carlsbad, CA).
Each reaction consisted of ~10 ng of cDNA in 4 pL nuclease
free water containing 0.8 uM (final concentration) gPCR
primers. Five microliters of PowerUp™SYBR™Green
Master Mix (Life Technologies, Carlsbad, CA) was added to
the reaction for a 10 pL final reaction volume. All reactions
were performed in triplicate. Results were produced with
a 7500 Real Time PCR System platform (Life Technologies,
Carlsbad, CA) using the cycling program shown below:

Design of gPCR Primers

The synthesis of qPCR primers to quantify transcripts
from rhythmically expressed genes generally followed pri-
mer designs published by others.”*?’** Genes in the mar-
ker panel and the primers used to amplify their transcripts
are listed in Table 1.

The abundance of the transcript from the S7100412
gene was included in the study as one of two normal-
ization standards used to quantify abundance levels from
mRNA markers in the circadian panel. Previous work
from this laboratory has shown the abundance of
S100A12 transcript to be stable in dried bloodstains stored
at room temperature for periods of up to one week.' The

Denaturation | Amplification — 40 Cycles | Disassociation

abundance of the S7/00412 mRNA in dried bloodstains
produced quantification cycle (Cq) values in the 18 to 20-
range whereas the markers constituting the circadian panel
exhibited Cq values ranging from 27 to 32, depending
upon the marker. S100412 is primarily expressed in
neutrophils.>*

Transcript abundance for markers in the circadian
panel were also normalized against the abundance of the
CLOCK transcript. The CLOCK transcript is present in
blood in lower amounts than S/00412 and expression of
this gene is largely confined to the lymphoid cell popula-
tion. CLOCK was included in the panel for its central role
in regulating the circadian rhythm in many tissues. Cq
values for CLOCK averaged 27.2.

All primers were designed with a G/C content of ~50%
and primer specificity to the transcript of interest was
confirmed using BLAST software available on the
National Center for Biotechnology Information (NCBI)
Melting
curves for amplicons produced with each primer set during

site  (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

gqPCR verified that only one amplified product was pro-
duced. Efficiency tests for primers showed that all pairs
amplified with comparable and acceptable efficiency.

Data Analysis

Default settings for the ABI7500 qPCR platform were
used to establish cycle threshold (Cq) values. Each qPCR
reaction was performed in triplicate (technical replicates)
for transcripts extracted from bloodstains from each donor.
The Cq values produced for each marker were normalized
against the abundance of the S100412 transcript. Cq
values for each marker (quantified in triplicate) were also
normalized against the abundance of the CLOCK tran-
script. The normalized values (i.e., ACq) was calculated
by subtracting the Cq for either the S/00412 or the
CLOCK transcript from the Cq produced for the transcripts
composing the circadian marker panel. Normalized and
averaged ACq values for the stain from each donor were
then averaged with the normalized ACq values for other
donors in the pool (i.e., biological replicates). The extent
of variability in ACq values for each collection time point
during the day is shown as standard error (SE), coinci-
dence of variation (CV), or as standard error bars in the
data plots. Assessing the significance of results involved
an analysis of variance (one way ANOVA) for repeated
measures with a post hoc Tukey’s test that was performed

S0°C ) 95°C | 95°C S8C e 95°C | 60°C using Prism 8™ GraphPad (GraphPad Software, San
2 min 2 min 15 sec 15 sec I min 15 sec | min .
Diego, CA).
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Table 1 qPCR Primers to Quantify Expression of Genes During the Circadian Rhythm

mRNA Primer Sequence Tm Product Length
Perl F 5" GAATACTACCAGCAGTGGAG 3’ 55°C 119 bp
Perl R 5" GTATCCTGGTTCTGAAGTGTG 3’ 56°C

