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Abstract
Identification of semen and then spermatozoa is essential to verify that sexual activity has occurred in alleged cases of sexual
assault. Microscopic examination commonly used for spermatozoa identification is however time-consuming and can often lead
to false-negative results for samples with deformed and, or, limited number of spermatozoa. To address this limitation, we report
on a novel 3-plex MSRE-PCR (methylation-sensitive restriction enzyme-PCR) assay to specifically identify spermatozoa. This
assay is comprised of 3markers: a digestive control marker (DC), sperm-specific marker (SP), and Y chromosomemarker (SRY).
A total of 214 samples from 10 body fluids or tissues were analyzed. Specificity testing showed that all the normal semen samples
were unambiguously identified as being sperm-positive, and no other body fluid (or tissues) showed a sperm-specific signal in the
electropherogram. Testing for sensitivity showed that 0.1 ng of DNA from a semen extract was sufficient to identify the presence
of spermatozoa by this assay. Mixture analyses illustrated the sensitivity of the assay when the vaginal/semen DNA ratio (80/0.1)
was under 800 or the menstrual blood/semen DNA ratio (5/0.1) was under 50, the trace amounts (approximately 0.1 ng) of DNA
from semen can still be identified by this 3-plex MSRE-PCR assay. This assay was also applied to the identification of 31 non-
probative forensic samples from 18 sexual assault cases. The case studies showed that the 3-plex MSRE-PCR assay was an
improvement in the sensitivity of spermatozoa detection.
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Introduction

Determination of the source of a body fluid encountered on
crime scene exhibits can be pivotal in many criminal

investigations. This is especially the case in alleged sexual
assaults where there may be dispute over the source, transfer,
and persistence of such evidential material [1]. The assay for
acid phosphatase (ACP) activity is the most frequently used
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chemical test as a presumptive assay for semen [2]. The im-
munological test for the detection of Sg (Semenogelin) and the
microscopic examination for sperm cells are the most com-
mon confirmatory tests [3, 4]. For any vasectomized or sperm-
free samples, it is common practice to use an immunological
test for a specific antigen for semen, such as P30 (or PSA,
prostate-specific antigen) and Sg. It should be noted that P30
can also be detected in body fluids other than semen [5, 6].
The advantages of the semen-identification assays currently
adopted are that they are convenient, simple to use, inexpen-
sive, and fast; however, they usually suffer from the limita-
tions of specificity and sensitivity in practical applications.

All too often, rape cases are not reported immediately to the
authorities and any subsequent delay in the collection of evi-
dence can lead to the loss of useful forensic evidence. It has
been reported that spermatozoa can be identified by micros-
copy up to 72 h, and PSA and Sg can be identified up to 47 h
and 72 h, respectively, after a sexual assault [7, 8]. Further, it
was reported that the persistence of spermatozoa in vagina and
anus of a victim significantly declines 48 h after intercourse
[9] but that a DNAY-STR profile can still be identified from
samples collected 5 to 6 days after intercourse [10].

More recently, methods for semen identification have been
reported that include spermatozoa cell purification using af-
finity reagents [11], spermatozoa laser microdissection [12],
Raman spectroscopy analysis [13], and specific mRNA and
microRNA (miRNA) detection [14–16], as well as assessing
DNA methylation [17, 18]. DNA methylation-based assays
have been regarded as a promising assay for semen testing
due to their high specificity and feasibility of merging into
current forensic casework processes [2]. DNA methylation is
generally related to gene regulation and correlated to cell dif-
ferentiation [19–21]. The tissue-specific differentially methyl-
ated regions (tDMRs) exhibit different DNA methylation pro-
files according to cell or tissue types by restriction landmark
genomic scanning [22].

The kit known as DNA source identifier (DSI-semen) has
been reported for confirmation of semen with semen-specific
methylation patterns by methylation-sensitive restriction
enzyme-PCR (MSRE-PCR) [23]. In this system, DNA tem-
plate from forensic casework samples was obtained by using
the differential extraction method [24]. However, vaginal
swabs from the sexual assault cases usually contain high
levels of female epithelial cells and only a limited number of
spermatozoa, making it unfavorable to apply a differential
extraction method to recover sufficient male DNA. Other
methylation-based assays for spermatozoa identification use
a single-base extension system [25], and pyrosequencing [26]
for analysis of bisulfite converted DNA. However, the geno-
mic DNA can be degraded during bisulfite treatment [27].

A 10-plexMSRE-PCR system to identify various biofluids
(including semen) was reported previously by our laboratory
[28]. While it is an effective assay for body fluid typing, non-

specific signals including those markers for the semen were
observed in the presence of excessive DNA from vaginal fluid
(e.g., 25 ng). In order therefore to overcome such artifacts
created by excessive DNA from the female, a 3-plex MSRE-
PCR assay was established with high specificity for DNA
from spermatozoa as well as low sensitivity for DNA from
other body fluids, and a validation study was also performed.

Materials and methods

Sample collection

A total of 214 samples were collected from 55 male and 63
female adults in this study, including semen (both healthy and
vasectomized donors), vaginal secretion, menstrual blood, pe-
ripheral blood, saliva, nasal secretion, sweat, urine, feces, and
breast milk. The age of semen donors ranged from 20 to
52 years old. Details of the samples are listed in Table 1.
Samples were collected after informed consent and following
the procedures approved by the Institutional Review Board
( IRB) of Taoyuan Genera l Hosp i t a l s ( IRB No.
TYGH102011) and Antai-Tian-Sheng Memorial Hospital
(IRB No. 18-074-B) in Taiwan.

DNA extraction and quantification

Genomic DNAwas isolated from the collected samples using
the Qiagen Mini kit (Qiagen, Hilden, Germany) following the
manufacturer’s suggestions (for DNA purification from
Tissues), and it is notable that this protocol was modified by
adding 7 μL of DTT (1 M) to the ATL buffer for semen
samples. The isolated DNA was quantified by using the
Quantifi ler™ Trio DNA Quantification Kit (Life

Table 1 Samples collected in this study

Body fluid or tissue Female no. Male no. Total

Semen (normal) 0 36 36

Semen (vasectomized) 0 2 2

Vaginal secretion 41 0 41

Menstrual blood 26 0 26

Peripheral blood 13 28 41

Saliva 13 12 25

Nasal secretion 4 2 6

Sweat 3 6 9

Urine 10 8 18

Feces 3 2 5

Breast milk 5 0 5

Total 118 96 214
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Technologies, CA, USA) in combination with a 7500 Real-
Time PCR machine (Life Technologies).

