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Forensic medicine has, for a long time, been relying on biochemical, anthropologic,
and histopathologic evidences in solving various investigations. However, depending on
the method used, lengthy sample processing time, scanty sample, and less sensitivity
and accuracy pervade these procedures. Accordingly, newer arenas such as the
thanatomicrobiome have come forward to aid in its quandaries; furthermore, the parallel
advances in genomic and proteomic techniques have complemented and are still
emerging to be used in forensic experiments and investigations. Postmortem interval
(PMI) is one of the most important aspects of medico-legal investigations. The current
trend in PMI estimation is toward genomic analyses of autopsy samples. Similarly,
determination of cause of death, although a domain of medical sciences, is being
targeted as the next level of forensic casework. With the current trend in laboratory
sciences moving to the discovery of newer disease-specific markers for diagnostic and
prognostic purposes, the same is being explored for the determination of the cause
of death by using techniques such as Real-Time PCR, DNA micro-array, to Next-
Gen Sequencing. Establishing an individual's biological profile has been done using
medicolegal methods and anthropology as well as bar-bodies/Davidson bodies (gender
determination); and in cases where the determination of age/gender is a challenge
using morphological characteristics; the recent advances in the field of genomics
and proteomics have played a significant role, e.g., use of mitochondrial DNA in age
estimation and in maternity disputes. The major hurdle forensic medical research faces
is the fact that most of the studies are conducted in animal models, which are often
difficult to mimic in human and real-time scenarios. Additionally, the high accuracy
required in criminal investigations to be used in a court of law as evidence has prevented
these results to come out of the labs and be used to the optimum. The current review
aims at giving a comprehensive and critical account of the various molecular biology
techniques including “thanatogenomics,” currently being utilized in the veritable fields of
forensic medicine.

Keywords: postmortem interval (PMI), next-generation sequencing, thanatomicrobiome, thanatogenomics,
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INTRODUCTION

Death eventuates the emergence of a vast, complex ecosystem.
The natural process of decomposition after death comprises
of physical and biochemical changes that provide critical
information about time since death, location, and manner of
death. Understanding this process entails an understanding of the
human genetic, physiologic, metabolic, and, most importantly,
environmental diversity imparted and shared by our microbial
cohabitants. The term microbiome was suggested by Lederberg
“to signify the ecological community of commensal, symbiotic,
and pathogenic microorganisms that share our body space”
(Lederberg and McCray, 2001; NIH HMP Working Group
et al., 2009). The substantially sizeable spatiotemporal diversity
of the human microbiome is not only dynamic but also often
predictable, which makes them potential candidates to serve as
markers for various intrinsic and extrinsic factors (Grice and
Segre, 2011; Human Microbiome Project Consortium, 2012a;
David et al., 2014; Chevalier et al, 2015; Zhou and Bian,
2018). On the one hand, they influence our health and disease
predispositions and, on the other hand, play an essential role in
the decay process (Hyde et al., 2013). It has revolutionized our
perception of the complex dynamics that unfold after death.

Earlier, much of our knowledge used to come from culture-
based approaches which, although species-specific, cannot
account for the majority of the uncultivable microbes and
their diversity (Zhou et al., 2004; Bik et al., 2006). The advent
of high-throughput or next-generation sequencing (NGS) has
brought about the necessary alternative to study the human
microbiome as well as expand its practice in forensic genetic
investigations. Metagenomic sequencing studies carried out as
part of the Human Microbiome Project have helped us identify
several body sites harboring complex and significantly different
microbial communities within and among individuals (Human
Microbiome Project Consortium, 2012a).

Thanatomicrobiome is the microbial community associated
with the host after its death and is named after the Greek
god of death, Thanatos (Javan et al., 2016a). It characterizes
the microbial succession in and around dead biomass and
contributes significantly to modulating decomposition (Javan
et al, 2017). In parallel, the potential of using genomic
data in forensic medicine has increased manifold, giving rise
to thanatogenomics. Even though the human microbiome
essentially includes bacteria, fungi, viruses, and other unicellular
organisms, it is the bacteria which are of utmost importance in the
forensic context because of their diversity and their primary role
in the decay process (American Society for Microbiology, 2013).
Moreover, they are not only spread throughout the different
parts of the body but are also consolidated in certain areas such
as the oral cavity and intestine, creating particular niches. The
internal organs such as the heart, liver, and spleen are sterile
in healthy humans, but within 24 h of the postmortem period,
there is a proliferation of the microbiome in the internal organs
(Gevers, 1975). The overall progression of the decay process is
dependent upon several external and internal factors and plays
an important role in determining the accuracy of the predictive
methods in forensic sciences. The thanatomicrobial community

has two distinctive components: the microbiome of the internal
organs of cadavers and the microbiome associated with external
body surfaces, the latter also termed epinecrotic microbiome
(Javan et al., 2016a). With the aid of genomic and molecular
advances in the past decade, the thanatomicrobiome has emerged
as a tool of enormous potential in the arsenal of forensic medicine
(Alan and Sarah, 2012).

In this review, we have attempted a comprehensive account of
the potential applications of the thanatomicrobiome in forensic
medicine, primarily on the postmortem interval (PMI), and cause
of death, focusing on the possible microbial marker profiles and
their robustness as well as limitations. The estimation of time
since death is fundamental in establishing useful information
regarding the time of death, necessary information that needs
to be presented in the court of law. It is also one of the ad
rem challenges for forensic specialists all over the world as far
too many variables affect the postmortem changes, making it
difficult to rely on one specific method. In the early postmortem
period, temperature nomogram, rigor mortis, and hypostasis are
considered as the standard tools in day-to-day practice (Madea,
2016). The temperature nomograms use algor mortis as the basis
for calculating time since death, the Henssge’s nomogram being
one of the most popular methods (Henssge, 1988). The other
methods in early postmortem period include histopathological
and biochemical methods. Degenerative changes in the skin,
which initiates as vacuolation of the corpus basale and spinosum,
start appearing 6 h after death. The disintegration of the
dermis is complete by 18 h (Bardale et al, 2012). The
biochemical methods include postmortem biochemical markers
in tissue and body fluids (Donaldson and Lamont, 2014). The
body fluids include vitreous humor, synovial fluid, pericardial
fluid, and cerebrospinal fluid. Some of these markers which
are well investigated in the literature are potassium, sodium,
urea, chloride, hypoxanthine, and cardiac troponin T (Meurs
et al, 2019). In the late postmortem period, the body starts
disintegrating, and this is known as decomposition. This period is
divided into fresh, bloat, early decay, advanced decay, and skeletal
remains (Metcalf, 2019). During this period, when ample time
has passed after death, PMI estimates with the available methods
of algor, rigor, or livor mortis may no longer be applicable,
and various other methods, such as forensic entomology and
molecular assessment, have to be relied upon, which all have
their own limitations and weaknesses (Pittner et al., 2020).
The determination of the cause of death is, again, vital in
narrowing down the circumstances in which a person died or
suffered an injury. In autopsy-negative cases, the DNA can be
extracted from the blood and tissue samples of the cadaver
to possibly analyze the cause of death, a method termed as
“molecular autopsy” (Ackerman et al., 2001). Similarly, the
thanatomicrobial samples can be collected and analyzed through
the available high-throughput platforms to aid in forensic
investigations. These methods, too, come with their own pitfalls
and limitations.

Our  literature  search  included the  keywords
“thanatomicrobiome;,”  “microbiome,” “forensic medicine,
“postmortem interval,” “postmortem submersion interval,
“cause of death,” and “gut microbiome” on the PubMed, Embase,
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and Scopus databases between October 2019 and December
2020. The search results were sorted for the articles which
focused on the application of thanatomicrobiome in forensic
medicine. Most of the articles dealt with PMI as it is the most
extensively studied area for the thanatomicrobiome (Figure 1).
Additionally, we have briefed upon the various technologies
and methods that have been in use for microbial profiling and
the newer approaches and practices that are coming up in
thanatomicrobiome studies.

THE INTERTWINED ODYSSEY OF
FORENSICS, GENOMICS, AND THE
HUMAN THANATOMICROBIOME

Forensic medicine and genomics go a long way back.
Minisatellites and microsatellites were proposed for human
identification by Sir Alec Jeffreys. Restriction fragment
length polymorphism (RFLP), which required intact DNA
in micrograms, was primarily used for human identification
(Borsting and Morling, 2016). Next came the highly sensitive
polymerase chain reaction (PCR)-based mitochondrial DNA
(mtDNA) sequencing which could be used to type even degraded
samples in trace amounts, e.g., hair shafts (Sullivan et al., 1992).
This technique has been extensively in use and gave rise to
the creation of the European DNA Profiling Group’s mtDNA
population database project (EMPOP) (Parson and Bandelt,
2007). With further advances in sequencing methods such as
Sanger’s chain termination method and capillary electrophoresis,
eventually, short tandem repeat (STR) assays took over, followed
by single-nucleotide polymorphism base extension (Mitchelson,
2003; Borsting and Morling, 2016). These methods have been
used extensively in forensic casework (Phillips et al., 2007;
Borsting et al., 2009; Walsh et al., 2014). Because of their
polymorphic nature, STRs are given high weight in human
identification. Overall, the current applications for DNA
profiling include identification of crime suspects, identification
of dead bodies or human remains, matching with profiles of
criminals, e.g., the Combined DNA Indexing System (CODIS) of
the Federal Bureau of Investigation (FBI), and genealogical DNA
testing with microsatellites on the Y-chromosome, respectively.
CODIS is a database of more than 12 million human DNA
profiles and has aided in countless criminal investigations.
This only emphasizes the importance of genomic technologies
in forensic medicine. However, the applications of genomic
technologies in forensics are not limited to human samples alone
and involve the amalgamation of multiple disciplines (Arenas
etal, 2017; Javan et al., 2019).

