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ABSTRACT: The potential application of mRNA for the identification of biological fluids using molecular techniques has been a recent devel-
opment in forensic serology. Constitutively expressed housekeeping genes can assess the amount of mRNA recovered from a sample, establish its
suitability for downstream applications, and provide a reference point to corroborate the identity of the fluid. qPCR was utilized to compare the
expression levels of housekeeping genes from forensic-like body fluid stains to establish the most appropriate assessment of human mRNA quantity
prior to profiling. Although variability was observed between fluids and individuals, results indicated that beta-2 microglobulin exhibited the highest
expression for all body fluids examined and across donors. A one-way analysis of variance was performed for housekeeping gene variability between
donors (at the a, 0.05, significance level), and the results indicated significant differences for semen, vaginal secretions, and menstrual blood.
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RNA profiling has been under scrutiny over the past couple of
years for its potential ability to identify a variety of body fluids in
forensic samples and thus complement or even substitute current
serological techniques (1–5). Within cells, DNA is transcribed into
messenger RNA (mRNA), which is translated into proteins that
carry out cell-specific processes. Exploitation of the unique genes
expressed by specific cell types gives insight into which biological
fluid(s) or cells are present in a given stain. As with DNA, quantifi-
cation of the recovered genetic material is important for the quality
assurance of the mRNA profiling process. In addition to determin-
ing sufficiency, the relation of the quantity recovered as translated
to expression and weighed against the expression of a confirmatory
gene could serve as an internal guide to substantiate the identity of
the fluid in question. To measure the recovered mRNA, the lev-
els of ubiquitously expressed housekeeping gene transcripts are

determined and compared with the levels of a chosen reference
gene transcript. Determining the best reference gene is the focus of
this study.

The assessment of mRNA recovery after extraction can prove
useful in determining the approach for downstream applications.
Too little mRNA material prevents downstream analysis, whereas
too much compromises the final results. A series of technologies
that exploit different properties of the molecule under investigation
are available for the quantification of nucleic acids. Systems com-
monly used for the quantification of RNA include spectrophotomet-
ric UV–VIS assays, which determine the amount of total RNA
present in any given sample based on absorbance readings, and
fluorometric assays, which determine the concentration of the mole-
cule based on the amount of intercalated dye (6–8). These systems
provide good estimates of total RNA, but will often overestimate
the amount of material suitable for molecular typing because
mRNA typically constitutes only �3% of total cellular RNA (9).
Alternatively, the presence and quantity of total mRNA in a sample
may be determined based on the transcript level of a constitutively
expressed housekeeping gene(s) (10,11). In turn, tissue- ⁄ cell-spe-
cific mRNA transcripts may be quantified relative to the house-
keeping gene(s) using quantitative polymerase chain reaction
(qPCR or real-time PCR), which is based on the amount of fluores-
cence emitted during amplification (10). This sensitive and specific
technique can be used to quantify both transcript types simulta-
neously, to establish the level of mRNA, and to determine the tis-
sue source of the sample. Studies have suggested several
housekeeping genes as potential candidates for this purpose
(11,12); however, variation in expression has been reported for
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certain housekeeping genes among different sources and sample
types (13–15). Glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) is one of the most widely used housekeeping genes in gene
expression studies, despite the knowledge of the existence of pseud-
ogenes and a myriad of other factors that affect its expression lev-
els (16–19). However, GAPDH can be a good reference candidate
and serve as a normalization factor when assessing a variety of
target genes.

The expression stability of the gene of choice is important for
obtaining reliable quantification results. Housekeeping gene evalua-
tion studies have focused on gene expression level variation
depending on tissue degradation time, specific tissue type, or non-
human samples (20–22). However, housekeeping gene evaluation
in forensic-like samples has not been addressed. After an in silico
query of various housekeeping genes, six were chosen to investi-
gate their expression levels in human body fluid samples to deter-
mine which one was most appropriate for the quantification of
low-level, human-specific mRNA. Genes were selected based on
their commercial availability, the consistency of their expression
among different tissues, and the size of their qPCR amplicons
(Table 1). The chosen genes included GAPDH, beta-actin (ACTB),
beta-2 microglobulin (B2M), cyclophilin A (PPIA), phosphoglycer-
ate kinase 1 (PGK1), and large ⁄ acidic ribosomal protein P0
(RPLP0), all of which have important functions in the cell (23–31).
To investigate differences in gene expression levels of the afore-
mentioned markers, semen, saliva, blood, vaginal secretion, and
menstrual blood samples were analyzed by qPCR. Although not
addressed in this work, it should be noted that the queried genes
are affected by circadian rhythm and are usually up-regulated dur-
ing the nighttime (32–36). However, gene expression variation
among individuals was assessed to determine whether the chosen
marker was consistently and highly expressed in the various con-
tributors of the sample ⁄ stain in question.

