
Microbiome-Based Stain Analyses in Crime Scenes

Meghna Swayambhu,a Rolf Kümmerli,b Natasha Aroraa

aZurich Institute of Forensic Medicine, University of Zurich, Zurich, Switzerland
bDepartment of Quantitative Biomedicine, University of Zurich, Zurich, Switzerland

ABSTRACT Recent advances in next-generation sequencing technologies (NGS) coupled
with machine learning have demonstrated the potential of microbiome-based analyses in
applied areas such as clinical diagnostics and forensic sciences. Particularly in forensics, mi-
crobial markers in biological stains left at a crime scene can provide valuable information
for the reconstruction of crime scene cases, as they contain information on bodily origin,
the time since deposition, and donor(s) of the stain. Importantly, microbiome-based analy-
ses provide a complementary or an alternative approach to current methods when these
are limited or not feasible. Despite the promising results from recent research, micro-
biome-based stain analyses are not yet employed in routine casework. In this review, we
highlight the two main gaps that need to be addressed before we can successfully inte-
grate microbiome-based analyses in applied areas with a special focus on forensic case-
work: one is a comprehensive assessment of the method’s strengths and limitations, and
the other is the establishment of a standard operating procedure. For the latter, we pro-
vide a roadmap highlighting key decision steps and offering laboratory and bioinformatic
workflow recommendations, while also delineating those aspects that require further test-
ing. Our goal is to ultimately facilitate the streamlining of microbiome-based analyses
within the existing forensic framework to provide alternate lines of evidence, thereby
improving the quality of investigations.

KEYWORDS bioinformatics, biological stains, forensic science, human microbiome,
machine learning, next-generation sequencing

The wealth of microbiome sequencing studies from the last decade has opened new
avenues in forensic investigations, most notably by demonstrating that microbial com-

munities are rich sources of information for criminal investigations (1–4). For instance,
changes in the microbial composition in different parts of a cadaver are indicative of the
time since death, known as the postmortem interval (PMI) (1, 3, 5). Environmental samples
collected from an object, such as soil from socks and shoes, can be linked to a geographic
location (1, 6). Particularly, one application of microbiome forensics, the analysis of biologi-
cal stains, has witnessed much progress in recent years and may soon be ready for integra-
tion in forensic laboratories. The microbes in such samples, typically traces, may reveal in-
formation on the persons involved (who), through the identification of the donor(s); the
nature of the activities that took place (what), through the examination of the type of cel-
lular material (e.g. vaginal, oral, skin, saliva); and the time of occurrence (when), through
estimation of the time of stain deposition (Fig. 1) (7). Overall, such information can be criti-
cal for reconstruction of crime scene events and for corroborating testimonies (8). Some
examples of case investigations using microbiome-based analyses as evidence are sum-
marized in Table 1.

The utility of microbes for two applications, body fluid and tissue identification (BFI)
and individual identification (ID), became apparent as key characteristics of the human
microbiota were revealed in sequencing studies. These microbes, and particularly bacte-
ria, have been shown to form diverse and intricate communities that vary in composition
across habitats, as well as across individuals (9, 10). These notable characteristics have
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been uncovered through studies harnessing the power of next-generation sequencing
(NGS) technologies, which have facilitated the examination of microbial diversity in
healthy tissues by bypassing the need for laboratory cultivation. The two main methods
used are marker gene amplicon sequencing, whereby one or more markers are targeted
for PCR amplification and NGS, and whole-metagenome shotgun sequencing, whereby
sequences are recovered from across the genomes present, including those of the host,
through NGS (11). Most human microbiome studies to date have focused on bacteria,
typically targeting relatively short stretches of the prokaryotic 16S rRNA gene through
amplicon sequencing, with an increase in the use of shotgun sequencing over time and
recent attention to other microbes such as fungi and archaea (12–14). What these stud-
ies highlight, in addition to tissue and individual specificity, is that the temporal stability
of bacterial communities within the human body is dependent on the body site itself
and on variables including lifestyle. Outside the human body, community composition
also changes over time, and preliminary work has indicated patterns that can be
exploited for the inference of time since deposition (TsD) (15).

