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Abstract 

The estimated time since death, or postmortem interval (PMI), is a crucial piece of information in forensic death investigations. Current scientific 
methods used to estimate this timeframe do not always provide the most accurate predictions and often rely on subjective interpretations. 
The microbiome has recently been recognized as a large impactor of human decomposition and current research shows its potential to pro- 
vide additional accuracy to PMI estimations. As bacteria are ubiquitous, persistent, and due to recent advancements in technology genetically 
identifiable, microbial analysis effectively complements other forensic science approaches. However, this new field of forensic research requires 
standardization, foundational validity, and research collaboration if it is to be considered reliable for use as evidence in the court of law. This review 

discusses the potential for forensic microbiology to be used as an additional estimator for the PMI, the advantages of epinecrotic microbiome 
sampling, and outlines further steps needed for the integration of this discipline into forensic practice. 

Impact Statement 

This review covers and discusses the potential of using the time-dependent changes in the postmortem microbiome as a tool for estimating the 
postmortem interval (PMI) of deceased victims. We discuss the recent advances in forensic microbiology, give an overview of where the field 
is at present as well as future directions needed in order to elevate forensic microbiology to be used as a reliable source of evidence in criminal 
cases. 

Keywords: postmortem interval estimation; time since death; 16S rRNA sequencing; external necrobiome; epinecrotic microbiome; thanatomicrobiome; de- 
composition 
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Introduction 

Death investigations are performed when a person’s death is 
considered suspicious, unexpected, violent, or unexplained. 
This includes homicides, suicides, and deaths by misadven- 
ture (Hanzlick 2003 ). A primary focus of these investigations 
is determining when the death occurred, inferred from the 
postmortem interval (PMI), or the time since death (Maile 
et al. 2017 , Pittner et al. 2020 , Franceschetti et al. 2023 ).
Knowing this time window is crucial to establish a timeline 
of events, corroborate witness statements, or exclude or in- 
clude potential persons of interest. However, accurate estima- 
tion of the PMI has proven difficult (Maile et al. 2017 , Tozzo 

et al. 2022 , Franceschetti et al. 2023 ). This is due to knowledge 
gaps regarding how variables impact decomposition, intrinsic 
differences between human bodies, and even the manner of 
death itself (Zapico and Adserias-Garriga 2022 , Dawson et 
al. 2023 ). Extrinsic or environmental factors also affect de- 
composition, decreasing or increasing the rate of decay due to 

temperature, humidity, exposure, and scavenging (Kõrgesaar 
et al. 2022 ). Further fundamental research into postmortem 

events is needed to fully understand the biological, chemical,
and physical changes that occur during human decomposition 
s
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o ultimately increase the accuracy of PMI estimation methods 
Finley et al. 2015 , McIntyre et al. 2024 ). 

tages of decomposition 

fter death, the human body undergoes five major stages of
ecomposition: fresh, bloat, active decay, advanced decay, and 

keletonization (Goff 2009 , Shrestha et al. 2023 , Almulhim
nd Menezes 2024 ). These stages can vary in timeframe due
o intrinsic and environmental variables, and it is possible for
djacent stages to overlap where some parts of the body decay
aster than others—referred to as differential decomposition 

Wescott 2018 ). How the stages are classified and currently
mployed in PMI estimation within forensic sciences are out- 
ined below, noting that while these tools are discussed in lit-
rature, not all are routinely applied in operational forensic 
asework: 

resh (0–48 hours) 

hanges in the body occur immediately following death.
ithin hours, the chemical composition of the vitreous hu- 
our in the eyes changes and can be examined using foren-

ic chemistry techniques such as liquid chromatography and 
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mons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,

https://doi.org/10.1093/jambio/lxaf274
https://orcid.org/0000-0001-9266-5322
mailto:bill.soderstrom@uts.edu.au
https://creativecommons.org/licenses/by/4.0/