Materials and Methods

Sample Collection

Biological fluids were donated by five healthy, consenting volun-
teers. Volunteers ranged in age from 28 to 55 years. Samples were
collected and processed during the same time of the day to mini-
mize any circadian rhythm–based expression differences. Owing to
the nature of semen samples, which were purchased from the Fair-
fax Cryobank (Fairfax, VA), samples were collected during daytime
hours. Saliva, blood, menstrual blood, and vaginal secretions
were obtained using sterile techniques. Blood, semen, and saliva
samples were spotted onto sterile swabs in 50-lL sample
volumes and allowed to dry overnight. Menstrual blood and
vaginal secretions were collected directly from the vaginal area
onto sterile cotton swabs; thus, the volumes of the stains varied
between samples. A second set of samples obtained from the
same donors were exposed outdoors (environmental samples) to

an average temperature of 25.5�C (month of June) in the
absence of precipitation for 24 h before RNA extraction.

Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from each of the stains utilizing the
RNAqueous�-4 PCR kit (Ambion, Austin, TX) following the man-
ufacturer’s recommendations, except for an adaptation of the lysis
step for forensic stains spotted on cotton swabs (1). To determine
the highest-expressed housekeeping gene, seven replicate RNA
extractions were obtained from each individual for each body fluid.
RNA was extracted in triplicate from the samples provided by each
of the five donors to assess individual-to-individual differences in
mean mRNA levels. RNA was converted into cDNA after heating
the sample at 75�C for 3 min to eliminate any potential mRNA
secondary structure (1). The samples were then snap-cooled on ice
for 3 min before the addition of 10 mM dNTPs (2.5 mM each),
10· first-strand synthesis buffer (500 mM Tris–HCl pH 8.3,
750 mM KCl, 30 mM MgCl2, 50 mM DTT), 1.33 mM random
decamers, 30 units (U) SUPERase-In� RNAse inhibitor, and
150 U Moloney murine leukemia virus reverse transcriptase (all
from Ambion) in a final reaction volume of 30 lL. The mixture
was then incubated at 42�C for 60 min followed by reverse trans-
criptase enzyme inactivation at 95�C for 10 min.

Assessment of Commercial GAPDH Quantification Kits Using
Forensic-Like Samples

Two commercially available kits were used to assess the reliabil-
ity of GAPDH as a potential indicator of the presence of mRNA in
forensic-like sample extracts. The GAPDH JOE (226-bp amplicon)
TAMRA probe kit (Applied Biosystems, Foster City, CA) was
used in combination with the one-step TaqMan� EZ RT-PCR kit
(Applied Biosystems). For this one-step reaction, 1 lL of total
RNA sample was added to a 24-lL mixture of 1· TaqMan EZ
Buffer, 3 mM manganese acetate, 300 lM each dATP, dCTP, and
dGTP, 600 lM dUTP, 200 nM GAPDH forward primer, 200 nM
GAPDH reverse primer, 100 nM GAPDH probe, 2.5 U rTth DNA
polymerase, and 0.25 U AMPErase UNG (Applied Biosystems).
Samples were amplified using a 7900HT Real-Time PCR instru-
ment (Applied Biosystems) under the following thermal cycling
conditions: 2 min at 50�C, a 30-min hold at 60�C, followed by a
5-min hold at 95�C, and 40 cycles of 20 sec at 94�C alternating
with 1 min at 62�C.

A two-step assay using the GAPDH FAM (122-bp amplicon)
minor groove binder (MGB) probe (Applied Biosystems) was also
investigated to determine whether there were any differences in the
quantification results obtained owing to the amplicon size and
method of cDNA synthesis disparities. For this assay, the RNA
extracts were first converted to cDNA as described in the previous
section. Following reverse transcription, 2 lL of cDNA was added
to a mixture of 2· Fast PCR Master Mix and 20· GAPDH

TABLE 1—Housekeeping genes utilized in two-step real-time PCR.

Gene
Amplicon Length (bp)

(https://products.appliedbiosystems.com/)
Target Gene Size (bp)

(http://www.ncbi.nlm.nih.gov)

GAPDH (glyceraldehyde-3-phosphate) 122 1310
ACTB (beta-actin) 171 1793
B2M (beta-2 microglobulin) 75 987
PGK1 (phophoglycerate kinase 1) 75 2338
PPIA (cyclophilin A) 98 2276
RPLP0 (large ⁄ acidic ribosomal protein P0) 105 1289
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primers ⁄probe mix (Applied Biosystems) for a final reaction vol-
ume of 25 lL per sample. Thermal cycling conditions were set to
a 20-sec hold at 95�C followed by 40 cycles of 1 sec at 95�C alter-
nating with 20 sec at 60�C.