Marker selection

Candidate CpG loci were selected from the database of the
Infinium HumanMethylation450 BeadChip Kit in the
GPL13534 platform of the Gene Expression Omnibus at
NCBI (http://www.ncbi.nlm.nih.gov/geo). These included 8
spermatozoa samples [29], 11 peripheral blood samples [30],
20 cervical tissues [31, 32], and 22 saliva samples [33]. For
each candidate CpG locus, mean and standard deviation of the
beta-values (the calibration ratio of methylation) for each
biofluid or tissue were calculated using Microsoft Office
Excel 2007. The candidate loci were selected with the criteri-
on of a high beta-value (at least 0.9) for DNA from sperma-
tozoa, however also a low (near zero) value for the DNA from
other body fluids. Additionally, they must contain as many
recognition sequences (5′-GCGC-3′) for methylation-
sensitive restriction enzyme HhaI as possible.

For confirmation of the restriction enzyme digestion, “di-
gestive control” markers were selected with the criteria of
containing as many recognition sequences for HhaI as possi-
ble, and no or low methylation in any biofluid or tissue DNA.
The male-specific sex-determining region Y (SRY) without
the HhaI recognition sequences was used to confirm the
DNA from male.

Preliminary MSRE-PCR tests

Primers were designed using the Primer3 software for
amplification of the selected markers [34, 35], and the
Tm (melting temperature) ranged from 60 to 63 °C. The
predicted amplicon size was from 395 to 420 bp. The
preliminary MSRE-PCR test was performed in a total vol-
ume of 10 μL containing DNA template (0.5 ng of semen
DNA [23, 28], 25 ng of vaginal DNA, or 25 ng of men-
strual blood DNA), 10 unit of HhaI (New England
Biolabs, MA, USA), 0.5 unit of AmpliTaq Gold® 360
DNA Polymerase (Thermo Fisher Technologies), 1 μL
of AmpliTaq Gold 360 10× PCR Buffer, 1.5 mM of
Mg2+, 200 μM for each dNTP, 1 μL of 360 GC enhancer,
and 300 nM of each primer. The reactions were conducted
in a GeneAmp® PCR System 9700 (Life Technologies).
Before the cycling reaction, the first step of the thermal
program was for DNA digestion using HhaI at 37 °C for
60 min. This was followed by 95 °C for 11 min for both
heat inactivation and PCR initiation, and then 30 cycles of
94 °C for 20 s and 61.5 °C for 2 min, with a final exten-
sion at 72 °C for 30 min. The amplification products were
checked on a 2% agarose gel.

A 3-plex MSRE-PCR assay

Three markers were selected according to the results of pre-
liminary tests. A 3-plex MSRE-PCR system including these
markers was established. They were a sperm-specific marker
cg26763284 (named SP in this study), a digestive control
marker cg21784498 (DC), and a Y chromosome marker
(SRY). This 3-plex MSRE-PCR was performed in a total vol-
ume of 10 μL with the compositions as described in the pre-
ceding preliminary MSRE-PCR tests except for the DNA
amount (0.2–0.5 ng in this study) and primer concentrations.
The optimal concentrations and sequences for the primers are
shown in Online Resource 1. These reactions were conducted
in a GeneAmp® PCR System 9700 with the conditions as
previously described in the preliminary MSRE-PCR tests.
PCR products were analyzed using the ABI PRISM 3500
Genetic Analyzer and GeneMapper® ID-X v1.4 software
(Life Technologies). For each sample tested, only the plus
HhaI reaction (no minus HhaI reaction) needs to be conduct-
ed; however, for a batch of samples, a plus and minus HhaI
reactions were both performed as the controls by using 0.5 ng
semen DNA for each reaction. The threshold for a positive
signal was 150 RFU (Relative fluorescence unit) under con-
siderations of the LOQ (limit of quantitation, average + 10 SD
of noise) and the peak heights of other artifacts. The sizes of
the signals from the ladders (composed of DC, SP, and SRY
peaks) from 15 batches for the 3-plex MSRE-PCR assay were
collected to determine the definition of the size bins (± 3 SD).

Validation tests for the 3-plex MSRE-PCR assay

Specificity

In addition to the semen samples, vaginal secretion and men-
strual blood samples (which are encountered frequently in
sexual assault cases), and other commonly encountered spec-
imens were used in the specificity tests using 0.2–1 ng of
DNA template [23, 28] for the 3-plex MSRE-PCR assay.
Furthermore, DNA from breast milk was also tested due to
reports of the presence of PSA in breast milk by highly sensi-
tive immunoassays [36, 37].

Sensitivity

DNA from semen was diluted serially to 0.2, 0.1, 0.05, and
0.025 ng/μL for the sensitivity tests of this 3-plexMSRE-PCR
assay. DNA (1 μL) from each dilution was used as the tem-
plate in a reaction volume of 10 μL.

Excessive female DNA and mixture

To test the effects of excessive female DNA, a large amount of
female DNA from vaginal secretions and menstrual blood was
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tested by the 3-plex MSRE-PCR assay. Each DNA extract
from 20 vaginal secretions was tested at templates of 5, 10,
20, 40, 80, and 100 ng, and from 20 menstrual blood samples
using 5, 10, 20, and 40 ng. These tests were used to evaluate
the effects of female DNA in different amounts and assay for
any individual variation.

Furthermore, simulated mixtures were prepared to evaluate
the influence of excessive vaginal or menstrual blood DNA on
spermatozoa identification within these mixtures. Each body
fluid was collected from 10 individuals. Each combination of
the mixture composed of 0.1 ng DNA from semen with 80 ng
DNA from vaginal fluid, or 0.1 ng DNA from semen with
5 ng menstrual blood DNA, with preparation of both combi-
nations to create 10 sets of samples.

Other mixed sample types encountered in sexual assault
cases, such as saliva DNA mixed with sperm DNA, have also
been tested in our study. Five semen and five female saliva
DNA samples were collected to prepare five mixture samples.
Each sample was mixed by adding 0.1 ng semen DNA with
80 ng female saliva DNA. Furthermore, five semen and five
male saliva DNAwere also collected to prepare mixture sam-
ples. Each sample was mixed at the ratios of 1:0, 1:1, 1:3, 1:9,
and 0:1 (semen to saliva), and the total DNA input was 1 ng in
the 3-plex MSRE-PCR assay.