2 Marshall et al.

m  

o  

a  

w  

d  

g  

g  

r  

p  

2  

d  

a  

c  

b  

c  

e  

c  

i  

a  

e  

c  

i  

a  

s  

w  

a  

(  

r  

a  

r  

b  

(  

u  

l  

a  

s  

l  

(  

c  

(  

e  

r  

a  

s  

L

B

M  

p  

d  

e  

b  

i  

d  

n  

w  

s  

b  

c  

a  

s  

t  

(
t  

s  

a  

a  

d  

a  

w  

s  

m  

v  

o  

o  

d  

f  

b  

w  

V  

t  

s  

s  

m  

C  

d  

(  

n  

c  

2  

o  

c  

c  

s  

t

A

T  

l  

o  

m  

2  

b  

j  

fi  

d  

2  

c  

m  

2  

o  

f  

c  

w  

v  

s  

i  

T  

h  

t  

W  

t  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/136/11/lxaf274/8313621 by guest on 06 January 2026
ass spectrometry (Cordeir et al. 2019 ). This technique is
nly applicable if the eyes are not compromised, limiting its
pplication to the early stages of decomposition. The body
ill also undergo holistic changes: livor mortis (dark purple
iscolouration of skin) as the blood pools from gravity, al-
or mortis (cooling cadaveric temperature) as the body under-
oes thermodynamic equilibrium with the environment, and
igour mortis (stiffness of the muscles) as adenosine triphos-
hate is depleted and lactic acid builds up in muscles (Goff
009 , Cieśla et al. 2023 ). These approaches are strong pre-
ictors, but only for the first few days postmortem (Webber
nd Connor 2015 , Wilk et al. 2021 ). The temperature of the
adaver is susceptible to the environment, particularly the am-
ient temperature and depends on intrinsic factors of the de-
eased such as illness, fever, or stress, and cannot be used to
stimate the PMI after reaching equilibrium. Livor mortis will
hange according to the positioning of the body and, as such,
s not reliable if the cadaver has been moved by external forces,
nd rigour mortis subsides within 36 hours after death (Singh
t al. 2025 ). Histopathology can be performed on the blood
ells of the cadaver, observing their depletion over time, but
s only reliable for the first few days postmortem (Babapulle
nd Jayasundera 1993 ). The same method can be used to ob-
erve degradation of the DNA from certain tissues over time,
hich research shows has a negative linear relationship, but
gain is only able to be used in the early postmortem stage
Tozzo et al. 2020 ). Insects will also begin to colonize fresh
emains, laying eggs in natural orifices such as within the face,
s well as wounds (Matuszewski 2021 ). Any physical bar-
ier such as underwater submersion, extreme weather, burial,
ody encasement, or indoor location will delay insect activity
Brownlow et al. 2023 , Sharma et al. 2025 ). The biomolec-
lar changes occurring within tissues can be analysed via

ipidomics, metabolomics, and proteomics (the ‘multi-omics’
pproach) (Ueland et al. 2021 , Bonicelli et al. 2022 ). Analy-
is within this approach may focus on transcription, proteins,
ipids, metabolism, and genome present in the deceased’s cells
Woodland et al. 2025 ). The degradation of proteins espe-
ially is of interest, as they are biomarkers of decomposition
Chhikara et al. 2025 ). The complex nature and relative nov-
lty of these analytical techniques cause varying reliability of
esults and little overlap in examined biomolecules (Secco et
l. 2025 ). This approach is still in development in forensic re-
earch, but is highly complementary to microbiology (Pérez-
larena and Bou 2016 , Xian et al. 2025 ). 

loat (2–7 days) 

ajor internal events occur during the bloat stage of decom-
osition. Anaerobic bacteria within the internal organs pro-
uce gases as they start digesting tissue from inside out (Javan
t al. 2017 ). This, in combination with the gases produced
y cellular putrefaction and autolysis, causes the character-
stic swelling of body parts, primarily distension of the ab-
omen (Brooks 2016 , Wilson et al. 2020 ). The gastrointesti-
al bacteria also invade blood vessels and create a dark colour
ithin the veins and arteries, appearing as ‘marbling’ on the

kin (Goff 2009 ). Sulphur, a compound produced by decay,
inds to haemoglobin in the blood to form a sulfhemoglobin
omplex (Almulhim and Menezes 2024 ). This molecule cre-
tes the distinct green colour in skin associated with the bloat
tage. Hydrolytic enzymes from cells enter the space between
he dermis and epidermis, causing skin to ‘slip’ off the body
Goff 2009 , Shrestha et al. 2023 ). These visual changes—
issue swelling, skin marbling, green skin discolouration, and
lippage—can be visually measured and scored (Wilson et
l. 2020 ). However, these features can vary between humans
nd environments and require extensive expertise in human
ecomposition to accurately estimate the PMI, making their
nalysis subjective (Hu et al. 2024 ). Entomologically, larvae
ill begin hatching from laid eggs (Matuszewski 2021 ). Mas-

ive larval masses may be seen as the juvenile insects accu-
ulate and feed (Carter et al. 2023 ). The age of these lar-

ae can be used to estimate when oviposition (egg laying)
ccurred, but is again subject to external factors. Significant
dours will come from the cadaver as tissue starts to break-
own and bacteria ferment, creating gaseous compounds re-
erred to as volatile organic compounds (VOCs), which can
e recognized and analysed with gas chromatography coupled
ith mass spectrometry (Cieśla et al. 2023 , Thurn et al. 2024 ).
OC-based postmortem estimation methods can be used con-

inuously during decomposition, as even bones have a unique
mell (Paczkowski and Schütz 2011 ). This newly developing
cientific field remains susceptible to the heterogeneity of hu-
ans and requires further robust studies (Cieśla et al. 2023 ).
hemical and biological shifts occur in the grave soil (soil un-
erneath and surrounding the cadaver) during the bloat stage
Dent et al. 2004 ). Forensic geology can use analytical tech-
iques to assess the composition of the soil sampled from
landestine graves to estimate the PMI (Tibbett and Carter
009 ). Such a method is again, reliant on the chemical profile
f the soil prior to disturbance, and the circumstances of the
adaver’s placement (i.e. encased, buried, surface deposition,
oncealed). As with the multi-omics methods and the VOC
ampling, soil analysis can be done continuously throughout
he subsequent decomposition stages. 

ctive decay (1–2 weeks) 

he shift between bloat and active decay is marked by the col-
apse of the cadaver’s abdomen (Goff 2009 ). The liquefaction
f internal organs and tissue is ‘purged’ from the body via the
outh, nose, and distal gastrointestinal orifice (Shedge et al.
023 , Shrestha et al. 2023 ). This expulsion of fluid can also
e noted in the late bloat stages, showing overlap between ad-
acent decomposition stages. In moist environments, saponi-
cation of tissue may occur, where human fat tissue is hy-
rolyzed into adipocere (Goff 2009 , Ubelaker and Zarenko
011 ). Adipocere, a waxy by-product of decay, can hinder de-
omposition as it acts as a preservative in certain conditions,
aking PMI estimation more difficult (Alfsdotter and Petaros
021 ). Significant insect activity occurs at this stage: previ-
usly laid larvae continue the insect life cycle by aggressively
eeding and growing, and more adult flies are drawn to the
adaver by smell (Matuszewski 2021 ). Sections of soft tissue
ill be eaten away by the growing maggots. The eggs and lar-

ae of other insects, such as beetles, are present. This succes-
ional colonization of carrion (decomposition) insects is what
s measured by forensic entomologists to estimate the PMI.
he now enormous maggot masses will generate considerable
eat, getting up to dozens of degrees Celsius above ambient
emperature, and can differ based on fly species (Johnson and

allman 2014 , Johnson et al. 2014 ). All of these are subject
o environmental variables. The use of multi-omics, VOC, and
oil analysis continues to be applicable to this stage. 
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Advanced decay (2–4 weeks) 