Concentration Variability Effect on Target and Reference Gene
Relationship

Gene expression for each marker was determined by relative
quantification using the comparative cycle threshold (Ct) method.
This method enables the comparison of Ct values without the use
of a standard curve. To use this technique, a validation experiment
must be performed to demonstrate that the amplification efficien-
cies of the target and reference genes are approximately equal.
GAPDH was chosen as the reference gene to normalize the data
because it is a commonly used housekeeping gene. Using each
marker, a human control RNA (Raji) sample was assayed in dupli-
cate at 5, 2, 1, 0.5, and 0.1 ng ⁄lL. All target genes were monitored
by qPCR using commercially available kits with a probe containing
an FAM reporter and an MGB quencher (Applied Biosystems).
The study was performed in a single plate to eliminate plate-to-
plate and run-to-run variability. Thermal cycling conditions were
95�C for 20 sec followed by 40 cycles of 1 sec at 95�C and 20 sec
at 60�C. The duplicate Ct values were averaged, and the difference
between the Ct of the various target genes and that of the reference
gene (GAPDH) was calculated (DCt). The log of RNA sample
input (ng) versus DCt was plotted, and the slopes were used to cal-
culate amplification efficiency (37).

Gene Expression Assay on Environmentally Exposed Forensic-
Like Samples and Evaluation Among Different Biological Fluid
Donors

Relative quantification assays were performed on the previously
described biological fluids to establish the levels of gene expression
of the aforementioned markers (Table 1). In addition, to assess the
level of expression of the various markers among different biological
fluid donors, RNA was isolated in triplicate from five donors for each
body fluid sample. Briefly, 12.5 lL 2· Fast PCR Master Mix,
1.25 lL 20· GAPDH primers ⁄ probe mix (all obtained from Applied
Biosystems), 9.25 lL of DEPC water, and 2 lL of cDNA were
mixed in a final reaction volume of 25 lL per sample. To eliminate
run-to-run variability in environmental samples, each fluid was
examined for all six markers in a single plate, with each of the fluid
extraction replicates run in duplicate. In addition, a commercial
human Raji cDNA control (Applied Biosystems) was amplified in
duplicate for each of the genes in question, and the results were used
as a calibrator for the data (37). Samples were amplified using a
7900HT Fast Real-Time PCR System (Applied Biosystems) under
the following cycling conditions: 95�C for 20 sec, followed by 40
cycles of 1 sec at 95�C and 20 sec at 60�C. Cycle threshold (Ct) data
obtained for each individual fluid type were averaged and used to
calculate the relative quantification value (37). The comparative Ct

method calculates the relative quantification value expressed by a tar-
get using the formula 2)DDCt in which the amount of target is nor-
malized to an endogenous reference (GAPDH) and then compared to
a calibrator (Raji cDNA).

Data and Statistical Analysis

All data were analyzed using Microsoft’s Excel software (Micro-
soft Inc., Redmond, WA). Ct values were averaged for the replicate
samples, and a relative quantification value was calculated using

the aforementioned formula (2)DDCt). To assess the variability of
gene expression among individuals, a one-way analysis of variance
(ANOVA) was performed on each average Ct result for each gene
and group of individuals per body fluid. The F-test was used to
assess whether there were significant differences between the mean
Ct values obtained for a specific gene across sample donors at an
a = 0.05 significance level.

Results

GAPDH JOE-TAMRA One-Step Assay Proves Inconsistent
Depending on Sample Source

A GAPDH JOE-TAMRA one-step commercial assay kit was
used to quantify GAPDH mRNA in semen, saliva, blood, menstrual
blood, and vaginal secretion samples. This assay requires RNA
input into a one-step (single well, single enzyme) procedure that
combines reverse transcription of RNA and qPCR amplification uti-
lizing GAPDH primers and probes (226-bp amplicon) within a sin-
gle reaction. A human control RNA template of known
concentration is included in the kit for the generation of a standard
curve for absolute quantification. The one-step assay successfully
detected GAPDH mRNA in vaginal secretions, semen, and men-
strual blood samples (Fig. 1). In contrast, the detection of GAPDH
mRNA in saliva and blood samples was not as successful. Saliva
and blood samples consistently amplified below the lowest concen-
tration point in the standard curve (corresponding to 0.001 ng ⁄lL),
which is below the assay fluorescent threshold (Fig. 1). Points out-
side the standard curve cannot be accurately assessed; thus, the
amount of GAPDH mRNA from saliva and blood recovered from
the samples was, based on these results, not sufficient to undergo a
successful amplification. Despite these negative results, the nonde-
tectable RNA samples were converted to cDNA and successfully
amplified above the threshold intensities with a traditional PCR
using GAPDH-specific primers and separation by capillary electro-
phoresis (data not shown).

