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KEYWORDS Abstract Nowadays there are numerous scientific strategies thathelping to clarify forensic
Necrobiome; cases, including time since death. The absence of reliable quantitative methods to estimate
Thanatomicrobiome; the post-mortem interval explains the increase in promising new lines of research for this pur-
Forensic pose. After the appearance of the new techniques of massive sequencing and bioinformatics,

also arises the study of the necrobiome through a new and little studied area within the forensic
sciences, Forensic Microbiology. In this review, a tour of the existing techniques and procedures
of cadaveric dating is made, which includes new cutting-edge techniques in different areas of
knowledge and also mentions the utilities of Forensic Microbiology, where the thanatomicro-
biome, present from the moment of death, according to recent studies, points to be a promising
method for estimating the post-mortem interval in the future.

© 2021 Asociacion Nacional de Médicos Forenses. Published by Elsevier Espafa, S.L.U. All rights
reserved.

microbiology;
Post-mortem interval

PALABRAS CLAVE
Necrobioma;

Revision sobre las nuevas perspectivas de datacion cadavérica desde el necrobioma

Tanatomicrobioma;
Microbiologia
forense;

Intervalo post
mortem

Resumen Hoy en dia existen numerosas estrategias desde un punto de vista cientifico que
ayudan a esclarecer los casos forenses, entre ellas la datacion cadavérica. La ausencia de
métodos fiables cuantitativos para estimar el intervalo post mortem explica el incremento de
nuevas lineas de investigacion prometedoras con dicha finalidad. Tras la aparicion de las nuevas
técnicas de secuenciacion masiva y bioinformaticas, surge también el estudio del necrobioma
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como un area novedosa y poco estudiada dentro de las ciencias forenses, que se ha llegado a
denominar como ‘‘microbiologia forense’’. En esta revision se realiza un breve recorrido por
las técnicas y procedimientos existentes de datacion cadavérica, centrandose en la utilidad del
tanatomicrobioma, o conjunto de microorganismos presentes en el momento de la muerte, que
podria ser un método prometedor para la estimacion del intervalo post mortem en el futuro.

© 2021 Asociacion Nacional de Médicos Forenses. Publicado por Elsevier Espaia, S.L.U. Todos

los derechos reservados.

Introduction

It is still a challenge to establish the post mortem inter-
val (PMI) precisely. Several methods have been used to
elucidate the PMI for several decades, many of which
are imprecise and require a certain degree of subjective
interpretation’. In spite of this, they are still used and
show no significant improvements in their reliability?. The
PMI can only be determined within certain limits of prob-
ability. To do so reliably it is only possible to empirically
determine this on the basis of the statistical analysis of
errors using the data obtained in field studies, and the reli-
ability of the value obtained is then shown together with
its degree of uncertaintly’. The methods used to estimate
the PMI are currently of limited applicability and preci-
sion. To improve the methods used a study timeframe will
have to be selected in which to study the PMI. Neverthe-
less, it is possible that restricting this timeframe to a set
period of time may not make sense. This is because the
usefulness of cadaveric dating techniques is lined to the
decomposition process, and this process varies depending
on the influence of biotic factors. These factors include
the intrinsic ante mortem properties of the body, internal
and external bacteria, fungi, protozoa, necrophagic insects,
vegetation and carrion-eating scavengers. Abiotic factors
are also important, such as the presence or absence of a cov-
ering, radiation on remains, temperature, humidity and/or
pH, among others*.

The use of any single method to estimate the PMI will
not be very reliable, including Henssge’s known nomogram
method®, which is based on a single measurement of rec-
tal temperature. This method is designed for use in the first
24h, and the cooling curves it employs do not consider all
of the variables. Some authors therefore believe it to be of
limited applicability, and they recommend that it should be
combined with other cadaveric dating techniques®. Other
researchers seek to establish universal formulae’, although
these have been said to be unreliable®, as it would be hard
for a universal formula to give an exact estimation of the
PMI because of the large number of variables involved in
the decomposition process. In spite of the work that has
gone into searching for a reliable quantitative technique
for the estimation of the PMI, a suitable analyte or ideal
sampling site have yet to be identified. The estimation of
the PMI in human remains using bone analysis with radionu-
clides such as 2'° Pb,%'° Po or '* C stands out at the present
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time, as do measurements based on tissue citrate or nitro-
gen content®'?, In less advanced stages of decomposition,
evaluation of the changes undergone by molecules such
as proteins'', DNA and/or RNA after death are promising
strategies. The relative quantity of a specific range of pro-
teins has been shown to fall with increasing post mortem
time? 2,