Per2 F 5" GAAATCCGCTACCACCCCT 3’ 57°C 121 bp
Per2 R 5" GCTTCATAACCAGAGTGCAC 3’ 56°C

Per3 F 5" GAGACGCAATAAACCAAGCA 3’ 57°C 115 bp
Per3 R 5" CTGAGGTGCTCCATTCTGAC 3 58°C

SI00AI2 F 5" TCCAAGGCCTGGATGCTAATC 3' 60°C 93 bp
SI00AI2 R 5" TGTGGTAATGGGCAGCCTTC 3 60°C

BMALI F 5" CCCATTGAACATCACGAGTAC 3’ 62°C I 16bp
BMALI R 5" GAGCCTGGCCTGATAGTAG ¥ 60°C

CLOCK F 5" CCAACCCCTTCTGCCTCTT 3’ 59°C 121 bp
CLOCK R 5" GTAAATGCTGCCTGGGTGG 3 59°C

Cryl F 5" TTGGAAAGGAACGAGACGC 3’ 58°C 125 bp
Cryl R 5" CGGTTGTCCACCATTGAGTT 3 58°C

Cry2 F 5" GTGTGGAAGTAGTGACGGA 56°C 113 bp
Cry2 R 3'5' GCTGATGATGGCCTGAAAG 3 56°C

CyEF 5" GTTGCACCAGTTTGCGTATG 3’ 60°C 122bp
CyER 5" GCCAGGACACAATAGTCAG 3 54°C

MKNK2 F 5" CATAACAAAGGCATCGCCC 3’ 58°C 120bp
MKNK2 R 5" GTTGAGTTTGATGCCGCTG 3 58°C

THRAI F 5" GTGTGGGGACAAGGCAAC 3’ 58°C 120bp
THRAI R 5" CTGTCATATTTGCAGGAATAG 3 56°C

TPOHI F 5" GCTGTTCAAAAACTGGCAAC 3' 58°C 101bp
FTPOHI R 5" GAAGAAAGTAAGCCAGCACC 3 60°C

Results variance in the levels of gene expression in a single indivi-

The rationale for this study was rooted in the belief that it
would be possible to estimate the time of day a bloodstain
was deposited at a crime scene if a rhythmic pattern of
gene expression could be defined and used as a reference
framework for comparison against the transcript abun-
dance pattern produced from a crime scene sample. The
abundance pattern produced from an evidentiary stain
could be matched against the reference pattern and allow
the time of day the evidence was deposited to be
estimated.

There are many factors that can affect the timing of the
circadian rhythm among members of the population. There
can also be variation in gene expression between indivi-
duals due to age-related changes in gene expression, or
sex-linked differences.>>~°

Variability can exist in the inherent levels of gene expres-
sion in a single individual on different days. The day-to-day

dual and among members of the population was analyzed by
quantifying panel transcripts in stains prepared using blood
collected at the same time on multiple days from 8 donors.
Transcripts in the marker panel were quantified as well as
the S100412 or CLOCK transcripts for data normalization,
and the variance in ACq values is expressed as the coinci-
dence of variation (CV) (Table 2).

There can also be variation in gene expression between
individuals due to age-related changes in gene expression, or
sex-linked differences.’>® ACq values, produced through
normalization against S100412 or CLOCK, were grouped
according to the age range of the donor. ACq values were
grouped among donors in one of four age categories (2029,
30-39, 4049, and 50-59). Again, stains were created from
blood samples collected at about ~1 pm CST. When con-
sidered as a total population (i.e., males and females of all
ages), the abundance of most mRNAs did not differ
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Table 2 Variation in Transcript Abundance Levels in Bloodstains Collected from a Single Individual at the Same Time on Different

Days*
Females (n=4) Females (n=4) Males (n=4) Males (n=4)
CV (%) CV (%) CV (%) CV (%)

Marker Normalized SI00A 12 Normalized CLOCK Normalized SI00A12 Normalized CLOCK
PERI 14.8 10.2 85 15.2
PER2 18.9 17.1 10.1 27.3
PER3 14.2 1l 8.1 73
BMALI 37.2 29.4 18.2 24.7
CLOCK 27.6 0 13.4 0

CRY | 20.7 22.2 10.7 24.2
CRY 2 18.0 14.1 9.5 21.5

CYE 1.5 12.5 1.1 17.4
MKNK 40.6 66.0 23.8 29.2
THRAI 15.9 255 13.5 44.0
TPOH 11.0 9.4 10.8 15.3

Notes: *Data shown in the table reflects variance in the ACq values for the different transcripts in individual donors whose blood was collected at ~ |pm on 3—4 different

days over a 2-3 week period.

significantly when compared with data exhibited by each
individual age group as shown in Figures 1 and 2, regardless
of whether panel transcripts were normalized against
S100412 (Figure 1) or CLOCK (Figure 2). The spread of
datapoints reflects the variance in expression among the
individuals and the lack of a systematic order in the data-
point colors from the highest to lowest ACq values under-
scores the lack of any correlation in transcript abundance
between male and female donors of the different age groups.
Expression of most markers (at least at the single time point
chosen to create the stain) did not differ significantly among
the donors grouped by age.

