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Chapter 1: Literature Review 

 
1. Introduction 

With the increase in new scientific discoveries, forensic investigation has become more 

rigorous and cutting edge. Despite this, a significant area of investigation that still yields lower 

conviction rates than that of any other serious crime is sexual assault (1). Sexual assault exists 

by many definitions, most commonly as nonconsensual sexual contact through physical force 

or incapacitation (2). The issue remains much more nuanced than this, however. A broader, 

more encompassing definition can be elucidated as any sexual contact that occurs in the 

absence of "active, ongoing affirmative agreement" (2, 3). 

According to the Australian Institute of Health and Welfare (4), in 2018, the number of 

police-recorded sexual assaults against people over 15 years of age was 23.5 people per 

100,000 in males and 154.4 people per 100,000 in females. While it is important to note that 

sexual assault occurs irrespective of gender, women are more likely to experience sexual 

assault than men (5). This data also detailed that in 2018-19 only 38.9% of sexual assault 

criminal cases were finalised by a guilty verdict. Low conviction rates are believed to be 

attributed to a lack of scientific evidence (6, 7) and due to the confronting legal procedure, 

seeking a conviction can be re-victimising for a victim (6).  

In a forensic investigation, obtaining DNA from spermatozoa is a principle objective as 

it is critical in identifying a perpetrator. Retrieving human biological evidence is not always 

possible, as factors such as condom use and a lack of spermatozoa in semen (oligospermia) 

(8) among other medical conditions will result in the absence of DNA. This becomes 

particularly difficult in an investigation where the perpetrator is not known to the victim. 

 

2. Clinical Management Post Assault 

In Australia, sexual health clinics support victims of sexual assault. An example is the 

Sexual Assault Resource Centre (SARC) (9) which is located in Perth, Western Australia. 
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Victims can access their services at any point after an incident has occurred. When contact is 

made within two weeks post-assault, a range of emergency services are offered. A medical 

assessment is offered in which doctors provide free testing for pregnancy, sexually transmitted 

infections (STI's) and/or, blood-borne infections such as human immunodeficiency virus (HIV), 

hepatitis B virus and hepatitis C virus, as well as options for emergency contraception (9). 

Counselling services are offered to support patients throughout any stage of examination and 

after the emergency appointment (9).  

 

3. Investigation of Sexual Assault 

A forensic examination is offered if the victim wishes to report the incident to the police. 

During the forensic examination, physical evidence is collected that can be later used during 

legal proceedings. Biological samples are collected using a full forensic kit (FFK), which also 

collects toxicological samples for analysis. Collecting biological specimens are time sensitive. 

While semen can stay present for up to five days in the vagina, the longer the delay in 

collecting biological specimens, the less chance there is of obtaining a semen sample (10). A 

study by Casey et al (11) found that within a 24 hour period following penetrative intercourse, 

34% of vaginal swabs were sperm positive. This further decreased in the 24 - 48 hour time 

frame to 28%. Lastly, in the 48 - 72 hour timeframe, only 6% of vaginal swabs were sperm 

positive [Table 1].     

 

Table 1: Percentage of sperm positive vaginal swab samples across three different time points within a 72 hour 

period. The swabs include high, low and external vaginal swabs (11).  

Time Since Intercourse 

(Hours) 

0-24 24-48 48-72 

Positive 889 113 13 

Negative 1734 294 195 

Total  2623 407 208 

% Positive 34 28 6 
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If there is a delay in procuring a suitably trained doctor or nurse to conduct a full 

forensic examination, patients are offered an early evidence kit (EEK) in which biological 

samples are self-collected (12). After post-assault medical care has been completed and the 

victim chooses to, a police investigation is initiated. Samples are sent for analysis by trained 

forensic scientists who perform DNA profiling of biological specimens and toxicological 

analysis. Once expert reports have been produced, all evidence is examined to assess 

eligibility to pursue a conviction, in which case it is referred to prosecution.  

 

3.1. Sexual Assault Prosecution 

Globally, sexual assault remains the most underreported occurrence of all serious 

crimes (13). An inquiry by the Victorian Law Reform Commission in 2004 found that only 17% 

of sexual assault victims reported the incident to police, compared to the rate of reported 

robbery, which sat at 50% and assaults at 30% (14, 15). Such low reporting figures can be 

attributed to multiple factors, namely what the victim perceives as a lack of evidence or lack 

of severity, the thought of not being believed and the thought of going to court to testify (16). 

This can also mean a delay in reporting, which is detrimental to the case if a victim has not 

sought help through forensic examination and reporting sooner. 

 An article published in 2009 stated that of the female population over the age of 18 in 

the United States, only 19% of victims report sexual assault to the police (17). Of this figure, 

only 18-44% of reported incidents were referred to prosecution, and warrants are issued in 

46-72% of the referred cases. It was initially believed that sexual assaults committed by a 

person unknown to the victim had higher prosecution rates; however, this has since been 

proved false (17). In most circumstances, whether or not a case is referred to prosecution 

relies on the presence/severity of injuries sustained, whether a weapon was used by the 

assailant and witness credibility (17). These three factors do not encompass the full breadth 

of sexual assault cases, yet they often determine if a case will progress. When a witness’s 
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credibility is called into question, even strong physical evidence will not necessarily equal a 

conviction (17).  

In an Australian context, it has been found that when an offender has been identified 

and the case moves to trial, unless the defendant pleads guilty, they are more likely to have 

an acquittal outcome (15).  A lack of consent and the offender's awareness of this must be 

proven beyond reasonable doubt during the trial. This can become ambiguous, especially 

when considering witness credibility and rape myths (15). Rape myths include the notion of a 

victim “consenting” because they did not fight or specifically say no to the sexual contact (15). 

A lawyer will review the information at hand and advise the defendant whether to plead guilty 

or not guilty. A conviction, therefore, relies heavily upon a guilty plea in this context (15). 

 

3.2. Importance of Forensic Evidence in Sexual Assault Cases 

Forensic evidence still remains a vital component of prosecution even when factors 

such as witness credibility and consent are called into question. The collection of high-quality 

forensic evidence can identify an offender based on the biological specimens left at a scene 

or recovered from a victim. In cases of “stranger assaults” in which the victim does not know 

the assailant, DNA evidence is imperative in identifying the perpetrator (18). The collection of 

DNA can also connect the offender to other cases of sexual assault which may have been 

committed by a serial offender or historical cases with a previously unidentified perpetrator.  

A milestone case that holds significant value to the evolution of sexual assault 

investigation was that leading to the conviction of Colin Pitchfork. In 1983 and 1986, two 

underage women from the Leicestershire area in England were raped and murdered (19). 

DNA evidence was collected from both scenes and later profiled after a new technique of DNA 

fingerprinting was developed (20). Once the DNA was profiled, the evidence indicated that a 

single offender was responsible for both crimes, which were previously thought to be unrelated 

(21). After a mass collection effort across the region, DNA evidence eventually led to Mr 

Pitchfork. Forensic DNA evidence was instrumental in the arrest and conviction of Mr Pitchfork 
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and the exoneration of Richard Buckland, who was initially the main suspect (20). Without 

forensic DNA evidence, rates of unidentified sexual offenders would be far more significant, 

as would the rate of unprosecuted sexual assault crimes (22-24).  

 

3.3. Detection of Spermatozoa in a Forensic Setting 

In sexual assault investigation, spermatozoa from semen is the primary source of DNA 

evidence and isolating it from a scene, or evidence kit is paramount. Current methods for 

detecting the presence of semen in a crime scene or biological sample include a range of 

presumptive assays, confirmatory assays and DNA short tandem repeat (STR) typing (25). In 

the context of a crime scene evaluation, a visual examination is performed initially, using an 

approximately 450nm wavelength alternative light source along with an orange barrier filter 

(26). At this wavelength, the excitation of flavin and choline-conjugated (27) molecules in 

semen emit light that appears as a fluorescence, illuminating seminal fluid that is not visible 

to the naked eye (28). A presumptive test can be carried out once a stain of interest has been 

identified. The most common presumptive test for identifying seminal fluids is the acid 

phosphatase (AP) test (25). If a positive result is obtained, the sample can be collected for 

further confirmatory testing and STR typing. Current confirmatory testing is ideally completed 

in a laboratory setting. It involves the identification of spermatozoa under a microscope 

through staining and visual examination (29) or by rapid antigen tests such as RSID-semen 

(30). 

 

3.3.1. DNA Analysis 

After the presence of spermatozoa has been confirmed, DNA can be extracted for STR 

typing. A widely adopted method involves the use of ionic detergent, sodium dodecyl sulphate 

(SDS), Proteinase K (Pro-K) and dithiothreitol (DTT) (31). Following extraction, the sample is 

quantified to determine the quantity of DNA present, typically by a quantitative polymerase 

chain reaction (qPCR). Current STR analysis kits are optimised for DNA concentrations 
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between 0.5 - 2ng of DNA (32). Amplification is carried out using STR kits that specifically 

target certain loci on chromosomes known to contain microsatellite markers (33). Traditional 

DNA typing involves the use of primers that are carefully multiplexed and carry a range of 

fluorescent markers that are used to separate target regions by size and fluorophore during 

capillary electrophoresis (34). The variation in STR length (length polymorphism) on each 

target loci is what forms an allele, and within each STR marker, there is a pair of alleles. Across 

a person’s entire genotype, there are various STR markers that can be targeted depending 

on the STR amplification kit used. Examples include highly optimised PowerPlex® (Promega) 

STR kits which can target up to 26 loci (35) while GlobalFiler® (Applied Biosystems) STR kits 

can target up to 21 loci (36). The Australian National Criminal Investigation DNA Database 

(NCIDD) uses 18 core loci (37) for generating their DNA database while the Federal Bureau 

of Investigation’s (FBI) Combined DNA Index System (CODIS) uses 20 core loci (38). 

Statistical examination of a person’s unique profile typically yields somewhere in the order of 

a 1 in 1 billion chance of having the same profile as any other person in the population (39), 

making it a valuable piece of evidence for forensic investigation.  

 

3.4. Limitations of Current Perpetrator Identification Methods 

While current methods of forensic DNA profiling have proven to be of significant value 

to the investigation and prosecution of criminal offenders, they are not without limitations. A 

frequent occurrence in samples obtained from a sexual assault victim is the presence of mixed 

DNA or unrecoverable male DNA.  