40

38

36

34

32

30

C
yc

le
 T

h
re

so
ld

 (
C

t)

28

26

24

22

20
0.001 0.01 0.1

GAPDH mRNA Quantity (ng/ul)
1

Standard

Semen

Blood

Menstrual Blood

Vaginal Secretions

Saliva

10 100

FIG. 1—One-step real-time quantitative PCR assay analyzing GAPDH
mRNA expression in body fluid samples. Graph represents GAPDH amplifi-
cation results using a one-step GAPDH JOE-TAMRA commercial assay.
The standard curve plot was generated using human control RNA diluted to
various concentrations (50, 25, 10, 5, 1, 0.1, 0.01, and 0.001 ng ⁄ lL) (black
squares). Data points represent the amplification results for each of the
body fluids examined. All saliva samples and two blood samples consistently
amplified at or above the 36 cycle threshold (i.e., below 0.001 ng ⁄ lL) and
are therefore outside the limits of the graph.
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Failure to detect GAPDH mRNA in saliva and some blood sam-
ples prompted the use of an alternative two-step quantification
assay using GAPDH FAM-MGB primers and probe (122-bp ampli-
con). This two-step assay requires reverse transcription of RNA
into cDNA prior to analysis by qPCR. In contrast to the one-step
assay, the two-step assay successfully amplified GAPDH mRNA
above the detection threshold for all but one of the body fluid
cDNA samples examined. Only one saliva sample amplified below
the lowest concentration point in the standard curve (corresponding
to 0.001 ng ⁄lL), which is below the fluorescent threshold of the
assay (Fig. 2). These results corresponded to an overall 96%
increase in recovery yield of the body fluids as compared to those
obtained with the single-step assay (Fig. 2). Because of the
increased detection of GAPDH mRNA in the body fluids, the two-
step assay was utilized for subsequent studies.

Similar Efficiencies were Attained Between Reference and Tar-
get Genes Regardless of Initial RNA Concentration

Prior to performing a gene expression comparison study utilizing
a comparative Ct method, it is important to demonstrate that con-
centration has no significant effect on the amplification efficiency
of any given marker. Therefore, the variation in efficiency between
the chosen reference gene (GAPDH) and the various target genes
(PGK1, RPLP0, PPIA, ACTB, and B2M) was examined at various
input concentrations of cDNA (Fig. 3). Delta Ct (DCt) values and
the difference between the cycle threshold of the reference gene
(GAPDH) and that of the chosen target gene at a specific concen-
tration were calculated and plotted (Fig. 3). The slope of the vari-
ous plots corresponds to the log of the input amount of total RNA
versus DCt values. All slopes were consistently close to zero
(B2M: )0.0189, ACTB: )0.086, PGK1: 0.0491, RPLP0: )0.0083,
and PP1A: )0.0083). A slope with an absolute value of <0.1 indi-
cates that the efficiencies of the target and reference genes are
approximately equal; therefore, a comparative Ct method can be
used to compare the relative levels of gene expression.

Beta-2 Microglobulin Appears to Provide the Strongest Overall
Expression Pattern in Forensic-Like Stains Examined After 1-
Day Environmental Exposure

To determine the housekeeping gene expression after a period of
environmental exposure, body fluid samples from a single donor
were spotted on cotton swabs and exposed to the external environ-
ment (average temperature, 25.5�C, no precipitation) for 24 h
before RNA extraction and cDNA synthesis. The two-step quantifi-
cation assay and comparative Ct method were used to compare the
relative gene expression levels in all body fluids. Overall, B2M,
ACTB, and PGK1 were consistently among the highest-expressed
genes analyzed in saliva, blood, vaginal secretion, and menstrual
blood samples (Fig. 4). In contrast, PPIA, PGK1, and B2M exhib-
ited similar expression in the semen samples examined, all of
which were higher than ACTB, GAPDH, and RLPL0 expression.
GAPDH showed the lowest expression level for most of the fluids
examined, followed by RPLP0 and PPIA (Fig. 4). Although consis-
tently low, GAPDH demonstrated higher expression than PPIA in
vaginal secretion samples and less variation than RPLP0 for the
examined semen donor.

B2M Consistently Exhibits the Highest Expression in Forensic-
Like Samples Across Individuals

To compare gene expression differences between individuals,
housekeeping gene expression levels were determined using each
of the body fluids from five individual donors. In agreement with
the single-donor study, the results indicated that B2M was among
the most actively expressed housekeeping genes between individu-
als in saliva, blood, menstrual blood, and vaginal secretion sam-
ples (Fig. 5A–E). In addition, PGK1 along with ACTB showed
fairly robust expression in menstrual blood, vaginal secretion, sal-
iva, and semen samples. B2M clearly displayed the highest
expression in blood samples. In semen samples, PPIA, PGK1,
B2M, RPLP0, and ACTB showed similar expression levels, all of
which were much higher than GAPDH expression. However, in
terms of consistency across individuals, it appears that ACTB,
although not as actively expressed as B2M, remained the most
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FIG. 2—Two-step real-time quantitative PCR assay analyzing GAPDH
mRNA expression in body fluid samples. Graph represents the amplification
of GAPDH utilizing a two-step cDNA conversion ⁄ quantification process.
The standard curve plot was generated using human control cDNA diluted
to various concentrations (50, 25, 10, 5, 1, 0.1, 0.01 and 0.001 ng ⁄ lL)
(black squares). Data points represent the amplification results of saliva,
semen, blood, menstrual blood, and vaginal secretion samples. One saliva
sample amplified above the 36 cycle threshold (i.e., below 0.001 ng ⁄ lL)
and is therefore outside the limits of the graph.
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FIG. 3—Concentration-based efficiency comparison between target and
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tions of human control RNA was calculated and plotted. Numbers represent
slopes, and error bars represent standard deviation.
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consistently expressed across all body fluids analyzed, with the
exception of vaginal secretions (Fig. 5B). Because of the consis-
tently high level of expression of ACTB and B2M across all flu-
ids, these genes were used for an absolute quantification of
various-sized forensic-like stains utilizing a control cDNA of
known concentration as a standard curve. Results indicated that
B2M and ACTB were successfully detected above the threshold
limit of detection in all samples analyzed, including 1 lL saliva,
blood, and semen stains (data not shown).