As mentioned previously, different parts of the body will de- 
cay faster than others, a process known as differential de- 
composition (Dautartas et al. 2018 ). This means that some 
sections of the cadaver will be in advanced decay before oth- 
ers finish active decay. Typically, this is true for the head and 

limbs of the cadaver. Signs of advanced decay include hard- 
ening of adipocere, desiccation of tissue as fluids evaporate,
concavity of the eyes, and reduction of biomass as the ca- 
daver starts to mummify (Goff 2009 , Shedge et al. 2023 ). The 
advanced decay stage shows a reduction in holistic changes 
as the body approaches the end of the decomposition pro- 
cess. Taphonomically, the skin will appear hardened, yellow 

or brown, shrunken, and leathery due to drying, but may still 
be greasy (Goff 2009 , Shrestha et al. 2023 ). Mould may bloom 

on the external surfaces of the cadaver, an observation specific 
to late stages of decomposition (Richard Beaulieu et al. 2025 ).
Insect larvae will have pupated and grown into adult insects 
and a transition from flies to beetle scavenging occurs (Ma- 
tuszewski 2021 ). The production of butyric acid associated 

with this stage attracts certain insects not typically present in 

earlier decomposition stages (Martín-Vega et al. 2025 ). Foren- 
sic anthropology starts being most applicable in the advanced 

stage of decomposition, as bones will become visible during 
this time (Wilson et al. 2020 , Franceschetti et al. 2023 ). Mul- 
tiple techniques are used during anthropological testing to 

date the bones, such as luminol chemiluminescence, radio- 
carbon (C14) and other radioisotope dating, citrate extracel- 
lular matrix component analysis, and molecular studies like 
protein analysis and DNA degradation (Franceschetti et al.
2023 , Arora et al. 2024 , Ermida et al. 2024 ). Visual analy- 
sis of bone condition can also be utilized to estimate the time 
since death but requires extensive expertise and is subjective 
(Marhoff-Beard et al. 2018 ). Volatile organic compounds spe- 
cific to this stage can be recognized using the analytical chem- 
istry techniques mentioned previously. Specific chemicals in- 
crease in the soil profile during advanced decay (Taylor et 
al. 2023 ). This stage can last for weeks depending on the 
environment. 

Skeletonization (1 month + ) 

The final stage of the complex decomposition process is skele- 
tonization. During this time, only the bones and some hair and 

teeth will remain (Shrestha et al. 2023 ). As the connective tis- 
sues between bones decay, the ribcage and other upheld struc- 
tures will collapse. Exposure to the elements will bleach the 
bones, and eventually the bones erode (Wilson et al. 2020 ).
This process can take months or years depending on the en- 
vironment and fossilization may occur under very specific cir- 
cumstances (Joannes-Boyau et al. 2020 ). Forensic anthropol- 
ogy is highly applicable during this stage, and visual compar- 
ison, protein analysis, DNA degradation, and VOC analysis 
can be used to estimate the time since death. There is a notice- 
able decline in insect activity during this timeframe due to a 
lack of soft tissue as a food source (Matuszewski 2021 ). Some 
insects that consume very dry tissue and bone may be present 
and are indicative of this stage (Rai et al. 2020 ). A clear is- 
sue with late PMI estimations is that as more time goes on,
the harder it is to accurately estimate the time since death and 

the greater the uncertainty (Garcés-Parra et al. 2024 ). This 
is likely due to a decrease in measurable biological, chemical,
nd physical changes happening to the cadaver in the very late
MI. 
There is a significant amount of physical, chemical, and bi-

logical processes that occur during human decomposition. A 

ummary of the timeline, visual changes, and commonly used 

ethods of PMI estimation for different stages of decomposi- 
ion are outlined in Table 1 . 

Even with the numerous methods available, accurate esti- 
ation of the PMI remains a difficult task in death investiga-

ions (Franceschetti et al. 2023 ). Understanding all variables
elating to decomposition and their relationships with one an- 
ther is the key to improving accuracy (Dawson et al. 2023 ,
cIntyre et al. 2024 ). One major decomposition variable that

nly has recently begun to be explored in depth is microbiol-
gy; a factor that is undeniably linked with all components 
f decomposition and changes as decomposition progresses 
Pechal et al. 2018 , Dash and Das 2020 , Tarone et al. 2022 ,
awson et al. 2023 ). Bacteria are present in nearly all contexts

hat would be relevant to human decomposition: abundantly 
resent in living human’s microbiome, both internal and ex- 
ernal, found in plants, water, soil, indoors, and dust, and
an be specific to species of animals and insects (Finlay and
larke 1999 , McFall-Ngai et al. 2013 , Compant et al. 2019 ,
ekaboruah et al. 2020 , Shan et al. 2020 , Some et al. 2021 ,
oolen et al. 2022 , Kim et al. 2022 , Chen et al. 2024 ). The
ear-constant presence of bacteria is coupled with fast growth.
ome bacteria’s doubling times is only hours long, and in the
ight conditions, some bacteria can double in less than half an
our (Gibson et al. 2018 ). These dynamic changes occur at
 fraction of the time other postmortem processes take. This
eans that samples taken at fine time increments will show
easurable changes occurring at that temporal scale. Such 

mall shifts in the microbiome could provide greater accuracy 
hen predicting the PMI, especially in conjunction with other 

ime-dependant data. 
Forensic microbiology as a tool for time since death esti-
ations is becoming more prominent in recent research. This 

eview will discuss the necrobiome and its components, out- 
ine the rationale for prioritizing the epinecrotic microbiome 
s the preferred sampling location, technology used in foren- 
ic microbiology studies, recent publications observing the 
pinecrotic microbiome over time, and the standardization re- 
uired for future necrobiome work. 