As a result of these attributes, microbial markers may complement routine forensic
tests or provide a replacement when the routine tests do not yield reliable information.
Especially in cases where samples are degraded and human cellular components are lim-
ited, the abundance of microbes and their general resilience may be an advantage (16,
17). For example, at some body sites, bacterial cells outnumber human cells (18). In the
case of human DNA profiling, the current gold standard approach involves fragment
length analyses of 17 to 25 highly variable human short tandem repeat (STR) loci and

FIG 1 Microbiome-based analyses of human biological stains in crime scenes. Here, we illustrate a
hypothetical crime scene involving biological evidence found on bedsheets: questions on who was
involved, what, and when the crime occurred are being investigated. The stains were collected on
swabs, and the microbial content could be analyzed to determine the bodily origin of the stain (BFI),
identify the individual (ID), and estimate time since deposition (TsD) (The figure was created using 3D
Home Design software [Planner 5D] and BioRender).

TABLE 1 Summary of cases where microbiome-based analyses were conducted as part of the forensic investigation

Nature of case Microbiome analysed
Case
report Year Country References

Postmortem interval (PMI) Swabs from external auditory canal, eyes, nares, mouth,
umbilicus, and rectum

No 2015 The United States of America (62)

Sexual assault Vaginal microbiome from object used for vaginal penetration Yes 2017 France (61)
Sexual assault Vaginal microbiome from digits of suspect used for digital

penetration
Yes 2017 France (61)

Sexual assault Fecal microbiome from tissue Yes 2018 The Netherlands (21)
House robbery Fecal, skin, and vaginal microbiome from swab Yes 2018 The Netherlands (21)
Linking suspect to a location Soil microbiome from suspect’s sock No 2020 The United States of America (6)
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searches for matches among potential donors or in extensive databases comprising
human profiles (19). Nonetheless, there are cases where stains contain low human DNA
quantity and quality that yield incomplete profiles or increase the probability for spuri-
ous matches. Some rarer cases involve monozygotic twins who cannot be distinguished
through DNA profiling alone. In such situations, microbial markers could yield further
clues. Moreover, microbiome-based analyses could also provide new avenues to access
information from a biological stain with potentially higher performance than the tradi-
tional body fluid and tissue test. This option is of particular interest because current tests
often destroy valuable biological evidence, typically test for only one body fluid, and
have some limitations in terms of specificity and/or sensitivity (20).

To date, much progress has been made showcasing the utility of microbes for stain
analyses, particularly in proof-of-concept studies. Nonetheless, there are critical gaps
that need to be addressed before this novel method can be integrated in routine case-
work. Some of these gaps mirror those in other applied settings, such as clinical diagnos-
tics. In this review, we examine the current state of forensic microbiome analyses of
stains, with a special focus on BFI, which we deem to be close to maturity. We draw
attention to two crucial issues that need to be thoroughly addressed: on the one hand,
delineating the strengths and limitations of a novel method in the field, and on the other
hand, establishing a standardized protocol that can be employed in forensic laboratories.
For the latter, we provide general recommendations that can serve as a roadmap in
applied fields, while also highlighting specific points which merit further consideration
and forensic benchmarking.

ADVANCES IN MICROBIOME-BASED STAIN ANALYSES
What: body fluid and tissue identification. The association between microbial

composition and body site has prompted forensic scientists to develop new tools for
BFI. Initial endeavors focused on limited sets of bacterial markers, such as the microar-
ray with 389 bacterial DNA probes developed by Benschop et al. (8). This array was suc-
cessfully applied in two crime cases in the Netherlands to determine the bodily origin
of samples obtained from tissue paper and from penile skin. The microbial composition
of these samples was deemed most similar to that of fecal samples (21), and the evi-
dence was presented in court.

