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Abstract Forensic analysis of biological traces generally
encompasses the investigation of both the person who con-
tributed to the trace and the body site(s) from which the
trace originates. For instance, for sexual assault cases, it can
be beneficial to distinguish vaginal samples from skin or
saliva samples. In this study, we explored the use of micro-
bial flora to indicate vaginal origin. First, we explored the
vaginal microbiome for a large set of clinical vaginal sam-
ples (n0240) by next generation sequencing (n0338,184
sequence reads) and found 1,619 different sequences. Next,
we selected 389 candidate probes targeting genera or species
and designed a microarray, with which we analysed a di-
verse set of samples; 43 DNA extracts from vaginal samples

and 25 DNA extracts from samples from other body sites,
including sites in close proximity of or in contact with the
vagina. Finally, we used the microarray results and next
generation sequencing dataset to assess the potential for a
future approach that uses microbial markers to indicate
vaginal origin. Since no candidate genera/species were
found to positively identify all vaginal DNA extracts on
their own, while excluding all non-vaginal DNA extracts,
we deduce that a reliable statement about the cellular origin
of a biological trace should be based on the detection of
multiple species within various genera. Microarray analysis
of a sample will then render a microbial flora pattern that is
probably best analysed in a probabilistic approach.
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Introduction

In forensic analysis, information on the presence of some-
one’s cell material in an evidentiary trace does not always
suffice as recurrently the cellular origin of a sample is ques-
tioned. From a criminalistic point of view, the first is regarded
as reporting at source level (which donor is the source of the
biological material?), the latter relates to an expert opinion at
activity level (what action has led to deposition of the biolog-
ical material?). For instance, indications whether the cell
material of a female donor is of buccal, skin or vaginal origin
may lead to a different evaluation at the activity level in a
sexual assault case. In some cases, the cellular origin of a
sample is determined using microscopic analysis, which can
be assisted by histological or immunological staining to detect
sperm or epithelial cells [1–4].
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In addition to microscopic analysis, presumptive tests
based on the detection of enzymes or antigens can be used
to indicate the presence of semen, blood and saliva. Further-
more, alternative approaches for body fluid identification
have been published, such as DNA methylation [5], mRNA
markers or microRNA markers [6–8] or the use of Raman
spectroscopy [9, 10]. Notwithstanding these methods, it is
hard to unambiguously discriminate vaginal epithelial cells
from other epithelial cells as the discriminative power of the
various markers used is not absolute.

This study investigates whether the presence of certain
microbial flora can indicate a vaginal origin of the sample of
interest. The human body is colonised by a wide variety of
microbes [11, 12]. Different body sites harbour different pop-
ulations of microbial flora. The detection of these different
populations may be indicative of the sampled body site.
Various studies have examined the vaginal microbiome, via
microbiological culturing techniques and recently also via
deep sequencing approaches [13–21]. A drawback of the
culturing method is that a large part of the microbial flora
present in a sample may be lost, due to the selectivity of the
culturing media and/or the inability to culture a particular
microorganism. Extracting DNA directly from a sample, how-
ever, allows the analysis of a large part of the present micro-
biome without selection. By using next generation sequencing
techniques such as 454 sequencing, the DNA extract contain-
ing DNA from a large proportion of the microbiome can be
analysed in one run. In this study, next generation sequencing
was performed on a large set of clinical vaginal samples to
assay the vaginal microbial flora. Based on this sequencing
data set, candidate probes for vaginal flora identification were
selected. These probes were spotted on microarrays together
with control probes and candidate probes for species or genera
known to be present in saliva, faeces and/or on skin. The
microarrays were used to (1) evaluate the effect of different
DNA extraction methods on isolating DNA from the different
microbial species found in the vaginal samples, (2) determine
whether species can be found that are present in all or a
majority of the vaginal samples and (3) infer what approach
has the highest potential for identifying the vaginal origin of a
sample based on microbial flora.