orensic microbiology as a PMI estimator 

he postmortem microbiome impacts—and is in turn im- 
acted by—each of the other variables regarding decompo- 
ition (Tarone et al. 2022 , Dawson et al. 2023 , McIntyre et
l. 2024 ). Reciprocal relationships have been shown between 

ostmortem microbes and extrinsic factors, such as insects 
Tomberlin et al. 2011 , Junkins et al. 2019 , Iancu et al. 2020 ,
arone et al. 2022 ), water (Ashbolt 2004 , Dickson et al. 2011 ,
mitrijs et al. 2022 , Bone et al. 2024 ), and soil (Adserias-
arriga et al. 2017a , Lauber et al. 2014 , Cobaugh et al. 2015 ,
inley et al. 2016 , Weiss et al. 2016 , Samaddar et al. 2017 ,
ason et al. 2023 ). Significant intrinsic properties of the de-

eased can also affect the postmortem microbiome even before 
eath (Alan and Sarah 2012 , Javan et al. 2017 , Zhou and Bian
018 , García et al. 2020 , Nodari et al. 2024 )—such as overall
ealth of the person, diet, biometrics, prescription or recre- 
tional drugs, therapy, and diseases (Bull and Plummer 2014 ,
ills et al. 2019 , Rajasekaran et al. 2024 ). Social interactions,
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Figure 1. A hierarchical graph showing the categories that compose the postmortem microbiome. The necrobiome has two major facets: the 
thanatomicrobiome, which encompasses internal microbes, and the epinecrotic microbiome, which is made of external sites. Within the 
thanatomicrobiome, samples can come from internal cavities (cranial, thoracic, and abdominopelvic) or intratissue systems (cardiopulmonary and 
musculoskeletal). Epinecrotic samples come from exterior sampling sites, such as the overall external dermis, facial sites (eyes, ears, mouth, nose, 
skin), or the pelvic orifices (female reproductive tract, gastrointestinal orifice). 
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location, and hygiene also impact a person’s microbiome, af- 
fecting the overall microbiome that they will die with (Tarone 
et al. 2022 , Beghini et al. 2025 ). 

The necrobiome itself is defined as the microbes that 
compose the microbiota found in and on deceased human 

individuals, measured by the presence and relative abundance 
changes in these microbes over time (Cláudia-Ferreira et al.
2023 ). Within the necrobiome, samples are categorized into 

two regions, the epinecrotic microbiome and the thanatomi- 
crobiome (Javan et al. 2016a , Oliveira and Amorim 2018 ,
Zhou and Bian 2018 , Cláudia-Ferreira et al. 2023 ). Etymol- 
ogy wise, the Greek ‘ epi ’ means upon, or above, and ‘ necrotic’ 
refers to dead tissue. Greek ‘ Thanatos’ derives ‘thanato’ ,
meaning death. The difference between these two regions is 
their locality within the body (Fig. 1 ). The epinecrotic micro- 
biome includes samples taken from the outside of the body 
non-invasively. Inversely, the thanatomicrobiome specifically 
includes samples taken invasively from the internal portions 
of the body. 

The thanatomicrobiome is a major focus of current forensic 
microbiology research (Tuomisto et al. 2013 , Can et al. 2014 ,
Hauther et al. 2015 , DeBruyn and Hauther 2017 , Javan et al.
2017 , Bell et al. 2018 , Lutz et al. 2020 , Deel et al. 2021 ). In- 
ternal organs within human cadavers are microbially dense 
after death (Can et al. 2014 , Dash and Das 2020 , Abdoun et 
al. 2023 ), and these microbes migrate within the body during 
ecomposition in a predictable manner (Javan et al. 2016a ,
uomisto et al. 2013 , Ventura Spagnolo et al. 2019 ), allow-

ng them to be used as microbiological predictors for the PMI
Hauther et al. 2015 , DeBruyn and Hauther 2017 , Javan et
l. 2019 , Dash and Das 2022 ). As organs within the human
ody degrade at different rates and harbour signature bacte- 
ia, sampling and comparison of these locations can provide 
trong predictive power for PMI (Pechal et al. 2018 , Chen et
l. 2024 ). The microbes of internal organs are also less vulner-
ble to external microbial variables, such as insects and soil,
n the early postmortem period (Javan et al. 2016a ). However,
hanatomicrobiome samples are subject to the microbial vari- 
bility seen between humans (Can et al. 2014 , Bell et al. 2018 ).
 logistical factor to consider is the requirement of an autopsy

o allow for thanatomicrobiome sampling. As this process in- 
olves highly trained forensic pathologists, part of an already 
trained field of medicine, any factor that prevents or delays
he completion of an autopsy will hinder the sampling of inter-
al organs (Weedn and Menendez 2020 , Chisari et al. 2025 ).
n the extreme case of mass disasters, as per the INTERPOL
isaster Victim Identification (DVI) recommendations, cadav- 