To assess whether the mean gene expression level differed in
samples from individual donors, a one-way ANOVA was per-
formed on mean Ct values measured for each housekeeping gene
and group of individuals per body fluid. The F-ratio was used to
test the equality of the mean Ct value for each sample from all
donors. In this analysis, with number of samples (donors) n = 5,
replicate size = 3, and a = 0.05, the critical F-value was deter-
mined to be equal to 3.48. The F-value for each sample from each
body fluid is provided in Table 2. Values greater than the critical
F-value indicate samples in which mean values of expression level
differed significantly between donors (Table 2).

Discussion

Prior to mRNA profiling, a method to quantify the nucleic acid
is essential to determine the approach for downstream forensic
analysis. qPCR can be used to establish the presence and the quan-
tity of human-specific mRNA in a given sample. Previous forensic
studies (1,38) have based the quantity of mRNA in a given sample
on the results obtained using a GAPDH amplicon that could be too
long when assessing samples that are inherently low in concentra-
tion and prone to degradation. Our results indicate that shortening
the length of the target amplicon from 226 to 122 bp, coupled with
the two-step amplification kit, significantly improves the amount of
GAPDH mRNA identified. The lack of full recovery of GAPDH
observed with the one-step kit could be due to a lower transcribing
efficiency of RNA as compared to the two-step kit. Alternatively,
GAPDH regulation is affected by an overwhelming number of fac-
tors (16–19), any of which could increase the likelihood of obtain-
ing false-negative results, as was observed in our experiments.
These negative results would prevent a sample from being carried
through the downstream analysis process.

Many researchers widely accept and utilize GAPDH as the
housekeeping gene of choice in gene expression studies because it
is a glycolytic intermediate expected to be present in all cells and

displays limited variation. However, a number of research articles
show that although GAPDH is constitutively expressed throughout
tissues, it has numerous pitfalls as a standard (39–42), including the
overwhelming occurrence of pseudogenes (19,43). In this study,
rather than focusing on GAPDH as the gene of choice, it was used
as an endogenous reference gene to normalize the expression levels
of other housekeeping genes. Owing to expected variations in
housekeeping gene expression between different body fluid types,
the expression of the housekeeping genes, ACTB, B2M, GAPDH,
PGK1, PP1A, or RPLP0, was compared in semen, saliva, blood,
menstrual blood, and vaginal secretion samples. To ensure that
gene expression comparison could be carried out using relative
quantification, a validation study was performed in which the effi-
ciencies of amplification at various concentrations of cDNA were
determined for each housekeeping gene. Results revealed that the
efficiency of amplification for all housekeeping genes was indepen-
dent of concentration; therefore, a reliable comparison between
gene expression levels could be performed given that the starting
concentration of the samples analyzed was unknown.

Gene expression results, based on relative quantification,
revealed that B2M exhibits the highest relative expression as com-
pared to all other genes analyzed in saliva, blood, menstrual blood,
and vaginal secretion stains (Fig. 5A–E). In addition, PGK1 has
similar levels of expression as ACTB in blood, saliva, menstrual
blood, and vaginal secretion stains. In semen samples, fairly similar
levels of expression were observed for PP1A, PGK1, RPLP0, and
ACTB. However, caution must be observed when considering the
use of B2M as a housekeeping gene because B2M expression lev-
els have been shown to be down- or over-regulated when specific
tumor cells are present (44,45) and increased when multidrug resis-
tance cells are present or when the immune system is compromised
or triggered by the excessive production of interferons (46,47).

Because of the uncertain nature of biological stains deposited at
crime scenes, there is a slim possibility of underestimation of the
expression results if the chosen housekeeping gene is not as highly
expressed as others in the particular unknown fluid. Underestima-
tions could possibly hinder downstream applications. However,
given the vast amount of expression in the case of B2M (Figs 4
and 5A–E), it is unlikely that an underestimation of quantity in a
particular fluid will yield too low a result as to be considered a
false negative. Indeed, our studies showed successful detection of
B2M and ACTB from minute volumes (1 lL, neat) of semen, sal-
iva, and blood stains. In addition, B2M and ACTB were success-
fully detected from 25 lL saliva and semen stains exposed for 1 or
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women). The average data from seven body fluid extract replicates and their corresponding standard deviation error bars are depicted.
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2 weeks to the environment (data not shown). Therefore, detection
of B2M and ACTB mRNA in forensic samples appears promising.
For forensic applications, recovering enough material to identify
the body fluid origin of a stain is required. As a result,

overestimations, as defined by assessing the relation to an individ-
ual’s normal basal level, are not a concern but can prove beneficial
in this type of comparative (presence ⁄ absence) assay. Nevertheless,
it is important to ensure that the level of expression of the
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housekeeping gene of choice is similar among individuals, exclud-
ing those rare instances in which large positive or negative fluctua-
tions are expected because of uncontrollable ‘‘flaws’’ (e.g., disease)
in the various gene-‘‘controlling’’ systems.