Micro-organisms show intra- and inter-individual variation
in terms of number and distribution in different body sites
(Human Microbiome Project Consortium, 2012a). Hence,
comprehensive microbial profiling, which is an essential step
in identifying relevant markers in forensic medicine, includes
both characterizing the species that are present and the extent
of their abundance (Human Microbiome Project Consortium,
2012b; Zhou and Bian, 2018).

In the pre-NGS era, accurate microbial profiling involved
simple culturing and finding out interactions between co-
cultured taxa; these methods were constrained by their limited
number of taxa and interactions as well as failed to provide
the dynamics of the entire community (Malla et al, 2019).
Culture-independent methods have several advantages in this
regard: direct extraction of the genetic material from the sample
of interest, discovery and characterization of a vast number
of microbial species which were otherwise unidentifiable or
undefined with previous techniques, and obtaining a high-
throughput profile of the microbial community by genome
sequencing (Gill et al., 2006; Schloissnig et al., 2013; Adserias-
Garriga et al.,, 2017a; Almeida et al., 2019). Massively parallel
sequencing, aided further by robust bioinformatics pipelines,
has evolved as a boon by allowing microbial analysis and
overcoming the challenges of identifying unknown and low-
abundance microorganisms (Schmedes et al., 2016). Due to
its high throughput, low cost, and reduced turnaround time,
it is a powerful technique to gain insight into the human
thanatomicrobiome, possibly to infer into existing disease states
as well as past medical conditions, human identification, PMI
estimation, and decomposition analysis (Cho and Blaser, 2012;
Schmedes et al., 2016).

Currently Available Techniques: An

Overview

Overall, the currently available tools for the genetic profiling of
the thanatomicrobiome have shown a distinct shift toward the
newer and advanced molecular biology techniques. These include
DNA extraction kits as well as group-specific PCR primers
and metagenomics and whole-genome sequencing (Figure 2).
Some commercially available DNA isolation techniques are
the QIAamp DNA stool minikit (Qiagen), Inhibitor Removal
Technology column (Carlsbad), and PowerSoil® DNA isolation
kit (MoBio Laboratories, Inc.) (Finley et al., 2015; Hauther et al.,
2015; Lawrence et al., 2019). To identify the relative quantities
of key microbial groups for the suitability of PMI estimation,
group-specific primers have been developed and used successfully
(Matsuki et al., 2002; Liszt et al., 2009).

There are two primary metagenomic (direct genetic analysis
of entire communities of organisms) approaches (Figure 3) that
have been in use: marker gene- or amplicon-based sequencing
and shotgun whole genome sequencing (WGS). In the former, a
genomic region is amplified, which is conserved within a taxon
but variable among taxa. Common marker genes include 16S
rRNA gene for prokaryotes, 185 rRNA gene for eukaryotes, and
internal transcribed spacer for fungi (Zhou and Bian, 2018).
The most commonly used bacterial genetic marker to identify
microbial taxa present in a community is the 16S rRNA gene.
It is a single phylogenetic marker which can provide a more in-
depth coverage but cannot differentiate at the species level. The
reasons for which it is widely used for molecular identification
are as follows: (a) the relatively short 16S rRNA gene has
hypervariable regions appropriately sized for the metagenomic
platforms and (b) the conserved regions of this gene allow for
designing universal primers to target the hypervariable regions
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describing the microbial diversity (Bell et al., 2018). It has been
observed that the V4 hypervariable region is the most sensitive
for microbial signatures. The segments juxtaposed to V2 and
V4 hypervariable regions have, again, the highest accuracy for
taxonomic determination (Chakravorty et al., 2007; Bell et al,,
2018). However, this approach has certain limitations. 16S rRNA
data profiling has low discriminatory power for some taxa, and it
cannot provide higher than genus-level resolution (Mignard and
Flandrois, 2006). It is also limited to the marker gene regions;
hence, the functional traits of the community are left out of the
investigation. Finally, there are technical issues like the purity of
the isolates and primer selection bias (Janda and Abbott, 2007).
Shotgun sequencing of the metagenome, on the other
hand, accounts for higher taxonomic resolution and less bias
and provides a greater level of diversity (Jovel et al., 2016;

Malla et al.,, 2019). WGS also gives a functional inference about
the microbial community as it engages in a genome-wide
approach using strings of genomic DNA sequences and matching
them to an annotated database of known DNA sequences.
It can provide strain-level characterization by producing
sequence reads of strain-specific markers (Schmedes et al,
2016). For strain-specific microbial identification alongside
functional profiling, the GSMer approach and the HuMiChip2
microarray platform have been developed (Tu et al, 2014,
2017). Multi locus sequence typing (MLST)-based identification
methods such as MetaMLST can characterize single strains
of known species (Zolfo et al,, 2018) and can be applied to
profile the human thanatomicrobiome communities. However,
analysis of this massive scale of data usually requires the
development of efficient and accurate computational pipelines

Frontiers in Ecology and Evolution | www.frontiersin.org

March 2021 | Volume 9 | Article 630397


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Roy et al.

Microbiome in Death

* QlAamp DNA Stool

minikit K .
* Inhibitor Removal y ) .
column ( y s /~ Metagenomics
/|« MetaMLST
» PowerSoil® DNA kit _/ [ DNA_ /‘/ ¢ HuMiChin2
L extraction A P
GSMer

kits .

£ / Vs
/ 4 \\/
r( //

(' \ Group-
~ specific

primers \

* Bifidobacterium

* Firmicutes

* Lactobacillus

* Bacteroides

» Betaproteobacteria

1/

\L o \;f/

FIGURE 2 | Overview of a few currently available tools for thanatomicrobiome analysis.

~—

Sequencing
1) 16S rRNA ‘.
2) Metagenomic |
3)WGS

and comprehensive annotation of reference databases, which
pose a challenge in itself (Quince et al., 2017). The processing
decisions required for the data analyses involve a series of
transformations using executable standard line software. These
decisions ultimately have downstream effects on the results
and interpretation of the data; hence, any application of
the thanatomicrobiome in the criminal justice system would
require streamlined standard operating procedures (Leipzig,
2016; Kaszubinski et al., 2020a).

For the 16S amplicon sequencing analysis, taxonomy,
and community characterization, the standard process uses
operational taxonomic unit-based or amplicon sequence variant
(ASV)-based clustering tools, such as Quantitative Insights Into
Microbial Ecology 2 (QIIME2), Mothur, and Divisive Amplicon
Denoising Algorithm (DADA2) (Nguyen et al, 2016; Bharti
and Grimm, 2019). Current studies mainly employ 16S rRNA
sequencing considering that it can provide consistent estimates,
is economical and time-saving, and is suitable for a large number
of samples to screen microbial markers for estimating time and
location of death. Other approaches involving transcriptome and
proteome analysis are also gaining popularity.

Finally, while metagenomic analyses give insights about
community structure, meta-transcriptomic investigation sheds
light upon the functional profiles of the community. Both of these

analytic methods together, at varying stages of decomposition,
have shown potential in PMI estimations (Burcham et al,
2019a,b). Moreover, total RNA sequencing can prove to be a
cost-effective method compared to WGS, as it is equally reliable
and has fewer chances of overestimating microbial diversity from
sequencing errors (Kunin et al., 2010; Burcham et al., 2019a).

CONSTRAINTS AND KNOWLEDGE
GAPS: WHAT LIES AHEAD AND HOW TO
OVERCOME THEM

Being ubiquitous and having erectable ecologies, there is no
denying the potential of microbes as physical evidence for
forensic science. However, several hurdles in forensic sciences
still need to be overcome. Metcalf has outlined some lacunae that
need to be filled before utilizing the thanatomicrobiome in the
estimation of PMI (Metcalf, 2019). The same can be extended
to other potential medicolegal applications. These include the
time frames in which microbes can be most informative, the
external variables that need to be incorporated in the microbial
models, the sample types and sample location ideal for addressing
a particular problem, the stage of investigation in which the
microbial sample should be collected, and the most robust
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modeling methods. These issues, along with particular other
challenges, are discussed below.

Environmental and Population-Based
Diversity

The highly diverse human microbial community shows high
inter-individual variability depending upon food habits, age
and sex, ethnicity, geographical provenance, and presence of
pathological conditions, among other factors, and this potentially
affects the thanatomicrobiome composition and, consequently,
the microbial succession (Arumugam et al., 2011; Wu et al., 2011;
David et al., 2014; Dehingia et al., 2015; Rehman et al., 2016;
Gupta et al,, 2017; Angelakis et al., 2018; Gaulke and Sharpton,
2018; Senghor et al.,, 2018; de la Cuesta-Zuluaga et al., 2019).
These can grossly be divided into abiotic and biotic factors.
A clear understanding of these factors and their interactions will
help in devising generalized models for use in forensics.

The abiotic factors include time, temperature, humidity, pH,
and antemortem living habits, e.g., diet and drugs. The biotic
factors, on the other hand, include insects, scavenger population,
commensals, and antemortem infections (Dash and Das, 2020).

An increase in temperature considerably changes the
decomposition process in dead bodies (Benbow et al., 2018).
It also significantly alters the bacterial colonization of tissues

(Iancuetal, 2018). Furthermore, the rate and degree of
decomposition are greatly increased if the cadaver is exposed to
water (Abad Santos, 2019). Generally, the decomposition process
happens faster in humid climates. Hence, a colder environment
and lesser relative humidity will thwart microbial proliferation to
a degree (Jordan and Tomberlin, 2017).