Materials and methods

Next generation sequencing and development of a (vaginal)
microbial flora microarray

Next generation 454 sequencing (Roche, Branford, USA) of
240 clinical cervical brush samples, collected by general
practitioners and stored in the coagulant fixative BoonFix
[22], was performed by TNO Quality of Life (Zeist, The
Netherlands [23]). These samples were not subjected to

human DNA profiling for which an informed consent would
have been needed. Sample diversity was obtained by using
vaginal samples from different donors with ages between 15
and 84 and with a healthy vaginal community or with bacterial
overgrowth. Eighteen pools were prepared after DNA extrac-
tion, for which, grouping predominantly was based on the age
of the donor. DNA extraction was done by phenol bead-
beating followed by silica column extraction [24]. A specific
sequence tag was added for each of the 18 pools during
amplification of the 16S rDNAV5 and V6 region. The uni-
versal PCR primers used for these amplifications are pre-
sented in Supplementary Table 1. The raw sequence data
were processed by removing the tag and primer sequences
and microbial taxonomy was determined using the Ribosomal
Database Project (RDP), which is a 16S rDNA database, that
is continuously updated, as described in [25, 26]. A set of 220
oligonucleotide probes, targeting families or (groups of)
genera or species, was designed using the next generation
sequencing data from the vaginal samples. In addition, 169
probes targeting families of (groups of) genera or species
known to be common in saliva, in faeces or on skin were
selected [24]. These probes were spotted on microarrays [24]
together with 16 general bacterial spots (positive controls) and
ten buffer spots (negative controls) to reach a total number of
415 probe and control spots.

Samples used for microarray analysis

In order to gain a representative forensic dataset, 12 female
volunteers donated 36 self-collected vaginal swabs. Accord-
ing to Forney et al., self-collected vaginal swabs reveal the
same microbial diversity as vaginal swabs collected by a
physician [27]. We aimed to obtain an overview of the
microbial flora in vaginal samples including factors that
can influence the composition of these communities [16,
27, 28]. Therefore, several variables were covered in our
dataset, i.e. different periods in menstrual cycle or meno-
pause, variable time between intercourse and sampling and
condom or lubricant use. Furthermore, vaginal samples
were collected using different swab types, as the character-
istics of the swab type may influence the uptake and release
of (bacterial) cells [29]. Eight volunteers donated multiple
vaginal samples (up to six swabs), some collected at differ-
ent time points and some collected at the same time point
but using different swab types.

In addition to the vaginal swabs, 25 samples from several
other forensically relevant body sites were tested. These
samples comprised nine double swabs [30] from skin [four
hands (three females, one male), three female groins and
two penis (two males)], eight saliva samples (five females,
three males), three semen samples (one fertile man, two
non-fertile men), three urine samples (two males, one
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female), one faecal sample (female) and one blood sample
(female, obtained by fingertip puncture).

DNA extraction, quantification and STR profiling

Twenty-nine of the 36 vaginal swabs were subjected to
differential extraction (DE) resulting in a non-sperm fraction
(NF) and a sperm fraction (SF) [29], of which 22 NFs and
16 SFs were further analysed. Five of the 36 vaginal swabs
and all non-vaginal samples were processed by the QIAamp
DNA mini kit as described by the manufacturer (Qiagen,
Venlo, The Netherlands). For 2 of the 36 vaginal swabs, the
FastDNA® SPIN Kit for Soil (FastPrep) (MP Biomedi-
cals, USA) was used for the extraction of bacterial
DNA. DNAwas extracted according to the manufacturer, with
the adaptation that bead-beating was performed for 30 s at a
speed setting of 5.5 which was followed by 1 min
centrifugation.

Bacterial DNA quantification was performed using
qPCR with universal bacterial primers Eub338 and
Eub518 (Supplementary Table 1) [31]. Amplifications
were carried out in 25 μl reactions containing 1x iQ™
SYBR® Green Supermix (Bio-Rad, Veenendaal, The
Netherlands), 10 pmol of each primer, 3 μl template and
distilled water. The following PCR programme was used
on a MiniOpticon™ Real-Time PCR system (Bio-Rad,
Veenendaal, The Netherlands): 4 min 95°C, 40 cycles of
30 s 94°C, 40 s 52°C and 40 s 72°C. After each cycle, a
plate read was performed. DNA concentrations were cal-
culated using a dilution series (0.3–54 ng/μl) of a Lacto-
bacillus casei DNA extract as standard.