As vaginal secretion and menstrual blood samples were collected
directly, there is an inherent variability in the initial input of such
samples. Consequently, high intra- and inter-individual variability
was expected. In addition, as with any fluid, the secretion level of
the different donors is not expected to be the same; therefore, vari-
ability between individuals will always be expected. This consider-
ation may account for the high variability observed in semen stains
and in some saliva samples (Table 2). With blood, on the other
hand, similar cell counts are expected if the same amount of mate-
rial from healthy individuals is given; therefore, the level of vari-
ability in gene expression of this fluid was expected to be low and
was observed to be minimal. The levels of disparity of GAPDH
and ACTB between individuals were found to be relatively low
and similar (Table 2); however, the expression of ACTB was con-
sistently higher than that of GAPDH, and GAPDH expression was
consistently among the lowest (Figs 4 and 5A–E).

For mRNA profiling applications, it is not imperative to have a
completely uniform expression of the gene of choice. However, it
is crucial to select a gene that is known to be actively expressed
throughout the various fluids of interest, and it is essential to ensure
that the variability in expression between individuals is not too high
as this could provide erroneous interpretations when more than one
fluid is present. Therefore, GAPDH might not be the optimal
housekeeping gene for the assessment of mRNA recovery from
forensic stains, and it seems appropriate to search for an alternative
to GAPDH for these purposes. In conclusion, our results indicate
higher expression levels of ACTB (beta-actin) and B2M (beta-2
microglobulin) as compared to GAPDH in the human body fluid
samples examined. In addition to having high levels of expression
and commercially available probes, B2M also exhibited fairly con-
sistent expression among the body fluids examined, an observation
made previously for the cell line K562 and leukocytes from both
healthy individuals and cancer patients (48). Furthermore, B2M has
a small target amplicon (75 bp) and has been reported to be the
least unstable control mRNA (20), both of which may aid in the
detection of small or degraded samples. Also, B2M has limited
occurrences of pseudogenes (as recorded in NCBI), has a probe
across a splice junction, and is not linked to many metabolic activi-
ties that could affect its expression. Consequently, B2M appears to
be the best candidate among the housekeeping genes evaluated for
human-specific mRNA quantification prior to mRNA profiling for
forensic applications. Given that B2M expression is not exempt
from being affected by various factors, the use of additional house-
keeping genes (in addition to B2M) for forensic mRNA sample

quantitation normalization should be considered as suggested for
real-time quantitative RT-PCR in general (49).

References

1. Juusola J, Ballantyne J. Messenger RNA profiling: a prototype method
to supplant conventional methods for body fluid identification. Forensic
Sci Int 2003;135:85–96.

2. Bauer M, Kraus A, Patzelt D. Detection of epithelial cells in dried blood
stains by reverse-transcriptase-polymerase chain reaction. J Forensic Sci
1999;44:1232–6.

3. Nussbaumer C, Gharehbaghi-Schnell E, Korschineck I. Messenger RNA
profiling: a novel method for body fluid identification by real-time PCR.
Forensic Sci Int 2006;157:181–6.

4. Bauer M. RNA in forensic science. Forensic Sci Int Genet 2007;1:69–
74.

5. Haas C, Klesser B, Maake C, B�r W, Kratzer A. mRNA profiling for
body fluid identification by reverse transcription endpoint PCR and real-
time PCR. Forensic Sci Int Genet 2009;3:80–8.

6. Kerkhof L. Quantification of total RNA by ethidium bromide fluores-
cence may not accurately reflect the RNA mass. J Biochem Biophys
Methods 1997;34:147–54.

7. Dell’Anno A, Fabiano M, Duineveld GCA, Kok A, Danovaro R. Nucleic
acid (DNA, RNA) quantification and RNA ⁄ DNA ratio determination in
marine sediments: comparison of spectrophotometric, fluorometric, and
high performance liquid chromatography methods and estimation of
detrital DNA. Appl Environ Microbiol 1998;64:3238–45.

8. Lightfoot S. Quantitation comparison of total RNA using the Agilent
2100 Bioanalyzer, ribogreen analysis and UV spectrometry. Palo Alto,
CA: Agilent Technologies, 2002.

9. Miura Y, Ichikawa Y, Ishikawa T, Ogura M, de Fries R, Shimada H,
et al. Fluorometric determination of total mRNA with oligo (dT) immo-
bilized on microtiter plates. Clin Chem 1996;42:1758–64.

10. Bustin SA. Absolute quantification of mRNA using real-time reverse
transcription polymerase chain reaction assays. J Mol Endocrinol
2000;25:169–93.