 

3.4.1. Mixed DNA Profiles 

The most prolific limitation in DNA profiling is the existence of mixed DNA samples, 

which is recurrent in sexual assault cases. The presence of female DNA in the samples 

obtained from FFK’s and EEK’s can affect the ability to obtain a correct male DNA profile as 

the female DNA overwhelms the presence of male DNA (40). Due to the nature in which a 



 16 of 87 

sample is obtained, usually through post-assault examination of a female victim, mixed DNA 

is inevitable. To counter this issue, a differential extraction method is employed to separate 

the male sperm cells from other DNA containing cells in the sample (41). As previously 

discussed, DNA analysis for sexual assault samples involves the use of ionic detergent, SDS, 

Pro-K and DTT (31). The sample is first subject to a preferential lysis which breaks open any 

non-sperm cells (42). Next, the cells are digested using Pro-K and SDS which leaves the 

sperm cells untouched (42). After the digestion process, the sample is subject to a number of 

centrifugation and washing cycles that aim to remove any non-sperm DNA contaminants from 

the sample (43). Once this process is completed, the sperm cells are lysed using an ionic 

detergent, Pro-K and DTT (44). The remaining sample contains the perpetrators sperm cell 

fraction for further STR typing. While this method is widely adopted, it is not without its 

limitations. This method of separation is laborious and can take up to 8 hours to complete 

which contributes greatly to the backlog issue with sexual assault investigation (45). A study 

by Gill et al (46) found that the differential method for isolating male sperm fractions from a 

vaginal swab had a mean success rate of 62%. It has also been found that the conventional 

differential method can cause a loss of 60-90% of the male DNA in a sample (40, 44, 47, 48). 

A method to selectively extract DNA from male spermatozoa has not yet been completely 

refined.   

 

3.4.2. STR Profiles from the Y-chromosome 

One of the to avoid mixed DNA samples is through the analysis of STRs located solely 

on the Y-chromosome (Y-STR) (49, 50). This method has effectively bypassed issues 

associated with mixed DNA samples as the male karyotype has an XY chromosome 

configuration and females have a pair of X chromosomes, or XX (51). Therefore, females will 

not generate a Y-STR profile. Again, this method is not without its obstacles. Due to the 

paternal inheritance pattern of the Y chromosome, Y-STR haplotypes for related males will be 

the same (52). This can cause issues, especially when there is a succession of males in a 
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single-family tree, as the Y-STR result obtained from a sample cannot differentiate between 

related male individuals (53). For example, brothers will exhibit the same Y-STR haplotype as 

their father, paternal grandfather and paternal uncles (among others). Consequently, these 

profiles are not as informative as STR profiles; however, they are valuable in circumstances 

where female DNA overwhelms the presence of male DNA (54).   

 

3.4.3. No Recoverable Male DNA 

DNA from spermatozoa is found in the nucleus located in the head of the sperm cell 

[Fig 1] (55). The DNA found in the sperm head is highly dense and tightly packed to maximise 

the DNA transported to the egg during fertilisation (56). Due to the high concentration of DNA 

in sperm cells, they are the ideal target for DNA analysis in sexual assault biological 

specimens. It holds the greatest chance of recovering a male STR profile when compared to 

the male epithelial cells.  

 

Figure 1: Schematic of the human sperm cell visualised using a longitudinal cross section. Image credit Alves et 

al. (57) 
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There are instances where no male DNA can be recovered from a biological sample. 

The use of a condom during intercourse is 96-99% effective in preventing pregnancy (58) by 

controlling the amount of sperm left by the male individual. This is through capture of seminal 

fluids by the condom, preventing it from entering the vaginal opening. Based on this, when 

condoms are used during a sexual assault, it prevents the spermatozoa from being collected 

post-assault. Males can also suffer from medical conditions such as azoospermia (absence 

of semen in ejaculate) and oligospermia (deficiency of semen in ejaculate) which greatly 

reduces the availability of male DNA isolated from sperm cells (54). A vasectomy, which is the 

male sterilisation procedure, will also reduce the presence of semen after ejaculation (54).  

 

4. Bacterial Profiling 

Microorganisms are ubiquitous with life and the microbiome is defined as the collection 

of genes from microbiota including bacteria, fungi, protozoa and viruses (59). Historically, 

there has always been a fundamental need to understand and identify bacteria. Scientists first 

developed a technique of categorisation based on morphological features and behaviour. This 

was critical in relation to public health and remains an active area of research (60). Techniques 

to accurately identify bacteria to  species and strain level have become more accessible as 

new DNA sequencing techniques are introduced and evaluated (61).  

Traditional culturing techniques used to identify bacteria, became of little value when 

faced with a bacterium that could not be grown through typical methods (62). Additionally, 

given the diversity of different areas of the body, cultivation methods do not provide the high 

throughput needed and are selective based on the target bacterium. As such, culture-based 

methods are not useful at cataloguing entire populations. After the Human Genome project 

(63) reached completion, bacterial sequencing became more readily available and cost 

effective. Through investigation of bacterial genes, RNA from the 16S ribosomal subunit (16S 

rRNA) was proven to be the most valuable source of diversity for phylogenetic analysis (64). 
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4.1. 16S Ribosomal RNA 

The ribosome is an organelle found in cells that functions to synthesise proteins from 

messenger RNA (mRNA) (65). In prokaryotic organisms, it is comprised of a large and small 

subunit, 50S and 30S respectively. Within the 50S subunit lies 5S and 23S rRNA while the 

30S subunit contains 16S rRNA [Fig 2a]. The 16S rRNA is responsible for binding to Shine-

Dalgarno sequences on mRNA, which is crucial for the initiation of translation and protein 

biosynthesis (65, 66). It also facilitates the binding of the small and large subunits by 

interacting with the 23S rRNA located in the large subunit (65).  

 

 

 

Figure 2: (a) Cartoon rendering of the 70S prokaryotic ribosome. Large subunit (50S) comprised of 5S and 23S 

rRNA. Small subunit (30S) comprised of 16S rRNA. Image adapted from Russell et al. (67). (b) Secondary structure 

of the 16S rRNA of Escherichia coli including hypervariable regions V1-9. Image credit Yarza et al. (68) 

 

Bacterial 16S ribosomal RNA is useful for analysis as the gene contains regions which 

are highly conserved across bacteria taxa (69), and has a relatively slow evolutionary rate 

(70). This gene also contains variable regions that can distinguish between bacterial species 
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along with flanking regions that are conserved between genera and provide primer binding 

opportunities. There are nine hypervariable regions of the 16S rRNA that can be targeted 

during sequencing [Fig 2b, Fig 3].  

 

 

Figure 3: Full 16S ribosomal gene depicting primer sets and approximate location of each region, V1-V9 (71-74). 

For each commonly targeted hypervariable region, or collective regions, the most effective massively parallel 

sequencing (MPS) platform for analysis is described. Image adapted from Chakravorty et al (72). 

 

4.2. Sequencing Techniques 

Sanger sequencing was once the preferred method for identification of microorganisms 

but this has now been overlapped by short and long read technology. While traditional sanger 

sequencing remains widely used, it lacks the ability to identify more than one species per 

primer pair making it time consuming and laborious for investigating entire microbial 

communities (75). Next generation sequencing (NGS), also known as massively parallel 

sequencing (MPS), which it will be referred to herein, have revolutionised the genomic 

analysis of complex sample mixtures.  
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4.2.1. Short Read Massively Parallel Sequencing 

Now referred to as “second-generation” sequencing, short read sequences allows the 

generation of millions of sequences in parallel. Bacterial short read sequencing targets partial 

fragments of the 16S rRNA gene. This technique uses PCR with specific primers to target the 

region of interest. Short read sequencing has been instrumental in microbiome research due 

to the low cost and high throughput compared to traditional Sanger sequencing (76). The 

introduction of short read sequencing to microbiota analyses resulted in a greater depth of 

sequencing, which has permitted the recognition of rare populations that appear in low 

abundance (77). Commonly targeted variable regions for short read microbiome studies 

include the V1-2, V3-4 and V4 regions [Fig 3] (78). While the taxonomic classification and 

resolution is variable among different sample types, most short read sequence studies are 

limited to family or genus level classification (78). This is a significant limitation of short read 

sequencing because it is challenging to obtain a species identification in bacteria that has not 

been previously characterised. The consequence of this is that there is a large proportion of 

database entries that remain unclassified. Many of these entries are predicted to be artifacts 

caused by the formation of chimeric sequences (79). A lack of adequate databases that 

contain true and accurate data further inhibits species identification. An amalgamation of all 

these factors influences the ability to categorise bacteria at a species level using short read 

analysis, further reinforcing the need for a sequencing technique able to accomplish this.   

 

4.2.1.1. Illumina™ MiSeq™ System  

MPS technology has been at the forefront of microbiome research in the past decade, 

and the technology has facilitated accurate data production and has been extensively and 

critically evaluated. The Illumina™ MiSeq™ sequencing platform can generate up to 25 million 

reads (15Gb of sequence data) and has a maximum sequencing length of 600 bp (2 x 300 bp 

paired end) (80). This system is commonly used to amplify regions V3-4 of the 16S rRNA 

targeting an approximately 465 bp fragment for short read analysis.  Sample preparation for 
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microbiome studies using the MiSeq™ platform relies on a PCR amplification which includes 

primer sets 341F (5` -  CCTACGGGNGGCWGCAG - 3`) and 806R (5` - 

GGACTACNVGGGTWTCTAAT – 3`) (72). Illumina™ sequencing technology works by 

visualising fluorescently labelled terminators after the addition of each deoxynucleoside 

triphosphate (dNTP) (81). This method reduces errors through the base-by-base protocol, 

enabling the generation of accurate data (81).  

 

4.2.1.2. Ion Torrent 16S™ Metagenomics PGM System 

ThermoFisher Ion 16S™ Metagenomic technology targets seven hypervariable 

regions V2-9 for analysis using two different primer pools (82). Where Illumina™ and many 

other sequencing technologies rely on light emission to detect nucleotide base addition during 

sequencing by synthesis, Ion Torrent™ is light independent (83). Instead, it detects the 

change in pH due to hydrogen ion release as nucleotides are incorporated into wells within 

the system (83, 84). This light independent technology has been shown to have a higher error 

rate than that of Illumina™ technology making it less preferable for use in 16S gene analysis 

(85). 

 

4.2.2. Long Read Massively Parallel Sequencing 

Long read sequencing, or third-generation sequencing, overcomes limitations of short-

read sequencing while still maintaining a high-throughput platform capable of generating 

millions of sequences. In recent years more microbiome studies have adapted to these 

platforms for the applications of 16S rRNA sequencing. This technique takes into account the 

full length of the 16S rRNA gene by using primers that amplify regions V1-9, in an attempt to 

expand taxonomic classification ability (76). Previous research looking at short reads has 

found it challenging to generate a species-level identification of bacterial communities. 