An examination of data normalized against CLOCK
(Figure 2) shows greater variance in replicates and gener-
ally lower ACq values, consistent with lower basal abun-
dance of the CLOCK marker in the transcriptome (i.e., Cq
of ~ 27 for CLOCK versus ~20 for S100412).

Transcripts such as PERI, 2, 3, CRY2, and MKNK?2
exhibited differences in abundance between males and
females when expression was normalized against
CLOCK, and statistical analysis of the data revealed the
sex-linked differences in the ACq values to be significant
(Table 3). In contrast, these significant differences disap-
pear when transcript abundances for panel markers are
normalized against S/00412. From the results shown in
Table 3, we can conclude that the transcript used to nor-
malize qPCR data can have a significant effect on reveal-
ing potentially informative patterns of gene expression in
dried bloodstains. For a study in which the goal is to

quantify the effect of a condition on gene expression (i.
e., an accurate fold-change determination in RNA abun-
dance for example), the use of a gene whose expression is
steady for normalization is ideal if not mandatory.
However, if the goal is simply to identify a pattern of
relative gene expression that changes during the daily
cycle, normalization to a transcript like S700412 fails to
reveal useful pattern for time of day estimates in practice,
at least with our collection of stains created at 1 pm CST.

The analysis of transcript abundance values produced
from stains collected at 4-hour intervals throughout
the day was performed in the same way as data col-
lected from stains produced at 1 pm CST. ACq values
reflecting relative transcript abundance for genes in the
marker panel were produced through normalization
against either S7/00412 or CLOCK. Sample transcript
abundance plots are shown in Figures 3 and 4. Plots
are shown for females and males for the PER3 marker
normalized against CLOCK. PER3 abundance in females
shifts from low ACq values in the early morning to
significantly higher values in the afternoon and evening
(p < 0.05) (Figure 3). In contrast, PER3 abundance
varies so much among the male donor pool over
the day that no transcript abundance changes such as
those seen in females can be detected (Figure 4). This
was the case for the abundance profiles in males and
females for most panel transcripts in this study (not
shown). In addition, none of the transcripts exhibited

a change in relative abundance when data was
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Figure | Mean abundance values (expressed as (ACq)) for circadian panel transcript markers (labeled atop each row of datapoints in the figure) for each age group of males
and females normalized against SI00A12 transcript.
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Figure 2 Mean abundance values (expressed as (ACq)) for circadian panel transcript markers (labeled atop each row of datapoints in the figure) for each age group of males
and females normalized against CLOCK transcript.
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Table 3 Relative Expression of Circadian Rhythm Genes in Blood Stains from Males versus Females with Acq Values Produced Using

SI00A12 or CLOCK*

Markers Evaluated for Female vs Male p-value; Data Normalized to S100A 12 p-value; Data Normalized to CLOCK
Expression

PERI 0.9910 <0.0001
PER2 >0.9999 0.006
PER3 >0.9999 <0.0001
BMALI >0.9999 0.9998
CLOCK 0.9519 NA
CRY| 0.9922 >0.9999
CRY2 >0.9999 0.0363
CyE >0.9999 0.9998
MKNK2 0.9992 0.0112
THRAI >0.9999 0.0539
TPOH >0.9999 0.8912

Note: *Blood stains created at ~| pm CST.

normalized against S/00412. Interestingly, the change in
abundance for PER3 in females disappears if data for

males and females are combined and normalized against

CLOCK (not shown).

55

ACq

45

35 12 am

The change in abundance of the PER3 transcript in
males came close to significance between morning and
afternoon blood collections (p = 0.07). Expansion in the

number of blood stain donors willing to collect samples

PER3 Female (CLOCK)

4am 8am 12:00 pm

4 pm 8 pm

Figure 3 24-hour expression of PER3 (normalized to CLOCK) in blood stains collected from females every 4 hours for 24 hours. Standard error bars indicate the variance
in normalized ACq values at sample collection times during a 24-hour period.
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PER3 Male (CLOCK)

ACq

12am 4am 8am

12 pm 4 pm 8 pm

Figure 4 24-hour expression of PER3 (normalized to CLOCK) in blood stains collected from males every 4 hours for 24 hours. Standard error bars indicate the variance in
normalized ACq values at sample collection times during a 24-hour period. The higher variance of PER3 ACq values in males obscures any abundance pattern.

every 4 hours could reveal a cyclic pattern of PER3 gene
expression in males.