rs may be stored for days at a time before being seen by a
edical examiner (INTERPOL 2023 ). 
In contrast, the epinecrotic microbiome offers a more 

avourable sampling approach as it focuses on non-invasive 
rocedures targeting areas of interest that are easily accessed 

art/lxaf274_f1.eps
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y first responders and forensics teams (Metcalf 2019 , Roy
t al. 2021 , Cláudia-Ferreira et al. 2023 ). Epinecrotic micro-
iome sampling sites include external surfaces or orifices that
o not require invasive sampling. The mouth and gastroin-
estinal orifices of cadavers, parts of the epinecrotic micro-
iome, naturally harbour large amounts of bacteria (Adserias-
arriga et al. 2017a , Zhang et al. 2023a ). Therefore, large
uantities of bacteria will be present during early stages of
ecomposition, before extrinsic factors impact the body. This
dvantage is important in a forensic context because measur-
ble microbial data is present immediately following death
the deceased’s intrinsic microbiome), which over time will
e influenced by the environment’s extrinsic microbes (Za-
ico and Adserias-Garriga 2022 ). Epinecrotic surfaces un-
ergo predictable microbiome changes that can serve as in-
icators of the PMI (Dash and Das 2020 ). These quantifiable
hanges—the shift between internal to external bacteria in the
icrobiome and the relative abundance changes for each mi-

robe over time—are what would be measured to estimate
he time since death using a forensic microbiology approach.
hese advantages are also instrumental in times of medicole-
al system stress, such as during autopsy staff shortages, over-
rowding of mortuaries, incidents with mass casualties, or DVI
cenarios (Ascolese et al. 2024 ). The latter two circumstances
re highly relevant to the current world climate due to an in-
rease in natural and man-made disasters (Yamamura 2015 ,
opluoglu et al. 2023 ). 
One major component that influences the epinecrotic

ecrobiome is the interaction between carrion insects and ca-
avers over time. Certain species of fly are well known ‘de-
omposers’, in that they are globally ubiquitous, prevalent,
nd well involved in the postmortem process (Ren et al. 2018 ,
atuszewski 2021 , Hodecek et al. 2024 ). They accelerate de-

ay as they introduce extrinsic bacteria, provide larval off-
pring that consume necrotic tissue using proteolytic enzymes,
nd increase the heat signature of the cadaver (Campobasso
t al. 2001 , Valachova et al. 2014 , Griffiths et al. 2020 , Syed
ohd Daud et al. 2024 , Johnston et al. 2025 ). As a result,

ost-specific microbes interact with bacteria introduced by
hese insects (Johnston et al. 2025 ). In addition to the pre-
ictive PMI possibilities offered by successional carrion in-
ect colonization during decomposition (Griffiths et al. 2020 ,

atuszewski 2021 ), the bacteria associated with these flies
nd beetles have the potential to be used to estimate the PMI
Iancu et al. 2018 , Junkins et al. 2019 , Iancu et al. 2020 ).
pecific examples of entomological bacteria that could be
sed for PMI estimation are genera Wohlfahrtiimonas and Ig-
atzschineria , both almost exclusively associated with carrion
ies and myiases infections, which is the live larval coloniza-
ion of flesh on living mammals, including in humans (Tóth
t al. 2001 , 2008 ). The link between these two bacterial gen-
ra and flies has been demonstrated worldwide in both med-
cal documentation and forensic cases (Almuzara et al. 2011 ,
ampisi et al. 2015 , Kõljalg et al. 2015 , Le Brun et al. 2015 ,
eddema et al. 2016 , Hoffman et al. 2016 , Cipolla et al. 2018 ,
atanami et al. 2018 , Lysaght et al. 2018 , Connelly et al. 2019 ,
l-Qahtni et al. 2020 , Deslandes et al. 2020 , Fear et al. 2020 ,
ovjak et al. 2021 , Hladík et al. 2021 , Karaca et al. 2022 ,
emurtas et al. 2023 , De Smet et al. 2023 ). While this link is
ell established, the predictive power of these extrinsic bacte-

ia regarding estimating the PMI is not fully explored. 
How decomposition variables influence microbes is yet to

e fully understood. What is known, is that bacteria in the
ecrobiome behave in measurable and typically predictable
atterns: the ‘microbial clock’, popularized by Metcalf et al.
013 (Metcalf et al. 2013 , Metcalf 2019 ). The theory is that
ue to the successional nature of human decomposition and
xternal factors such as invertebrate colonization, microbes
ithin the necrobiome will behave in a predictable time-
ependant manner (Guo et al. 2016 ). This timeline of bacterial
vents has been the focus of many proof-of-concept studies in-
olving animal analogues in place of human cadavers, includ-
ng rodents (mouse or rats) (Metcalf et al. 2013 : 20 252 025;
ancu et al. 2018 , Dong et al. 2019 , Martínez Aragonés et al.
022 , Li et al. 2023 , Liu et al. 2023 , Wang et al. 2024 , Su
t al. 2025 ) and swine (pigs) (Pechal et al. 2013 , Dibner et
l. 2019 , Wang et al. 2021 , Yang et al. 2023 , Green et al.
024 , Iancu et al. 2024 ). Such animal models are typically
sed in forensic research when human donors are not avail-
ble. While these studies do suggest that the postmortem mi-
robiome changes in ways that can assist in time since death
stimations, the compatibility between animal data and hu-
an studies is highly contested, considering that other studies