More recent forensic investigations, however, have shifted to 16S rRNA gene amplicon
data, as the sequencing costs have continued to decrease and more complex statistical
analyses have become feasible in forensic laboratories. A number of these studies have
explored the reliability of microbiome signatures in settings that are common in crime
scenes. In the first forensic study using 16S rRNA amplicon data, Hanssen et al. (22) explored
the detection of saliva and skin including “mixture” cases in which saliva was deposited on
skin. Across 144 samples from 6 different donors, they were able to correctly classify 94% of
these. Dobay et al. (23) focused on the effects of aging, exposing samples from skin, vaginal
fluid, menstrual blood, semen, and saliva to indoor conditions for 30 days. Their results
showed that most test and exposed samples could be grouped according to bodily origin,
thus indicating a preservation of tissue-specific microbial signatures over time. In further
explorations of the robustness of microbial signatures, test samples and mock samples
comprising skin, saliva, and vaginal fluid (n = 110 [test] and n = 41 [mock]), as well as test
and mock blood samples originating from four different sources (menstrual, nasal, venous,
and finger prick; n = 180 and n = 45) were evaluated (24, 25). The mock samples were de-
posited on various substrates such as nylon, fabric, glass, plastic, chewing gum, and paper
and exposed at different temperatures and for different periods of time. Interestingly,
higher misclassifications (37.8%) were found for aged mock samples and for venous blood
samples, which generally carry low bacterial loads (22–25). Hanssen et al. (22) and Diez-
Lopez et al. (24, 25) employed machine learning (ML) methods trained on Human
Microbiome Project (HMP) samples, paving the way for further leveraging of such algo-
rithms. Overall, despite the limited number of mock samples per condition, these stud-
ies highlighted the utility of 16S rRNA amplicon data for BFI.
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Who: individual identification. Although human microbiome composition varies
primarily across body sites, which represent distinct ecological niches, at a given body
site individuals display variation shaped by host genetics and lifestyle (26). Such inter-
individual variations can potentially be used to assist the identification of donors, for
example, by matching the bacterial composition found on an object to that of an indi-
vidual. Although microbial markers are not expected to match forensic human STRs in
their statistical power, 16S rRNA amplicon data have been used to link bacterial com-
munity composition patterns from keyboards, air filters, and dormitory surfaces to indi-
viduals (27, 28). Shotgun data have also been used to obtain higher individualizing
power in a data set comprising a larger number of individuals (29). However, shotgun
sequence data pose challenges to forensic samples, as adequate coverage of the mi-
crobial markers of interest is necessary but not economical or practical when the pro-
portion of background human DNA is large. To address this challenge, Schmedes et al.
(30) developed an alternative approach that is specific to a given body site: focusing
on skin samples, they identified the most variable markers from common taxa, which
could then be sequenced through a targeted approach. By mining publicly available
metagenomic data from 12 donors sampled at three different time points, the authors
were able to select a set of 286 clade-specific markers from 3 bacterial families as well
as several phages that could accurately distinguish among 8 donors. Most of the 286
markers of this panel (hidSkinPlex) were specific to Propionibacterium, which was pres-
ent in all skin samples examined. These are promising insights and open the way for
the development of multiplexes for other body sites, or alternatively, a combined mul-
tiplex for multiple body sites.

When: time since deposition. Another potential application of microbiome analy-
ses of human stains is the estimation of TsD. It is analogous to the determination of
the PMI of an individual, as they both require the investigation of time-dependent
changes. While various methods for PMI estimation may be employed (including rigor
mortis, state of decomposition, or entomology analyses), there are no forensically vali-
dated methods for stain TsD (15, 31). However, a recent RNA sequencing study by
Salzmann et al. (15) of mock samples (saliva, blood, semen, menstrual blood, and vagi-
nal fluid) deposited and aged for up to 1.5 years, both indoors and outdoors, found
around 30 specific bacterial orders that were highly informative for TsD estimation. For
saliva samples alone, the proof-of-principle study of Diez-Lopez et al. (2021) identified
four abundant bacterial species that can be targeted through quantitative PCR to
determine the ages of stains. This targeted approach requires a priori knowledge of
the body site but involves a simpler workflow than amplicon or metagenomic next-
generation sequencing. Further work investigating forensically relevant settings, such
as the effect of different substrates and mixed stains with one or more body fluids, is
needed to demonstrate the most suitable approaches for estimation of TsD.

BRINGINGMICROBIOME ANALYSES TO FORENSIC CASEWORK: WHAT IS MISSING?