Identifying the species of bacteria is paramount in emerging forensic microbiome studies as 

there is a need to resolve species that may be unique to an individual.  
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4.2.2.1. Pacific Biosciences SMRT® Sequel II Technology 

Pacific Biosciences (PacBio®) Single-Molecule Real-Time (SMRT®) Sequel II System 

is the latest in third-generation sequencing. This technology allows for the analysis of up to 

192 16S rRNA samples in parallel. Purified DNA samples undergo a two-step PCR where 

amplicons are barcoded and SMRTbell™ adapters are attached before amplicons are pooled 

(86). The SMRTbell™ adapter sequences allow for the formation of circular consensus 

sequences (CCS) which allow each nucleotide position to be read approximately 10 times 

within each amplicon (87). The core equipment used for Sequel II systems is the SMRT Cell. 

It contains 8 million wells called zero-mode waveguides (ZMWs) and single molecules of DNA 

are immobilized in each well (88). As each base is incorporated into the molecule, light is 

emitted and measured by the system (89). Errors with the SMRT sequencing platform are 

randomly distributed across reads and as such consensus sequences can still be achieved 

with adequate read depth (90). However, because each amplicon in a CCS is read more than 

once, the likelihood of an error being repeated for multiple reads is unlikely (90). The cost of 

this new technology is still relatively high for 16S analysis [Table 2], and read accuracy is 

analogous to that of short read analysis.  

 

Table 2: Price comparison of short read and long read massively parallel sequencing  platforms for 16S gene 

sequencing. Information was gathered directly from manufacturer websites. Ion Torrent™ has been excluded from 

this table as it is no longer recommended for short read analysis. Cost for Illumina™ has been converted from USD 

to AUD. Cost for Pacific Biosciences™ has been acquired from the Australian Genome Research Facility’s 

(AGRF)16S Sequencing Service. 

Sequencing Platform 
Maximum 
Samples 
per Run 

Maximum 
Reads per 
Run 

Maximum 
Read Length 
for 16S 

Cost Calculation Cost Base Call 
Accuracy  References 

Illumina™ MiSeq 
v3 96 25 Million 600 bp 

(2 x 300 bp) 

• MiSeq System 
• 96 samples 
• 2 × 300 bp read 

length 
• Nextera XT index 

primers 
• MiSeq Reagent v3 

600-cycle kit 

$26 AUD 
per Sample 
 
$2511 AUD 
per Run 
 
$4.19 per 
Base Pair 

99.9% at 
Q30 (91-93) 
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Pacific 
Biosciences™ 

SMRT 
Sequel 
II 

192 4 Million 1500 bp 

• Sequel II System 
• HiFi reads 
• 192 samples 
• 1500 bp read length 
• Universal barcoded 

primers 
• Template Prep 
• 1 x SMRT Cell 

$68 AUD 
per Sample 
 
$13056 per 
Run 
 
$8.70 per 
Base Pair 

99.95% at 
Q33 (94, 95) 

 

4.3. Microbiome Bioinformatics  

Analysis of human microbiome data is constantly evolving, and much of the analysis 

has evolved from ecological studies. Commonly used pipelines to analyse microbiome data 

include DADA2 (96), QIIME2 (97), USEARCH (98) and MOTHUR (99). Raw data generated 

from short and long read sequencing must first be demultiplexed, a process which allows 

separation of sequences per unique sample, and for paired end analysis sequences must also 

be merged. Following this, sequences are quality filtered where chimeras (non-biological 

sequences) and low abundant reads are removed (100). Finally, sequences are either 

clustered or denoised to generate a list of final sequences that are taxonomically classified. A 

common approach is to run through a denoising algorithm to remove PCR sequencing errors 

(101) producing amplicon sequence variants (ASVs). This process can differentiate between 

sequences with only one nucleotide base difference, and common systems for denoising 

include DADA2 and IPED (102).  Before denoising to produce ASVs became the standard 

across microbiome research, analysis was based on clustering sequences according to their 

likeness with a threshold of 97%+ similarity (103). These clusters are referred to as operational 

taxonomic units (OTUs), which are further compared with reference databases to deduce 

possible taxonomy (101). An ASVs approach removes the risk of coupling species together 

due to their sequence similarity providing higher resolution. Taxonomy is subsequently 

classified using a reference database such as SILVA (104) or Greengenes (105), which is 

further cross referenced with BLAST analysis through the National Centre for Biotechnology 

Information (NCBI) database (105, 106).  
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4.4. Statistical Analysis of Microbial Communities 

Downstream analysis of microbiome data varies depending on the study aim; however, 

it is common for studies to include taxonomic or composition summary and comparison of 

diversity within and among samples. Alpha diversity analysis looks at the richness and 

diversity within a sample (107). The most simplest measure is the number of taxa (e.g. OTUs 

or ASVs) present, but can also include indexes such as Choa1, Shannon and Inverse Simpson 

measures (108). Beta diversity analysis assesses the variation of bacterial communities 

between samples, and is often combined with ordination analysis. Beta diversity measures 

include (i) Bray-Curtis dissimilarity which incorporates sequence abundance information 

(109), (ii) Jaccard index which assesses only presence/absence (110) and (iii) UniFrac (111) 

measure which uses phylogenetic information to compare samples. To visualize similarity of 

sample group these measures can be displayed using principal coordinate analysis (PCoA) 

(108, 111) and non-metric multidimensional scaling (NMDS) (112). Additional statistical 

analysis such as correlation, differential abundance and network analysis can also useful to 

identify biomarkers or predictors of the microbiome (111). These methods are particularly 

useful where only a small number of bacteria taxa are correlated between samples, this 

information can get lost when using diversity measures. 

 

5. Human Microbiome Project 

The human microbiome project (HMP) brought about the need to understand the 

bacterial communities that co-inhabit the body (113) and was the natural progression from the 

Human Genome Project (HGP). The data generated from the HMP research has shown the 

diverse microbial community among body sites. The creation of MPS technology allowed for 

high-throughput analysis of the complex microbial communities in the human body, rather than 

the characterisation of single organisms in isolation (114). The microbes the co-exist with the 

body have been linked to health as well as disease.  Across the entire project, a large 

emphasis has been on the gastrointestinal (GI) microbiome. Low diversity within the GI 
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microbiome has been linked to obesity and inflammatory bowel disease (115, 116). The skin 

microbiome is another focus of the HMP due to the nature of pathogenetic bacteria that exist 

in this environment. Staphylococcus aureus is commonly found on the skin, and can reside 

there without causing illness. As soon as it breaches the skins surface and enters the body, it 

is capable of causing severe disease such as pneumonia and sepsis (117). Naturally, this 

brought forth the need to understand the skin microbiome and remains a large area of 

research.  

 

5.1. Skin Microbiome 

From the moment of birth, the skin becomes completely colonised by microorganisms 

and continues to change immensely during the first year of life (60).  The diverse community 

of microorganisms that occupy the skin environment change depending on the conditions they 

thrive in. The bacterial composition changes between sebaceous, dry and moist environments 

[Fig 4].   

 

Figure 4: Bacterial distribution of different skin sites and their corresponding skin type (sebaceous, moist and dry).  

Image credit Grice et al. (118). 
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While the skin microbiome varies among body site and between individuals, it remains 

relatively stable over time (119). Microbes have a huge impact on skin health and as such 

have been extensively studied. The most dominant phyla associated with the skin microbiome 

are Actinobacteria (51.8%), Firmicutes (24.4%), Proteobacteria (16.5%), and Bacteroidetes 

(6.3%) (119). Of these, the genera which form the majority of the skins microbiome is 

Corynebacterium, Propionibacterium and Staphylococcus (119). Staphylococcus epidermis is 

a bacterium commonly attributed to skin health and protection from pathogenetic microbes. 

Acne present in pubescent children is often attributed to the presence of Propionibacterium 

acnes.  

 

5.2. The Female Vaginal Microbiome 

Research into the bacterial communities present in the female urogenital tract have 

been thoroughly investigated due to the relative importance of microbial health for women 

during pregnancy (120). The vaginal microbiome mainly consists of bacteria belonging to the 

Lactobacillus genus (121). In healthy women, the most common bacterial species include 

Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners and Lactobacillus jensenii 

(122). Individuals with bacterial vaginosis also commonly exhibit the presence of Gardnerella 

vaginalis and Atopobium vaginae (122). While these six bacterial species are the most 

documented in relation to the vaginal microbiome, other genera have been identified as co-

inhabiting the vaginal region [Table 3] (123).  

 

 
Table 3: Table displaying bacterial composition commonly found at the urogenital tract of males and females and 

shared bacteria across genders. Mean percentage contribution of bacteria in vaginal and penile samples above 

0.30%. Data retrieved from two separate datasets (123, 124) investigating the microbiome of the vagina and penis 

in individuals with and without bacterial vaginosis. Male and female rows depict composition from highest mean 

contribution to lowest. 

 



 28 of 87 

  Genus level identity Species level identity 

Shared bacteria 
across genders 

 Lactobacillus, Staphylococcus, 
Streptococcus, Prevotella 
Escherichia, Gardnerella 

Lactobacillus iners 

Female specific 
bacteria 

Ureaplasma, Shuttleworthia, 
Veillonella, Sneathia, Atopobium, 
Klebsiella, Bifidobacterium, 
Megasphaera 

Lactobacillus crispatus, 
Lactobacillus gasseri,  
Lactobacillus jensenii 

Male specific 
bacteria 

Corynebacterium, Peptoniphilus, 
Anaerococcus, Porphyromonas, 
Proteus, Enterobacter, Facklamia, 
Dialister 

Prevotella bivia,  
Prevotella disiens 

 

 After evaluating the contribution of bacteria across multiple vaginal samples in this 

dataset, the mean contribution of Lactobacillus is far greater than any other bacterium at 

64.25% (123). Streptococcus and Provotella are the next most abundant genus with 9.58% 

and 6.96% mean contribution, respectively (123). Given the abundance of these genus and 

the sex specific species identified, there may be future opportunities to differentiate an 

individual donor based on sub-species or strain level identification of microbiota.   