Degraded DNA

Samples to mimic degraded DNAwere prepared and tested in
our study. Semen DNA was aliquoted into 8 separate
microtubes for each of the three donors, and then damaged
by UVC radiation (Philips, TUV 15 W, wavelength 100–
280 nm) for 1, 2, 5, 10, 20, 30, 60, and 120 min respectively
in a laminar flow. Each microtube (50 μL DNA, 0.5 ng/μL)
was about 54 cm away with 32° (angle) from UVC radiation.
These artificially degraded semen DNA samples were then
quantified with trio DNA quantification kit and tested with
the 3-plex MSRE-PCR assay.

Non-probative forensic sample

For comparison of the 3-plex MSRE-PCR assay with the
currently used methods for semen identification in foren-
sic practice, 31 non-probative forensic samples (from 18
alleged sexual assault cases) were collected that included
low-vaginal swabs (collected from the position near and
around vaginal orifice, including vulva and perineum),
high-vaginal swabs (collected from the position between
cervix to posterior vaginal fornix with the help of a dis-
posable vaginal speculum), underpants, tissue papers, and
T-shirt (Table 2). Stains and swab heads were tested by
Kastle-Meyer test [38], acid phosphatase test [39], PSA
test (SERATEC® GmbH, Goettingen, Germany), RSID-
Semen (Independent Forensics, Hillside, IL, USA),

microscopy, Trio DNA quantification (Quantifiler™ Trio
DNA Quantification Kit, Life Technologies), STR typing,
and the 3-plex MSRE-PCR assay (this study). For the
PSA test, if the color intensities were equal to or more
than that for the control line of 4 ng/μL, then it was
recorded as positive, and less than that then recorded as
a weak positive. For RSID-Semen, a clear and definite
color on test line was identified as a positive result and
faint color as weak positive. STR typing was performed
with the AmpFLSTR Identifiler Plus PCR Amplification
Ki t (Li fe Technologies ) for autosomal STR or
PowerPlex® Y23 System (Promega, WI, USA) for Y
chromosomal STR.

Table 2 Non-probative forensic samples used in this study

Case Sample no. TSIa/wash Sample type

1 1–1 3–4 days/shower Low-vaginal swab

1–2 High-vaginal swab

2 2 3–4 days/shower High-vaginal swab

3 3 Less 12 h/shower High-vaginal swab

4 4 12–24 h/shower High-vaginal swab

5 5–1 Less 12 h/no-shower Low-vaginal swab

5–2 High-vaginal swab

6 6–1 12–24 h/no-shower Tissue Paper1

6–2 Tissue Paper2

7 7–1 12–24 h/shower Low-vaginal swab

7–2 High-vaginal swab

8 8–1 2–3 days/shower Low-vaginal swab

8–2 High-vaginal swab

9 9–1 Unknown/no-shower High-vaginal swab

9–2 Low-vaginal swab

9–3 Underpants

9–4 T-shirt

10 10 4 days/shower Tissue Paper

11 11 Unknown/no-shower Low-vaginal swab

12 12–1 2–3 days/shower Low-vaginal swab

12–2 High-vaginal swab

13 13–1 3–4 days/shower Low-vaginal swab

13–2 High-vaginal swab

14 14 12–24 h/no-shower High-vaginal swab

15 15 Less 12 h/no-shower Underpants

16 16–1 5–6 days/shower Low-vaginal swab

16–2 High-vaginal swab

17 17–1 6–7 days/shower Low-vaginal swab

17–2 High-vaginal swab

18 18–1 1–2 days/No-shower Low-vaginal swab

18–2 High-vaginal swab

a TSI represents the time interval since intercourse or assault occurring
(based on victim’s allegation) to collection of evidence. “Unknown” rep-
resents no information about the timing of the event
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Results

Marker selection

A search was conducted successfully for 2 digestive control
markers and 2 sperm-specific markers based on the strategies
and criteria as previously described in “Materials and
methods” (Marker selection). Furthermore, the primers for
the digestive control and semen-specific markers (SE-I and
SE-II) of 10-plex MSRE-PCR assay in our previous study
[28] were redesigned to extend their amplicon size to contain
more recognition sequences for HhaI digestion. Totally, there
were 3 digestive control and 4 sperm-specific loci selected and
evaluated in the following preliminary tests (Table 3). The
beta value was low for all the digestive control markers in
all biofluids and tissues; for the sperm-specific markers, the
beta value was high in spermatozoa and low in both the other
body fluids and tissues.

Preliminary MSRE-PCR tests

To evaluate the specificity and efficiency for semen DNA and
extracts from large amounts of vaginal DNA, the candidate
markers were preliminarily tested by using 0.5 ng semenDNA
and 25 ng vaginal DNA (from which non-specific signals for
semen markers have been observed in our previous 10-plex
MSRE-PCR assay) respectively for each of 3 samples (Online
Resource 2), where the ratio of vaginal to seminal DNA (25/
0.5) was 50. All of the 4 sperm-specific candidate markers
could generate PCR products in 3 semen samples; however,
only CpG ID cg26763284 (renamed SP in this study) did not

generate any detectable PCR products for all of the 3 samples
of 25 ng vaginal DNA. According to the database, this locus
showed a beta value of 97.20% for spermatozoa (higher than
the other markers) and only 0.51% for cervical tissue
(Table 3). Furthermore, it contained 6 HhaI recognition se-
quences in the amplicon and was more accessible for HhaI
digestion for any non-methylation fragments.

To evaluate the efficiency ofHhaI digestion in the presence
of excessive amounts of female DNA, the 3 candidate diges-
tive control markers were tested using 25 ng of vaginal DNA
and menstrual blood DNA for each of 3 samples (Online
Resource 2). Only CpG ID cg21784498 (renamed DC in this
study) did not generate any detectable PCR products (com-
plete digestion) for any of the female DNA samples. This
locus contained 8 recognition sequences for HhaI (Table 3)
and therefore was used as the control marker for HhaI diges-
tion in this study.

SRY is a sex-determining gene on the Y chromosome, and
selected as an indicator to confirm that the source of DNAwas
from a male. The SRY amplicon did not contain any HhaI
recognition sequences (Online Resource 3), and therefore, it
cannot be digested by HhaI; thus, PCR products should al-
ways be generated in the presence of DNA from a male. PCR
products were observed as expected from all the semen DNA
extracts and not observed for all the samples of vaginal DNA
(Online Resource 2).