In order to make the leap from research to application, two critical issues need to be
addressed before microbiome-based analyses can be integrated in forensic laboratories.
First, it is imperative that we determine the strengths and weaknesses of this novel
method, in other words, in what contexts we may expect it to work well and with what
degree of accuracy. The assessment of this reliability and accuracy requires larger sample
sizes and more conditions representing forensic settings. For BFI, considerable progress
has been made in the testing of conditions such as substrates, temperatures, and ageing.
Nonetheless, systematic, and larger-scale analyses across conditions will facilitate the
establishment of a solid reference data basis for each body site. In the case of ID and TsD,
we are close to the stage where research efforts can start moving from proof-of-concept
to testing forensic conditions. For this move to happen, we first need to establish whether
shotgun data, 16S rRNA amplicon data, or the targeted amplification of genetic markers
from specific bacterial taxa is most appropriate, and whether the approach should be
body site specific or generalized across body sites. For ID, it will be particularly useful to
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test data sets that include larger numbers of subjects from more diverse geographical
locations and across more time intervals. This latter aspect will enable us to determine the
extent to which microbial signatures change over time and whether there is a time limit
after which attempting to match the microbial composition in a stain and on an individual
is no longer useful. Overall, comprehensive sample designs will benefit from a collabora-
tive research network involving multiple laboratories as well as the sharing of resources,
such as a microbiome database.

Second, as with any novel method in forensics or the clinic, the workflow needs to be
established as a standardized operating procedure (SOP) that is validated and its quality
assessed through accreditation. Each of the individual steps from sample collection to
the choice of sequencing approach, and to the generation of prediction probabilities
must be carefully selected. As seen in the plethora of human microbiome sequencing
studies, the approaches utilized have varied considerably and are also evolving as rec-
ommendations are updated. As a result, selection of an optimal pipeline is challenging
but necessary for consistency and reproducibility. We propose that the forensic SOP be
guided by both benchmarking studies and hands-on tests with mock forensic samples
and that it be updated when necessary. Some of the laboratory and bioinformatic
choices have been highlighted in previous human microbiome publications, including
those focusing on clinical applications. Here, we provide a short summary of some of the
most important aspects that need to be established, highlighting the specific forensic
challenges. A summary of the workflow, including recommendations for individual steps,
as well as aspects that require further investigation, is provided in Fig. 2.

LABORATORYWORKFLOW
Sample collection, storage, and DNA extraction. Current forensic protocols for

sample collection, storage, and DNA extraction are generally adapted to human DNA
profiling, which is common practice in forensic laboratories. Here, it will be useful to
evaluate what modifications or new protocols are required to also include the possibility
to conduct microbial DNA sequencing. For this evaluation, forensic scientists may draw
on the extensive benchmarking studies conducted to optimize the study of human
microbiota at body sites such as the gut, vagina, urine, and skin (32–37). A limitation
here is that recommendations often vary according to body site, evolving as further tests
are carried out. Therefore, specific studies with forensic mock samples will be necessary
to establish general protocols that are applicable to samples from different body sites.

For collection and storage, forensic laboratories may not have much choice in prac-
tice, as this step is often conducted by police investigators with their own labor, time,
and cost constraints. The investigators generally retrieve objects or parts thereof, e.g.,
undergarments, or use forensically validated swabs to collect evidence. The handing
over of biological evidence to the forensic laboratory may take place immediately or
sometime after, when the analyses are deemed necessary. Until then, samples are of-
ten stored in dry and dark conditions. Nonetheless, if microbiome-based stain analyses
prove their utility, there may be opportunities to make recommendations with a view
to improving the recovery of microbial community composition, particularly for trace
samples containing low DNA quantity and quality. For example, investigation of stor-
age practices for microbiome analyses indicate that freezing at 220°C or 280°C is pref-
erable over room temperature to preserve microbiome community composition (33,
34, 38, 39). However, recent forensic studies indicated that samples stored in dry and
dark conditions for years still had microbial signatures indicative of body site (24).