Additionally, most extracts were used for human DNA
profiling (using the AmpFlSTR® SGM Plus® kit and/or the
AmpFlSTR® Identifiler® kit, Applied Biosystems, Nieu-
werkerk aan de IJssel, The Netherlands) to confirm the
presence of DNA corresponding to the donor. All donors
gave an informed consent for this short tandem repeat (STR)
profiling, and for all donors, the STR genotypes were
known from a reference sample.

16S rDNA PCR and microarray analysis

16S rDNA PCR and microaray analysis were performed
according to [24]. In brief, approximately 1 ng of bacterial
DNA was amplified using universal primers for 16S rDNA
(Supplementary Table 1). After exonuclease treatment,
single-stranded PCR products were hybridised to a (vaginal)
microbial flora microarray for 4 h at 37°C. After hybridiza-
tion, four wash steps were performed, and the slides were
dried. Fluorescent signals were scanned using a ScanArray
Express 4000 scanner (Packard Bioscience, MA, USA). For
each spot, the fluorescent signal and background were
measured and the signal/noise ratio was calculated [24].

Spots with a signal-to-noise ratio above 5 were regarded
as positive spots.

Results and discussion

Next generation sequencing data and microarray
development

Eighteen pools of DNA extracts obtained from 240 clinical
cervical brush samples were used to analyse the microbiome
by next generation sequencing. After data processing, a total
of 338,184 useful sequence reads, distributed equally over
the 18 pools [representing different age groups of the donors
(Supplementary Fig. 1)] remained. Thereby, a representative
dataset is obtained indicative of the vaginal microbial flora
of women between 15 and 84 years of age. The sequencing
reads correspond to 1,619 different sequences, of which 265
occurred with a frequency greater than 0.01% and 56
sequences had a frequency greater than 0.1%. The sequen-
ces were assigned to species, genera or groups within a
genus using RDP. Reads corresponding to 88 different
genera were found with percentages of sequence reads vary-
ing from 59% to single reads (Supplementary Fig. 2 and
Supplementary Table 2). More genera are found when a
larger next generation sequencing dataset encompassing
more women of various ethnic origins is analysed, but all
these represent low abundance genera [18]. The next gener-
ation sequencing dataset gives an average of the abundance
for all 240 women and does not address the variation be-
tween women [18], as reflected by different abundances of
the genera for the 18 pools (Supplementary Fig. 1). Most
sequence reads (59%) correspond to species within the
genus Lactobacillus (Supplementary Fig. 2 and Supplemen-
tary Table 2), which are known to be common inhabitants of
the human vagina [21, 27]. The genus Lactobacillus is
known to encompass more than 125 different species/
subspecies. Within our dataset, 22 different Lactobacil-
lus species were found with read percentages ranging
from 48% (of the 199,433 Lactobacillus reads) to single reads
(Supplementary Fig. 3 and Supplementary Table 3). Ap-
parently, also at the species level, there are large differ-
ences in average abundance, which is in agreement with
earlier reports [13–15, 32]. Likewise in our dataset, the
two most abundant Lactobacillus species were Lactoba-
cillus iners and Lactobacillus crispatus [18]. Next to the
genus Lactobacillus, a predominant genus in the next
generation sequencing dataset was Gardnerella (21%).
Gardnerella vaginalis (G. vaginalis) is commonly found
in women with bacterial vaginosis [13, 14, 17, 19, 20].
The presence of G. vaginalis is consistent with the fact
that the sample set used for the next generation sequencing
contained cervical brush samples of women with Gardnerella
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morphotypes, which was identified in stained cytological
slides (data not shown).

To develop the (vaginal) microbial flora microarray, 220
oligonucleotide probes that aim to detect a family, a group of
genera, a specific genus, a species or a set of species were
designed using the obtained next generation sequencing
results. In addition, probes that aimed to detect species known
to be common in saliva, in faeces or on skin were added. The
targets of the probes match to the data in RDP (August 2011).
In total, 389 oligonucleotide 16S rDNA probes (covering 101
genera) were spotted on microarrays to analyse the microbial
species in DNA extracts from forensic samples of interest.