A 3-plex MSRE-PCR assay

A digestive control (DC, cg21784498), a sperm-specific
marker (SP, cg26763284), and a Y chromosome marker

Table 3 Beta-values of candidate markers for different body fluids or tissues from the database

CpG IDa Amplicon size
(bp)

GCGC
b

10-plexc MSRE-
PCR

Mean ± SD (%)

Spermatozoa
(n = 8)

Cervical tissue
(n = 20)

Saliva
(n = 22)

Venous blood
(n = 11)

Digestive control

cg27322556 412 8 DC 0.25 ± 0.24 0.18 ± 0.14 0.35 ± 0.29 0.42 ± 0.28

cg07305938 413 4 – 0.07 ± 0.11 0.11 ± 0.13 0.30 ± 0.30 0.65 ± 0.48

cg21784498 402 8 – 0.19 ± 0.20 0.13 ± 0.16 0.35 ± 0.40 0.55 ± 0.47

Sperm-specific loci

cg05261336 404 7 SE-I 93.13 ± 4.78 0.48 ± 0.31 1.27 ± 0.68 1.17 ± 0.53

cg07485723 395 4 SE-II 94.73 ± 4.05 0.61 ± 0.69 0.95 ± 0.88 1.92 ± 0.80

cg08206098 395 4 – 92.93 ± 6.04 0.44 ± 0.38 0.72 ± 0.84 1.37 ± 0.82

cg26763284 410 6 – 97.20 ± 2.76 0.51 ± 0.48 0.91 ± 0.80 1.16 ± 0.60

a CpG ID represents the ID in the Infinium HumanMethylation450 BeadChip. The markers included in the 3-plex MSRE-PCR assay of this study are
shown in italics type
bNumber of HhaI recognition sequences (5′-GCGC-3′) in the amplicon
cNames of the markers tested in the previous 10-plex MSRE-PCR assay [28]. The symbol “–” represents the marker collected through searching the
database in this study
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(SRY) were combined to create a 3-plex MSRE-PCR assay for
spermatozoa identification. The electropherogram of an example
DNA from semen, vaginal secretion, and menstrual blood iden-
tified by this 3-plex MSRE-PCR assay is shown in Fig. 1.
Reactions without HhaI digestion were also performed for com-
parison. Without HhaI digestion (HhaI-), the peaks of DC and
SP loci were observed in all samples; the peak of SRY marker
was only observed in DNA from semen as expected. After the
HhaI digestion (HhaI+), no peaks were observed for DNA sam-
ples from vaginal secretion and menstrual blood samples at these
three loci due to their un-methylated recognition sequences with-
in the DC and SP markers and a deficiency of the SRY gene. In
contrast, peaks for both the SP and SRY loci were observed for
DNA extracts from semen due to the methylated SP fragment
and the presence of the male-specific SRY gene. The signals of
the ladders from 15 batches were collected for definition of the
size bins for precise sizing in the 3-plex MSRE-PCR assay. The
average ± SD of size for each signal is calculated as 400.68 ±
0.19 bp for DC, 407.23 ± 0.27 bp for SP, and 410.03 ± 0.20 bp
for SRY respectively. The largest SDwas 0.27 bp, and thus, 3 SD
was 0.81 bp. Therefore, the size bins for each signal could be
determined as ± 0.81 bp in the panel management of
GeneMapper® ID-X v1.4 software for run to run comparison.

Validation tests for the 3-plex MSRE-PCR assay

Specificity

In addition to semen and female body fluids encountered fre-
quently in sexual assault cases, other biofluids occasionally

observed in crime scenes were also collected to assess the
specificity of the 3-plex MSRE-PCR assay. These comprised
peripheral blood, saliva, nasal secretion, sweat, urine, and fe-
ces. Furthermore, 2 semen samples from vasectomized males
and 5 breast milk samples were also collected and tested
(Table 1). The expected results were observed for all samples
using the 3-plex MSRE-PCR assay (Online Resource 4). For
all the female samples (Online Resource 4c, e, g, i, k, m, and
o), no peaks were observed. For all the male samples but the
healthy non-vasectomized semen, only the SRYpeak was ob-
served (Online Resource 4b, d, f, h, j, l, and n). The SP peak
was observed only for semen samples collected from the non-
vasectomized donors (Online Resource 4a), but not for those
that had a vasectomy (Online Resource 4b). The results
showed that the 3-plex MSRE-PCR assay was highly specific
for DNA from spermatozoa rather than DNA from seminal
fluid.

Sensitivity

DNA from 20 semen samples (donated by non-vasectomized
males) was used to determine the sensitivity of the 3-plex
MSRE-PCR assay. For each semen DNA extract, 0.2, 0.1,
0.05, and 0.025 ng were used (Fig. 2). None of the samples
showed any peaks at the DC locus indicating complete diges-
tion by the restriction enzyme HhaI. When 0.1 and 0.2 ng
DNA were used (in Fig. 2c, d), all of the samples exhibited
more than 40% peak height ratio (PHR, the lower peak height
divided by the higher peak height) between SP and SRY loci
(sample 19 has the lowest PHR of 47% in SP and SRY loci in

Fig. 1 Electropherogram of an
example of testing DNA from
semen, vaginal secretion, and
menstrual blood using the 3-plex
MSRE-PCR assay. The DNA
used was from semen (a), vaginal
secretion (b) and menstrual blood
(c). “HhaI−“ and “HhaI+”
represent without and with HhaI
digestion respectively
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Fig. 2d). Though the PHR of sample 19 was the lowest, the
peak height of the lower peak (SP) of sample 19 was close to
5000RFU.When 0.05 ngDNAwas used (in Fig. 2b), samples
01 and 13 have a lower PHR between 20 and 40% in SP and
SRY loci (35 and 32% respectively); moreover, sample 18 has
a PHR lower than 20% in SP and SRY loci (13%). When
0.025 ng DNAwas used (in Fig. 2a), 2 out of the 20 samples
have lower PHR (samples 12 and 13, by 21% and 36% re-
spectively); moreover, the SRYpeaks dropped out in 3 of the
20 samples (samples 06, 09, and 18) and SP peak in one
sample (sample 03). The result also illustrates that stochastic
effects will occur, such as lower PHR or peak drop-out, in
some samples at the trace amounts of DNA. For interpretation
of the results, regardless if the sperm DNA is over 0.1 ng or
not, if both SRY and SP peaks are detected (≧150 RFU) with
no DC peak, the interpretation is “sperm-positive.” For inter-
pretation of the sperm negative, the threshold of SRY needs to
be determined. On the basis of sensitivity testing (only SRY
detected with peak height of 609 RFU for sample 03, Fig. 2a),
the threshold for determining sperm-negative was considered
as 700 RFU. Therefore, when only SP is detected, or only
SRY is detected with peak height from 150 RFU to less than
700 RFU, the results would be identified as inconclusive. In
addition, a recommendation is that more than 0.1 ng but less

than 1 ng of DNA from semen should be used as template for
the 3-plex MSRE-PCR assay since definite results were ob-
tained using 0.1 ng of DNA from semen; however, pull-up
signals were observed with more than 1 ng of semen DNA
(data not shown).