 

5.3. The Male Penile Microbiome 

The male urogenital tract microbiome has not been as thoroughly investigated as the 

female genital region. Studies investigating the microbiome of penile skin found that the most 

abundant bacteria were Corynebacterium, followed closely by Peptoniphilus, Anaerococcus 

and Staphylococcus (123, 124). This indicates a similarity to the skin microbiome [Section 4.1] 

with the only difference being a change in percentage composition of taxa. The male urogenital 

tract is classified as a moist environment [Fig 4]. With reference to the female vaginal 

microbiome, the male penile microbiome differs in diversity. When considering the most 

abundant genera, there is no substantial overlap between male and female genital 

microbiome. In a forensic context, this is particularly meaningful because it presents an 

opportunity to investigate microbiome transfer between individuals.  
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6. Forensic Microbiome Studies 

Forensic applications of the human microbiome are emerging and remain an active 

area of research. Previous studies of the human GI microbiome have indicated that the 

subspecies level of bacterial taxa are unique between individuals (125). This presents a 

research opportunity to ascertain whether other areas of the human body contain unique 

bacterial subspecies that could aid in the identification of an individual based on their 

microbiome. If this hypothesis can be validated, there is the potential to be able to use the 

human microbiome to link a suspect/s to criminal activities (126). A pilot study by Procopio et 

al (127) investigated the transferability of fingerprint microbes to a glass slide with the aim to 

imitate “trace evidence” collected from a crime scene. They reported a reduced number of 

ASVs extracted from the fingerprint sample deposited on the glass slide when compared with 

the corresponding skin swab sample. They inferred that the microbiome from the fingerprint 

did transfer but did not represent the entire microbial community. A study by Neckovic et al 

(128) reported that in non-coinhabiting pairs the skin microbiome could transfer between two 

individuals hands, disrupting the bacterial communities of specific skin locations. Direct skin-

to-skin contact facilitated this transfer, while indirect transfer was not conducive to the 

disruption. Both of these studies confirmed that the transferability of the human microbiome 

and suggested further research to investigate subspecies identification of bacterial taxa for 

use in forensic investigation.   

 

6.1. The “Sexome” 

The female genital microbiome has been extensively studied to date, but at this point, 

none have investigated the microbiota during sexual intercourse or specifically aimed to 

determine pre and post-coitus transfer. Several studies have investigated the microbiota of 

co-inhabiting and non-coinhabiting couples (128, 129). Previous research has determined that 

couples share bacterial communities but hypothesised that this was due to environmental 

factors and not direct contact (130). The study did not set parameters for participants to adhere 
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to in order to gain data that simulated a once off sexual experience, and swabs were taken 

from the pubic mound rather than directly from the genitalia. Data regarding sexual activity 

prior to the samples being collected varied, and couples who were more sexually active before 

sampling, exhibited a higher percentage of cluster sharing (130). This area of research holds 

significant value in forensic medicine. It could provide a means of identifying an offender in 

sexual assault cases where the perpetrator may not be known, denies the contact occurred 

or a male STR profile was not obtained. Further research into the detection of unique microbial 

signatures post coitus are important for the forensic development of sexual assault 

investigation. 

 

7. Conclusion 

The future of microbiome research lies in exploring the uniqueness of an individual’s 

microbial communities. Specific applications within the forensic field would be advantageous 

in sexual assault investigations. Currently, there are many limitations to typical methods of 

perpetrator identification in sexual assault cases. Namely, the suboptimal method for isolating 

DNA from spermatozoa in mixed biological samples, the paternal inheritance of Y-STR profiles 

and the inability to recover spermatozoa in a sample. Investigation of the human genital 

microbiome and the ability to detect unique microbial signatures post intercourse offers an 

adjunct method to aid in perpetrator identification. For microbiome analysis to be used in a 

forensic context, a method to accurately provide species, sub-species and strain level 

classification is needed. Long-read analysis of the 16S rRNA gene using the PacBio SMRT 

Sequel II system has greater taxonomic ability while maintaining the high accuracy and 

throughput of short-read analysis. The application of long-read analysis to detect unique 

microbial signatures that indicate sexual contact provides a progressive step in the 

development of forensic microbiome research. 
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8. Research Aims 

The pilot "Sexome" study by Nye involved the investigation of bacterial communities 

through short read 16S rRNA analysis of the hypervariable regions V3-4 (131). Data 

generated could not classify bacterial communities with greater resolution than family or genus 

level. This research project aims to characterise the bacterial communities from vaginal and 

penile samples of participants using long read analysis of the V1-9 regions of 16S rRNA in an 

attempt to expand taxonomic classification. Further, it aims to compare differences in bacterial 

communities present on penis (males) and vagina (females) samples both pre and post 

intercourse. More specifically for forensic applications, this study aims to identify specific 

bacterial sequences (using an ASV approach) that are unique to each individual and identify 

specific bacterial species theorised to have transferred through intercourse within each male-

female pairing.  

 

From reviewing the literature associated with the human reproductive microbiome and its 

relevance to forensic investigation, the research hypotheses for this study are: 

1. There are bacterial taxa found in the genital region that are statistically unique to each 

sex prior to sexual intercourse. 

2. There are bacterial taxa found in the genital region that are statistically unique to each 

individual prior to sexual intercourse. 

3. Within each male-female pairing, there is a transfer of the statistically identifiable male 

genital microflora to the female (or inverse) that can be detected from post-coitus low 

vaginal or shaft and glans sampling. 

 

 

 

 

Word Count: 6,344 
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Chapter 2: Scientific Manuscript 
 
Abstract 

IDENTIFICATION OF UNIQUE MICROBIAL SIGNATURES PRE- AND POST-
COITUS IN MALE-FEMALE PAIRINGS BY MASSIVELY PARALLEL SEQUENCING 
AND ITS POTENTIAL TO DETECT SEXUAL CONTACT. 
___________________________________________________________________ 

 
Background: The capture of male DNA, post-assault, is important in sexual assault 

investigation, particularly where an offender is unknown to the victim. The recovery of DNA 

often occurs when the female victim undergoes a forensic medical assessment. Analysis 

regularly results in mixed autosomal DNA profiles. As these results contain both victim and 

perpetrator DNA, they are often difficult to interpret a searchable male profile. While STR 

profiling of the male Y-chromosome is often used to overcome this, the successful 

identification of an individual can be hindered by the paternal inheritance pattern of Y-STRs.  

An adjunct method of perpetrator identification lies with microbiome analysis using massively 

parallel sequencing.  

 

Aims: This study aimed to identify ASVs that were unique to each participant and compare 

the bacterial communities found on the genitals pre- and post-coitus. From the sequence data 

derived, statistical analysis was performed to investigate if bacteria sequences could be used 

to infer contact between each male-female pairing.  

 

Content: Samples were collected from 14 male-female pairings across two recruitment 

cohorts. Volunteers were asked to self-collect samples pre- and post-coitus. Samples were 

extracted using PureLink™ Microbiome DNA Purification Kit. Extracted DNA underwent library 

preparation using primers targeting the V1-V9 hypervariable regions of the bacterial 16S rRNA 

gene (~1,449 bp). Libraries were sequenced by PacBio® SMRT Sequel II sequencing platform. 

Unique bacterial signatures were detected in low frequencies (<1%) in male and female 

participants pre-coitus. The data indicates a disruption to microbial composition post-coitus. 

Further genomic analysis is needed to confirm species and subspecies classification of 

bacteria.  
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1. Introduction 

The prevalence of sexual assault remains a significant public health and safety issue 

globally. Sexual assault is the broad term used to encompass any non-consensual sexual 

contact (1). This can range from assault through physical force and incapacitation to contact 

without ongoing consent. While sexual assault occurs irrespective of gender, women are most 

at risk. In Australia, 1 in 6 women over the age of 15 years have experienced sexual assault, 

whilst the figure for men remains lower at 1 in 25 (2). While victims are most often women, the 

majority of sexual offenders are recorded as male (2). Therefore, the investigation of sexual 

assault relies heavily on isolating perpetrator DNA from spermatozoa. This is typically 

obtained through a forensic medical examination (3). Biological specimens must be acquired 

as soon as appropriate as vaginal swabs taken after 24 hours are less likely to contain sperm 

that can be isolated and analysed (4). DNA evidence in sexual assault cases is essential when 

the perpetrator is not known to the victim or denies the contact occurred. Obtaining a DNA 

profile is important; however, it is not without limitations.  

Due to the nature in which biological specimens are obtained, from the victim post-

assault, mixed DNA is unavoidable. The presence of female DNA overwhelms the male DNA, 

which influences the ability to obtain a male autosomal short tandem repeat (STR) profile (5). 

To counter this issue, male DNA is isolated through a process called differential extraction. 

While this is the standard method for DNA isolation in sexual assault cases globally, it is 

laborious, time-consuming and can cause degradation of the male DNA in the sample (5-9). 

To avoid issues with mixed DNA samples, the STR profile of the Y-chromosome can instead 

be targeted. The Y-chromosome is male-specific, meaning female DNA will not generate a Y-

STR profile (10). However, due to the paternal inheritance pattern of the Y-chromosome, the 

Y-STR profile of related males will be the same (11). Another issue is having no male DNA 

recovered from a biological specimen. Using a barrier contraceptive, a vasectomy, and 

medical conditions such as azoospermia and oligospermia will inhibit the presence of sperm. 
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This illustrates the need to develop an adjunct method that will aid in identifying a perpetrator 

in sexual assault investigations.  

The application of the human microbiome in forensic investigation is an active area of 

research. Previous studies have reported that, while vastly interconnected, the bacterial 

composition of human body sites differs between individuals (12). This creates an opportunity 

to assess whether individuals carry a unique microbial signature that can be detected and 

used forensically. The bacterial 16S ribosomal RNA (16S rRNA) is a ~1,500 bp gene 

commonly targeted in microbiome studies. This is due to its regular occurrence across 

bacterial taxa and its highly conserved regions that allow for universal primer binding 

opportunities (13). The development of Massively Parallel Sequencing (MPS) platforms has 

allowed for high-throughput cataloguing of entire microbial communities. Illumina™ short read 

analysis is common for microbiome studies due to its high accuracy and affordability. 

However, identifying bacterial taxa below a genus level is challenging (14). For the microbiome 

to be used forensically to identify unique microbial signatures in individuals, species, and 

subspecies resolution is vital. Pacific Biosciences (PacBio®) Single-Molecule Real-Time 

(SMRT®) Sequel II system allows for full-length sequencing of the 16S rRNA. Long read 

sequencing aims to increase taxonomic ability by considering the entire 16S rRNA gene.  