Microbial DNA analysis using “human DNA extracts”

In the context of forensic casework, inferring the type(s) of
cell material present in an evidentiary sample is only of
value when accompanied by information regarding the pos-
sible donor of the cells. Consequently, evidentiary traces
will be subjected to DNA extraction using methods that
comply with human DNA typing. We therefore decided to
assess whether these “human DNA extracts” can be used for
microbial analysis. Bacterial DNA quantification was per-
formed on 43 vaginal DNA extracts which were obtained
using two human DNA extraction methods—DE (resulting
in NF and SF) and QIAamp extraction. For comparison, two
vaginal samples were subjected to a bacterial DNA extrac-
tion method (FastPrep). Table 1a shows that the yield of
bacterial DNA is similar for QIAamp extracts, NFs and
FastPrep extracts. The SFs on the other hand show a sub-
stantially lower yield of bacterial DNA. Similar results were
obtained when comparing NFs and SFs originating from the
same swab (n09) (Table 1b). These NFs and SFs are
obtained during sequential lysis steps within the DE. It
appears that most bacterial DNA is extracted in the first

(mild) lysis step (the NF). In addition, 25 non-vaginal
DNA samples were assayed for the amount of bacterial
DNA, and a large variation in DNA yield was observed
between body sites. Low yields were found for blood and
urine which are sterile body fluids under healthy conditions,
although transfer of microbes from the surrounding epithe-
lial layers may have occurred during collection of these
samples. High bacterial DNA yields were obtained from
faeces, which is concordant with the high mass percentage
of bacteria in faeces. Next, most vaginal and all non-vaginal
DNA extracts were subjected to human DNA profiling, and
64 of the 68 DNA extracts resulted in full or partial DNA
profiles that were concordant with the donor (data not
shown). Two skin and two urine DNA extracts did not
generate DNA profiles. This was probably due to an insuf-
ficient amount of human cellular material, which is common
for these types of samples.

Since we found bacterial DNA to be co-extracted when
applying human DNA extraction procedures, we proceeded
to test whether a wide range of bacterial species had been
isolated for the vaginal samples. The 43 vaginal DNA
extracts (22 NF, 16 SF and 5 QIAamp extracts) were hybri-
dised to the microbial flora arrays. When all 43 microarray
profiles were compiled, 121 of the 389 probes were detected
(Supplementary Table 4). On average, 26 probes were
detected per DNA extract, with a maximum of 51 probes
and a minimum of 11 probes. Although less bacterial DNA
was obtained in the SF (Table 1), the average number of
detected probes was slightly higher (28±10) than with NF
(25±10) or QIAamp extracts (21±9). Similar trends were
obtained for the microbial species in NF and SF extracts
obtained from the same swab (n09) (Supplementary Fig. 4).
The distribution of Gram-positive and Gram-negative species/
genera is quite similar for both NF and SF extracts
(Supplementary Fig. 4). Thus, a diversity of the species occurs
in these vaginal DNA extracts which does not depend on the
total amount of microbial DNA that is extracted but appears to
differ for extraction conditions.

In summary, DNA extracts obtained by two commonly
used human DNA extraction methods contained both hu-
man and microbial DNA and seem suited not only for
human DNA profiling but also for microbial flora analysis.
It may even be possible to use stored DNA extracts from old
or cold cases for microbial analyses, although this has not
been tested. This may be a benefit over the use of mRNA
markers for body fluid identification [6, 7], since it is un-
likely that mRNA is present in stored DNA extracts as no
measures were taken to extract or preserve the mRNA.

Microbial species as potential identifiers for vaginal origin

Ideally, in order to use microbial species as identifiers for
vaginal origin, the corresponding probes should be detected

Table 1 Bacterial DNA quantification results for all vaginal swab
samples subjected to different DNA extraction methods (A); bacterial
DNA quantification results for NF and SF extracts obtained from the
same swab (B)

DNA extraction method Number of
samples

Average yield of
bacterial DNA (ng)a

A

Differential extraction (NF) 22 238

Differential extraction (SF) 16 46

QIA-amp 5 363

FastPrep 2 295

B

Differential extraction (NF) 9 295

Differential extraction (SF) 9 44

a The standard deviation is high

NF non-sperm fraction, SF sperm fraction
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in all vaginal DNA extracts. We assessed the sensitivity of
the microarrays by comparing microarray results to the next
generation sequencing dataset. Both sets were obtained with
DNA extracts from vaginal samples but differed very much
in the methodology (regarding both DNA extraction and
analysis method). LactobacilIus species are abundant in
the next generation sequencing dataset: 59% of the reads
correspond to this genus. Corynebacterium species on the
other hand are much less abundant in the next generation
sequencing dataset, with only 0.06% of the reads
corresponding to this genus (Supplementary Table 2). When
using the microarray, positive signals were obtained for
probes targeting species for both the genus Lactobacillus
and Corynebacterium, suggesting that the microarray is able
to detect both high and low abundant microbes.