how that humans decompose differently from animal mod-
ls (Belk et al. 2018 , Knobel et al. 2018 , Dawson et al. 2020 ,
eBruyn et al. 2020 , Collins et al. 2022 ). Using the necro-
iome timeline as a method of PMI estimation has also been
uccessfully shown in human studies, with varying levels of
redictive accuracy (Javan et al. 2016a , Adserias-Garriga et
l. 2017b , Hyde et al. 2013 , 2014 , Damann et al. 2015 , John-
on et al. 2016 , 2016b , DeBruyn and Hauther 2017 , Pechal et
l. 2018 , Ashe et al. 2021 , Tarone et al. 2022 , Burcham et al.
024 , Chen et al. 2025 ). These studies vary in geographical
ocation, sampling methods, the part of the necrobiome being
ocused on, and level of bioinformatics used in analysis (Zhou
nd Bian 2018 , Ventura Spagnolo et al. 2019 , Dash and Das
020 , García et al. 2020 , Cláudia-Ferreira et al. 2023 , Mason
t al. 2023 , Nodari et al. 2024 , Singh et al. 2025 ). 

echniques involved in forensic microbiology 

n forensic microbiology sampling, there are four primary
omponents that impact the quality and format of resulting
icrobial data: the sample collection method, which DNA ex-

raction kit is used to extract the bacterial DNA, the sequenc-
ng system is used, and what bioinformatics platform is used to
nalyse the resulting data (Galloway-Peña and Hanson 2020 ,
illette et al. 2021 , Fierer et al. 2025 ). 
Sample collection for microbial data can be done in many

ays, typically involving swabs, scrapers, and tape-stripping,
ach providing different microbial biomass amount and diver-
ity collected. Tape-stripping and scraping both provide simi-
ar amounts of microbial data as swabs but are less utilized in
tudies (Ogai et al. 2018 , Smith et al. 2024 ). Between swabs,
omparison studies show flocked swabs are more efficient at
icrobial sampling than cotton swabs (Wise et al. 2021 ). 
The efficacy of commercially available DNA extraction kits

s often compared for specialized microbial samples (Claassen
t al. 2013 , Elie et al. 2023 , Galla et al. 2024 ). Microbial DNA
xtraction kits that target low-biomass samples are especially
mportant for forensic microbiome research, as some areas
f the body targeted for sampling may have low amounts
f bacteria, such as the external epidermis (Gall-David et
l. 2023 , Kurokawa et al. 2023 ). The choice of extraction
it used for a forensic microbiology project may depend on
vailability of certain brands, the experience of use within
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the laboratory team, or compatibility with downstream pro- 
cesses such as sequencing. Commonly used bacterial DNA 

extraction kits that have shown promising results for foren- 
sic microbiology applications include ones from MoBio (e.g.
PowerLyzer/PowerSoil Pro DNA Isolation, Bacteremia DNA 

Isolation) (Adserias-Garriga et al. 2017b , Hyde et al. 2013 ,
Metcalf et al. 2013 , 2014 , Johnson et al. 2016 , Junkins et 
al. 2019 , Burcham et al. 2024 ), ThermoFisher (e.g. Pure- 
Link Genomic DNA Mini) (Pechal et al. 2018 ), QIAGEN 

(e.g. RNeasy PowerMicrobiome, DNeasy PowerSoil, QIAamp 

DNA stool mini) (Lawrence et al. 2019 , Ashe et al. 2021 , Chen 

et al. 2025 ), Omega Bio-Tek (e.g. OMEGA Soil DNA) (Liu et 
al. 2023 ), MP Biomedical (e.g. FastDNA SPIN Kit for Soil) 
(Tarone et al. 2022 ) and Illumina Nextera XT (Truong et al.
2021 , Zeden and Gründling 2023 ). 

Some studies do not use commercially available kits but in- 
stead perform extractions using standard laboratory methods,
such as simply heating the samples or placing them in a solu- 
tion to lyse the cells (Javan et al. 2016b , Pechal et al. 2013 ,
Can et al. 2014 , Dong et al. 2019 , Iancu et al. 2023 ). 

Advancements in technology have revolutionized bacterial 
DNA sequencing for forensic microbiology, allowing micro- 
biome sequencing to recognize higher taxonomic resolutions 
at a reduced cost (Tozzo et al. 2022 , Franceschetti et al. 2024 ,
Oliveira et al. 2024 ). With next-generation sequencing (NGS),
or high-throughput sequencing, it is possible to generate sig- 
nificantly more data compared to using traditional Sanger se- 
quencing methods, and thus increasing the efficacy of results 
while decreasing time and expense (Satam et al. 2023 , Yuan et 
al. 2023 ). Two of the most widely used NGS methods are shot- 
gun metagenome sequencing and 16S rRNA gene sequencing 
(Johnson et al. 2019 ). Both methods have the capability of 
proving species, or even subspecies-level taxonomy identifi- 
cation (Johnson et al. 2019 , Jeong et al. 2021 ). Shotgun se- 
quencing looks at the entire bacterial genome and is therefore 
more powerful than 16S rRNA sequencing in that it provides 
a larger breadth of identified microbial gene results and recog- 
nizes them at smaller quantities (Johnson et al. 2019 , Durazzi 
et al. 2021 ). However, this specificity comes at a cost, both fi- 
nancial, as samples are expensive to run, and analysis wise, as 
the resulting data are more complex (Sharpton 2014 ). 