Excessive female DNA and mixture

Each of 20 samples of DNA from vaginal secretion and men-
strual blood was used to evaluate the effects of excessive
amounts of female DNA in the 3-plex MSRE-PCR assay.
The results showed that when the DNA from the female was
less than 80 ng, no peaks were observed as expected for all of
the 20 vaginal samples (Online Resource 5). However, when
the vaginal DNAwas 100 ng, the SP peak was observed in 2
of the 20 samples (No. 11 and 12) with 208 and 170 RFU,
respectively, and a DC peak was observed in one sample (No.
11) with 187 RFU (Online Resource 5f). No peaks were ob-
served for these DNA extracts from vaginal secretions at SRY
locus. The same tests for the menstrual blood DNAwere per-
formed (Online Resource 6). No peaks were observed when
the DNA template was 5 ng for all of the 20 menstrual blood
samples. However, when DNA was increased to 10 ng, a
signal of 165 RFU at the SP locus for the No. 12 sample
was observed and at 20 ng DNA, 2 signals (169 and 180
RFU) at the SP locus for the No. 01 and 12 samples were
recorded. When DNAwas 40 ng, there were 7 samples (No.
01, 04, 11, 12, 14, 17, and 18) that showed signals at either the
DC or SP locus or both loci. No SRY signal was observed for
all DNA extracts from only menstrual blood. In the presence
of excessive amounts of DNA from female, incomplete enzy-
matic digestion using HhaI occurred as indicated by the DC
signal. The results showed incomplete digestion ofHhaI when
the vaginal DNAwas 100 ng, and the menstrual blood DNA
was 40 ng, and in this scenario, the result would be interpreted
as “failed” in the 3-plex MSRE-PCR assay.

It should be noted that the 3-plex MSRE-PCR assay could
be invalidated if incomplete digestion of DNA template by
HhaI occurred. The recommended template DNA for this as-
say was therefore suggested to be not more than 80 ng from
vaginal secretions and 20 ng frommenstrual blood. A positive
result for the presence of DNA from semen is therefore based
on a profile containing peaks at both the SP and SRY loci and
no peak at DC locus. A profile where only the SP peak is
detected could be the result of excessive female DNA, and
therefore, not more than 80 ng of vaginal secretion DNA
and 5 ng of menstrual blood DNA were recommended for
the 3-plex MSRE-PCR assay to prevent the generation of
any non-specific SP peak.

A further 10 samples of semen, vaginal secretion, and men-
strual blood DNAwere used to test the sensitivity of the assay
for the mixture (Fig. 3). A dilution of 0.1 ng of semen DNA
gave results in all 10 samples and all with high RFU value for

Fig. 2 Sensitivity test of the 3-plex MSRE-PCR assay for semen. The 20
semen samples were from different donors and are numbered from 01 to
20 on the x axis. The y axis is the RFU data. For 0.025 ng DNA (a), the
empty arrows indicate that the SRY has dropped out (samples 06, 09 and
18) and the diagonally striped arrow indicates that the SP has dropped out
(sample 03) in the electropherogram. The dotted frames indicate the inter-
locus peak height imbalance with a peak height ratio (PHR) lower than
40% in SP and SRY loci (samples 12 and 13, by 21% and 36%
respectively). For 0.05 ng DNA (b), the dotted frames indicate the
inter-locus peak height imbalance with a PHR lower than 40% in SP
and SRY loci (samples 01 and 13, by 35% and 32% respectively) and
sample 18 shows a significant inter-locus peak height imbalance with
PHR lower than 20% in SP and SRY loci (13%)
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both the SP and SRYpeaks. Data are also shown whenmixing
0.1 ng of semen DNA and 80 ng of vaginal DNA, and also
0.1 ng of semen DNA and 5 ng of menstrual blood DNA (Fig.
3). In each mixed body fluid sample, both the SP and SRY
signals were clearly detected for spermatozoa DNA (Fig.
3c, e). An example of the electropherogram from the mixture
F in Fig. 3 is shown in Fig. 4. The peak heights of both SP and
SRY were all higher than 1000 RFU in the mixed samples
even when the semen DNAwas only 0.1 ng. Only 2 (0.1 ng
semen DNA mixed with 80 ng vaginal DNA, Fig. 3c,
mixtures B and H) out of the 10 mixtures exhibited peak
heights under 2000 RFU for both SP and SRY loci, which
were lower than the peak heights of 0.1 ng semen DNA tested
alone. These data indicated that although the peak heights for
some mixtures were lower than the semen tested alone, the
detection of spermatozoa using this 3-plex MSRE-PCR was
therefore not affected by the excessive female DNA. This
detection of semen DNA was effective even when there was
800 times more vaginal secretion DNA than semen DNA
(ratio 80/0.1) or 50 times more menstrual blood than semen
DNA (ratio 5/0.1).

Furthermore, other mixed sample types encountered in sex-
ual assault cases, such as saliva DNAmixed with spermDNA,
have also been tested in our study. Five semen and five female
saliva DNA samples were collected to prepare five mixture
samples. Each sample was mixed by adding 0.1 ng semen
DNA with 80 ng female saliva DNA (ratio 80/0.1), yet all
samples resulted as sperm-positive in the 3-plex MSRE-PCR
assay. These results are similar to those of sperm and vaginal

DNA mixtures. Furthermore, five semen and five male saliva
DNA samples were also collected to prepare mixture samples.
Each sample was mixed at the ratios of 1:0, 1:1, 1:3, 1:9, and
0:1 (semen to saliva) and the total DNA input was 1 ng in the
3-plexMSRE-PCR assay. The results also showed all (except-
ing 0:1) were sperm-positive even for the mixture with 0.1 ng
semen DNA and 0.9 ng male saliva DNA (1:9). However, in
this scenario, a significant inter-locus peak height imbalance
(PHR < 5%) was observed.