When compiling all vaginal DNA extracts, 121 of the
389 probes were detected corresponding to 39 different
genera of bacteria. Sixty-five of these 121 probes were
derived from the next generation dataset. Only two of these
probes were detected in all vaginal swab extracts and 15
were detected in at least 22 of the 43 DNA extracts (Table 2).
When only the DNA extract type with the largest diversity
of microbes (the SF) was taken into account, four probes
were detected in all SF extracts (Table 2).

Fleming et al. (2010) describe L. crispatus and L. gasseri
as vaginal-specific bacteria which can be used for the iden-
tification of vaginal secretions. They used an end-point RT-
PCR approach, and the fluorescently labelled amplicons that
correspond to the 16S-23S intergenic spacer region were
detected by capillary electrophoresis. In that study, L. crisp-
atus and L. gasseri were detected in all vaginal samples (n0
14) without being detected in blood, saliva and semen

samples [33]. As shown in Supplementary Fig. 3 and Sup-
plementary Table 3, L. crispatus covers 39% of the next
generation sequencing reads for Lactobacillus species,
while L. gasseri covers only 0.44% of the reads. The low
percentage of reads for L. gasseri means either that this
species has a low abundance in all women or that only some
women carry this species, as was reported before [18].
Also, L. gasseri was not detected in 4 of the 18 pools
in the next generation sequencing dataset (data not
shown), indicating absence in some women. The designed
array contains three probes for L. crispatus/kefiranofaciens
and three probes for L. gasseri/johnsonii. For 2 of our 12
donors (corresponding to 3 of the 43 samples), none of these
six probes were detected in the microarray profiles. Lactic
acid-producing bacteria, like these Lactobacillus species, are
known to provide a healthy vaginal environment with a low
pH. For some women, Lactobacillus species can be replaced
by other lactic acid-producing bacteria [13, 15, 19, 34, 35],
and for the two donors mentioned above, probes for some of
these other lactic acid-producing bacteria and also for other
Lactobacillus species were detected on the microarray. This
presents a biological explanation why for some women vag-
inal identification based on microarray signals for L. crispatus
and L. gasseri may fail. Alternatively, lactic acid-producing
bacteria may also be low or absent due to bacterial vaginosis.

Comparing vaginal microbial flora to the flora of other body
sites

In addition to the vaginal samples, we analysed 25 samples
of other body sites, namely saliva, skin, semen, urine, faeces
and blood. The skin samples included body sites which are

Table 2 Probes detected in all or the majority of vaginal DNA extracts or in all SF extracts. The number between brackets reflects the number of
probes detected per target

Probe target(s) All vaginal DNA
extracts (n043)

Majority of the vaginal
DNA extracts (at least 22)

All SF extracts
(n016)

Anaerococcus prevotii/tetradius/lactolyticus (1) X

Bacteroides group (1) X

Corynebacterium genitalium/imitans/capitovis/appendicis (1) X X

Corynebacterium group (1) X

Gemella group (1) X

Lactobacillus crispatus/kefiranofaciens (3) X

Lactobacillus iners/uncultured (1) X

Lactobacillus salivarius (1) X

Lactobacillus gasseri/johnsonii (2) X

Lactobacillus panis/pontis/vaginalis/psittaci (1) X

Lactobacillus plantarum/paraplantarum/coryniformis/pentosus (1) X X X

Prevotella disiens (1) X

Streptococcus group (1) X X X

SF sperm fraction
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in close proximity to or can be in contact with the vagina,
like (female) groin and penis, thereby challenging the spec-
ificity tests. Even though the sample sizes for these body
sites are small, some insight regarding body site specificity
of the probes will be obtained. In our dataset, no species
were detected in all or a high percentage of the vaginal
samples, while they were not detected in samples from other
body sites. In agreement with Fleming et al. [33], we did not
detect L. crispatus and L. gasseri in DNA extracts isolated
from saliva, blood and semen samples, but we did detect
Lactobacillus species (including L. crispatus and L. gasseri)
in skin samples (from hand, female groin and penis) and in
the female urine sample (Table 3). Also, like many other
Lactobacillus species, L. crispatus and L. gasseri are known
to be commonly isolated from stool samples [36]. There are
different explanations for the presence of these species at
other body sites; (1) the overlap in the microbial populations
inhabiting different body sites [11], (2) the close proximity
of and (3) the contact between body sites.