The choice of the next step, DNA extraction, is more critical, as it has a greater effect
on DNA yield and microbial diversity than collection and storage methods (40–42). Here
forensic geneticists have greater leverage in decision-making and should select proto-
cols that are suitable for both human and microbial DNA. These need to incorporate cell
lysis steps adapted to the more rigid cell walls of some microorganisms, such as Gram-posi-
tive bacteria, to obtain a representative picture of microbial composition. Numerous human
and environmental microbiome studies use commercial kits, such as the PowerFecal and
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PowerSoil kits (Qiagen), which include a bead beating step originally designed to homoge-
nize and mechanically lyse the microbes in stool and soil. As this step may be too aggres-
sive for the low-biomass samples typically found in crime scenes, another possibility is to
make use of a heat lysis step as an alternative (43, 44). A list of the most popular kits and
recommended modifications is provided in Table S1 in the supplemental material.

Amplicon sequence data or shotgun sequence data? Another key issue in the
microbiome analyses of stains is determining the most appropriate sequencing strat-
egy, which will depend on the specific application, and more specifically, on the level
of genetic variability required to resolve the forensic question. Here, we focus on two
main types of data generated through next-generation sequencing techniques: ampli-
con sequencing and shotgun sequencing.

FIG 2 Roadmap highlighting recommendations to test in order to bring microbiome-based analyses to forensics. (A) Main steps of the microbiome-based
analyses of forensic stains for BFI, ID, and TsD. (B) General recommendations for each step, based on microbiome literature. (C) Some of the conditions to
be tested at each step, for optimal integration of microbiome analyses in forensics.
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For BFI and TsD, we recommend focusing on the 16S rRNA gene, as it is so far the
most cost-effective. Shotgun sequencing has the drawback of a larger proportion of
background human DNA at some body sites and is still more expensive from both labo-
ratory and computational perspectives. One question to be resolved, however, is which
16S rRNA gene variable region(s) to target for amplification, as these regions display
biases in the recovery of specific bacterial taxa. Even for the same 16S rRNA region, the
sequences of the primers employed have an effect on the taxa recovered, e.g., depend-
ing on the number and positions of degenerate bases (45, 46). For BFI, this issue may
not be so critical, as the microbiome differences across body sites are robust, as shown
by studies targeting different 16S rRNA gene regions. Some technical aspects to consider
when choosing the target region are amplicon lengths and unspecific amplification of
the eukaryotic 18S rRNA gene regions. Smaller amplicon lengths are preferred, due to
faster data acquisition and the challenges faced when sequencing longer fragments
from degraded samples. However, the trade-off is a smaller number of polymorphic sites
and thus lower resolution to distinguish taxa. While the V1-V3 region enables compari-
son with the most comprehensive catalogue of global body sites generated so far, the
HMP data, the V4 is much shorter, which is an advantage for degraded samples. A com-
prehensive analysis of the different 16S rRNA regions and their polymorphisms is sum-
marized in Johnson et al. (47). A promising option is to leverage bioinformatic methods
that allow combining data from different 16S rRNA gene regions, thus alleviating some
of the issues with 16S rRNA gene region(s) selection.

In the future, however, if the hurdles associated with shotgun sequencing are over-
come, this method may be of great utility. Shotgun sequencing opens opportunities to
exploit a wide range of metagenomic markers beyond bacteria, like fungi, viruses, and
the human host. Additionally, shotgun sequence data can provide not only taxonomic
profiles but also microbial functional profiles that are inferred directly through gene
annotation (48). Together, community composition and direct functional profiling
could yield stronger evidence for the identification of a body site. Another advantage
of shotgun sequence data is that human DNA would also be available for questions
related to the donor. With the impending changes in legislation across many countries,
it will be possible to utilize human coding single-nucleotide polymorphisms to make
inferences on phenotypic traits, such as biogeographical ancestry, hair, eye, and skin
color, all of which can then be used as investigative leads by the police (49, 50).