The gut microbiota, in its composition and diversity, is
closely related to dietary habits and food products. Bacteroidetes
and Actinobacteria populations are positively associated with
a fat-rich diet but negatively with fibers, whereas Firmicutes
and Proteobacteria have a reverse association (Wu et al., 2011;
Senghor et al, 2018). A comparative study of animal- and
plant-based diets showed that the former led to a decrease in
Firmicutes (Roseburia spp., E. rectale, and R. bromii), while
the latter increased the abundance of Bacteroides spp. and
Bilophila spp. (David et al., 2014). Accordingly, there is country-
based diversity; the gut microbiome in western populations
with a more prevalent protein- and fat-rich diet is rich in
Firmicutes (Blautia, Roseburia, Ruminococcus, and Clostridium
difficile), Actinobacteria (B. adolescentis and B. catenulatum),
and Bacteroidetes (Bacteroides), while Asian people have an
intermediate gut microbial diversity with dominant species being
Prevotella, Butyrivibrio, and Staphylococcus aureus (Arumugam
et al,, 2011; Senghor et al., 2018). This variability extends within
the different regions of the same country as well, as shown in
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an NGS-based study on Indian populations of distinct cultures,
traditions, and diet (Dehingia et al., 2015). However, the sizeable
microbial diversity among populations of different countries
cannot be explained by diet alone (Nishijima et al., 2016). Other
factors such as lifestyle and subsistence strategies, host genetics,
and altitude of living are also involved (Nam et al., 2011; Schnorr
et al., 2014; Das et al., 2018; Jha et al., 2018).

The use of antibiotics is of considerable significance in
thanatomicrobiome analysis. The alteration of the gut microbiota
in prolonged antibiotic use is well established. The effects are
twofold: (1) it makes the host susceptible to other infections, e.g.,
C. difficile colitis (Norén, 2010) and (2) it causes colonization
of the gut by antibiotic-resistant organisms (Keeney et al., 2014;
Nogueira et al., 2019). In a recent study, Clostridium was found
to be the most abundant genus in the liver and spleen of
drug overdose victims (Brackett, 2018). Additionally, Bacteroides
and Alistipes were found abundantly in the gut of individuals
on laxatives (Vila et al., 2020). Thus, antibiotic use during
the lifetime has to be taken into account while looking for
thanatomicrobiome signatures.

Other environmental variables like soil type and insect
activity may also affect the predictable microbial succession
during decomposition. However, even though the decomposer
community is derived from soil, soil type itself is not an
independent factor for community development, and thus
decomposition is a sufficiently reproducible process (Metcalf
et al,, 2016). In the presence and absence of insect populations,
the microbial succession process during decomposition can be
identified by specific taxa for each group (Guo et al.,, 2016).
Finally, body mass can be a pivotal factor, as it has been seen that
larger carcasses decompose slower and release higher levels of
nitrogen required for the growth of microbial communities after
the death of the host (Spicka et al., 2011; Deel et al., 2020). On
the contrary, the characterization of soil microbial communities
of four different Sus scrofa carcasses revealed no significant
differences through decomposition (Weiss et al., 2016). These
instances show that, even though environmental variables can
influence microbial communities, they may not necessarily affect
the succession all the time. However, these studies had only a
handful of samples and were carried out with animal models, and
further human studies are necessary to understand how these and
other factors impact the succession of microbial communities and
the accuracy of the microbial clock.

Technological Limitations

High-throughput sequencing technologies have opened new
frontiers in a cost-effective analysis of the microbial communities.
However, it is not without its share of shortcomings. Firstly,
the characterization of the microbiome in most studies has
been achieved at the upper taxonomic ranks. This alone cannot
serve the purpose of individualistic human identification we are
ultimately aiming for. Secondly, sample preparation methods
involving nucleic acid extraction remain a notable area of creating
a bias toward various microbial taxa (Yuan et al., 2012). Most
studies cited in the latter sections of this review have used the
16S rRNA gene amplicon sequencing. The conserved regions of
the gene, the available databases, and a large number of studies on

this marker in the existing literature make it an attractive target
(Schmedes et al., 2016). Nevertheless, it suffers from insufficient
species resolution, sequence and copy number variation in a
single bacterium, PCR bias, inaccurate relationships based on
variability outside of the marker region, and horizontal transfer
of the gene region (Fox et al., 1992; Suzuki and Giovannoni,
1996; Wang et al., 1997; Klappenbach et al., 2000; Schouls
et al, 2003; Janda and Abbott, 2007; Soergel et al., 2012).
These may lead to misclassified reads, inaccurate quantification,
and confounded analyses. Bioinformatic tools like Phylogenetic
Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt), which can predict functional gene profiles from
the relative abundance of all known taxa, can be handy but only
for known species (Langille et al., 2013). Shotgun metagenomics,
on the other hand, can differentiate at the species level, but it has
less depth of coverage for particular sites of the genome. Complex
samples, containing thousands of species, will suffer from limited
coverage of particular genomes, especially those communities
with low abundance and coming from a trace amount of samples.

Additionally, the sequencing platform used can itself be a
source of technical bias and hinder the accurate determination
of microbial composition and functional profile (Rutty et al.,
2015; Hao et al, 2017). For instance, 454 technology has a
low yield, a variable length of sequence reads, and a high rate
of insertion/deletion errors, whereas the ion torrent platform
has a higher rate of sequencing errors (Salipante et al., 2014;
Hao et al, 2017). Earlier, Illumina sequencers, although with
high throughput, could produce reads only 100 bases in length
and hence could not provide enough taxonomic information
for reliable species-level resolution. In comparison, the 454
pyrosequencing system has a longer read length (Liu et al,
2012). Computational limitations also include high cost and
sufficiently large computing power. Moreover, algorithms that
are capable of analyzing the data in a biologically relevant
manner are on demand (Rothberg and Leamon, 2008; Petrosino
et al,, 2009). Identifying the microbe of interest within a
highly complex metagenomic sample also requires its resolution
from its near neighbors as well as from a vast community
creating background noise. A highly sensitive and accurate
detection technique is imperative in this scenario. Such targeted
markers or marker panels should not only provide species-
level resolution but must also be developed in a cost-effective
method, balancing the sequence coverage and throughput. Newly
developed technologies in implementation should be validated,
and sample analysis has to focus more on a molecular level
to identify specific and individualized microbial signatures.
Last but not least, the variability in the working knowledge
of the technicians and engineers and, subsequently, the inter-
laboratory variation that exists, but difficult to evaluate, have to
be taken into account. The development of novel quality control
metrics, especially for cases where a high-quality reference is
not available, could be useful in reducing the sequencing errors
(Trivedi et al., 2014).

To apply the thanatomicrobial profiles in the veritable field
of forensic sciences, universally applicable models should be
in place with validated protocols, which incorporate temporal
and seasonal microbial changes while taking care of other
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sources of variation (Figure 4), such as host characteristics and
environments. These models are challenging to establish due
to the limited amount of available data as well as a lack in
the generalization of existing model systems. A great barrier
for the applicability of the thanatomicrobiome in creating such
models for PMI estimation is the lack of human cadaver-
associated data sets from different environments encompassing
diverse populations. Many experiments are carried out using
pigs as animal surrogate models as they are similar to humans
in diet, body fat, and body hair coverage (Schoenly et al.,
2006). However, pig and human bacterial communities are non-
comparable (Furet et al., 2009). Comparative fecal metagenomics
revealed that the pig fecal phyla are closer to that of cow rumen
and chicken cecum (Lamendella et al., 2011). A comparison
of the skeletal muscle tissue decomposition between human,
pork, beef, and lamb showed that no single analog could
precisely predict human decomposition in the soil, although
they are all close approximations of the human decomposition
dynamics (Stokes et al., 2013). Moreover, most studies on human
thanatomicrobiome so far have been limited to the North
American population. In the context of this enormous diversity
and associated shortcomings, efforts should be focused on (a)
studies including populations from diverse geographical and
ethnic backgrounds, (b) individualizing the microbiome profiles
while trying to incorporate the existing variables and chalking

out the microbes common to humans, (c) determining the
portions of these microbes which vary due to the environmental
and living conditions mentioned above, and (d) selecting those
bacteria which are relatively abundant to reduce stochastic
sampling effects. Moreover, while building multivariate models
with the thanatomicrobiome data, care should be taken not
to overfit. Adding a new covariate is desirable only when it
improves the model significantly over the expected natural
increase in precision associated with it, or we risk losing the
generalizability of the model. Overall, these advances will result
in the development of a defined set of markers for the human
microbiome and target genes or sequences containing sufficient
variation to generate a profile that can provide a sufficient
degree of individualization of the donor(s) of biological evidence
for aiding in human identity testing, PMI estimation, and
determination of the cause of death.

To summarize, the limitations pertaining to these upcoming
methods are twofold: on the one hand, they deal with extreme
population variation as well as ecological diversities and, on
the other, the technological aspects still have a lot of area
for improvement in creating more human cadaver-associated
databases and streamlining the bioinformatic pipelines. By
extension, the current knowledge gaps in the applicability of the
thanatomicrobiome in forensic medicine are (a) the sample types
and locations most fitting to provide the best possible evidence in
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criminal cases, (b) the time frames in which microbial evidence
is most informative, (c) the most robust predictive models, and
(d) standard bioinformatic pipelines. In the following sections,
these issues have been addressed in order to differentiate (1)
anecdotal cases or cases based on certain environments and
(2) identify those having a more general scope in forensic and
medicolegal investigations.

THANATOMICROBIOME AS A TOOL FOR
PREDICTING CAUSE OF DEATH

The presence of specific microbes can act as hidden evidence
or bioindicator for the cause of death. In general, if we recover
a single microbial species from body fluids at autopsy, it is
suggestive of an infection incurred during life, while a mixed
profile points toward a postmortem invasion (Alan and Sarah,
2012). This can prove to be useful in confirming the diagnosis
of an antemortem infection, identifying the etiological agent
of a previously undiagnosed infectious disease, or identifying
microbial markers for particular types of death (Ventura
Spagnolo et al., 2019) (Table 1).