Degraded DNA

From the results of DNA quantification, the semen DNA sam-
ples damaged by UVC exposure for 1, 2, 5, and 10 min were
recorded as “non-degraded” with a DI (degradation index)
lower than 1.5, according to the report [40]. In this report, four
arbitrary degradation categories are provided: 0 < DI < 1.5 for
non-degraded, 1.5 < DI < 4 for mildly degraded, 4 < DI < 10
for degraded, and 10 < DI for severely degraded. Following
these categories, in our study, samples exposed for 20 and
30 min were recorded as “mildly degraded,” samples exposed
for 60 min recorded as “degraded,” and samples exposed for
120 min recorded as “severely degraded” (Online Resource
7). From the results of the 3-plex MSRE-PCR assay, the se-
men DNA samples exposed for 1, 2, 5, 10, 20, and 30 min
were identified as “sperm-positive” following the user guide-
line (Online Resource 8), though the mildly degraded semen
samples exposed for 20 and 30min were detectedwith a lower
PHR. One (semen DNA 2) out of three degraded semen DNA

Fig. 3 Simulated mixtures of
DNA from semen and female
DNA tested by the 3-plex MSRE-
PCR assay. Ten sets of mixtures
numbered from A to J are listed
along the x axis. The y axis
represents the RFU data
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samples exposed for 60 min was interpreted to be sperm-
positive with a significant inter-locus peak height imbalance
(PHR 4.8%), and the other two samples recorded only a SP
signal but no SRY. The three severely degraded semen DNA
samples exposed for 120 min were identified as inconclusive
due to only SP signal but no SRY (Online Resource 8). The
results showed that the mildly degraded semen DNA samples
can be used in the 3-plex MSRE-PCR assay, the degraded
semen DNA samples may still be detected (such as the semen
DNA 2), and the severely degraded semenDNA samples were
identified as inconclusive.

Non-probative forensic sample tests

A total of 31 samples were collected from 18 sexual assault
cases. These comprised low-vaginal swabs (collected from the
position near and around vaginal orifice, including vulva and
perineum), high-vaginal swabs (collected from the position
between cervix to posterior vaginal fornix with the help of
disposable vaginal speculum), underpants, tissue paper, and
T-shirt (Table 2). When the samples were collected, they were
put in evidence storage boxes for air-dry and stored at room
temperature in evidence room. The time interval between the
sample collections to testing is approximately 1 month (~
30 days). As part of previous forensic examinations, these
items had been tested by Kastle-Meyer test, acid phosphatase
test, PSA test, RSID-semen test, microscopic examination,
Trio DNA Quantification, and STR typing (autosomal STR
and Y-STR), and in this study, the 3-plex MSRE-PCR assay
was performed. The results for these tests are listed in Table 4.
Sixteen out of 31 samples were identified as sperm-positive by
both microscopy and the 3-plex MSRE-PCR assay. Another

11 samples of the 31 samples were identified as sperm-
negative by the microscopy and “inconclusive” or “no result”
by the 3-plexMSRE-PCR assay; additionally, STR typing (Y-
STR) of these samples also gave no result as the male DNA in
the extracts was undetected (UD) or less than 0.005 ng/μL
(detection limit of the quantification kit). For the other four
out of the 31 samples (No. 2, 9–2, 9–4, and 10), no sperma-
tozoon was observed by microscopy; however, the results
were spermatozoa-positive by using the 3-plex MSRE-PCR
assay and male STR profiles had been obtained (autosomal
STR or Y-STR). One of the 4 samples (No. 2) was a high-
vaginal swab reported to have been collected 3–4 days after an
alleged sexual assault; the swab gave a weak positive result for
ACP test and negative results for RSID-semen and PSA tests.
A male STR profile had been obtained from the high-vaginal
swab and a fair assumption was that the DNA originated from
sperm cells due to the spermatozoa with the longest persis-
tence and highest detection rate [8, 9]. Another of the four
samples (No.10) was reported to be from tissue paper used
after an alleged sexual assault; the tissue paper gave a positive
result for ACP and PSA tests and a negative result for RSID-
semen test. The other two samples (Nos. 9–2 and 9–4) were a
low-vaginal swab and a T-shirt. The former (No. 9–2) gave a
weak positive result for ACP and RSID-semen tests, and a
negative result for PSA test; the latter (No. 9–4) gave a weak
positive result for ACP test, a negative result for RSID-semen
test, and failed in the PSA test.

Among these 31 samples, sample no. 17–2 was recorded as
having the longest time interval between the alleged sexual
assault and evidence collection; this item was a high-vaginal
swab labeled as collected up to 6–7 days after the alleged
offense. Only 4 heads of spermatozoa were recorded by

Fig. 4 Electropherogram for an
example of the simulated
mixtures
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microscopy, which was corroborated by the 3-plex MSRE-
PCR assay giving a spermatozoa-positive result. The ratio of

female/male DNA was approximately 833 (4.5 μL of DNA
template, 78.786/0.0945 = 833.714). Sample no. 13–2 was a

Table 4 The results for different tests of non-probative forensic samples used in this study

Sample no.a KMb ACPc PSAd RSIDe Microscopyf DNA (ng/uL)g Male DNA input (ng)h 3-
plexi