For ID, the literature is equivocal: matching a microbial community from a sample
to a donor is a more challenging task, and to evaluate the individualizing power of
sequence data, larger data sets than those generally tested so far are required.
Nonetheless, we recommend forensic scientists to start with 16S rRNA gene regions,
despite the reduced diversity and uniqueness of the sequences. Although the short V4
region of the 16S rRNA gene has been shown to be suboptimal compared to metage-
nomic shotgun when distinguishing among hundreds of individuals (29), the 16S rRNA
gene may still offer untapped potential in matching a sample to a person of interest.
Sequencing longer amplicons such as the V1-V3 region, or even the entire 16S rRNA
gene, using third-generation sequencing techniques like the MinION, can provide finer
resolution (47). Higher distinction is also afforded by the analyses of reads inferred to
be biological variants, or amplicon sequence variants (ASVs), instead of the representa-
tives of clustered reads, that is, operational taxonomic units (OTUs). An alternate possi-
bility is to follow the approach of Schmedes et al. (30), by developing a panel compris-
ing highly variable and common microbial markers for each type of forensic tissue or
fluid of interest. Further analyses are necessary, but if amplicon sequence data turn out
to be sufficiently individualizing, it will be the most cost-effective approach facilitating
the parallel analysis of BFI and ID.

BIOINFORMATICS WORKFLOW
Read processing and preliminary data exploration. In this section, we provide a

brief overview of the most commonly used approaches for the initial raw read
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processing and preliminary exploration of microbiome data, with a focus on bacterial
sequences. We also underscore some of the questions that need to be resolved for the
establishment of a SOP. Among these, a general one is the selection of software from
among the large number of open source tools currently available, in the context of fre-
quent updates and improvements to available programs as the field of microbiome
research evolves. While an SOP is necessary in the applied fields of forensics and the
clinic, we currently recommend workflows to be updated regularly as new best practices
are benchmarked, and at the same time, to evaluate whether previous results still hold.

For amplicon sequence data from the 16S rRNA gene, the bioinformatics workflow
typically includes quality control and merging of reads when these are paired-end
sequences. Next, the reads are processed further, with steps including denoising or
clustering of reads and removal of chimeras, in order to generate bacterial abundance
tables for downstream statistical analyses. It is possible to choose and combine differ-
ent programs specifically designed for each step, which in some cases results in more
control of the various parameters. However, for both forensic and clinical applications,
ease of use is preferred, and thus comprehensive software that includes as many steps
as possible is an advantage. In addition, a certain degree of automation is preferred,
but it will be necessary for scientists to carry out visual inspection of the data and qual-
ity checks in order to choose appropriate parameters for the filtering and trimming of
reads. It is also important to include both positive and negative controls in the study
design, as these are fundamental to quality control (40).

Notably, one of the most critical bioinformatic decisions relates to a key step: read
processing. Here, it is possible to cluster the reads into OTUs, the classical approach, or
to adopt an error model-based approach to retain the biological variants, or ASVs.
When clustering OTUs, erroneous reads are minimized by collapsing reads into repre-
sentative sequences using a threshold of similarity, e.g., 97%, 98%, or 99%. This proce-
dure can be done using a curated reference database comprising microbial sequences
(closed-reference clustering), using only the sequences of the data set (de novo cluster-
ing), or by performing closed-reference clustering followed by de novo clustering for
unclustered sequences (open-reference clustering) (51). Closed-reference clustering
with the same reference database and version allows the comparison of different data
sets as well as different 16S rRNA regions, but it results in the loss of biological variants
not present in the reference database. By contrast, ASVs can easily be compared for
data sets sequencing the same region and provide finer-scale resolution down to sin-
gle nucleotides (52).

Here, we propose using closed-reference OTUs for BFI and testing the individualizing
power of ASVs for ID. For the first application, OTUs provide sufficient resolution, at least
for most of the body sites examined so far. Additionally, using closed-reference cluster-
ing when generating OTUs will enable forensic scientists to incorporate publicly avail-
able data from different studies, irrespective of the variable region of the 16S rRNA
amplicon sequenced, which is an advantage when generating a reference database to
train predictive models. For ID, ASVs are expected to be more useful than OTUs (clus-
tered with the widely used 97% identity), as indicated in several recent studies matching
skin samples to donors (28, 53). Richardson et al. (28) tested two different methods to
produce ASVs: denoising and error learning with DADA2 versus minimal entropy decom-
position (MED), which was based on the oligotyping method of Eren et al. (54). Their
results showed higher performance of MED compared to denoised data. Further studies
addressing the individualizing power of ASVs, and also OTUs clustered at higher thresh-
olds such as 99%, are sorely needed.