The analysis of vaginal and penile microbiomes has only briefly been examined for 

use in a forensic context. Few studies have investigated the shared microbiome in coinhabiting 

and non-coinhabiting couples. These studies investigated the transfer of the skin microbiome 

in differing locations on the body, including the pubic mound (15). None have aimed to identify 

the microbial transfer that occurs during penetrative intercourse, nor have adequate 

parameters been set to imitate a one-off sexual encounter. The pilot study by Nye (16) utilised 

short-read analysis of the 16S rRNA region V3-4 to investigate the microbial transfer during 

intercourse. However, it could not identify bacterial taxa below a genus level. For the 

microbiome to be used forensically, a method must be developed to correctly identify species, 

sub-species and strain levels of bacterial taxa. This study investigates the application of long-

read 16S sequencing in identifying microbial signatures that transfer during intercourse. 
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2. Materials and Methods 

2.1. Participant Recruitment and Selection 

Human vaginal and penile skin samples were collected from consensual male/female 

couples who were self-reported as healthy, with no history of sexually transmitted infections 

or reproductive medical conditions. Each couple was required to be in a long term 

monogamous relationship (+12 months) with both participants above 19 years of age. Each 

male and female volunteer provided written consent to participate in the study, which was 

approved by the Human Research Ethics Committee at Murdoch University (Protocol 

2020/059). Recruitment occurred over two cohorts, the first conducted in 2020 and the second 

in 2021. The first recruitment cohort received samples from 9 male-female pairings. The 

second cohort received samples from 5 male-female pairings. 

 

2.2. Collection of Intimate Samples 

 Microflora from the genital region was collected by each volunteer participant in a male 

and female pairing. Female participants used sterile Copan rayon swabs to self-collect 

samples, following the technique for Low Vaginal Swab (LVS) self-sampling by PathWest 

Laboratory Medicine WA (17) [Supplementary Fig S1]. Male participants wetted sterile Copan 

rayon swabs with DNase/RNase free water immediately before self-collection. The method for 

male sampling followed a process of swabbing up and down the penis shaft and around the 

glans of the penis. Details of this procedure are described in the volunteer information pack 

[Supplementary Fig S2]. Baseline samples were collected after at least two to four days of 

abstinence from sexual intercourse. In addition, females were asked to complete baseline 

sample collection at least three to four days post menses to control against cyclic variation in 

the vaginal microenvironment associated with menses (18). Five replicate swabs were 

collected for each participant and timepoint, totaling 20 per couple (10 male, 10 female). 

Participants were asked to collect post-intercourse samples within 3 – 12 hrs post penetrative 
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intercourse. Volunteers returned their kits to a nominated third party, who stored samples in a 

locked -20° C freezer until processing. 

 

2.3. Bacterial DNA Extraction for MPS 

 DNA from bacterial communities was extracted using the PureLink™ Microbiome DNA 

Purification Kit (Invitrogen™) as described in the user guide for buccal, vaginal and skin swab 

samples (19). During the lysis step, samples underwent a bead beat using horizontal agitation. 

This was performed on a TissueLyser II (QiagenÒ) at 25 Hz for 2 x 3 mins. Penile skin (n = 

87)  and vaginal samples (n = 87) were processed in batches by couple to reduce the risk of 

cross-contamination between couples. During extraction, some discoloration/growth on swabs 

were observed. These samples were still processed, and a note was made so DNA could be 

reassessed for quality control post extraction. A positive control (n = 1) consisting of a known 

mock bacterial community was used for quality control. A 75ml aliquot of the ZymoBIOMICS™ 

Microbial Community Standard, which consists of ten inactivated microorganisms (eight 

bacteria and two fungi) was processed alongside samples as the positive control. Additionally, 

extraction control blanks (n = 14) were processed with each extraction batch to assess 

background microbe levels and for quality control. For continuity, the blank control used was 

a sterile Copan rayon swab identical to those used to collect the intimate samples. Purified 

DNA was stored at -20° C prior to further analysis.  

 

2.4. Quality Control of DNA Extracts 

Due to budget limitations, only one sample from each time point and individual could 

be sent for sequencing. DNA extracts were therefore assessed to identify the replicate with 

the most suitable quantity of bacterial DNA.  
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2.4.1. PCR of 16S rRNA Gene Targeting V4 Region 

To evaluate successful isolation of bacterial DNA, a PCR was conducted amplifying 

the V4 region of the 16S rRNA gene. A total of 231 samples were processed, including controls 

and replicate samples. Reactions were carried out in 25 µL volumes consisting of 5 µL purified 

DNA sample, 12.5 µL of 2X GoTaq® Green Master Mix (Promega™), 0.4 µM each of forward 

(515F) and reverse (806R) primers (Sigma-AldrichÒ) [Table 1].  

 

Table 1: Bacterial 16S rRNA primers used. The V4 primers used were supplied by Sigma-AldrichÒ and target a 

291bp fragment of the 16S gene. Primers are compatible with IlluminaÔ short read sequencing platforms. Forward 

primer catalogue name Illumina515F16sV4. Reverse primer catalogue name Illumina806R16sV4. Primers 

targeting bacterial V1-9 hypervariable regions used to prepare samples for full length 16S rRNA sequencing, 

Primers are compatible with PacBioÒ long read sequencing platform. 

Assay 
Primer 

Location 
Universal Sequence 16S Target Specific Sequence 

Short Read 

16S V4  

515F 

5`-

TCGTCGGCAGCGTCAGATGTGTATAAG

AGACAG-3` 

5’ – GTGCCAGCMGCCGCGGTAA – 3’ 

806R 

5`-

GTCTCGTGGGCTCGGAGATGTGTATAA

GAGACAG-3` 

5’ – GGACTACHVGGGTWTCTAAT – 3’ 

Long Read 

16S V1-9 

27F 

5’- 

GCAGTCGAACATGTAGCTGACTCAGGT

CAC-3’ 

5’- AGRGTTYGATYMTGGCTCAG-3’ 

1492R 

5’- 

TGGATCACTTGTGCAAGCATCACATCG

TAG-3’ 

5’- RGYTACCTTGTTACGACTT-3’ 

 

Thermal cycling on an Applied Biosystems™ ProFlex™ 96-well PCR system was 

performed with initial denaturation at 95° C for 3 mins, followed by 30 cycles of 95° C for 30 

secs, 55° C for 30 secs,  72° C for 30 secs, with a final extension at 72° C for 5 mins. These 
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conditions mimic that of the Nye study (16) to ensure data was comparable. Pre-PCR and 

post-PCR procedures were conducted in separate laboratories to reduce the risk of amplicon 

contamination. 

 

2.4.2. Gel Electrophoresis  

PCR products amplified using the 515F/806R primers [Table 1] was expected to 

produce a ~291 bp product. To evaluate this, amplicons were visualized by gel electrophoresis 

on a 1% (w/v) agarose. A tris-acetate-EDTA (TAE) buffer was used for gel casting and as the 

running buffer. SYBR™ Safe DNA Gel Stain (Invitrogen™) was added during gel casting at a 

concentration of 0.1 μL per 1 mL of buffer. A 5 µL aliquot of PCR product was loaded on the 

gel and separated at 100 volts for 40 mins on a Bio-Rad Sub-CellÒ GT alongside an Axygen® 

100 bp – 3 kB DNA ladder (Fisher Biotech™). Gels were visualised on a Dark ReaderÒ 

transilluminator (Clare Chemical Research™). After gel electrophoresis minimal amplification 

was observed in the negative controls, therefore, DNA from these extracts was pooled into a 

single sample prior to amplicon library preparation and sequencing. Samples were selected 

based on the presence and intensity of a band at ~300 bp with the more prominent band at 

each replicate chosen to progress to sequencing. Swabs that had previously been noted as 

having discoloration/growth showed a more prominent band. It was inferred that this may have 

been due to an increased microbial presence from the growth and these samples were 

excluded from further analysis. In some cases band intensity alone did not identify the desired 

amplicons in any replicate samples, in these circumstances samples were selected based on 

chronological order.    

 

2.5. Library Preparation 

Purified DNA samples selected from section 2.4 followed a two-step PCR library 

preparation method. Hypervariable regions V1-9 of the 16S rRNA locus was amplified using 

the primers 27F/1492R with a universal UNITAG sequence and amine block attached to the 
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5′ ends of each primer [Table 1] (20). Primary PCR was carried out in 30 µL reactions 

containing 0.3 μM each of the forward and reverse primers, 15 µL of 1X AccuStart™ II 

ToughMixÒ (Quantabio™), 0.75 µL each of ArcticZymes dsDNase and DTT, 6.6 µL nuclease-

free water and 6 µL of purified DNA extraction or nuclease-free water (negative control). The 

dsDNase and DTT were included as part of the ArcticZymes PCR Decontamination Kit™, 

which was used to remove contaminating DNA in PCR master mixes without reduction of PCR 

sensitivity. The master mix was incubated at 37°C for 20 min (dsDNase activation), followed 

by incubation for 20 min at 60°C (dsDNase inactivation), ensuring that any template added 

after inactivation remains safe from digestion. One negative template control was included. 

The PCR cycling conditions consisted of an initial denaturation step at 94 °C for 3 mins, 

followed by 30 cycles at 94°C for 30 secs, 52 °C for 30 secs, and 72 °C for 2 mins and a final 

extension step of 72 °C for 5 mins. Primary PCR products were purified using NucleoMag 

NGS magnetic beads (Macherey-Nagel™) at a 0.6X ratio and eluted in 30 µL low Tris-EDTA 

(TE) buffer. Primary PCR products were visualized on a QIAxcelÒ capillary gel electrophoresis 

system (Qiagen™) to confirm the presence and size of amplicons. Amplicons were normalized 

to 1 ng/µL prior to barcoding PCR. Barcoding PCR reactions, allow indexing of individual 

samples, and were carried out in 25 µL reactions containing 0.3 μM each of the forward and 

reverse barcoded primers, 12.5 µL of 1X AccuStart™ II ToughMixÒ (Quantabio™), 3 µL 

nuclease-free water and 2 µL of template or nuclease-free water (negative template control). 

PCR cycling conditions were the same as described above, but with reduced 8 cycles. PCR 

products were quantified using QIAxcelÒ  capillary gel electrophoresis system. Barcoded PCR 

amplicons were pooled in equimolar concentrations of ~1000 ng per pool based on QIAxcel 

quantification of the target ~1500 bp band. Amplicon pools were purified using NucleoMagÒ 

NGS magnetic beads (Macherey-Nagel™) at a 0.55X ratio and eluted into 50 µL TE buffer. 