Dysbiosis in Cause of Death

A recent multinational study focused on different anatomical
sites in human cadavers with various causes of death such as
accident, suicide, and homicide found that the manner of death
has a significant influence on the microbial community in various
postmortem organs, e.g., brain, liver, uterus, and prostate (Lutz
et al., 2020). The PMI and cause of death were associated with
the alpha and beta diversity of the tissue microbial profiles (Lutz
et al., 2020). Similar associations were observed previously where
the beta dispersion differed significantly between anatomical
body sites and causes and manners of death (Kaszubinski et al.,
2020b). A different microbial signature was also observed in
cardiovascular disease cases. For the associations between relative
bacterial abundance and manners of death, ASVs from the
families MLE1-12, Enterobacteriaceae, and Chitinophagaceae
were positively associated in natural deaths, whereas 10 unique
ASVs from the Bacilli class were negatively associated with
homicide (Lutz et al., 2020). These findings imply that microbial
signature variability could be measured through beta diversity in
predicting the cause or manner of death.

An extensive study on 336 body fluid samples from 129
autopsies, involving bacterial culture, 16S rRNA identification,
and matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF), to establish a correlation between microbial
isolates and cause of death found correlations in six out of eight
seawater drowning cases. Enterococcus and Enterobacter were
isolated in the cardiac blood and peritoneal fluid of a patient who
died of colon perforation and cardiopulmonary arrest, showing
the migration of the colon communities of Enterobacteriaceae
to peritoneal fluid and cardiac blood (Na et al., 2017). A kinetic
postmortem survey of the microbiota in culture-positive extra-
intestinal tissue found bacterial translocation to extra-intestinal
compartments such as mesenteric lymph nodes (MLNSs), spleen,
liver, kidney, and cardiac blood 5 min after death, the highest

rates being in MLNs (Heimesaat et al., 2012). The highest
detection rate was observed in organs for Lactobacillus at 3
and 12 h postmortem. Such rapid translocation of intestinal
bacteria could be useful in distinguishing between primary
pathogenic bacteria and secondary putrefactive contaminants
not only while investigating causes of unknown deaths but also
for screening tissue donors before allogeneic transplantation.
Investigating the dynamics of bacterial translocation and
intestinal dysbiosis in contributing to the early stages of liver
disease, Fouts et al. (2012) found that there is an increase
in intestinal permeability independent of microbiome changes
or endotoxin and translocation of families Enterobacteriaceae,
Enterococcaceae, and Bacillaceae, primarily to the MLNSs, in
cholestatic liver injury. The postmortem transmigration of
Staphylococcus aureus and Clostridium perfringens during murine
decomposition can help in determining the cause of death
and track down the origins associated with the geographic
location of the human remains during postmortem investigations
(Burcham et al., 2016). In 10 heart samples from individuals
who died of cardiac arrest, Bell et al. (2018) studied the heart
thanatomicrobiome and found sex-related differences in male
and female corpses at the bacterial phylum (Firmicutes in
males and Proteobacteria in females), class (Bacilli in males
and y-Proteobacteria in females), order (Lactobacillales and
Rhizobiales only detected in males and Pseudomonadales in
females), family (Streptococcaceae only detected in males), and
genus (Streptococcus and Lactobacillus in males) levels, which
demonstrated that microbial populations form ecological niches
differently in the hearts of males and females after death
(Bell et al,, 2018). They also found Proteobacteria to have
the highest abundance, which indicates a relationship between
heart thanatomicrobiome and cardiac diseases; as Proteobacteria,
usually found in the gut, can act as precursors to inflammation;
it can also cause dysbiosis and an increased risk of heart
disease, as it has been shown as an independent marker of
risk of cardiovascular disease in previous antemortem studies
(Amar et al., 2013; Metcalf et al, 2013; Shin et al., 2015).
From a cross-sectional study of an urban-industrial population,
decreased phylogenetic diversity was a significant predictor of
heart disease in a <24-h time window, where the dominant
taxa were Streptococcus, Prevotella, Fusobacterium, and Rothia
(Pechal et al., 2018). Furthermore, Rothia, along with other
additional community metrics, can be used as a biomarker for
hosts with chronic dysbiosis (Pechal et al., 2018). Such qualitative
and quantitative changes in the microbiome can pave new ways
of identifying existing disease conditions of the deceased.

In Drowning

The presence of diatoms in blood or organs (e.g., lungs) has long
since been the gold-standard indicator to diagnose drowning
and whether it is antemortem or postmortem. However, in
rare cases, when identification through diatoms is impractical,
other microbes can aid in providing informative results. In
the past, methods employed to identify these organisms have
included light and electron microscopy, bacterial culture, and
PCR (Lunetta et al., 1998; He et al., 2008; Lucci et al., 2008;
Tie et al, 2010; Huys et al., 2012; Sitthiwong et al, 2014;
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TABLE 1 | Potential applications of thanatomicrobiome in diagnosing cause of death.

Specimen type Sample size (n) Method Characteristic Application(s) References
finding(s)
SKH-1 Elite female 90 Whole body fluorescent Staphylococcus (1) Cause of death Burcham et al.,
mice; liver, spleen, imaging aureus —highest (2) Geolocation 2016
heart, stomach, kidney, concentration at
intestine 5-7 days pm and
undetectable by culture
on day 30
Mice (hfa); ileum and - RT-gPCR Enterococci, (1) Presence of Heimesaat et al.,
colon enterobacteria ante-mortem acute and 2012
chronic intestinal
inflammation
(2) Screening donor
tissues before allogenic
transplant
Male BALB/c mice; 12 16S rRNA sequencing Enterobacteriaceae, (1) Bacterial Fouts et al., 2012
gastro-intestinal tract, Enterococcaceae, translocation in
liver Bacillaceae, cholestatic liver injury
Lactobacillaceae (2) Toxic liver injury
Human heart 10 16S rBRNA amplicon Distinct cardiac (1) Relation between Bell et al., 2018
sequencing bacterial phyla in male cardiac
(Streptococcus) and thanatomicrobiome and
female corpses cardiac diseases
(Clostridium, (2) Postmortem
Pseudomonas) clostridium effect
Human 188 (1) 16S rRNA amplicon Streptococcus, (1) Microbial diversity is Pechal et al., 2018;
e Ears, eyes, mouth, (2) MiSeq Haemophilus, an indicator of Kaszubinski et al.,
nose, rectum PICRUSH (for predictive Veillonella, Rothia, antemortem host health 2020b
function) Fusobacterium, (2) Beta-dispersion is
(3) QIIME2, DADA2 Prevotella an indicator of manner
of death
Human 33 Bacterial culture; Staphylococcus, (1) Liver and pericardial Tuomisto et al.,
e Liver, mesenteric RT-gPCR Streptococcus, fluid are ideal internal 2018
lymph node, portal Clostridium, sampling sites for
vein blood, Enterococcus, antecedent bacterial
pericardial fluid Escherichia (most infection
common among 21 (2) Sampling
different genera) time < 5 days
Human 2 (1) Culture Cyanobacteria, Cause of death: Kakizaki et al.,
e Blood 16S rRNA gene Bacillariophyceae, drowning 2012
e Lung, kidney, liver analysis Dictyochophyceae,
o Water (2) 454 pyrosequencing Chrysophyceae,
Trebouxiophyceae

Human
e Blood
e Bone marrow
e Lung

Male Sprague Dawley
rats

e Lungs

e Liver, kidney

e Cardiac blood

93 (three drowned
cases, 90
non-drowned
controls)

10 (four drowned,
four postmortem
immersions, two
controls)

(1) Bacterial culture
(2) PCR

(1) IHC

(2) 16S rRNA amplicon;
MiSeq

(3) MALDI-TOF

(1) Aeromonas as
non-commensal
indicator of drowning
(negative for all control
samples)

(2) Bone marrow as

sampling matrix

(3) Aseptic sternal

puncture as alternative

sampling technique

Predominance of:

e Brucella,
Pseudomonas,
Rhodococcus, etc.
(seawater group)

o Clostridium
(freshwater group)

Cause of death:
drowning

Cause of death:
drowning

Huys et al., 2012

Leeetal., 2017

(Continued)
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TABLE 1 | Continued

Specimen type Sample size (n) Method Characteristic Application(s) References
finding(s)
Human (1) Ten antemortem Microbial culture Fecal coliforms and Cause of death: Lucci et al., 2008
e Blood drowning cases fecal streptococci as drowning
o Water (five seawater, five diagnostic markers for
saltwater) antemortem drowning
(2) Three
postmortem
drowning
Human 43 (41 drowned Multiplex gPCR with e Aeromonas (freshwater (1) Differentiation of Uchiyama et al., 2012
e Blood and two not Tagman probes drowning) immersed and
e Lung, kidney, liver drowned) e Vibrio and non-immersed victims
Photobacteria (2) Molecular diagnostic
(seawater drowning) test for drowning as the
cause of death
Human 20 drowned Multiplex gPCR with 12 out of 16 drowning Molecular diagnostics Rutty et al., 2015
e Brain, lungs, spleen, Tagman probes cases correctly showed for drowning as the
kidney, liver the respective cause of death
bacterioplankton in
their habitat
Human 64 Serology, nested PCR, Virological infection in Ruling out infectious Fernandez-Rodriguez
e Liver, lung, kidney, electron microscopy, two cases cause of SIDS et al., 2006
spleen, heart, brain, viral culture
trachea
o CSF
e Body fluids
Human 20 (11 SIDS and RT-gPCR Epstein—Barr virus and Ruling out infectious Alvarez-Lafuente et al.,
e FFPE of lung, brain, nine controls) HHV-6 are significantly cause of SIDS 2008
kidney, spleen, more frequent in SIDS
thymus, thyroid, compared to controls
lymphoid tissue, and
heart
Human 1 (1) Laser Pseudomonas, most Possible cause of D’Argenio et al., 2017
e Bone fragment microdissection abundant genus from death: Pseudomonas
(2) PCR Pseudomonadaceae osteomyelitis
(8) 16S rRNA deep family
sequencing