Due to its relative simplicity compared to whole genome se- 
quencing, 16S rRNA gene sequencing has generally been the 
preferred method in forensic microbiology research thus far 
(Nodari et al. 2024 , Yang et al. 2024 ). It provides taxonomic 
identification and relative abundance via the 16S ribosomal 
gene, a highly conserved region of coding DNA that is found 

in virtually all bacteria (Janda and Abbott 2007 ). The cost of 
running samples is more affordable than whole genome se- 
quencing, and the resulting taxonomy and abundance data is 
accessible to non-experts in its analysis. These advantages are 
critical to forensic and law enforcement agencies, as the re- 
sulting data can be analysed by appropriately trained forensic 
biology personnel as opposed to specialist microbiologists or 
bioinformaticians, and is arguably more digestible to layper- 
son juries in courtroom settings. 

Analysis-wise, there have been significant developments 
that have made microbiome examination more accessible to 

forensic researchers. Bioinformatics software that is used for 
microbiome analysis includes Illumina BaseSpace (Tan et al.
2019 ), Galaxy (Afgan et al. 2018 ), mothur (Schloss et al.
2009 ), MicrobiomeAnalyst (Lu et al. 2023 ), and most notably 
QIIME (Quantitative Insights Into Microbial Ecology 2), or 
IIME2 (Caporaso et al. 2010 , Bolyen et al. 2019 , Estaki et
l. 2020 ). The preference for QIIME2 is evident in forensic mi-
robiology research (Zhang et al. 2023a , Lutz et al. 2020 , Bur-
ham et al. 2024 ). The programme QIIME2 is an open-source
rofessional microbiome analysis pipeline used to turn pure 
enetic data into easy-to-digest taxonomic and relative abun- 
ance visualizations (Bolyen et al. 2019 , Estaki et al. 2020 ). 

ecent studies on the dynamics of the 

pinecrotic microbiome 

ecently published reviews mainly focus on forensic microbi- 
logy as a whole (Ventura Spagnolo et al. 2019 , Speruda et
l. 2022 , Cláudia-Ferreira et al. 2023 ) and the thanatomicro-
iome (Zhou and Bian 2018 , Javan et al. 2019 , Dash and Das
020 , 2022 ). There has been considerably less of a focus on
he epinecrotic microbiome specifically. Out of dozens of re- 
ent necrobiome research studies, only a handful focus on the
pinecrotic microbiome over time (Table 2 ). The majority of
hese were performed in the USA, due to the number of avail-
ble taphonomic facilities (colloquially known as body farms) 
here. Facilities used in these studies include: 

(i) The Southeast Texas Applied Forensic Science Facility 
(STAFS) in Texas (Hyde et al. 2013 , 2014 , Burcham et
al. 2024 ), 

(ii) mortuary complexes in Alabama (Javan et al. 2016b ) 
and Michigan (Pechal et al. 2018 ), 

(iii) the University of Tennessee Anthropological Research 

Facility (ARF) in Tennessee (Adserias-Garriga et al.
2017b , Johnson et al. 2016 , Burcham et al. 2024 ), 

(iv) the Forensic Osteology Research Station (FOREST) in 

North Carolina (Ashe et al. 2021 ), 
(v) the Texas State University Forensic Anthropology Cen- 

ter in Texas (Tarone et al. 2022 ), and 

(vi) the Colorado Mesa University Forensic Investigation 

Research Station (FIRS) in Colorado (Burcham et al.
2024 ). 

Two studies sampled cadavers outside of the USA, but nei-
her in body farms. Human cadavers were sampled in mortu-
ries in Romania (Iancu et al. 2023 ) and China (Chen et al.
025 ). At this time, advanced decomposition studies remain 

n uncommon forensic research topic due to the limited num-
er of facilities that can accommodate for such experiments.
ight forensic taphonomy research centres exist in the USA,
ne in Australia, Canada, and the Netherlands each, for a to-
al of eleven facilities worldwide (Miles et al. 2020 ). 

Table 2 shows the experimental design of papers that have
ampled the epinecrotic microbiome of humans. Three of the 
tudies did not follow cadavers over time (Javan et al. 2016b ,
echal et al. 2018 , Chen et al. 2025 ). These studies did, how-
ver, have large sample sizes (for a forensic context) and there-
ore were able to report on observed bacteria at different
tages of early decomposition. When comparing the meth- 
ds used, there are clear reoccurring sampling consumables 
nd techniques seen between the different papers. Each of the
apers used swabs when sampling and used 16S rRNA se-
uencing with varying primers and target regions (Zhang et 
l. 2023b , Smith et al. 2024 ). The predominant software used
or bioinformatics analysis was QIIME [or QIIME2 after its
ntroduction in 2018 (Bolyen et al. 2019 )]. Javan et al. (2016)
id not list the bioinformatics platform used in their study, and
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he methods in the Johnson et al. ( 2016) paper use Illumina
aseSpace. 
Previous forensic microbiology studies report their findings

ither as a list of ‘prominent’ bacteria or following a timeline
hile sampling longitudinally. Published forensic microbiol-
gy reviews have compared key bacteria at different decompo-
ition; however, these are typically reported at a phylum level
r are not comprehensive (Dash and Das 2020 , Moitas et al.
023 ). Bacteria of interest that have been associated with dif-
erent stages of decomposition based on the studies examined
n the above Table 2 are outlined in Table 3 . Genera Acine-
obacter , Clostridium , and Ignatzschineria are of note within
early all stages. During early decomposition, bacterial genera
hat are typically associated with the human microbiome, such
s Streptococcus (Velsko and Warinner 2025 ) and Staphylo-
occus (Campos et al. 2023 ) , are prominent. Although less
acteria are presented during the later stages of decomposi-
ion, it should be noted that this may not be a result of di-
ersity truly decreasing over time but may be reflective of a
eduction in studies that sample during late decomposition. 