For shotgun data, the analyses are more complex and computationally more inten-
sive than for amplicon sequence data, and they are not commonly used in forensic
microbiome-based analyses. Therefore, we provide here only a very brief overview of
the key steps and decisions (for a detailed review see reference 14). In shotgun data
processing, the trimmed and quality filtered reads are used for taxonomic classification
either by assigning the reads directly (read based) or by assembling reads into contigs
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and then assigning to genomes in a reference database. For forensic purposes, given
the limitations of DNA quantity and quality, assemblies are expected to be fragmented,
and thus a read-based approach is preferred. To increase computational speed, reads
can be matched to specific marker genes instead of genomes, as done for the HMP
shotgun data from human body sites using MetaPhlAn’s custom database of clade-
specific markers. A range of different tools is available for functional profiling, including
HUMANn2, which was part of the HMP pipeline. An overview of the bioinformatic steps
for amplicon sequencing and shotgun sequencing are provided in the supplemental
material (Fig. S2).

Predictive modeling. The most critical analysis after raw read data processing is
the application of a predictive model to infer the bodily origin, donor, and/or time
since deposition of the stain. The selection of a suitable model is based on two key cri-
teria: its (high) prediction accuracy and its forensic interpretability. Research so far indi-
cates that numerous ML algorithms satisfy the first criterion, while the second criterion
needs further investigation.

The most popular ML methods include supervised learning approaches, which
require data sets for which the variable of interest is known (labeled data), e.g., healthy
versus diseased state or the bodily origin. These data sets are used to generate a pre-
dictive model that is then applied to unlabeled data (55, 56). For BFI, a wide range of
benchmarked supervised methods have yielded high prediction accuracies using 16S
rRNA gene data. For example, Diez-Lopez et al. (24) used deep neural networks to clas-
sify their test and mock skin, oral, and vaginal samples, as well as blood samples origi-
nating from different body sites (25). Hanssen et al. (22) evaluated linear discriminant
analyses to detect saliva deposited on skin. Using shotgun data, Torres et al. (57) com-
pared linear support vector machines, radial support vector machines, decision trees
such as random forests, and gradient boosting, all of which performed similarly well.
For ID and TsD, various regression models (15, 30, 31) have been tested on small sub-
sets of individuals, with promising results, although investigation of larger data sets is
sorely needed.

Arguably, more important than the ML algorithm itself is the nature of the training
data set that is used to generate the predictive model. A study by Tackmann et al. (58)
on body site classification underscored the role of the training data set. For their study,
the authors generated a large heterogeneous data set comprising 15,082 samples from
5 body sites, from 57 published amplicon and shotgun sequencing studies. To be able
to compare the reads, they were mapped to a reference 16S rRNA gene database and
clustered into OTUs. Two random forest classifiers (RFCs) were tested: one was trained
on the entire database (global RFC) and one on data from a single study (single RFC).
The global RFC resulted in markedly higher prediction accuracies (58).

Putting together a training data set from publicly available sources is, however, not a
trivial task. For example, for BFI, it is imperative that body site labels for samples
obtained from portals such as NCBI and SRA be accurate and unambiguous in order to
prevent erroneous predictions. In the case of BFI and TsD, scientists investigating foren-
sic settings will need to collaborate and share data to achieve sample sizes that are
adequate for ML training, with inclusion of relevant samples like mixtures and diluted
samples. In recent years, several new online resources targeting specific types of applica-
tions have emerged, providing access to curated data as well as microbial read abun-
dance tables. A few examples include the Forensic Microbiome Database (http://fmd.jcvi
.org/index.php) for geolocation, Microbiome Db (https://microbiomedb.org/mbio/app)
for the interrogation of data from specific experiments, and Qiita (https://qiita.ucsd.edu/)
for general web-based bioinformatic analyses of multiomics data. To date, however, a
customized database for BFI or TsD is not available. For ID, generation of reference data-
bases may not be feasible, particularly given the temporal variability of an individual’s
microbiome. Rather, the comparison of a microbial profile obtained from a sample with
that from a person of interest is the more likely approach.
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The suitability of a predictive model in forensics also depends on whether it is bio-
logically interpretable and whether scientists can explain what the prediction was
based on. In the case of many of the supervised learning approaches detailed earlier,
such as RFCs, the features are biological sequences associated with a given taxon,
which is easily interpretable as evidence. A different aspect of interpretability to con-
sider is that clear guidelines will be necessary when reading the results of the predic-
tive model, for instance, through the establishment of thresholds for the acceptance of
a probability value, e.g., above 75% (59).