The microarray results illustrate the complexity of estab-
lishing a single microbial marker that identifies vaginal
origin for all donors among a wide range of body sites, as
no single 16S rDNA probe was able to include all vaginal
samples and at the same time exclude all samples from other
body sites. Consequently, alternative strategies are required
when using vaginal microflora markers in a forensic con-
text. These strategies may include: (1) the use of a larger
number of vaginal markers of which a subset needs to be
detected; (2) the addition of other microbial species that
indicate different body sites; and/or (3) evaluation of

microbial flora data in a probabilistic approach, for example
resulting in support for hypothesis A or B (body site A
versus body site B). We assayed the feasibility to base the
microflora analysis on a larger number of genera/species in
which a subset of the selected species need to be detected for
a positive identification. Within our dataset, 21 probes
(corresponding to 11 genera) were detected exclusively in
vaginal samples and not in samples from other body sites.
These 21 probes together would mark the vaginal origin in
34 of the 43 vaginal DNA extracts, thereby giving a false
exclusion for 19% of the vaginal samples. One of the 21
probes, targeting four Lactobacillus species (Lactobacillus
panis/pontis/vaginalis/psittaci), was detected in 51% of the
vaginal DNA extracts that corresponded to 8 of the 12
donors (Tables 2 and 3). The probe with a sequence deter-
mined as “unclassified Lachnospiraceae” was detected in
12% of the vaginal extracts, corresponding to 4 of the 12
donors. Both probes were not always detected in all of the
DNA extracts of a donor even when the DNA extracts were
isolated with the same method which suggests that the
corresponding microbial species may not be sufficiently
abundant for robust detection on the microarray or that other
factors, e.g. swab type used or sampling time, influence the
diversity seen. Thirteen of the 21 probes were detected in
just 1 of the 43 vaginal DNA extracts (Supplementary
Table 5). Clearly, more analyses are needed to establish true
vaginal specificity for these probes.

Another approach to discriminate vaginal and non-vaginal
samples could involve probes that can exclude vaginal origin.
We have used 25 DNA extracts from non-vaginal body sites.

Table 3 Percentage of DNA extracts per body site in which a specific Lactobacillus probe was detected. The number between brackets reflects the
number of probes per target detected on the microarray. A sample is regarded positive if at least one of the probes responds

% of DNA extracts per body site for which a Lactobacillus probe was detected

Probe target Vagina Saliva Hand Groin Penis Semen Urine Faeces Blood
n043 n08 n04 n03 n02 n03 n03 n01 n01

Lactobacillus brevis (1) 9 75 50 0 0 0 33 0 0

Lactobacillus crispatus/kefiranofaciens (3) 86 0 50 67 100 0 33 0 0

Lactobacillus fermentum (1) 5 0 0 0 0 0 0 0 0

Lactobacillus frumenti/reuteri/secaliphilus/coleohominis (1) 2 0 0 0 0 0 0 0 0

Lactobacillus gasseri/johnsonii (3) 81 0 25 67 50 0 33 0 0

Lactobacillus iners/uncultured (3) 58 0 25 33 50 33 33 0 100

Lactobacillus jensenii/saerimneri/fornicalis/salivarius (1) 42 0 0 67 0 0 33 0 0

Lactobacillus oris/antri (1) 7 0 0 0 0 0 0 0 0

Lactobacillus panis/pontis/vaginalis/nsittaci (1) 51 0 0 0 0 0 0 0 0

Lactobacillus plantarum/paraplantarum/coryniformis/
pentosus (1)