STRj

1–1 ○ △ ○ ● ● S:0.6002, Y:UD 0 ■ ■
1–2 ○ △ ○ ● ● S:5.2058, Y:UD 0 ■ ■
2 – △ ● ● ● S:5.4863, Y:0.0156 0.0889 ○ ○
3 ○ △ △ ● ● S:2.0647, Y:0.0011 0.0063 ■ ■
4 – △ ● ○ ○ S:12.1034, Y:0.5576 0.2788 ○ ○
5–1 – △ ● ● ● S:9.5557, Y:UD 0 ■ ■
5–2 – △ ● △ ● S:0.0514, Y:0.0004 0.0023 ■ ■
6–1 – ○ ● ○ ○ S:0.2373, Y:0.2197 0.2197 ○ ○
6–2 – ○ ● ○ ○ S:8.6232, Y:6.4812 0.3241 ○ ○
7–1 – ● ● △ ○ S:1.1575, Y:0.0276 0.1573 ○ ○
7–2 – △ ● ○ ○ S:17.9529, Y:0.3457 0.3457 ○ ○
8–1 – △ ● ● ● S:0.2397, Y:0.0002 0.0011 □ ■
8–2 – △ ● ○ ○ S:1.1684, Y:0.1269 0.2538 ○ ○
9–1 – △ ● ○ ○ S:21.7071, Y:0.0736 0.1472 ○ ○
9–2 – △ ● △ ● S:0.5872, Y:0.1028 0.2056 ○ ○
9–3 – △ △ ○ ○ S:14.5902, Y:8.9486 0.4474 ○ ○
9–4 – △ ▲ ● ● S:2.5226, Y:0.0035 0.0200 ○ ○
10 – ○ ○ ● ● S:0.0334, Y:0.0347 0.1978 ○ ○
11 – △ ● ○ ○ S:17.2088, Y:0.0105 0.0599 ○ ○
12–1 – △ ● ○ ○ S:42.318, Y:0.8691 0.4346 ○ ○
12–2 – △ ● ○ ○ S:85.589, Y:0.3103 0.1552 ○ ○
13–1 – △ ● △ ○ S:10.9138, Y:0.0273 0.1556 ○ ○
13–2 ○ △ ● ○ ○ S:18.7999, Y:0.1641 0.1641 ○ ○
14 △ △ ○ ○ ○ S:5.7949, Y:0.1717 0.1717 ○ ○
15 – △ ○ ● ● S:0.0626, Y:UD 0 ■ ■
16–1 – △ ● ● ● S:0.0111, Y:0.0038 0.0217 □ ■
16–2 – △ ● △ ○ S:25.6269, Y:0.1454 0.1454 ○ ○
17–1 – △ ● ● ● S:0.9642, Y:UD 0 ■ ■
17–2 – △ ● △ ○ S:17.529, Y:0.021 0.0945 ○ ○
18–1 – △ ● ● ● S:0.1355, Y:0.0008 0.0046 ■ ■
18–2 – △ ● ● ● S:4.9627, Y:UD 0 ■ ■

The meanings of the symbols are as the following: ○: positive; ●: negative; △: weak positive; ▲: test failed; ■:no result; □: inconclusive; −: no data
a The samples in italics represent spermatozoa-negative by microscopic examination but positive by the 3-plex MSRE-PCR assay
bKM represents the Kastle-Meyer test for preliminary identification of blood
cACP represents the acid phosphatase test for semen preliminary identification
d PSA represents the PSA test for semen identification.Weak positives refer to the color intensities less than that for the control line of 4 ng/μL. The failed
test refers to the absence of the control line
e RSID-semen represents the Sg test for semen by RSID-semen test. Weak positives refer to very faint color on test line
fMicroscopy represents the microscopic examination for sperms
g S and Y represent the value of DNA quantification on human target-small autosomal and human Male Target respectively. UD represents undetected
hMale DNA input represents the amount of male DNA input in a 3-plex MSRE-PCR assay
i 3-plex represents the 3-plex MSRE-PCR assay developed in this study. No result: SP and SRY peaks both are undetected (peak height less than 150
RFU). Inconclusive: only SP is detected, or only SRY is detected with peak height from 150 RFU to less than 700 RFU
j STR represents the male STR profile. Positive: more than 8 STR loci detected for Identifiler Plus kit or 12 Y-STR loci for PowerPlex®Y23 System. No
result: less than three Y-STR loci detected
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high-vaginal swab stained with menstrual blood based on vic-
tim’s statement and recorded as collected up to 3–4 days after
the alleged offense. This swab gave a positive result for blood
using Kastle-Meyer test and spermatozoa recorded by micros-
copy and the 3-plex MSRE-PCR assay. The ratio of female/
male DNA was approximately 113 (1 μL of DNA template,
18.6358/0.1641 = 113.5637). The DNA amount taken for the
3-plex MSRE-PCR assay was following the above validation
results as not more than 80 ng DNA from vaginal secretions
and 20 ng DNA from menstrual blood.

From the results of these tests for forensic samples
(Table 4), RSID-semen tests were observed predominantly
concordant with the microscopic examinations except for
two samples (Nos. 5–2 and 9–2). Both gave weak positive
results for RSID-semen test and negative results for micro-
scopic examination. One of the two samples (No. 9–2) was
positive for spermatozoa based on the 3-plex MSRE-PCR
assay and male STR profile was obtained; the other sample
(No. 5–2) gave no result for both 3-plex MSRE-PCR assay
and male STR typing. Additionally, results of the 3-plex
MSRE-PCR assay for all these forensic samples matched with
the results for male STR typing.

The process of differential extraction is common practice in
forensic casework; in this study, four evidential samples iden-
tified as sperm-positive by microscopic examination were se-
lected. Differential DNA extraction was performed, and thus,
eight DNA samples (four sperm fraction DNA and four non-
sperm fraction DNA) were quantified by the trio DNA quan-
tification and tested by the 3-plex MSRE-PCR assay. Six
DNA samples (four sperm fraction DNA and two non-sperm
fraction DNA extracts) returned quantification data of more
than 0.01 ng/μL for male DNA and interpreted as sperm-
positive by the 3-plex MSRE-PCR assay, and Y-STR typing
generated the expected alleles. The results indicated that all
sperm fraction DNA extracts were interpreted as sperm-
positive for the 3-plex MSRE-PCR assay, and some of non-
sperm fraction DNA extracts containing more female DNA
and less male DNA also have limited sperm DNA to be
detected.

These case studies illustrated how the newly designed 3-
plex MSRE-PCR has higher sensitivity, and is better corrob-
orated, than spermatozoa identification by microscopy. The
new assay is a further method for the effective identification
of spermatozoa, particularly if the spermatozoa are deformed,
or they are in very limited number and hard to find.