Reporting evidence for evaluation in court and in diagnostic settings. A crucial
challenge with the introduction of microbiome-based analyses in forensic casework is
the reporting of outcomes in an interpretable manner, particularly results obtained
from an unconventional analytical method, such as machine learning model predic-
tions. In this section, we provide an overview of existing avenues for a reporting frame-
work, while raising issues that require further investigation.

For DNA evidence from STR profiles, the DNA Commission of the International Society
for Forensic Genetics and the European Network of Forensic Science Institutes recommend
reporting to be in the form of likelihood ratios (LRs), in order to assess how much more
likely the evidence is for one scenario compared to another (60), based on the following
equation: LR = Pr(EjHp, I)/Pr(EjHd, I), where Pr denotes the probability of E, the evidence.
Hp and Hd denote the prosecutor’s and the defense’s propositions, respectively. As an
example, let us assume that DNA profiles have been obtained from a stain and from a sus-
pect, and that E refers to the probability of a match between these two. The numerator
refers to the probability of the DNA profile match given the prosecutor’s proposition (that
the suspect is the perpetrator) and the denominator is the probability of the DNA profile
match given the defense’s proposition (that another person is the perpetrator).

Adapting this format for microbiome-based analyses of stains will depend on the
application, that is, whether it is BFI, ID, or TsD. For BFI predictions, LRs can be calculated
for body site categories according to the two competing hypotheses being tested,
i.e., the probability of a stain originating from one or more sites against the others.
Importantly, the denominator of the LR is limited by the body site categories that are
included in the classifier training. Alternatively, the prediction probabilities for each of
the body sites can be ranked in the order of highest prediction probability. For TsD,
where the prediction probabilities may correspond to a time point or a time interval esti-
mate, it is unclear whether LRs will be suitable. In any case, the prediction probabilities
for BFI and TsD should be provided together with some form of error rate estimate, as
well as caveats pertinent to the analysis. For ID, the similarities in the microbial composi-
tion of a sample and potential donors can be reported in the form of a LR when there
are several persons of interest. However, it will be more challenging to assess matches to
random individuals in a population, as done in STR profiling, since databases for micro-
bial markers are impractical. Overall, current reporting guidelines provide a structure and
starting point, but the establishment of a suitable framework for microbiome-based pre-
diction results requires modifications specific to the novel method itself and will have to
be developed with forensic expertise.

Conclusion. Microbiome-based analyses offer enormous potential in applied areas
such as forensic investigation, especially for BFI, individual ID, and TsD. However, successful
integration of microbiome analyses in forensic casework requires comprehensive investi-
gations of reliability and accuracy in typical forensic settings including, for instance, finding
stains on substrates, stains originating from multiple donors, and stains comprising multi-
ple tissues and/or fluids. Importantly, a consensus for the standardization and validation of
laboratory and bioinformatic pipelines is needed, with particular focus on steps that are
seen to impact overall results. In the case of laboratory work, these steps are DNA extrac-
tion protocols and choice of the sequencing approach (amplicon versus shotgun). In the
case of the bioinformatic pipeline, the choice and training of the predictive model plays a
major role and has to be validated. Here, the shift to collaborative studies across laboratories
with a systematic approach will enable the generation of a comprehensive interlaboratory
training data set. Such studies will enable the inclusion of diverse individuals with different
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backgrounds and lifestyles. Such a pipeline is not only crucial for forensic applications but is
also necessitated in other applied areas, such as clinical diagnostics and therapeutics. The
approaches and gaps highlighted in this review together with our recommendations can
therefore be used for other applied areas beyond forensics.
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