Récz et al, 2016). A culture study with 10 drowning victims
and three postmortem submersions revealed fecal coliform
(E. coli) and fecal streptococci (E. faecalis) to be useful markers
for drowning (Lucci et al,, 2008). Aeromonads in the blood
can also be considered as a potential marker for freshwater
drowning, as it has been shown by another culture study (Huys
et al., 2012). Uchiyama et al. (2012) developed a multiplex
real-time PCR protocol for assaying bacterioplankton in
drowning cases. In 43 victims, they found related microbes,
e.g., Aeromonas for freshwater drowning and Vibrio and
Photobacterium for seawater drowning in all lung samples
compared to non-drowning victims. This method was further
applied to 20 cadavers, where it was found that this method can
potentially be used as a high-throughput supportive diagnostic
test for antemortem drowning (Rutty et al, 2015). Kakizaki
et al. (2012) used the 454 pyrosequencing approach to ascertain
the cause of death of two drowning cases and found that it is
possible to determine diverse aquatic microbes in drowning
victims that can point toward the aquatic environment in which
the drowning occurred. An animal study sampled for lungs,
kidney, liver, and blood, and found significant aquatic microbial

presence in the drowned group compared to closed organs
of postmortem immersion group (Lee et al, 2017). Aquatic
bacterial communities were further dominated by Proteobacteria
(seawater), Bacteroidetes (freshwater), Actinobacteria, and
Bacillariophyta (Lee et al., 2017).

In Sudden Infant Death Syndrome

The risk factors for sudden infant death syndrome (SIDS),
defined by the unexpected death of an otherwise healthy
infant aged less than 1 year, include genetic predisposition,
immunological disorder, exogenous stressors, and undiagnosed
infections/sepsis. The common microbial agents associated
with SIDS are human herpes virus, enterovirus, respiratory
syncytial virus, adenovirus, cytomegalovirus, Epstein-Barr virus,
Streptococcus pneumoniae, Bordetella pertussis, Haemophilus
influenzae, and Neisseria meningitidis (Ferndndez-Rodriguez
et al., 2006; Alvarez-Lafuente et al., 2008; Oliveira and Amorim,
2018; Ventura Spagnolo et al., 2019). SIDS has been part of many
a legal investigation because of the possibility of crime in infants
of this age group. Routine postmortem protocols exist in the
form of serology testing and PCR assays for many bacteria and
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viruses in specimens from autopsies. However, comprehensive
microbial profiling has not yet been developed in this arena,
and it can potentially provide us with etiology-specific disease
diagnoses. Such a panel, accompanying autopsy findings and
antemortem clinical information, can be a handy tool to ascertain
causes of death due to infection and rule out other causes in
criminal investigations.

However, it is worth noting that microorganisms can
be influenced by environmental conditions, and variation
in microbial population will exist at different PMI; hence,
considering these, utmost care must be practiced while relying on
a microbial signature solely for the cause of death. Furthermore,
using a combination of laser microdissection and microbial
typing, the cause of death of a child from the 18th century was
resolved to be osteomyelitis caused by Pseudomonas aeruginosa
(D’Argenio et al,, 2017). Such findings should prompt us
to preserve samples of unknown clinical cases for future
innovative technologies.

THANATOMICROBIOME IN
POSTMORTEM INTERVAL —“THE
MICROBIAL CLOCK”

Reliable methods of PMI estimation is of utmost importance,
as it has invaluable relevance to the inceptive phase of criminal
investigations. Inferring the PMI has long been based on
observatory data from direct body inspection, viz., body cooling,
postmortem lividity, and rigor mortis, to name a few (Salam
et al., 2012). However, beyond the compound method, many
other methods have come up in the aid of PMI (Sharma et al,,
2015; Madea et al., 2019). Accumulated degree days (ADD),
a unit representing the amount of time an organism spends
at a temperature within its development threshold, can be
a useful tool in that it can be practiced for decomposition
data across various environments and regions (Megyesi et al.,
2005). Biochemical assessment can be advantageous after cellular
death and when redistribution of electrolytes has set in.
A commonly used biochemical test is the vitreous humor
potassium concentration (Adjutantis and Goutselinis, 1972).
A combination of multiple methods can be useful, e.g., vitreous
humor potassium, combined with vitreous humor hypoxanthine
and ambient temperature, has shown encouraging results
(Rognum et al., 2016). However, biochemical markers come
with their own limitations due to the variability in age, sex,
cause of death, and other factors. Furthermore, time dependency
plays a pivotal role in the usability of these markers in PMI
estimation (Woydt et al., 2018). Most biochemical markers have
predictive ability if the cadaver is still in the early phases of
its postmortem period. As time progresses and the body enters
the advanced phases of decomposition, the PMI estimation
becomes more difficult.

Methods and technology that can objectively measure with
high accuracy and precision are being considered (Donaldson
and Lamont, 2014). Moreover, the potential of ecological
succession patterns of small organisms or insect species as an
indicator of PMI has been long established (Tomberlin et al.,

2011). Forensic entomology is an integral part of forensic
investigations when the time since death is beyond 3 days
(Kashyap and Pillai, 1989). However, due to their seasonal
and developmental variation, it is difficult to practically impose
them in all circumstances. Information on the geographical
variation of many of these forensically important insects is
also unknown (Klong-Klaew et al., 2018). Henceforth, the
postmortem microbiome has shown much promise as a novel,
alternative, and precise method to aid in the estimation of
PMI, as they are ubiquitous and have predictable ecologies, on
the premise that bacterial succession changes in a predictable
and clock-like manner across mammalian species within the
same environment in response to the changes in a decomposing
resource (Deel et al., 2020).

Thanatomicrobiome in Human Remains
Research revolving around the applicability of the human
microbial community in PMI includes sampling from different
organs (Figure 5 and Table 2), as the pattern of community
succession differs at various time points of decomposition
according to the location (Deel et al., 2020).

The Epinecrotic Community

External locations facilitate an easily accessible, non-invasive
manner of sampling for the epinecrotic microbial community.
In this regard, the skin is the most important site in forensic
applications. It also provides specific locations on the human
body with their own niche of microorganisms. This is important
because the microbial population in a particular site, e.g., oral
cavity is, at the same time, different from that of the other
body locations and similar across individuals. In a study carried
out at the Southeast Texas Applied Forensic Science laboratory,
two human corpses each were allowed to decompose in spring
and winter seasons, which revealed that a suite of bacterial and
fungal groups form a reproducible network that emerges on a
predictable time scale and, hence, can serve as estimators of PMI
(Metcalf et al., 2016). Two other human subjects were sampled
from the internal left buccal region, external left/right cheeks,
external left/right biceps, torso, and rectum (Hyde et al.,, 2015).
With the progress of decomposition, the microbial diversity and
richness for both bodies were similar for the skin, mouth, and
rectal samples. Besides that, Acinetobacter of y-Proteobacteria
class was abundant in both bodies in the late decomposition
stages. Another study by the same group found that communities
from the mouth and oral cavity differ in pre-bloat and end-
bloat stages of decomposition (Hyde et al., 2013). Oral microbial
community sampling from three donated individuals showed
different dynamics in bacterial composition as the decomposition
process progresses through fresh, bloat, active and advanced
decay, and dry remains stages and had similar overall successional
changes. Firmicutes and Actinobacteria were predominant in
the fresh stage, while Clostridiales and Bacillaceae were the
principal representatives of Firmicutes from bloat to advanced
decay (Adserias-Garriga et al., 2017b). Although the sample
sizes for the aforementioned studies are less and variable, the
similarity in the microbial succession across the different stages
of decomposition is a pivotal finding, as it reflects the possibility
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Oral cavity

Bacteroidetes [Adserias-Garriga et
al. 2017, Pechal et al. 2018]
Firmicutes, Proteobacteria
[Adserias-Garriga et al. 2017, Hyde
et al. 2013, 2014]

Actinobacteria [Pechal et al. 2018]

Liver

Firmicutes,
Proteobacteria
[Can et al. 2014,
Javan et al. 2016,
2017]

Caecum

Firmicutes, Bacteroidetes
[DeBruyn et al. 2017]

in that respective organ/body part.