11. Barber RD, Harmer DW, Coleman RA, Clark BJ. GAPDH as a house-
keeping gene: analysis of GAPDH mRNA expression in a panel of 72
human tissues. Physiol Genomics 2005;21:389–95.

12. Mane VP, Heuer MA, Hillyer P, Navarro MB, Rabin RL. Systematic
method for determining an ideal housekeeping gene for real-time PCR
analysis. J Biomol Tech 2008;19:342–7.

13. Glare EM, Divjak M, Bailey MJ, Walters EH. Beta-actin and GAP-
DH housekeeping gene expression in asthmatic airways is variable
and not suitable for normalising mRNA levels. Thorax 2002;57:
765–70.

14. Nishimura M, Nikawa T, Kawano Y, Nakayama M, Ikeda M. Effects of
dimethyl sulfoxide and dexamethasone on mRNA expression of house-
keeping genes in cultures of C2C12 myotubes. Biochem Biophys Res
Commun 2008;367:603–8.

15. Silver N, Best S, Jiang J, Thein S. Selection of housekeeping genes for
gene expression studies in human reticulocytes using real-time PCR.
BMC Mol Biol 2006;7:33–42.

16. Ke LD, Chen Z, Yung WK. A reliability test of standard-based quantita-
tive PCR: exogenous vs endogenous standards. Mol Cell Probes
2000;14:127–35.

17. Suzuki T, Higgins PJ, Crawford DR. Control selection for RNA quanti-
tation. BioTechniques 2000;29:332–7.

18. Garcia-Meunier P, Etienne-Julan M, Fort P, Piechaczyk M, Bonhomme
F. Concerted evolution in the GAPDH family of retrotransposed pseud-
ogenes. Mamm Genome 1993;4:695–703.

19. Liu YJ, Zheng D, Balasubramanian S, Carriero N, Khurana E, Robilotto
R, et al. Comprehensive analysis of the pseudogenes of glycolytic
enzymes in vertebrates: the anomalously high number of GAPDH pseud-
ogenes highlights a recent burst of retrotrans-positional activity. BMC
Genomics 2009;10:480–92.

20. Heinrich M, Lutz-Bonengel S, Matt K, Schmidt U. Real-time PCR
detection of five different ‘‘endogenous control gene’’ transcripts in
forensic autopsy material. Forensic Sci Int Genet 2007;1:163–9.

21. Barsalobres-Cavallari CF, Severino FE, Maluf MP, Maia IG. Identifica-
tion of suitable internal control genes for expression studies in Coffea
arabica under different experimental conditions. BMC Mol Biol
2009;10:1–11.

22. Iskandar HM, Simpson RS, Casu RE, Bonnett GD, Maclean DJ, Man-
ners JM. Comparison of reference genes for quantitative real-time

TABLE 2—ANOVA test results for same fluid expression variability
between donors (a = 0.05).

F

F CriticalBlood Semen Saliva VS MB

GAPDH 1.99 5.14 0.720 23.2 4.65 3.48
ACTB 0.752 6.11 0.730 61.6 5.52
RLPL0 1.73 5.34 3.60 9.46 6.33
PGK1 0.736 6.19 7.98 32.1 4.94
PPIA 1.67 6.08 1.82 21.5 5.51
B2M 2.38 4.77 18.3 82.2 4.24

Values in bold face represent those values that are greater than the criti-
cal F-value, indicating that the mean value of gene expression differed sig-
nificantly between individual donors at the a = 0.05 significance level.

MORENO ET AL. • QUANTIFICATION OF mRNA FOR FORENSIC APPLICATIONS 1057



polymerase chain reaction analysis of gene expression in sugarcane.
Plant Mol Biol Rep 2004;22:325–37.

23. Tarze A, Deniaud A, Le Bras M, Maillier E, Molle D, Larochette N,
et al. GAPDH, a novel regulator of the proapoptotic mitochondrial mem-
brane permeabilization. Oncogene 2007;26:2606–20.

24. Sirover MA. New nuclear functions of the glycolytic protein, glyceralde-
hyde-3-phosphate dehydrogenase, in mammalian cells. J Cell Biochem
2005;95:45–52.

25. Fenselau A. Structure-function studies on glyceraldehyde-3-phosphate
dehydrogenase. 3. Dependency of proteolysis on NAD+ concentration.
Biochem Biophys Res Commun 1970;40:481–8.

26. Fenselau A, Weigel P. Structure-function studies on glyceraldehyde-3-
phosphate dehydrogenase. II. The effects of S-carboxymethylation on
enzymatic activity. Biochim Biophys Acta 1970;198:192–8.

27. Hennessey ES, Drummond DR, Sparrow JC. Molecular genetics of actin
function. Biochem J 1993;291:657–71.

28. Gussow D, Rein R, Ginjaar I, Hochstenbach F, Seemann G, Kottman A,
et al. The human beta 2-microglobulin gene. Primary structure and defi-
nition of the transcriptional unit. J Immunol 1987;139:3132–8.