Pools were normalised to ~500 ng of DNA in 37 µL and used for sequencing. 
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2.6. Massively Parallel Sequencing 

Purified amplicon pools were sequenced at the Australian Genome Research Facility 

(AGRF) QLD, Australia. The amplicon library was sequenced using Pacific Biosciences single 

molecule real-time (SMRT) hi-fidelity (HiFi) sequencing on a single SMRTÒ cell using the 

PacBioÒ Sequel II System. Raw data files were provided in BAM format.  

 

2.7. Processing of HiFi Read Files  

 Raw data files received from AGRF were first demultiplexed and converted to FASTQ 

format. Sequence data was analysed using the DADA2 pipeline (21). First, primers were 

removed and sequences were quality filtered. The DADA2 denoise algorithm was then used 

to produce amplicon sequence variants (ASVs) (22). Taxonomy was assigned using the 

Bayesian classifier with reference to curated SILVA v128 database (23). Taxonomic species-

level assignments were then confirmed using BLAST analysis against the National Center for 

Biotechnology Information (NCBI) nucleotide (nt) database (24).  

 

2.8. Statistical Analysis 

 RStudio (v1.4) and R version 4.1.1 (25) was used to analyse the data and focus on 

establishing similarities and divergences of profiles across samples. Alpha diversity measures 

were carried out to assess the richness and diversity of individual samples. Alpha diversity 

was measured using observed ASV’s, Choa1, Shannon index and Inverse Simpson (26). The 

taxonomic distribution of samples was visualised using distribution plots for males and females 

at both time points (before and after intercourse) [Supplementary Fig S4]. Bar plots were used 

to visualise the difference in the microbial composition of male and female samples. A 

Wilcoxon test observed differential abundance for the top nine genera grouped by male and 

female [Supplementary Fig S5]. A heatmap was used to observe microbial composition 

grouping samples at an ASV level. Beta diversity measures were carried out to assess the 

richness and diversity of samples across different communities. Beta diversity was measured 
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using Principle Coordinates Analysis (PCoA) with  Bray-Curtis (27) and UniFrac (28) distance 

measures. Permutational analyses of variance (PERMANOVA) were used to assess 

multivariate community level differences between males and females. 

 

3. Results  

3.1. Participant Summary   

In the 2020 recruitment cohort, nine males and nine females within each couple 

provided five replicate penile skin and five replicate vaginal swabs both prior to and post 

penetrative intercourse (totalling 10 per person, five before and five after). During the pilot 

study by Nye (16) 1-2 swabs per participant and time point were extracted, and the V3-4 region 

was sequenced using the IlluminaÔ MiSeqÔ system. The remaining swabs were stored at – 

20° C. After 2021 recruitment, all remaining swabs from the 2020 cohort were extracted along 

with all replicate swabs from the 2021 cohort. From the 2020 cohort, couples 14 and 19 had 

4 replicate swabs per participant and timepoint (eight total per participant, four before and four 

after). All other couples from this cohort had three replicate swabs per participant and 

timepoint (six total per participant, three before and three after). In the 2021 recruitment cohort, 

five males and five females within each couple provided five replicate penile skin and five 

replicate vaginal swabs both prior to and post penetrative intercourse (totalling 10 per 

participant, five before and five after). A total of 216 swabs underwent extraction (2020 = 116, 

2021 = 100). Couples in the 2020 cohort were aged between 22 and 30 years of age, and 

used a variety of different contraceptive methods such as the oral contraceptive, condom and 

withdrawal method [Table 2]. All couples from this cohort abstained from intercourse for 

between three and 14 days. Couples in the 2021 cohort were aged between 20 and 28 years 

of age, and all used some form of oral contraceptive pill [Table 2]. All couples from this cohort 

abstained from intercourse for between two and four days.  
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Table 2: Summary of participant information (including samples from previous recruitment cohort). A more detailed 

table can be found in the supplementary information [Supplementary Table S1]. Information not available/unknown 

is marked by an asterisk (*). 

Recruitment 
Cohort Couple Participant Information Contraception 

Time Abstinent 
Prior to 
Intercourse 

2020 

1 Male = unknown yrs 
Female = 22 yrs Contraceptive Pill 5 days 

2 Male = 25 yrs 
Female = 26 yrs Withdrawal Method 14 days  

4 Male = 25 yrs 
Female = 25 yrs Contraceptive Pill 10 days 

6 Male = 30 yrs 
Female = 28 yrs 

Condom (started 
without) 10 days 

9 Male = 23 yrs 
Female = 26 yrs Condom 5 days 

13 Male = 22 yrs 
Female = 22 yrs 

Contraceptive Pill & 
Condom 6 days 

14 Male = 24 yrs 
Female = 22 yrs Condom 3 days 

17 Male = unknown yrs 
Female = unknown yrs Vasectomy * 

* 

19 Male = 28 yrs 
Female = 25 yrs Condom 7 days 

2021 

2 Male = unknown yrs 
Female = 20 yrs Contraceptive Pill 4 days 

16 Male = 23 yrs 
Female = 22 yrs Contraceptive Pill 2 days 

17 Male = 23 yrs 
Female = 22 yrs Contraceptive Pill 2 days 

18 Male = 22 yrs 
Female = 22 yrs Contraceptive Pill 3 days 

19 Male = 22 yrs 
Female = 28 yrs Contraceptive Pill 3 days 
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A word to the examiners 

Due to unforeseen circumstances, the data provided by AGRF was not received in time for 

submission of this thesis document. The pilot study by Nye which investigated the V3-4 region 

of the 16S rRNA gene was identical in the recruitment and extraction procedure. However, 

adequate statistical analysis was not completed at the time. To account for the V1-9 results 

that were not acquired in time for submission, statistical analysis of the pilot data is discussed 

from herein. Materials and methods for the pilot research are discussed by Nye (16), which is 

available from the Murdoch University Research Repository 

(http://researchrepository.murdoch.edu.au/id/eprint/59536). 

 

 

3.2. 16S Microbial Diversity 

3.2.1. Bioinformatics 

Metabarcoding produced 1,817,828 raw sequences from 24 samples [Supplementary 

Table S2]. Sequences were quality filtered and the DADA2 denoise algorithm was used to 

produce ASVs. The production of ASVs provides a higher-resolution version of traditional 

operational taxonomic units (OTUs) which cluster sequences based on 97% similarity rather 

than unique sequence variants (ASV method). A total of 864 bacterial ASVs were identified 

from 24 samples. There were a total of 284,053 sequences identified after taxonomic 

assignment with a mean read count of 11,836 reads.  

 

3.2.2. Rarefaction and Alpha Diversity 

Rarefaction curves showed the number of ASVs plateaued at a depth of 2,200 reads 

[Supplementary Fig S3] indicating that adequate sequencing depth was reached.  
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Figure 1: Alpha diversity analysis in male vs female samples displayed through (a) observed ASVs, (b) Chao1, (c) 

Shannon and (d) Inverse-Simpson diversity measures. 

Alpha diversity analysis identified significant variation between male and female 

samples (Wilcoxon pair-wise test). The highest number of reads was observed in female 

vaginal samples. Penile skin communities were significantly more diverse, having a higher 

number of bacterial taxa (ASVs) in total (n = 726) than vaginal samples (n = 274). Male 

samples showed the highest alpha diversity across observed ASVs, chao1, Shannon and 

Inverse Simpson indices (P <0.05 in all measures) [Fig ]. 

 

3.2.3. Taxonomy 

The vaginal microbial communities of 12 female samples from six individuals was 

characterised. Overall, 15 genera were observed in baseline samples for females, dominated 
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by Lactobacillus (98.31%). The next most abundant genera were Finegoldia (0.70%), 

Peptoniphilus (0.34%), Corynebacterium (0.21%) and Gardnerella (0.11%). Post-coitus, a 

total of 32 genera were observed, dominated by Lactobacillus (98.15%). The next most 

abundant genera were Finegoldia (0.44%), Gardnerella (0.22%), Escherichia/Shigella 

(0.13%) and Peptoniphilus (0.11%).  

 

The penile skin microbial communities of 6 males were observed. Overall, a total of 47 

genera were observed in baseline samples, dominated by Lactobacillus (24.84%). The next 

most abundant genera were Staphylococcus (12.73%), Finegoldia (12.38%), Peptoniphilus 

(11.51%) and Ezakiella (4.67%).  Post-coitus, a total of 57 genera were observed, dominated 

by Lactobacillus (34.93%). The next most abundant genera were Peptoniphilus (12.13%), 

Finegoldia (10.75%), Ezakiella (5.06%) and Anaerococcus (3.06%).  

 

A heatmap displaying bacterial composition grouping at a genus level indicated 

changes in the abundance of taxa following intercourse [Fig 2a]. The most notable change 

was in the abundance of Lactobacillus in the male before and after samples of couple 17. 

Notable shifts after intercourse in vaginal bacterial communities appeared in females of 

couples 17 and 19. They were related to an increased relative abundance of Finegoldia. 

Notable shifts after intercourse in penile skin bacterial communities appeared in the male 

samples of couples 9, 17 and 19. They were related to an increased relative abundance 

of Lactobacillus. A heatmap displaying bacterial composition grouping at an ASV level 

indicated changes in the abundance of Lactobacillus ASVs following intercourse [Fig 2b]. The 

top 30 most abundant ASVs are displayed in this graph figure and indicate ASVs unique in 

the female participant of couple 17. ASV28, ASV29 and ASV30 are detected in the female of 

couple 17 only and are present in baseline and post-coitus samples. These three ASVs are 

not detected in the male baseline sample, but are detected in the male sample post-coitus. 

ASV22 was also detected in the female baseline and post-coitus sample and male post-coitus 

sample of couple 17 but was not unique across the cohort.   
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Figure 2: Taxonomic summary of bacteria in samples displayed with a heatmap of identified taxa. Couples are 

displayed side by side for each time point (before and after). (a) Relative abundance of top 15 taxa grouping at a 

genus level (including phylum annotation). (b) Relative abundance of top 30 taxa grouping at an ASV level 

(including genera annotation). Unique ASVs are indicated on the figure for the female of couple 17, along with their 

presence in the male sample post-coitus. 
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3.2.4. Beta Diversity 

Beta-diversity measures shown by ordination analysis indicated a difference in the 

composition of bacterial taxa in male and female samples. Principal coordinate analysis 

(PCoA) using the Bray-Curtis metric, which assesses dissimilarity based on overall ASV count 

data (i.e. includes abundance information), revealed sample clustering based on gender. 