FIGURE 5 | lllustration of different body sites for thanatomicrobiome sampling from existing studies. Boxes indicate the dominant phyla in the microbial communities

Brain

Firmicutes
[Can et al. 2014,
Javan et al. 2016]

Heart

Firmicutes
[Can et al. 2014,

Javan et al. 2016]

Firmicutes
[Can et al. 2014, Javan
et al. 2016, 2017]

Firmicutes, Proteobacteria,
Bacteroidetes,
Actinobacteria,
Acidobacteria, Chloroflexi
[Damann et al. 2015]

of using the oral microbiome in PMI estimation. An analysis
of the surface communities residing in the ear and nasal canals
of 17 cadavers led to the successful development of a k-nearest
neighbor regression model, which could accurately predict the
true PMI to within 55 ADD (Johnson et al., 2016). In a larger
study involving 188 subjects, samples were collected from various
sites such as the eyes, ear, nose, mouth, and rectum and analyzed
to show that predictive models from composition and functional
profiles, in the context of each sample location, could be used to
estimate PMI within the time frame of less than as well as greater
than 2 days (Pechal et al., 2018). Zhang et al. (2019) utilized the
datasets from the study mentioned above and employed machine
learning algorithms in an attempt to predict PMI and found that
xgboost method resulted in highest accuracy compared to random
forest and neural network while incorporating all anatomical
areas. The xgboost method is a tree-based machine learning
method which grows sequentially into a single tree by fitting on
residuals. The accuracy of this method was 0.745 for PMI and
0.876 for the location of death. It is worth noting that cases do
not always allow for a sample collection from all anatomical sites.
Therefore, the aforementioned studies simultaneously serve the
purpose of highlighting the anatomical areas which are most
important in postmortem casework and the types of sample

that must be collected to provide the best possible information.
A meta-analysis using the QIITA open-source platform and
subsequent model testing using data from the first 25 sample
days of each included study indicated that skin data using the
16S rRNA genetic marker performs reasonably in accurately
predicting PMI at the phylum level (Belk et al., 2018). Another
recent study demonstrated that, upon repeated sampling, the
postmortem skin microbiome is stable for up to 60 h (Kodama
et al., 2019). They studied 16 scenes of death to see whether
objects present at the scene can be linked to the decedents
and found that, overall, it could be traced three-fourth of the
time with single-user based items, such as smoking pipes and
medical devices being the most accurate. The findings are similar
to those of previous studies which identified mobile phones as
having personal microbial signatures of the user (Meadow et al.,
2014; Lax et al, 2015). Overall, these findings point toward
the skin and the oral cavity being potentially promising sites
to build an accurate microbial clock upon. Furthermore, the
skin microbiome can also be extended to act as complementary
evidence to establish associations and identifications, e.g., for the
analysis of partial or smudged fingerprints for better comparison.
Notably, skin commensals are highly resistant to humidity; hence,
the epinecrotic thanatomicrobiome signatures can be utilized
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TABLE 2 | Assessment of human thanatomicrobiome in estimation of time since death.

Sampling site

Sample size (n)

Sample characteristics

Methodology

Time of
decomposition/PMI

References

Ears, eyes, mouth,
nose, rectum

Ears, eyes, mouth,
nose, rectum

Nostril and ear canal

Skin and gravesoil

Mouth, rectum
(pre-bloat)

Mouth, rectum,
gastro-intestinal tract
(post-bloat)

Mouth, cheeks, biceps,
torso, rectum

Lower rib

(1) Brain, heart, liver,
spleen

(2) Blood

(1) Brain, heart, liver,
spleen

(2) Blood

(8) Buccal cavity

Liver, spleen

Brain, heart, liver,
spleen, prostate, uterus

Proximal large intestine

Proximal large
intestine/cecum

Oral cavity

Burial soil

Burial soil

188

188

21

27

45

40

o Median age 43 (18-88)
years

e M:F=1.3

e 90 black, 98 white

Two datasets

e Metadata of the collected
samples

e Microbial taxonomic
information through lllumina
MiSeq

e 68 and 52 years
e M:F=20

e 55 and 85 years

e M:F=1.0

e Median age 57 (26-88)
years

e M:F=11.0

e Median age 47 (20-67)
years

e M:F=27

e Median age 48 (17-82)
years

e M:F=12

e Median age 41 (16-82)
years

eMF=16

e Age range 15-20 years for
youngest and 85-90 for
oldest

o M:F=1.86

o Median age 65 (51-88)
years

e M:F=05

e 12 white
Age range 62-67 years
4 white

e Median age 80 (20-81)
years

e M:F=05

e 4 white

e Median age 80 (20-81)
years

e M:F=05

e 4 white

(1) 16S rRNA amplicon;
MiSeq

(2) PICRUSH (for predictive
function)

Three machine learning
algorithms: xgboost,
random forest, and neural
network

(1) 16S rRNA amplicon;
lllumina

(2) Statistical regression
models to predict PMI

16S rBNA amplicon, 18S
rRNA amplicon, internal
transcribed spacer, HiSeq,
MiSeq

16S rBNA amplicon and
454 pyrosequencing

16S rRNA amplicon and
454 pyrosequencing

16S rBRNA amplicon and
454 pyrosequencing

16S rRNA amplicon and
454 pyrosequencing

16S rRNA amplicon; MiSeq

16S rBNA amplicon; MiSeq

16S rRNA sequencing

qPCR

16S rRNA amplicon; MiSeq

16S rRNA amplicon; MiSeq

16S rBNA amplicon; MiSeq

16S rBRNA amplicon; MiSeq

24hto>73h

24hto>73h

800 ADD

82 days during spring;

143 days during winter

30 days

979 CDH

571-18,918 ADD

20-240h

3.56-240 h

4-78h

1-18 days

9-20 days

0-800 CDH

0-12 days

0-12 days

3-303 days

Pechal et al., 2018

Zhang et al., 2019

Johnson et al.,
2016

Metcalf et al., 2016

Hyde et al., 2013

Hyde et al., 2015

Damann et al.,
2015

Canetal.,, 2014

Javan et al., 2016b

Javan et al., 2017

Lutz et al., 2020

Hauther et al., 2015

DeBruyn and
Hauther, 2017

Adserias-Garriga
etal, 2017b

Adserias-Garriga
etal., 2017a

Finley et al., 2016
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for deducing models of PMI estimation (Javan et al., 2016b).
However, the small number of cadavers available for some of
these studies, as well as the inability to account for the PMI
in donated cadavers, requires further evaluation of the skin
microbiome (Javan et al., 2016a). The skin microbiome is also
in a state of dynamic flux due to its constant exposure to
the environment. Therefore, the microbial community may not
always be exclusive to the individual, and the skin bacterial
population truly representative of a particular environment,
e.g., coryneforms in moist environments, should also be taken
into consideration.

Internal Organs

Contrary to external body surfaces, internal organs are not
directly under the influence of external environmental factors
in the initial stages of decomposition. The decomposition
of the various human organs also happen in a different
order of progression, where organs such as the stomach,
intestine, liver, and pancreas undergo decomposition first and
that of tendons, bones, and nulligravid uterus happen last
(Javan et al., 2016b). Characteristic microbial succession in
the internal sites and organs can thus be utilized to predict
PML In 11 cases in which the PMI ranged from 20 to 240 h,
organ thanatomicrobiome analyses suggested that facultative
anaerobes, such as Lactobacillus, predominate in cadavers with
short PMI (29.5 h), while cadavers with long PMI (240 h) have
a predominance of obligate anaerobes like Clostridium (Can
et al., 2014). In a cross-sectional study involving 27 human
cadavers from criminal cases with known PMI, statistically
significant organ-, sex-, and time-dependent differences were
found in the thanatomicribome communities of the brain,
heart, liver, spleen, buccal cavity, and blood (Javan et al,
2016b). With the increase in the depth of taxonomic levels,
the prediction models could better explain (65% at the species
level compared to 21% at the family and genus level) the
variance in PMI due to different variables. Notably, Firmicutes
(e.g., Clostridium, Peptoniphilus, and Bacillus) was a stable
biomarker across microbial communities derived from different
body locations. Thus, organ-specific microbial signatures
can possibly be useful in PMI estimation. Species-specific
identification of microbes must also be emphasized upon when
going for thanatomicrobiome signatures. However, ambient-
temperature exposure, which imparts significant influence on
the microbial community, was not accounted for in this study
(Javan et al., 2016b).

A postmortem microbiome of liver and spleen revealed
Clostridium sp. in 95% of the samples. In the 16S rRNA
gene, the V4 hypervariable region could sufficiently discriminate
Clostridium sp. in postmortem tissue, where it predominates
in both short (4 h) and long (10 days) PMIs (Javan et al,
2016b, 2017). This ubiquity of Clostridium sp. is explained
by its rapid generation times, the proteolytic activity resulting
in transmigration to other tissues, and hypoxic environment,
together known as the postmortem clostridium effect. In line
with this finding, Clostridium spp. was the most abundant
organism isolated from the postmortem liver and spleen tissues
of drug overdose subjects (Brackett, 2018). Moreover, the

preponderance of Pseudomonas sp. was detected exclusively in
internal organs such as the brain, heart, liver, spleen as well
as the blood of female cadavers, while males contained the
facultative anaerobe Rothia (Javan et al., 2016b). This organ- as
well as sex-specific difference is also important for pathologists
working on decomposing human bodies for location, identity,
and possible cause of death.

A targeted qPCR study from human large intestinal
microflora  showed that Bacteroides and Lactobacillus
declined exponentially with increasing PMI (Hauther
et al, 2015). In contrast, Bifidobacterium did not show
any significant trends, pointing out the potential of the
former two microbes as quantitative indicators of PMI.
This was further validated by an amplicon sequencing
experiment, which revealed a microbial succession over
time toward a common decay community in four bodies,
wherein Bacteroides and Parabacteroides decreased, while
Clostridium and Anaerosphaera, as well as Ignatzschineria
and Wohlfahrtiimonas, increased significantly (DeBruyn and
Hauther, 2017). Notably, the latter two are fly associated
y-Proteobacteria, and therefore they could provide a better
understanding of PMI estimation by augmenting the existing
options. Overall, these findings may help build predictive models
of different thanatomicrobiome communities according to the
internal organ microbial signatures.

Skeletal Remains and Burial Soil

As a potential extension of the microbial clock from internal
organs to skeletal remains, Damann et al. (2015) collected the
lower rib from 12 decomposing bodies. An interstage taxonomic
succession of Firmicutes, Bacteroidetes, Actinobacteria, and
Acidobacteria from partially skeletonized remains to dry
remains was observed. For each successive decay stage,
a-Proteobacteria increased, while y-Proteobacteria decreased.
The communities associated with the partially skeletonized
remains (PMI of 27-284 days) were closer to those of the
human gut (Firmicutes and Bacteroidetes), while those of the
dry remains (PMI of 554-1,692 days) mimicked that of the
soil (Actinobacteria and Acidobacteria). Similar findings were
obtained from the soil samples of three cadavers: Proteobacteria
and Bacteroidetes dominated the first 6 days of decomposition,
after which there was a sudden shift to an increase in
Firmicutes, with a concomitant decrease in Proteobacteria
(Adserias-Garriga et al., 2017a).