With regard to the tissues analysed and suggested as pos-
sible indicators, vitreous humour has been shown to be less
susceptible to suffer swift autolysis, making it very useful for
sampling during the first hours post mortem'. The facial
orifices are known to be the first sites of oviposition used
by necrophagous insects', and this process commences a
few seconds or minutes after death'. Knowledge of the
life-cycles of these necrophagous insects may offer useful
information for the estimation of the PMI, although forensic
entomology is restricted to corpses in an advanced stage
of decomposition, as they have to be colonised before-
hand (oviposition). This fact depends on environmental
conditions, seasonality, light'®, temperature, accessibility
(whether the remains are located indoors or outside, or
wrapped in plastic, etc.). Additionally, it has to be said that
the type of insects will vary depending on the geographical
location where the body was found'’, thereby complicating
the process of analysis and dating.

On the other hand, the commensal microbiota and exter-
nal bacteria are now being studied for possible use in
analysis for cadaveric dating. The commensal microbiota
consists of a set of microorganisms which coexist with the
host until the moment of death. The immune system ceases
to function at that moment, permitting bacterial population
to change without any restrictions or host barriers'®. This
factor can be analysed, as it remains isolated and protected
from environmental factors and animal decomposition, and
it is present from the moment of death. However, study
of this phenomenon and its possible use for cadaveric dat-
ing commenced recently and it is still hardly understood'®.
Notwithstanding this, the arrival of new-omic techniques
and analytical methodologies may revolutionise microbio-
logical knowledge in estimation of the PMI.

The aim of the following chapters is to use a non-
systematic review to describe the latest studies of the
necrobiome and methodology used in cadaveric dating. It
also covers the variables which most influence post mortem
bacterial communities and which therefore must be taken
into account when determining the PMI.
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Necrobiome and cadaveric dating

The set of species which actively participate in the process
of decomposing a cadaver is known as the ‘‘necrobiome’’?°,
These microorganisms (bacteria, fungi and protozoa) play a
very important role within the necrobiome that has hardly
been studied, offering information that is highly useful in
forensic microbiology (FM). To date, the chief medical-
legal reasons for requesting a microbiological analysis in
a forensic autopsy are usually unexpected death with the
suspicion of an infectious cause, sudden death in children,
investigations into alleged medical malpractice or cardiac
death in which a viral myocarditis is suspected?'. Never-
theless, it has been seen that FM is able to offer vital
information in medical-legal investigations regarding the
time, place, cause and manner of death, as well as sup-
plying valuable data for the identification of suspects?.
When FM is used to determine the time of death, some
studies found no variations in the decomposition process
in association with sex, weight or the cause of death?.
These methods for estimating the PMI are based on the
fact that the set of microorganisms that drive mammalian
decomposition are similar and reproducible in specific hosts
and environments?. Within the necrobiome, the set of post
mortem microbiome used to estimate the PMI may be clas-
sified into two groups: epinecrotic communities and the
thanatomicrobiome.

Epinecrotic communities are the set of microorganisms
which live and/or move on the surfaces of decomposing
remains, including surface epithelial tissues, facial mucosa
and distal orifices of the digestive tract’>. A wide range
of sampling sites have been used, including the skin and
oral, nasal and auditory cavities?®, and soil associated with
a cadaver has also been analysed?” when they were buried or
remained on the surface?®. Nevertheless, these locations are
more influenced by abiotic factors because they are exposed
to the environment, and this may lead to more errors when
estimating the PMI. For example, the microbiological pro-
file of the soil associated with cadavers has been found to
vary significantly between two different seasons (summer
and winter)?’.

On the other hand, after death the commensal micro-
biota of individuals undergoes a dysbiosis or alteration which
several authors have termed the thanatomicrobiome. This
is defined as the set of bacteria which are found in the
organs and internal cavities after death®. In this case,
samples are taken from gastrointestinal locations which
contain abundant bacteria, although other authors have
studied its progression through the internal organs during
decomposition®°. Due to the wide range of sampling sites in
a cadaver, which in some cases use procedures that are too
invasive, there is still no agreement or normalisation of any
specific place for taking samples?.