Clustering based on couple was less apparent [Fig 3a]. PCoA using the weighted UniFrac 

metric, which incorporates both phylogenetic information of taxa and information based on 

abundance, was assessed [Fig 3b]. Using the Bray-Curtis metric, axis 1 (28.2%) drove the 

division of samples based on gender, and axis 2 (15.1%) drove the division based on baseline 

and post-coitus sampling. The weighted UniFrac metric noted the same sample division based 

on gender for axis 1 (47.2%) and sampling time for axis 2 (24.8%). These graphs indicated 

that sex had a significant effect on the overall microbial composition and was statistically 

confirmed using a PERMANOVA significance test (P=0.002). 
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Figure 3: Beta diversity displayed through Principle Coordinate Analysis (PCoA) using Bray-Curtis (a) and UniFrac 

(b) distance measures. Clustering of couple 6 and 17 are circled in the figure.   

 
3.2.5. Shared Microbiota  

 The overlap of bacterial taxa (ASVs) before and after intercourse within male-female 

pairings was observed and displayed using Venn diagrams [Fig 4]. Couples 6, 9, 17 and 19 

displayed the most notable change in bacterial taxa. Within couple 6 at baseline, there were 

64 shared ASVs. Post-coitus, there were 68 shared ASVs indicating an increase of four when 

compared with baseline sampling. Within couple 9 at baseline, there were zero shared ASVs. 

Post-coitus, there were 31 shared ASVs indicating an increase of 31 when compared with 

baseline sampling. Within couple 13 at baseline, there were two shared ASVs. Post-coitus, 

there was no change to the total shared ASVs. Within couple 14 at baseline, there were three 

shared ASVs. Post-coitus, there was a decrease of one ASV compared with baseline 
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sampling. Within couple 17 at baseline, there were 19 shared ASVs. Post-coitus, there were 

26 shared ASVs indicating an increase of seven when compared with baseline sampling. 

Within couple 19 at baseline, there were zero shared ASVs. Post-coitus, there were three 

shared ASVs.. Within couple 17 at baseline there were 19 shared ASVs. Post-coitus there 

were 26 shared ASVs indicating an increase of seven when compared with baseline sampling. 

Within couple 19 at baseline there were zero shared ASVs. Post-coitus there were three 

shared ASVs.  

 

Figure 4:  Venn diagrams indicating overlap of taxa (at ASV level) in male and female pairings both before and 

after coitus. All couples are displayed. Couples 6, 9, 17 and 19 indicate an increase in the amount of shared ASVs 

post-coitus.   
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Changes in shared ASVs between couples 6, 9, 17 and 19 post-coitus were observed 

[Table 3]. ASVs identified as belonging to the Lactobacillus genera made up the majority of 

shared taxa, which is expected due to the high abundance of Lactobacillus across male and 

female samples. Only two shared ASVs post-coitus, ASV248 (Porphyromonas) and ASV104 

(Finegoldia), identified across all four of these couples were not detected in either male or 

female sample at baseline. Only two shared ASVs, ASV214 (Staphylococcus) and ASV146 

(Finegoldia), were identified in the male baseline sample, with the remainder detected in 

female baseline samples. 

 
Table 3: ASVs that were not identified as shared at baseline for couples 6, 9, 17 and 19. This does not include 

taxa that were identified as shared at both time points. Text in bold indicates ASVs that were present in the female-

only at baseline. Underlined text indicates ASVs that were present in the male-only at baseline. Regular text 

indicates ASVs that were not detected in either male or female samples at baseline. Couples 13 and 14 were 

excluded from this table as there was an insignificant change in shared ASVs. Genus level identification is listed in 

square brackets.  

Couple 6 Couple 9 Couple 17 Couple 19 

ASV104 [Finegoldia] 
ASV112 [Finegoldia] 

ASV115 [Peptoniphilus] 
ASV79 [Finegoldia] 

ASV1 [Lactobacillus] 
ASV10 [Lactobacillus] 

ASV101  [Lactobacillus] 
ASV11  [Lactobacillus] 
ASV12  [Lactobacillus] 
ASV13  [Lactobacillus] 
ASV14  [Lactobacillus] 
ASV15  [Lactobacillus] 
ASV16  [Lactobacillus] 
ASV17  [Lactobacillus] 
ASV18  [Lactobacillus] 
ASV19  [Lactobacillus] 
ASV2  [Lactobacillus] 

ASV20  [Lactobacillus] 
ASV21  [Lactobacillus] 

ASV214 [Staphylococcus] 
ASV23  [Lactobacillus] 
ASV24  [Lactobacillus] 
ASV25  [Lactobacillus] 
ASV26  [Lactobacillus] 
ASV27  [Lactobacillus] 
ASV3 [Lactobacillus] 

ASV31 [Lactobacillus] 
ASV32 [Lactobacillus] 
ASV4 [Lactobacillus] 
ASV5 [Lactobacillus] 

ASV145 [Gardnerella] 
ASV146 [Finegoldia] 

ASV201 [Gardnerella] 
ASV22 [Lactobacillus] 
ASV28 [Lactobacillus] 
ASV30 [Lactobacillus] 
ASV33 [Lactobacillus] 
ASV37 [Lactobacillus] 
ASV38 [Lactobacillus] 
ASV40 [Lactobacillus] 
ASV43 [Lactobacillus] 
ASV47 [Lactobacillus] 
ASV48 [Lactobacillus] 
ASV50 [Lactobacillus] 
ASV52 [Lactobacillus] 
ASV53 [Lactobacillus] 
ASV54 [Lactobacillus] 
ASV55 [Lactobacillus] 
ASV62 [Lactobacillus] 
ASV64 [Lactobacillus] 

ASV3 [Lactobacillus] 
ASV248 [Porphyromonas] 

ASV58 [Lactobacillus] 
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ASV6 [Lactobacillus] 
ASV7 [Lactobacillus] 
ASV8 [Lactobacillus] 

ASV89 [Lactobacillus] 
ASV9 [Lactobacillus] 

 

The Venn diagrams [Fig 4] indicated an increase of seven shared taxa in couple 17 

post-coitus. Further investigation indicated taxa identified as shared at baseline were not 

detected in post-coitus sampling. Only six of the shared ASVs at baseline were detected as 

shared post-coitus. With the exception of ASV146, the remainder of the shared ASVs in couple 

17 identified post-coitus were new and previously detected in the baseline female sample. For 

all other couples, shared ASVs detected at baseline remained post-coitus. 

 
4. Discussion  

The female genital microbiome has been extensively studied due the relationship 

between the vaginal microbiome and fetal health during gestation (29). The microbiome of 

penile skin has been significantly less studied by comparison (30). This study is the first to 

examine pre and post-coitus penile skin and vaginal microbiomes using a short-read analysis 

of the 16S rRNA gene. Strict study parameters were set to simulate a once-off penetrative 

sexual encounter as best as possible within ethical and practicable bounds.  

 

4.1. Sample Diversity in Male and Female Pairs  

Bacterial amplicon sequencing showed that limited shared taxa were observed in male 

and female samples at baseline. The microbiome of the male penile skin samples revealed 

highly diverse environments with a low abundance of taxa. Female vaginal samples were 

significantly less diverse, and taxa appeared in a higher abundance. The diversity of male and 

female samples observed in this study is consistent with current literature (30). The diversity 

of female samples observed in this study is consistent with current literature which states that 

lactobacillus species are highly abundant in the vaginal microbiome (30). While the penile skin 

microbiome is not well documented, current literature describe the environment as being 
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highly diverse, with Corynebacterium, Peptoniphilus, Anaerococcus, Porphyromonas being 

the most abundant genera (31). The results observed in this study further complement current 

literature stating the highly diverse environment of the penile skin, however, the most 

abundant genera identified differs. In this study we identified Lactobacillus (24.84%) as the 

dominant genera in penile samples followed by Staphylococcus (12.73%) and Finegoldia 

(12.38%). 

 
Taxonomic analysis found that in both male and female samples, there was an 

increase in the total genera observed post-coitus. A heatmap displaying mean relative 

abundance of taxa grouping at a genus level indicated the most notable change in abundance 

post-coitus was in male samples and related to an increase in the dominant female taxa, 

Lactobacillus. Few changes were observed in female samples; however, a disruption to the 

microbial composition was noted. For forensic applications, a microbial disruption could be 

useful for ascertaining if sexual contact has occurred. 

 
Beta diversity analysis, which assesses the change in diversity across samples, was 

carried out using PCoA with Bray-Curtis and weighted UniFrac distance measures. The data 

indicated that samples generally clustered based on gender rather than by couple. Clustering 

of male and female samples was observed in couple 6, with after samples more closely 

clustered than before, indicating that microbial diversity in this couple became more 

homogenous (or “shared”) post-coitus. The use of beta diversity analysis for microbiome 

studies has evolved from microbial ecology research. When assessing the similarity of 

samples within different communities (e.g. male and female), PCoA plots display clustering 

for samples which are similar in their microbial diversity. A comparative study of the human 

gastrointestinal microbiome employed PCoA with unweighted UniFrac distance measures to 

show the clustering of sample diversity was driven by body mass index (32). Similarities are 

seen in this study regarding vaginal and penile microbiomes with the clustering of samples 

indicating a similarity in diversity. 
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The data from the Bray-Curtis PCoA indicated close clustering of male before and after 

samples for couples 13, 14 and 19. The corresponding female participants’ samples indicate 

an increase in the distance between before and after samples, with the female after sample 

of couple 19 being the most prominent division. It may be inferred from this that there is a 

disruption to the microbial composition in these three female samples post-coitus and that the 

driving factor is their male partner. For couple 9, the inverse is occurring. The female before 

and after samples are closely clustered, while the male samples have a greater distance 

between them. This indicates a disruption to the microbial diversity in the male sample post-

coitus. These couples, where disruption to the microbial composition has been observed, all 

used a barrier contraceptive. Without knowing what behaviours occur during their sexual 

encounter, it can be difficult to hypothesise a relationship between microbial diversity and the 

effect of intercourse. However, at a most basic level, this demonstrates that both male and 

female genital microbiomes are susceptible to disruption by the opposite sex and may allow 

for forensic exploitation for casework situations. 

 
The most notable change in diversity was noted in couple 17. Clustering of the female 

before and after samples was observed on PCoA, along with the male after sample. The male 

before sample was clustered with other male samples from this cohort. This indicates a 

change in the microbial diversity of the male sample post-coitus, and the composition after is 

closely related to the female partner. Venn diagrams displaying the change in shared ASVs 

post-coitus show an increase in the shared ASVs for couples 6, 9, 17 and 19. The increase in 

shared ASVs confirms the relationship in couples 6 and 17 as clustering based on similarity 

post-coitus.  