The decomposition soil of 18 human subjects showed
increased taxon richness and decreased evenness and a
consistent diversity with buried remains, whereas surface
cadavers showed a decrease in all parameters, alluding to the
importance of the depth of burial as it can affect the microbial
community composition and, subsequently, PMI estimations
(Finley et al., 2016). Moreover, the microbial succession of
the soil communities is complete by at least 420 days after
burial (Thomas et al, 2017). Hence, in longer PMI or dry
remains stage, the soil communities are analogous with varying
depths. It is still well to remember that the decomposition
process varies widely depending on hot or cold environmental
conditions, as a colder climate can preserve intact cadavers
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for longer periods of time. Hence, the anatomical location
of sampling is crucial as is the surrounding environment,
as external body sites which allow for non-invasive sample
collections, despite providing an accurate microbial clock, are
more prone to environmental changes, especially in hotter
climates, whereas internal body sites, although less impacted
by the environment, require invasive sampling. A 2013 study
demarcated liver and pericardial fluid as best sampling sites
and concluded that postmortem sampling is to be done within
5 days (Tuomisto et al., 2013). This is because pericardial
fluid aspiration needs no handling of organs in the abdominal
cavity and can be easily carried out with a sterile needle.
For estimating longer PMI, the microbial successions of bones
or burial soil are, again, better choices. A combination of
all these parameters can be taken into account after careful
consideration of the location of death, time frame, and
convenience of sampling.

Supportive Evidence in Animal

Surrogates

Many research groups have employed animal models such as
swine (Dickson et al., 2011) and mice models (Dong et al., 2019)
(Table 3), as these are similar to human bodies to the extent that
they can provide a better understanding of the decomposition
process in humans whereas being more readily available at the
same time compared to human bodies (Javan et al., 2016a; Zhou
and Bian, 2018). They are also low in cost compared to carrying
out experiments on human cadavers.

Metcalf et al. (2013) in five dead and decomposing
mice over 48 days at eight time-points each, used high-
throughput sequencing to study samples taken from the
abdominal cavity, skin of head and torso, and associated
grave soil to infer that the succession of prokaryotic and
eukaryotic microbial communities may be useful in the
estimation of PMI in early stages of decomposition, especially
within 3 days (Metcalf et al, 2013). They suggested a
microbial clock to provide an accurate PMI estimate as
shifts in the presence and abundance of specific bacterial
and eukaryotic taxa in skin and soil sites were consistent
during the decomposition stages. Epinecrotic community
composition and succession analyses showed that relatively
abundant phyla like Proteobacteria, Firmicutes, Bacteroidetes,
and Actinobacteria, under their notable variation during the
decomposition process, can aid in PMI estimation (Guo
et al,, 2016). Indeed, metagenomic sequencing of epinecrotic
bacterial communities showed that phylum- and family-level
taxonomic resolution could explain 62.1 and 78.5% variation
in physiological time, respectively, throughout decomposition
(Pechal et al., 2014). A phylum-level taxonomic resolution in a
random forest model with Campylobacteraceae, Moraxellaceae,
Aerococcaceae, Micrococcaceae, Clostridiales Incertae Sedis
XI, Comamonadaceae, and Fusobacteriaceae was the better
choice to distinguish between days of decomposition (Pechal
et al, 2014). The oral bacterial community, in a study on
adult mice, showed distinct characteristic features at different
taxonomic levels. Within 10 days after death, Proteobacteria

and Firmicutes dominate, with y-Proteobacteria showing a
strong positive linear correlation with PMI. At the family
and genus levels, the relative abundance of Enterobacteriaceae
and Proteus increased with an increase in PMI (Dong et al,
2019). Furthermore, the postmortem microbiome in 20 Dutch
rabbits showed organ- and temperature-specific changes in
the community, which is in line with the findings in human
cadavers. The intestinal thanatomicrobiome was also different
in composition compared to those of the kidneys and lungs
(Lawrence et al,, 2019). Another study on the postmortem
structure and function dynamics of Staphylococcus aureus by
whole-body fluorescent imaging and culture-based methods
showed that it reaches its highest concentration on 5-7 days
postmortem and, thus, can potentially be tracked to determine
PMI ranges (Burcham et al., 2016).

In gnotobiotic mice associated with human microbiota (hfa),
enterococci and enterobacteria thrived in ileal lumen 3 and
24 h postmortem, respectively, pointing toward the fact that
these microbes can possibly be used to precisely define PMI
under specific ambient conditions (Heimesaat et al., 2012).
The intestinal flora diversity in SD rats reduced again up to
the 30th day postmortem, whereas the intragroup similarity
showed a downward trend, indicating that the succession of
intestinal flora is related to PMI (Li et al., 2018). With a
T-RFLP approach, decomposing pork loin showed a stable
abundance of Enterobacteriaceae 24 h onward (Handke et al.,
2017). B-Proteobacteria was present within the first few days,
while o-Proteobacteria became abundant 15 days onward.
Firmicutes were present in the beginning as well as on 40-,
50-, and 60-day samples, thus making them significant in
the estimation of prolonged PMI. However, Comamonadaceae
and Clostridiaceae were only present up to 24 h, which was
contradictory to previous findings from other groups. This
difference can either be attributed to environmental variation
or the different techniques used by other groups, primarily
454 pyrosequencing or Illumina sequencing technologies. The
proteomic analysis of the same sample could identify several
bacterial subspecies and strains, namely Rhodopseudomonas
palustris strain BisB18 and Baizongia pistaciae strain Bp
(Handke et al., 2017). However, high signals from muscle
peptides prevent the possibility of appropriately identifying
bacteria-specific peaks. Overall, these studies indicate that
Proteobacteria and Firmicutes show significant variability in
abundance with time after death, and may be considered
as potentially useful in the estimation of PMI. Finally, an
RNA-based denaturing gradient gel electrophoresis analysis
of an isolated pig leg bacterial community in the context
of soil bacterial profile revealed that soil communities were
significantly different compared to control soil (fresh sandy loam
garden soil without any carcass), especially in the advanced
phase of decay, implying the importance of soil bacterial
community profiling to identify secret burials (Bergmann et al.,
2014). The terrestrial communities’ analysis in the form of
transcriptome or proteome of the microbes can also prove
to be a useful tool in PMI estimation. However, accuracy
can be badly affected by the mode of sample collection and
environmental temperature.
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TABLE 3 | Mammalian model systems for estimation of time since death using microbiome data.

Specimen type Sample size (n) Technique(s) used Characteristic finding(s) References
B6C3F1 mice; Five replicates over eight NGS o Burkholderia, Proteobacteria, Metcalf et al.,
abdominal cavity, skin, time-points Sphingobacteria (soil and skin), 2013
and burial soil Clostridium, Lactobacillus
(abdomen)—increase in abundance
with time
o Bacilli, Bacteroidia (abdomen),
Pseudomonadales,
Epsilonproteobacteria
(skin)—decrease in abundance
with time
C57BL/6 mice and hfa - RT-gPCR of 16S rRNA variable Enterococci—significantly higher in 3, Heimesaat
mice region 6, 48, and 72 h pm etal.,, 2012
Enterobacteria— significantly higher
between 12 and 24 h pm
Swine; buccal cavity, 3 454 FLX Titanium e Bacteroidetes, Proteobacteria, Pechal et al.,
skin, interior anal cavity pyrosequencing Actinobacteria, 2014
Firmicutes —significant indicator
phyla
e Bacteroidaceae, Moraxellaceae,
Bacillaceae, and Clostridiales
Incertae Sedis XI—significant
indicator families for decomposition
SKH-1 Elite female 90 Whole-body fluorescent Staphylococcus aureus —highest Burcham et al.,
mice; Liver, spleen, imaging concentration at 5-7 days pm, and 2016
heart, stomach, kidney, undetectable by culture on day 30
intestine
Mice; bone marrow, 45 High-throughput RNA e In stomach and intestines, Burcham et al.,
stomach, heart, sequencing Lactobacillaceae increased after 2019
intestine 26 h, whereas Clostridiaceae
increased after 170 h
o Clostridiaceae dominated after 26 h in
bone marrow and 9 h in the heart
Mice; heart, intestine, 63 Whole metagenome and Clostridium—in lungs, heart, and bone Burcham et al.,
lungs, bone marrow metatranscriptome sequencing marrow at 7 days 2019
Dutch rabbits; ileum, 20 RT-gPCR and lllumina o Firmicutes and Bacteroidetes Lawrence et al.,
cecum, kidney, lung sequencing dominated intestinal microbiome 2019
o Proteobacteria were highly abundant
in lung and kidney at specific times
and temperatures
Swine; cheek skin, 3 ABI capillary electrophoresis o y- Proteobacteria- predominant on Dickson et al.,
snout, neck sequencing wound sites 2011
o Bacteroidetes —abundant on cheek
and snouts
Piglet; skin over 3 454 FLX Titanium Variation of Proteobacteria (increasing) Benbow et al.,
abdomen and rib cage pyrosequencing and Firmicutes (decreasing) over 2015
decomposition process during both
summer and winter
Piglet; skin and carcass 4 ARISA Epinecrotic biofilm communities have Lang et al.,
distinctive shifts in the first and second 2016
weeks pm
SD Rats - PCR, DGGE, and sequencing e Enterococcus sp. abundant on 1st Lietal, 2018
and 5th day
e Bacillus thuringiensis abundant on
10th, 15th, and 20th day
e Enterococcus faecalis on 25th and
30th day after death
Adult female 18 NGS With the progress of decomposition, Guo et al.,
Sprague-Dawley rats; y-Proteobacteria became predominant 2016
buccal cavity, rectum in the buccal cavity and the rectum,
while Firmicutes and Bacteroidetes
gradually decreased
(Continued)
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TABLE 3 | Continued