A clear trend emerges where most studies have followed a
imilar structure in sampling procedures (Table 2 ). Visualized
n Fig. 2 , the papers largely align in five core sections in the
ethodology: sampling details, the swabs and biological fix-

tive used, DNA extraction protocol, sequencing procedures,
nd data analysis (Fig. 2 ). The compared methodology does
ot include geographical location or cadaver demographic in-
ormation, as these are not as controllable in the experimental
etup. 

The overall advances in epinecrotic microbiome under-
tanding calls for standardized sampling, extraction, sequenc-
ng, and bioinformatic analysis procedures. Developing uni-
ed protocols is key to provide comprehensive operational in-
ustry standards allowing forensic microbiology evidence to
e considered reliable, reproducible, and comparable across
ases and jurisdictions, meeting both scientific and legal ex-
ectations. 

igorous requirements for forensic science 

tudies observing the necrobiome over time show similarities
n methods, suggesting potential for standardization. How-
ver, countries, states, and forensic agencies have differences
n the standard operating procedures relating to the collection,
esting, and analysis of evidence. Leading authorities such as
NTERPOL, the International Organization of Standardiza-
ion and the Federal Bureau of Investigation provide recom-
ended procedures for evidence (Butler 2015 , Ward 2017 ,
ilson-Wilde 2018 , Uberoi et al. 2024 ), yet global standard-

zation, and unification remain ongoing effort. As forensic
icrobiology remains in its infancy, there is a valuable op-
ortunity to draw on best practices from more established
nd regulated forensic disciplines—helping ensure its effec-
ive integration into routine forensic workflows and legal
tandards. 

For any science to be considered applicable to medicolegal
nquiry, and subsequently, be used in a court of law, it must
e proved reliable, standardized, and robust. As outlined by
he National Academy of Science’s 2009 critique on foren-
ic science (National Research Council 2009 ), the Daubert
rinciple’s criteria (National Institute of Justice 2023 ) and
020 Australia and New Zealand Policing Advisory Agency
oadmap (ANZPAA 2020 ), the integration of a new foren-
ic (sub)discipline, such as forensic microbiology, into routine
nalysis requires rigorous testing and uniformity in practice
nd analysis and demonstrated foundational validity. To ap-
ly forensic microbiology for PMI estimation in a judiciary
etting, a reference database that catalogues observed necro-
iome events and changes over time needs to be founded. Such
 collection for PMI data must: 

(i) Have uniformity amongst collected samples from dif-
ferent experiments, i.e. be treated the same both in the
field and in the lab, with resulting data being in a com-
patible format. 

(ii) Be robust enough to include and compare variables be-
tween experiments, such as location, weather, intrinsic
human metrics, and all other effects that influence de-
composition. 

(iii) Be accessible to policing and forensic agencies so that
the reference data may be used in real-world medicole-
gal cases with confidence. 

There is currently no universal method for sampling
nd analysis in forensic microbiology in respect to neither
pinecrotic microbiome sampling nor thanatomicrobiome
ampling (Fernández-Rodríguez et al. 2015 , Cláudia-Ferreira
t al. 2023 ). Once sampling methods are standardized, the
ractice of forensic microbiology can meet the standards
eeded for medicolegal application in the future (Fernández-
odríguez et al. 2019 , Metcalf 2019 ). 

onclusions and directions for future research 

o meet the requirements proposed by forensic authorities,
he scientific methods involved in forensic casework must
e standardized, foundationally valid, unbiased, and replica-
le. The current space of forensic microbiology is still evolv-
ng, particularly in establishing standardization in methods
Cláudia-Ferreira et al. 2023 , Guo et al. 2023 , Nilendu 2023 ,
ranceschetti et al. 2024 , Nodari et al. 2024 , Singh et al.
025 ). With additional sampling within this field, a key limi-
ation of lacking diverse demographic data may be addressed.
uilding a database including varying ages, races, and sexes is
eeded in order to be applicable to more scenarios in the fu-
ure. As with any field that researches massive datasets, such
s the microbiome, the application of machine learning mod-
ls is a critical tool for postmortem estimations in the future.
he machine learning model primarily used in forensic micro-
ial studies is the random forest regression model, which has
een trialled in previous papers (Zhang et al. 2019 , Emmons
t al. 2020 , Deel et al. 2021 , Dmitrijs et al. 2022 , Iancu et al.
024 , Chen et al. 2025 , Su et al. 2025 ), but there is currently
o centralized model pipeline. Random forest regression ap-
lies well to forensic microbiology, as large datasets can be
sed to train the model, which can then be validated with
blind’ testing (Hajipour et al. 2020 ). This should be a con-
ideration for all future studies in the field. In addition, mi-
robial data may be combined with complementary decom-
osition data, such as the multi-omics approach or VOCs,
or further impact (Akçan et al. 2020 , Procopio and Bonicelli
024 ). 
To strengthen the field of forensic microbiology to the point

f use in judicial courts, the methodology and analysis in-
olved in reference data collection needs to be uniform and
alidated. This will allow for forensic practitioners to accu-
ately compare findings to previously published literature to
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Figure 2. Summary of options for steps involved in forensic microbiology sampling. The five overarching methodological phases of necrobiome sampling 
are how the cadaver is sampled, the type of consumable swab and fixation methods used, bacterial DNA extraction, genetic sequencing, and the 
bioinformatics and data analysis. 
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evelop a reference database. It is only with reproducible pro-
ocols and comparable data that forensic microbiology can be
onsidered for medicolegal applications. 
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