Different studies indicate that the thanatomicrobiome
should be used to estimate the PMI, as it is the most promis-
ing source of information?', given that unlike the epinecrotic
communities,it remains more isolated and stable®?. How-
ever, to achieve a better estimation of the PMI and to
guarantee the design of a single model for general use in
analysis'®?* the different variables which may affect the
thanatomicrobiome must be taken into account. Many dif-
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ferent variables which influence the speed of decomposition
and therefore the composition of the thanatomicrobiome
have been described**. Temperature is the most influential
variable, as many microorganisms have an optimum tem-
perature for growth and activity, with a notable affect on
decomposition'®. A study in rats showed a higher quantity
of proteobacteria, followed by Firmicutes in spring, and
this filum was the most abundant in summer®*. Another
study in pigs showed that some bacteria are season-specific,
as Carnobacterium, Marinomonas, Aeromonas and Bac-
teroidales were only present in autumn, and Polaribacter
and Bacteroidales were only present in winter**. The type
of environment has also been found to have a strong affect,
so that it is important to use comparative models in differ-
ent contexts. Several studies indicate that the predominant
microbial communities during mammalian decomposition
in terrestrial environments differ from those in aquatic
media?*. Other studies have analysed the changes that
occur in case of freezing. Hyde et al.* studied the cadav-
eric thanatomicrobiome in bodies that had been frozen
for months, detecting Firmicutes, Actinobacteria and Pro-
teobacteria; the second filum fell and the third increased
with advancing time.

Other variables should also be assessed to discover
whether they play an important role in the estimation of
the PMI based on the thanatomicrobiome. For example, the
presence of necrophagous insects and carrion-eating ani-
mals will act together with the microorganisms, competing
for the decomposition of remains'®. Microorganism activ-
ity may also be affected by pH, the availability of oxygen
and the degree of humidity'®. On the other hand, other
intrinsic ante mortem variables of an individual will also
have to be taken into consideration, such as their stage
of development. This is because larger amounts of Acti-
nobacteria, Fusobacteria and Gammaproteobacteria have
been found in infantile cadavers, with smaller amounts
of Firmicutes than is the case in adults®®. The influence
of sex on the estimation of the PMI should also be taken
into account, as one study found differences in the coro-
nary thanatomicrobiome, where in men the Firmicutes filum
was abundant, together with Bacilli and Streptococcaceae,
while Proteobacterias predominated in women, together
with Pseudomonadales and Gammaproteobacterias®®. Other
variables may be the presence of infections ante mortem,
drug use, alcohol abuse, antibiotic use and the type of
diet etc'®. Recent studies by Wéjcik et al.>* underlined
the importance of knowing the medical history of the dead
individual, as previous diseases altered the microbiota.
The said factors alter the composition of the commensal
microbiome during life, and in turn this is reflected in the
thanatomicrobiome'®.

It is now no longer too much of a challenge to obtain
a microbiological registry of a specific sample, thanks to
the existence of mass sequencing techniques and taxo-
nomically informative universal genes. These genes supply
useful information for the identification of organisms (e.g.,
rRNA 16S, rRNA18S, ITS genetic region), making it possi-
ble to obtain an instantaneous picture of the microbial
taxa in a sample at a specific time?*. The majority of
thanatomicrobiome studies are based on the amplification
and sequencing of the rRNA16S gene'. Thanks to tech-
niques of this type, studies during the different phases of
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decomposition have determined that the diversity and rich-
ness of the organisms within the thanatomicrobiome fall
over time, although the relative abundance of the groups
which remain increases'®?437, This varies according to the
stages of decomposition, with the opening up of the cadaver
to the environment and the availability of oxygen, as is
the case with the availability of nutrients®"*”. The human
gastrointestinal tract has been shown to contain a high
microbial burden, and the most important changes over
time consist of a fall in the Bacteroides and Parabacteroides
groups in favour of other communities, such as Clostridium,
Anaerosphaera, Ignatzschineria and Wohlfahrtiimonas®®. A
study in 12 human cadavers found that the relative abun-
dance of Bacteroides and Lactobacillus in the large intestine
of these individuals fell exponentially over time, suggest-
ing that these groups may be indicators quantitative post
mortem indicators?>. On the other hand, a study in animal
models undertaken in rats also showed a general tendency:
it found that the relative abundance of the Firmicutes and
Proteobacteria fila fell over the first 10 days after death,
and that as a whole, diversity of the gut thanatomicrobiota
tended to fall*’. This study determined that the Prevotella,
Enterococcus, Proteus and Sporosarcina genii were the main
microbial communities to appear after death, and their rel-
ative abundance changed together with the decomposition
process in the cadavers, suggesting a possible correlation
with the PMI*’. Nevertheless, other studies observed that at
higher taxonomic levels, the variability found is explained.
Analyses at family and genus level explained 21% of the
correlation models that were drawn up, while when they
switched to species level, they explained 65% of the same.
This suggests that it is necessary to study and identify
microorganisms at species level, so that they can be evalu-
ated as possible biomarkers®.