Specimen type Sample size (n) Technique(s) used Characteristic finding(s) References
Sprague-Dawley rats; 9 lllumina MiSeq sequencing e In epinecrotic samples, Heetal, 2019
epinecrotic, epilithic Proteobacteria and Firmicutes were
and environmental dominant phylum; Clostridiaceae was
water specimens the most abundant taxon
o In epilithic samples, Proteobacteria
was the dominant phylum, while
Comamonadaceae was the
dominant taxon
Pig leg (Sus scrofa 1 RT-PCR and DGGE Species variation compared to soil Bergmann
domesticus) bacterial community during active (day et al., 2014
28) and advanced decay (day 77)
Adult mice (strain ICR); 24 NGS Proteobacteria and Firmicutes Dong et al.,
oral cavity dominate at phylum level, 2019
Enterobacteriaceae (family level) and
Proteus (genus level) dominate as PMI
increases
Pork loin 3 T-RFLP, capillary Proteobacteria, Firmicutes Handke et al.,
electrophoresis and 2017

LC-Orbitrap MS

In the Estimation of Postmortem Submersion Interval
Postmortem submersion interval (PMSI), which is the amount
of time human remains have been partially or fully submerged
in an aquatic environment, demands a different approach as
the decomposition process in water bodies is slower with
adipocere formation due to anaerobic environment when
compared with that of a terrestrial environment due to the
effect of water temperature, salinity, tides, depth, mobility of
the carcass, and scavengers (Caruso, 2016; He et al, 2019).
Epinecrotic community from S. scrofa carcasses revealed not
only significant temporal shifts in the bacterial communities
at the phyletic and generic levels with the progression of the
decomposition process but also significant seasonal variation
between summer and winter (Benbow et al., 2015). Furthermore,
using automated ribosomal intergenic spacer analysis method on
S. scrofa carcasses, epinecrotic biofilms were shown to exhibit
significant succession during the first 2 weeks, implying its
possible use to estimate PMSI (Lang et al., 2016). An experiment
on three swine heads for the bacterial succession data across two
seasons, five stages of decomposition, and bacterial communities
showed site- and season-specific preponderance and colonization
(Dickson et al., 2011). Proteobacteria, Firmicutes, Bacteroidetes,
and Actinobacteria were found to be the predominant phyla in
epinecrotic rat samples, which showed dynamic variation, with
Proteobacteria decreasing while Firmicutes increasing during
decomposition, the latter becoming the dominant phylum on
days 5 and 6 (He et al., 2019).

Furthermore, Clostridiaceae and Comamonadaceae were the
most abundant families which displayed different succession
patterns, as the former was abundant on days 1, 4, 5, and 6,
while the latter decreased from day 4 onward. Thus, the detection
of a combination of Clostridiaceae with Comamonadaceae
could help narrow down the PMSI estimation (He et al,
2019). Currently, PMSI estimation is mainly derived from
the inspection of the gross morphological findings of the
recovered remains, like ADDs and total aquatic decomposition

score (De Donno et al., 2014). Nevertheless, the abovementioned
studies point toward the possibilities of novel methods which
can bring about PMSI estimation not only for whole bodies
but also for separated body parts as a result of pre- or post-
submersion dismemberment.

Although mammalian models provide an idea of the
applicability of the microbiome in PMI estimation, these
experiments are carried out in tightly controlled, predictable
environments, which means that the data have to be validated on
human cadavers before making its way into the forensic toolbox.
It is, therefore, well to remember that studies on animal models
can only be able to support certain proposals made on humans
and must not be treated as equivalent to human studies.

TOWARD LEGAL MEDICINE: THE
NEXT STEP

We have to pay attention to adopting the new methods into
the medicolegal system, the path to which will not be a
smooth one. Currently, no laws exist as such regarding the
use of thanatomicrobiome evidence in criminal investigations.
The collection of microbial evidence from the crime scene or
the individual for comparison is sure to bring newer legal
and ethical concerns. The first steps in incorporating the
thanatomicrobiome into the courtroom are the admissibility
of microbial evidence and collection of samples. This depends
largely upon the existing laws and regulations holding up the
standards of the criminal justice system in a country, but as
long as the method (a) has been widely tested, (b) has widely
accepted operation standards, (c) is generally accepted in the
scientific community, and (d) has known potential quantifiable
error rates, the thanatomicrobiome could be made admissible
as expert testimony. One other issue likely to present itself as
a hurdle, as microbial evidence starts being introduced into the
courtroom, is the complexity of the statistical analysis, as it
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can potentially confuse and distract the jury. The standards for
statistical analyses, therefore, need to be stricter, accompanied by
sound theory, but long before these issues can be delved into in
depth, solid groundwork needs to be carried out to regularize
the entire process.

Metcalf has suggested a step-by-step approach on how this
can be achieved—by identifying the needs, primary research,
prototype development, and validation and acceptance, leading
to adoption (Metcalf, 2019). This requires communication
between the researcher and the medicolegal community to
identify the main factors that need to be addressed by microbial
technologies. The stakeholders, in this case, are the forensic
community including law enforcers and medical examiners,
the research community, the technology manufacturers, and
the decision-makers. Basic research in collaboration with the
forensic community and connecting to the legal system by the
proper use of technology will help overcome many limitations.
First, practical needs such as the sample collection stage or
collection site need to be identified to be incorporated into
the forensic workflow. Then, the research community can
connect to the end-users in the justice and legal system
by communicating their findings and help develop newer,
robust, and cost-effective technologies. Currently, coordinated
efforts, such as the American Gut Project, Earth Microbiome
Project, QIIME2 platform with options for machine learning
analysis, rapid drop in sequencing costs, and more and more
standardized datasets coming up, can help the transition
of a prototype from an academic lab to a practitioner a
lot easier, taking into consideration that sampling and data
generation methods undergo rigorous quality control, which
is still challenging. Validation is essential in the development
of any new technology, more so in forensic medicine since
these methods affect the conviction or acquittal of individuals,
policy decisions, and government actions on a larger scale
(Schmedes et al, 2016). Every method, therefore, must
be validated, including but not limited to its sensitivity,
specificity, accuracy, the limit of detection, and error rate,
before implementation. Moreover, this must happen on a
local level, in connection with the end-users and legal
community, since thanatomicrobial tools are always likely to
be developed based on data from a particular population
and specific geolocation. Hence, the need of the hour is
the validation of large, population-, ethnicity-, and location-
based datasets.

Future Perspectives—“The Road Less

Traveled”

To realize the potential of human thanatomicrobiome
characterization in forensic sciences, we should incorporate
additional methods already available to or recently coming up to
expand the horizons. More advanced sequencing methods can
be developed and streamlined for data elucidation from complex
metagenomic samples. Genomic data alone is not sufficient to
get the picture beyond the species richness of the microbial
communities. The level of gene transcription and the functional
protein profiles are unknown even when we identify the genomic

DNA of a species. Other “omic” studies, such as transcriptomics,
proteomics, and metabolomics, have become far more accessible
than before, and these areas should be further ventured into
thanatomicrobiome research. Whole transcriptome analysis
of the microbes is an exciting prospect, as it provides insights
into gene expression and function in an organ-, tissue-, or
condition-specific manner (D’Argenio, 2018; Heintz-Buschart
and Wilmes, 2018). In fact, mRNA transcripts degrade differently
for different tissues depending upon postmortem gene regulation
and expression signatures (Scott et al., 2020). Publicly available
bioinformatic pipelines like SAMSA have been developed for
meta-transcriptomic data analysis (Westreich et al., 2016). The
high sensitivity, rapidity, and its broad spectrum in characterizing
microorganisms make mass spectrometry an intriguing option to
be utilized in thanatomicrobiome work. Bottom-up proteomics
approaches like MALDI-TOF and LC-MS/MS have already
been used successfully in identifying bacteria (Fenselau, 2013;
Handke et al., 2017). Proteomics can also rule out causes of
infection by investigating the presence of bacterial protein
components. Finally, it can help in elucidating the functionality,
understanding, and succession of the gut microbiome in disease
states and postmortem (Toscano et al., 2018). These prospects
make metaproteomics and thanatoproteomics potential and
forthcoming major areas in forensic microbiology research.

Microbial succession after death is a complex process, and
different independent estimates could throw light on the same
forensic variable. These estimates, then, can be combined within a
Bayesian framework to improve the accuracy of the said variable.
Such statistical frameworks can draw from several observations
and need not necessarily be confined to the thanatomicrobiome
alone to resolve the problem at hand, such as time since
death. Furthermore, machine learning methods are being widely
employed, keeping in pace with the massive amount of data
that is being generated and will only grow with time. These
methods can help in the prediction of pre-existing pathological
conditions; as we know, many diseases affect human colonies.
They can also link microbial communities host phenotypes
and other environmental parameters (Qu et al., 2019). As we
incorporate multiple “omic” data types and diverse human
thanatomicrobiome datasets and continue to grow upon our
computational arsenal, we will improve our understanding of the
succession of the thanatomicrobial communities.

CONCLUSION

Determining the time of death within a narrow window has
always been of utmost importance and equally challenging. We
have often pondered as death investigators, as we are always
coerced to do a retrospective search from tremendously variable
and often incomplete medical reliquiae, whether it is even
possible to develop foolproof technologies. Nevertheless, the
promise of applicability is there, in PMI estimation through
different phases of decomposition, in studying aquatic microbial
succession as a tool for PMSI, as well as to differentiate
between antemortem and postmortem and between freshwater
and saltwater drowning, in quantifying the human epinecrotic
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communities, and in diagnosing or ruling out infectious causes
of death. Newly developing technologies and the parallel
development of computational pipelines are promising and have
made it possible for the facilitation of generalizable microbial
models, specific for each environment, into the medicolegal
system and aid in forensic investigations, to exist in our
foreseeable future.
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