 
The clustering of couple 6 in beta diversity analysis indicates that baseline and post-

coitus samples for both male and female participants are similar in their composition. During 

alpha diversity analysis, male and female samples were identified as being significantly 

different in their diversity. Based on this information, if microbial transfer were to occur during 

intercourse, samples would be expected to exhibit clustering of the post-coitus samples and 
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not baseline samples as observed in couple 6. Further investigation of relative abundance in 

couple 6 indicated that the male baseline sample exhibited characteristics typical of female 

vaginal diversity. The most abundant genera for the male participant was Lactobacillus 

(99.34%), Peptostreptococcus (0.16%), Ureaplasma (0.13%), Finegoldia (0.11%),  and 

Streptococcus (0.11%). The percentage distribution is more similar to that of the female 

samples and these genera are more commonly associated with the vaginal microbiome (33).  

 
Similarly, the female participant of this couple exhibited higher diversity during baseline 

sampling than the female participants of other couples. Initially, it was theorised that the 

unexpected diversity in these samples could be due to a sampling or human error. However, 

the post-coitus male sample in couple 6 detected the same genera present at baseline, and 

newly detected post-coitus genera were also detected in the female sample at baseline. If an 

error had caused the diversity observed in the male baseline sample, it would be expected 

that post-coitus diversity would be distinctively different. This data provides evidence that the 

microbial diversity in both male and female samples is most likely a true reflection of diversity 

and not due to a human or sampling error. This illustrates how the variation between individual 

microbiomes can be exploited for forensic use.  

 
Venn diagrams displaying shared microbiome during baseline and post-coitus 

sampling, a decrease in the overall observed ASVs post-coitus was noted in couples 9, 13, 

14 and 17. A well-documented theory regarding gut microbiome stability is that it undergoes 

a reduce then restore cycle. A study by Maifeld et al. (34) reported that the diversity of the gut 

microbiome followed a trend of reduced then restored diversity following fasting. If the genital 

microbiome follows a similar cycle, it would not be unusual to see a decrease in the overall 

ASVs count data between two different time points. Couples with a reduced ASV count post-

coitus may have been in a restorative phase during baseline sampling and a reducing phase 

during post-coitus sampling. Inversely, couples 6 and 19 had an increase in the total ASVs 

detected during post-coitus sampling. As previously explained, it may be inferred that during 

baseline sample collection, the microbiomes of these couples could have been in a reducing 
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phase, with the restorative phase occurring during post-coitus sampling. Further studies of the 

human sexome should assess additional timepoints to glean insight into the restorative 

timeline for microbiota. 

 

4.2. Microbial Transfer Post-Coitus 

Couples 9, 13, 14 and 19 used a barrier contraceptive during intercourse. These 

couples exhibited the least amount of clustering during beta diversity analysis. Couples 9 and 

19, however, did display a disruption to the diversity in male after and female after samples, 

respectively. Couples 13 and 14 did not display a significant disruption to microbial diversity, 

which was expected in couples that used a barrier contraceptive. While couple 6 did use a 

condom, the survey information they provided indicates that sexual intercourse began without 

one. The initial penile-vaginal contact in this couple explains why beta diversity analysis 

displayed clustering. Finally, as identified previously, couple 17 displayed clustering in PCoA. 

The male participant in this couple indicated that they had used no barrier contraceptive during 

intercourse. Further heatmap visualisation at an ASV level indicated that three ASVs of the 

top 30 were unique to the female sample of couple 17. Following intercourse, the male of this 

couple displayed an increase in the abundance of these three ASVs identified as unique to 

their female partner. Through in-depth analysis of this couple, we observed bacterial transfer 

of unique taxa from the female to the male during intercourse detected through post-coitus 

sampling. With more research this may prove useful and semi-diagnostic within a forensic 

context in detecting sexual intercourse.  

 
 During the investigation of microbial taxonomy, several genera were observed in post-

coitus samples that were not present in either male or female baseline samples. These genera 

included Prevotella, Escherichia/Shigella, Ezakiella, Lawsonella and Megasphaera. However, 

they are still commonly observed in the male and female genital microbiome, so their presence 

was not unusual. Aside from Prevotella and Ezakiella, taxa appeared in low relative 

abundance (<2%), so it can be inferred that they were potentially missed or represented in 



 73 of 87 

such low coverage that they were overlooked during baseline sampling. Interestingly, two 

other genera were identified post-coitus that are not commonly found in the genital 

microbiome. These were Haemophilus and Streptococcus.  

 
Blast analysis against the NCBI database revealed ASVs assigned in the Haemophilus 

genera matched Haemophilus parainfluenzae (99.35% identity), Haemophilus influenzae 

(99.35% identity) and uncultured bacterium clones (99.57% identity). Most species within the 

Haemophilus genera are pathogenic in nature; however, species of this bacterium can be 

commonly found in the upper respiratory tract of healthy individuals (35, 36). Blast analysis of 

ASVs assigned in the Streptococcus genera matched Streptococcus anginosus (99.14% - 

99.35% identity) and uncultured bacterium clones (99.78% identity). Streptococcus anginosus 

typically reside in the upper respiratory tract and have been reported in the oral microbiome 

(37). Based on the absence of these bacterial genera at baseline in female and male samples, 

along with their reported existence in the upper respiratory tract of healthy individuals, it may 

be inferred that these bacterium have transferred to the genital region during oral intercourse 

or through contamination at the time of collection by participants. Data on the health of 

participants at the time of sampling was not collected and may be a useful addition for further 

studies.  

 

4.3. Forensic Microbiome Studies  

 Several studies have aimed to identify microbiome transfer in a forensic setting. A 

study by Neckovic et al. (38) investigated the transfer of the skin microbiome on the hands 

through direct and indirect contact. It was found that there was a disruption to the skin 

microbiome of individuals, and direct skin-to-skin contact was conducive to this contact. 

Another study by Williams et al. (15) investigated the microbiome of the pubic mound and 

assessed the ability to detect sexual contact. It was found that couples who indicated that they 

had been sexually active in the seven days prior to sample collection exhibited clustering on 

PCoA plots versus couples who had not been sexually active. The data from these studies 
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verify the data observed in this study, and similar relationships with microbiome transfer were 

identified.   

 

4.4. Future Research Considerations 

While ASVs were identified in this study as unique to the participant they were collected 

from, this is only valid given the small sample size. In order to identify if these taxa are, in fact, 

unique to an individual, an increased sample size must be observed and further genetic 

information on bacteria obtained. The survey information received for each participant did not 

clearly indicate how many days since menses baseline samples were collected. This could 

mean that cyclic variation influenced the results, and further research would need to gather 

more specific menses information. Interactions between hormone levels and microbial 

community have been demonstrated in the case of gut (39) and oral (40) bacteria microbiome. 

Future capture of participant metadata should aim to include questions relating to oral 

intercourse so that oral microbiome transfer can be investigated. Concerning taxa that still did 

not yield a species identification, further research investigating long-read sequencing of the 

16S rRNA and shotgun sequencing should be considered. Both long-read and shotgun whole-

genome sequencing will increase research costs moving forward. Nonetheless, as substantial 

bacterial transfer post-coitus has been identified, the cost would be justifiable. Emphasis 

should be put on identifying species and strain level classification of the Lactobacillus genera 

due to its high abundance and ubiquitous nature. It would also be advantageous to consider 

using traditional culture techniques to isolate and increase the presence of taxa that appear 

in low abundance. This will aid in investigating taxa that may be unique to an individual but 

lost during early bioinformatic processes and filtering.  

 

5. Conclusion  

The data generated in this project indicate that at a genus level, there is a disruption 

to the microbial composition of both penile and vaginal samples following intercourse. Upon 
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further investigation of microbial diversity at an ASV level, taxa were identified as unique to 

participants. It was observed that couples who used a barrier contraceptive had inhibition of 

bacterial transfer during intercourse. However, it was noted that sexual contact did disrupt 

microbial diversity. The data for a couple who began intercourse without a barrier 

contraceptive indicated some bacterial transfer which is theorised to have transferred during 

the initial penetrative contact. Minimal transfer was observed in this couple as a condom was 

used at some point during the sexual contact. The couple that did not use any form of barrier 

contraceptive displayed significant bacterial transfer. Investigation of shared bacterial taxa 

post-coitus indicated a transfer of the female vaginal microbiome to the male participant. Data 

in this study also suggests evidence of oral microbiome transfer theorised to have transferred 

during oral intercourse. This project acts as a proof of concept that bacterial transfer occurs 

between individuals during intercourse, and sexual contact can be detected through the 

analysis of unique bacterial signatures post-coitus, and shows promise as an alternative 

approach for the forensic investigation of sexual assaults. 
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Supplementary Information 

 
Supplementary Figure S1: Method for female self-sampling as per PathWest low vaginal swab technique.  
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Supplementary Figure S2: Method for male self-sampling of penile skin
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Supplementary Table S2: Summary of sequences obtained from MPS of V3-4 regions of bacterial 16S rRNA 

gene using IlluminaÔ MiSeqÔ platform. 

Bioinformatic Step Sample 
(Totals) 

Female Male 
Before After Before After 

Sum input 908914 313968 269464 197858 127624 

Mean input 37871 52328 44911 32976 21271 

Sum filtered 626643 249881 213401 103055 60306 

Mean filtered 26110 41647 35567 17176 10051 

Filtered % 69 80 79 52 47 

Sum denoised 620581 249049 212046 101214 58272 

Mean denoised 25858 41508 35341 16869 9712 

Sum merged 609123 246339 208853 98452 55479 

Mean merged 25380 41057 34809 16409 9247 

Merged % 67 78 78 50 43 

Sum non-chimeric 284053 116808 81276 44002 28486 

Mean non-chimeric 11836 19468 16255 7334 4748 

Input non-chimeric % 31 37 30 22 22 
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Supplementary Figure S3: Rarefaction curve of observed ASV reads in male and female samples. This is used 

to assess richness and sequencing depth. Curve plateaus at a depth of 2,200 reads.  
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Supplementary Figure S4: The taxonomic distribution of samples visualised using distribution plots for males and 

females at both time points (before and after intercourse). Grouped by phylum level identity. 
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Supplementary Figure S5: Bar plots displaying differential abundance of top nine genera grouped by male and 

female samples. Statistical analysis was performed using Wilcoxon pair-wise significance test.  
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