The most exact estimations of the PMI have used
automatic learning methods that employ changes in the
relative abundance of all the microorganisms in the
thanatomicrobiome?*. Automatic learning is a part of com-
puting, and it is a branch of artificial intelligence that
automates computers so that they can learn data, iden-
tify patterns and make predictions without being expressly
programmed to do so'. It has been widely used in biomed-
ical research, from cancer diagnosis to study of the human
microbiome’®. Automatic learning is a powerful tool for the
discovery of patterns in complex data sets, such as the
thanatomicrobiome, which has large numbers of sequences
representing different types of microorganisms in it. The
regression methods obtained using automatic learning with
the thanatomicrobiome have excellent potential to predict
the PMI in many mammalian species, in controlled environ-
ments as well as in the open air'®. To construct and calibrate
a robust model for the estimation of the PMI a series of sam-
ples must be taken at known intervals, taking into account
the above-mentioned variables which affect the succession
and composition of the thanatomicrobiome. Additionally, it
is probable that the exactitude of the technique may be
improved if the experiments include daily or hourly sampling
over a period of time'®. Researchers have met this challenge
by vertebrate decomposition experiments using human bod-
ies that had been donated to science, or animal models,
rodents or pigs, which are useful as they make it possible
to introduce a large number of variables and replicas. The

33

sole environmental characteristic which has been included
to date in a microbial decomposition regression model is
the temperature?®. As new experiments are published with
larger data sets, it will be possible to know whether their
results can be extrapolated.

Several different techniques exist within the field of
automatic learning, and they have yet to be systematically
compared?*. Some authors prefer **‘Random Forest’’, as it is
said to be robust and more precise in comparative evalua-
tive tests of sets of microbiome data'’. Nevertheless, the
study by Liu et al.>' showed a higher level of precision
when using ‘‘artificial neuronal networks’’, another algo-
rithm technique used in automatic learning. Using operative
taxonomic units (OTU) of blind samples the authors obtained
a model fit of 1.5+ 0.8h in the first 24 h of decomposition,
and of 14.5+4.4h up to the first 15days of decomposi-
tion. It is important to point out that, although it has
proven appropriate to date, some authors now consider
the bioinformatics approach used to process all of the OTU
and make functional predictions to be obsolete?”. Ampli-
con sequence variants (ASV) may offer a richer taxonomic
image. While OTU grouping methods try to unify similar
sequences in a consensus sequence, thereby minimising the
influence of any sequencing error within the group of read-
ings, the ASV method tries to move in the opposite direction.
Future studies have yet to show whether ASV will improve
predictive models of the PMI based on the thanatomicro-
biome.

Final considerations

This paper described microbial succession after death and
its potential within the forensic sciences. In a not-too-
distant future the FM may offer useful information for
establishing the time of death by studying and analysing
the thanatomicrobiome. It is still not known whether this
methodology for estimating the PMI will be sufficiently exact
in real cases, or whether it will have to be combined with
other existing techniques to improve its reliability. The pro-
gression of the thanatomicrobiome has been described in
numerous biological replicas using animal models. The best
models created using automatic learning techniques are
those which have been obtained from identical individuals in
controlled environments. However, there are actually many
variables, such as those mentioned in this review, which
affect decomposition and the thanatomicrobiome. It will
be necessary to see which of these variables add the most
weight to fit models to improve their precision, and which
should be rejected because they only have a minimum influ-
ence on microbial progression. This has been observed, for
example, in terms of cadaveric mass or the type of soil,
both of which influence the thanatomicrobiome to a lesser
degree?*.

Many projects are currently underway in the attempt
to shed some light on all of these questions, such as the
Human Post-mortem Microbiome Project [HPMP])*. This
centres on collecting and analysing data that is represen-
tative and is an indication of the abundance and variety
of the microorganisms involved in the decomposition of
human cadavers. It has the aim of supplying and collect-
ing data corresponding to the thanatomicrobiome as well



A.M. Aragonés and S.T. Tapia-Paniagua

as the necrobiome and the microbiota in the surrounding
soil. This has the purpose of improved our comprehen-
sion of decomposition, and it attempts to resolve aspects
such as the cause and manner of death, together with PMI
estimations. It will also try to bring together work to val-
idate and standardise protocols to establish a widespread
and normalised usage of the thanatomicrobiome in forensic
investigations.

All of the above considerations show the potential of
the thanatomicrobiome within the field of forensic science.
Moreover, new emerging analytical techniques now comple-
ment all of the existing ones. They are increasingly more
accurate thanks to the constant improvement in techniques
and sequencing processes, as well as mass data analysis.
Nevertheless, there are still difficulties to overcome in data
interpretation and regression, due to the high number of
variables which are involved.
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