Discussion

Unambiguous identification of spermatozoa is central to the
investigation of alleged sexual assault cases. Commonly,
swabs and stains are tested first with a presumptive test for
semen and, if positive, followed by microscopy to identify

spermatozoa. Genetic testing to confirm the presence of sper-
matozoa would be greatly aided by the identification of a
spermatozoa-specific marker (SP). Such a genetic marker
was the subject of a search in this study and based on the
analysis of 214 DNA samples from 10 body fluids (or tissues),
only semen containing spermatozoa exhibited a spermatozoa-
specific pattern with both SP and SRYpeaks generated by the
3-plex MSRE-PCR assay. No SP peak was ever observed if
spermatozoa were not present (such as body fluids other than
semen) even for instances when the male vasectomized.Males
with a vasectomy will produce semen, and associated epithe-
lial cells from the male, but no spermatozoa, thus confirming
that the SP marker was spermatozoa-specific and not able to
generate a result from other male-specific cell types.
Sensitivity testing showed that even 0.1 ng of DNA from
semen (containing spermatozoa) was sufficient to identify
the presence of spermatozoa. A positive result for the 3-plex
MSRE-PCR assay can be observed using around 35 sperm
cells (for 100 pg); therefore, about 550 sperm cells in the
extract (100 μL) are necessary to robustly have a positive
result. If the sperm cells are insufficient in the extract, so that
the total input DNAwill be less than 100 pg, the results may
show a drop-out of SP and/or SRY peaks or an imbalance of
PHR of SP and SRY loci due to the influences of stochastic
effects. In fact, it is difficult to accurately determine howmany
sperm cells are present in an extract, since the male DNA from
DNA quantification includes both sperm and non-sperm male
DNA. In practical cases, the concentration of DNA extracts
can be adjusted in the process of extraction. For instance, use
less amount of H2O (such as 50 μL) to elute the DNA in the
final step of extraction.

However, the complete digestion for methylation-sensitive
restriction enzyme (e.g., HhaI) is crucial to the MSRE-PCR
assay. Inhibitors for HhaI and excessive amounts of DNA
template can result in the incomplete digestion of the DNA
template making the results invalid. In this study, amplicons of
DC and SP fragments were designed to cover more GCGC
recognition sequences to assist in complete digestion of the
DNA. When DNA from vaginal fluids was more than 80 ng
and menstrual blood DNA more than 20 ng, the 3-plex
MSRE-PCR assay could still fail due to the incomplete diges-
tion of the DNA. These results indicated that the restriction
enzymewas less efficient in digestion of DNA frommenstrual
blood than the vaginal DNA. This finding is possible due to
the presence of hemoglobin in menstrual blood, which is a
well-known inhibitor for some enzymes, such as the DNA
polymerase for PCR amplification [41].

For more convenient use of the 3-plexMSRE-PCR assay, a
recommended workflow and user guideline is shown in the
online resource 8. Steps are as the following: The human and
male DNA can be simultaneously quantified by the
Quantifiler™ Trio DNA quantification kit (b in the flow chart)
to evaluate the male and female DNA in the extract. If the
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samples contain male DNA not less than 0.005 ng/μL, then
the 3-plex MSRE-PCR assay (c in the flow chart) can be
applied. For the total input DNA, the recommendation is not
to use the assay if more than 80 ng of vaginal DNA and 5 ng of
menstrual blood DNA are present to prevent the generation of
non-specific SP signal. Further, the male DNA should be
ranged from 0.1 ng to less than 1.0 ng (0.2–0.5 ng is appro-
priate). When only the trace DNA is extracted, the maximum
volume (5.7 μL) is suggested (the acceptable amount of fe-
male DNA also needs to be concerned). The absence of DC
peak in each sample needs to be confirmed to make sure the
complete digestion of HhaI (d in the flow chart).

Interpretations of the results for the 3-plex MSRE-PCR
assay include the following 4 situations (e in the flow chart):
(i) sperm-positive indicates that SP and SRYpeaks both show
the peak height not less than 150 RFU (f in the flow chart); (ii)
No result is recorded when the SP and SRY peaks are both
undetected (peak height less than 150 RFU); (iii) sperm-
negative indicates that any SP peak is undetected and any
SRY peak is at a peak height not less than 700 RFU (g in
the flow chart); (iv) inconclusive is when only either the SP
is detected, or only SRY is detected with peak height from 150
RFU to less than 700 RFU.

The SP signals were also observed for 100 ng DNA from
vaginal fluids and 10 ng, 20 ng, and 40 ng menstrual blood
DNA. The original attempt in this study was to explore sperm-
specific markers on Y chromosome, however, only the 456
CpG loci on the Y chromosome were present in the Infinium
HumanMethylation450 BeadChip, and none of the loci have
been shown to be spermatozoa-specific. If a sperm-specific
CpG locus on Y chromosome can be identified then this will
increase greatly the specificity as excessive amounts of female
DNA should not produce any PCR product from a marker on
Y chromosome.

Applying the 3-plex MSRE-PCR assay to forensic exhibits
showed that the assay had the greatest sensitivity for the de-
tection of spermatozoa in semen, followed by the RSID-
semen test and microscopic examination, both of which
shared a similar detection rate for semen identification. The
PSA test can exhibit reduced specificity for semen [5, 6, 36,
37], and therefore, a recommendation is that PSA test should
be combined with other tests for semen identification. These
results are compliance with a previous report on the persis-
tence and detection rate of semen using various tests [8].
However, spermatozoa cannot always be detected in once
semen has been detected, such as semen from vasectomized
men, and under this situation, the RSID-semen and PSA tests
remain a good choice for semen detection.

The 3-plex MSRE-PCR is easily transferrable to forensic
practices because it uses the same equipment already in use at
crime laboratories. As the same DNA sample for STR typing
can also be used for the 3-plex MSRE-PCR assay, no more
stain is consumed. The STR typing and 3-plex MSRE-PCR

assay could be performed at the same time after DNA quanti-
fication. The only additional requirement is a 60-min incuba-
tion for DNA digestion by HhaI for the 3-plex MSRE-PCR
assay. It is noted that the time taken in this assay is more than
the immunological test (PSA, Sg), typically only 10 min of
running time. For the 3-plex MSRE-PCR assay, the reagent
cost is about US$0.85 per reaction, which is cheaper than the
cost of immunological tests (more than US$5 per PSA test and
US$15 per RSID test in Taiwan). Therefore, in addition to its
higher sensitivity and specificity for normal semen as validat-
ed in the study, the 3-plex MSRE-PCR assay has great advan-
tages of less cost, no more stain consumption, and easy trans-
fer to forensic practice. However, immunological tests have
some benefits, such as being fast, convenient, and important
for sperm-free semen sample.

Conclusions

This study reported a specific and sensitive 3-plex MSRE-
PCR assay for spermatozoa identification. The sensitivity tests
showed that 0.1 ng of DNA from semen was sufficient to
identify the spermatozoa, and no more than 80 ng of vaginal
DNA and 5 ng of menstrual blood DNA for the mixtures are
recommended. This 3-plex MSRE-PCR assay was shown to
be particularly valuable for spermatozoa identification in cases
where the spermatozoa are deformed, or in very limited num-
ber. The methodology described is readily transferrable to
current forensic practice as it uses the same equipment already
in use at crime laboratories and with the advantages of less
cost and no more stain consumption.
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