100 100 75 100 50 33 100 100 100

Lactobacillus salivarius (1) 67 75 0 33 50 100 0 0 100

Lactobacillus species (1) 0 25 0 0 0 0 0 0 0

Lactobacillus vaginalis (1) 5 0 0 0 0 0 0 0 0
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This sample size is too small to realistically study which
probes can indeed exclude vaginal origin. Nonetheless, 64
probes were detected in non-vaginal samples only. These 64
probes correspond to a total of 38 genera of which 25 genera
of bacteria were detected in non-vaginal samples only (Sup-
plementary Table 4). Due to the small sample size, these
probes were not studied any further. However, we did examine
the microarray results for Prevotella and Streptococcus spe-
cies (like S. salivarius [30, 31]), as these microbes are known
to colonise the oral cavity [37–39]. Nine probes targeting
Streptococcus species/groups (including one probe for S. sal-
ivarius) and 16 probes targeting Prevotella species/groups
gave a positive result on the (vaginal) microbial flora micro-
array. Three Streptococcus group probes, one Prevotella
group probe and one probe targeting Prevotella melanogen-
ica/veroralis, were detected in all saliva samples. Unfortunate-
ly, these probes were also detected in vaginal and other
samples, such as skin DNA extracts. One Streptococcus group
probe even gave a positive result for all of the 43 vaginal
samples. In the next generation sequencing data, 0.36% and
3.5% of the reads were assigned to Streptococcus and Prevo-
tella, respectively, confirming the presence of these genera in
the vaginal samples (Supplementary Table 2).

Concluding remarks

This study gives insight in the human vaginal microbial
flora and the possibilities of using microbial flora in forensic
investigations. A total number of 338,184 next generation
sequencing reads were obtained from a set of 240 clinical
cervical brush samples. The next generation sequencing
dataset consists of 1,619 different sequences representing
88 different genera. The abundance of the various microbial
genera shows extreme variation and ranges from <0.01% to
59%. We examined whether microbial flora analysis could
be used to indicate vaginal origin in a forensic context. Cell
type analysis addresses questions on activity level, which is
ideally combined with analysis on source level (human
DNA typing) using the same DNA extract. Most often,
human DNA profiling precedes the cell type analysis and
determines the DNA extraction method that is applied.
Therefore, we subjected vaginal samples to two “human
DNA extraction” methods and analysed the diversity of
the microbes that were co-extracted. To be able to analyse
a wide range of microbial species, we used a microarray
approach. The designed array carried 389 assessment probes
(not counting positive and negative controls), of which, 220
were selected from the vaginal next generation sequencing
dataset; the remaining probes corresponded to species
known to be present in saliva, in faeces and/or on skin. Both
vaginal and non-vaginal samples were analysed, although
the number of each type of non-vaginal sample was limited.

The aim of the analysis was to deduce the most promising
approach for vaginal identification via microbes: if only few
species would suffice to mark vaginal origin, methods like
multiplex (RT)-PCR could be applied; if tens (or hundreds)
of species are needed, methods like microarray analysis
would be more appropriate.

In the next generation sequencing data, most reads cor-
responded to the genus Lactobacillus but on the microarray
platform, single probes targeting Lactobacillus species
could not mark all vaginal samples. Moreover, the species
were also detected in non-vaginal samples, especially when
residing from body sites that are proximate or can be in
contact with the vagina. Neither probes for microbial spe-
cies other than Lactobacillus were found to suffice, which is
in agreement with other studies assessing the vaginal micro-
biome [18, 19]. We infer that a larger set of microbes is
required, for which microarrays appear a suitable analysis
platform as species with both a high and a low percentage of
next generation sequence reads can be detected. Our study
suggests that for a future microarray-based assay attempting
to determine the vaginal origin of a sample, three types of
probes should be included: (1) probes for species detected in
vaginal DNA extracts only (but not necessarily in all vaginal
DNA extracts), (2) probes for species detected in all or the
majority of vaginal DNA extracts and (3) probes for species
less common in vaginal DNA extracts but frequently found
on other body sites. Microarray analysis of a sample will
render a microbial flora pattern that is probably best ana-
lysed in a probabilistic approach resulting in support for
hypothesis A or B (body site A versus B). Other assays
examining sample origin like microscopic analysis, pre-
sumptive tests and mRNA profiling may be added to assist
and supplement evidence evaluation.
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