29. Wang P, Heitman J. The cyclophilins. Genome Biol 2005;6:226–31.
30. Huang IY, Fujii H, Yoshida A. Structure and function of normal and

variant human phosphoglycerate kinase. Hemoglobin 1980;4:601–9.
31. Wool IG, Chan YL, Gluck A. Structure and evolution of mammalian

ribosomal proteins. Biochem Cell Biol 1996;73:933–47.
32. Taishi P, Bredow S, Guha-Thakurta N, Ob�l-Jrab F, Krueger JM. Diur-

nal variations of interleukin-1 beta mRNA and beta-actin mRNA in rat
brain. J Neuroimmunol 1997;75:69–74.

33. Aono H, Araki S. Circadian rhythms in the urinary excretion of heavy
metals and organic substances in metal workers in relation to renal
excretory mechanism: profile analysis. Int Arch Occup Environ Health
1988;60:1–6.

34. Shinohara ML, Loros JJ, Dunlap JC. Glyceraldehyde-3-phosphate dehy-
drogenase is regulated on a daily basis by the circadian clock. J Biol
Chem 1998;273:446–52.

35. Kosir R, Acimovic J, Golicnik M, Perse M, Majdic G, Fink M, et al.
Determination of reference genes for circadian studies in different tis-
sues and mouse strains. BMC Mol Biol 2010;11:60–71.

36. Møller M, Sparre T, Bache N, Roepstorff P, Vorum H. Proteomic analy-
sis of day-night variations in protein levels in the rat pineal gland. Prote-
omics 2009;7:2009–18.

37. Applied Biosystems. ABI Prism 7700 Sequence Detection System: rela-
tive quantitation of gene expression. ABI Prism 7700 Sequence Detec-
tion System. Foster City, CA: Applied Biosystems, 2001.

38. Bauer M, Patzelt D. Identification of menstrual blood by real time RT-
PCR: technical improvements and the practical value of negative test
results. Forensic Sci Int 2008;174:55–9.

39. Alexander-Bridges M, Dugast I, Ercolani L, Kong XF, Giere L, Nasrin
N. Multiple insulin-responsive elements regulate transcription of the
GAPDH gene. Adv Enzyme Regul 1992;32:149–59.

40. Roche E, Assimacopoulos-Jeannet F, Witters LA, Perruchoud B, Yaney
G, Corkey B, et al. Induction by glucose of genes coding for glycolytic
enzymes in a pancreatic beta-cell line (INS-1). J Biol Chem
1997;272:3091–8.

41. Desprez PY, Poujol D, Saez S. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, E.C. 1.2.1.12) gene expression in two malignant human
mammary epithelial cell lines: BT-20 and MCF-7. Regulation of gene
expression by 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3). Cancer Lett
1992;64:219–24.

42. Hazel AS, Desjardins P, Butterworth RF. Increased expression of glycer-
aldehyde-3-phosphate dehydrogenase in cultured astrocytes following
exposure to manganese. Neurochem Int 1999;35:11–7.

43. Zhang Z, Harrison PM, Liu Y, Gerstein M. Millions of years of evolu-
tion preserved: a comprehensive catalog of the processed pseudogenes
in the human genome. Genome Res 2003;13:2541–58.

44. Momburg F, Koch S. Selective loss of beta 2-microglobulin mRNA in
human colon carcinoma. J Exp Med 1989;169:309–14.

45. Larsson S, Hotchkiss G, And�ng M, Nyholm T, Inzunza J, Jansson I,
et al. Reduced beta 2-microglobulin mRNA levels in transgenic mice
expressing a designed hammerhead ribozyme. Nucleic Acids Res
1994;22:2242–8.

46. Scheffer GL, de Jong MC, Monks A, Flens MJ, Hose CD, Izquierdo
MA, et al. Increased expression of beta 2-microglobulin in multidrug
resistant tumour cells. Br J Cancer 2002;86:1943–50.

47. Vraetz T, Ittel TH, van Mackelenbergh MG, Heinrich PC, Sieberth HG,
Graeve L. Regulation of beta 2-microglobulin expression in different
human cell lines by proinflammatory cytokines. Nephrol Dial Transplant
1999;14:2137–43.

48. Lumpberger J, Kreuzer K-A, Baskaynak G, Peters UR, Le Coutre P,
Schmidt CA. Quantitative analysis of beta-actin, beta-2-microglobulin
and porphobilinogen deaminase mRNA and their comparison as control
transcripts for RT-PCR. Mol Cell Probes 2002;16:25–30.

49. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe
A, et al. Accurate normalization of real-time quantitative RT-PRC data
by geometric averaging of multiple internal control genes. Genome Biol
2002;3:1–12.

Additional information and reprint requests:
James M. Robertson, Ph.D.
Research Biologist
FBI Laboratory
2501 Investigation Parkway, Rm 4250
Quantico, VA 22135
E-mail: james.m.robertson@ic.fbi.gov

1058 JOURNAL OF FORENSIC SCIENCES