Discussion
The circadian rhythm is characterized by patterns of gene
expression resulting in changing abundance levels for
select transcripts. The goal of this study was to detect
rhythmic changes in the abundance levels of a panel of
mRNAs using qPCR. Several studies have quantified cir-
cadian rhythm changes in mRNA transcript levels but have
failed to detect predictable levels in relation to time.?*-'+**
Exploitation of the circadian rhythm as a forensic tool
has been attempted and more than one investigator has
suggested that RNA levels associated with the cycle
should theoretically have the capacity to predict the time
of day.">?! The panel of transcript markers chosen for this
study includes genes that have been identified as changing
in expression during the daily cycle in some tissues.”'****
One might raise as a concern with this study due to the fact
that the specifics of the daily lives of our blood donor pool
were largely unknown beyond asking general questions
about sleep and meals. The fact that we do not collect
detailed information about the daily lives of our blood

donors enhances the potential for studies like these to
reveal markers that will demonstrate cycling changes in
the abundance of select RNA transcripts in spite of likely
differences in the details of daily lives.

Transcripts like PER3 in exhibit a rhythm among
female donors in spite of likely differences in the details
of their daily lives. One complication in our study is the
heterogeneous nature of blood as a source of RNA. Cell
lineages from all hematopoietic progenitors are present in
a dried bloodstain and the numbers of cells from some
lineages are known to cycle daily. Cell populations will
also change in response to infectious threats.

In order to identify and characterize changes in the
relative abundance of particular mRNAs during the daily
cycle, it was important to establish the extent to which the
expression of targeted genes fluctuates within an indivi-
dual on different days. Results suggest that many of the
transcripts examined in blood stains created at one time
during the day, but on different days, exhibit a variance in
transcript abundance of <~20%. Contributing to the var-
iance in gene expression are the limitations in the preci-
sion of the qPCR assay. The standard error in ACq values
produced for all markers among technical replicates was
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about 0.14 which would correspond to a “technical” var-
iance of about 5% (unpublished observation). Changes in
transcript levels would need to exceed this technical var-
iance to detect rhythmic changes in abundance.

Transcript abundance in our bloodstain panel was also
analyzed according to the sex and/or age of the donor. No
significant age-related difference in the abundance of most
RNA transcripts in the panel was detected in the study,
regardless of which transcript, S/00412 or CLOCK, was
used for data normalization.

An analysis of transcript abundance levels in stains
created at 1 pm CST identified some transcript markers
that varied little among the combined or separated sexes at
any age as long as the data were normalized against
S100412. However, normalization of the same transcript
abundance data against CLOCK did identify mRNAs
whose abundance level varied widely among males and
females, regardless of age. Five genes in particular (PER/,
2,and 3, CRY2, and MKNK?2) showed significant transcript
quantity differences between male and female blood stains
collected at the 1 pm CST when data is normalized against
CLOCK (Table 3).

The variance among replicate ACq values for PER3
mRNA in females at each point in the 24-hour collection
period was low and that uniformity allowed a rhythmic profile
of RNA abundance to be revealed when results are normalized
against CLOCK. The relative abundance of these transcripts
differed significantly in stains collected from 12 am until 8 am
versus counterparts collected during the remainder of the
24 hour cycle. While at first glance it might appear that
normalization of Cq data against the CLOCK transcript should
be avoided, in fact normalization against CLOCK revealed the
changing pattern for the PER3 marker. It is possible that both
the CLOCK and PER3 transcripts change subtly in abundance
during the cycle. When examined individually, the abundance
levels of CLOCK and PER3 do not change sufficiently to
reveal a pattern. But subtle changes in transcript abundance
moving in opposite directions are detectable using qPCR.
Thus, sensitivity to detect changes in transcript abundance
during the daily cycle is enhanced by normalizing to
a marker that also cycles. Analysis of a panel of markers like
PER3, CLOCK, and others that likely exist could create
a patchwork pattern at any particular time point with which
the pattern from biological evidence could be compared to
estimate time of deposition.

When one considers the possible application of tran-
scriptome analysis in the forensic lab, it is clear that much
more investigation is needed to identify other transcript

markers that show rhythmic changes in abundance in
blood. RNA sequencing of bloodstains collected during
the daily cycle could identify additional candidate tran-
script markers more informative for blood. Additional
cycling transcripts should increase the accuracy of time
estimates. Our study does demonstrate the feasibility of
using RNA analysis if accounting for sex and normalizing
with an appropriate transcript. Because of the nature of
multiplexing, one could envision a qPCR assay developed
for application in the forensic laboratory that not only
quantifies the amount of human DNA present in the sam-
ple but also quantifies a small panel of RNA transcripts
that define when during the day the stain was created.
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