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Abstract

Background/Objectives: Postmortem microbiology has traditionally been regarded with
caution in forensic practice due to concerns related to contamination, bacterial translocation,
and postmortem microbial overgrowth. As a result, microbiological findings obtained after
death have often been considered unreliable or of limited diagnostic value. However, grow-
ing evidence indicates that, when appropriately interpreted and integrated with autopsy
findings, histopathology, and circumstantial information, postmortem microbiology can
provide crucial support for cause-of-death determination. This narrative review critically
examines the current role of postmortem microbiology in forensic diagnostics, with a
focus on its diagnostic applications, interpretative challenges, and future perspectives.
Methods/Results: The transition from conventional culture-based techniques to molecular
approaches—including polymerase chain reaction, microbiome analysis, and metagenomic
methods—is discussed, highlighting both their potential advantages and inherent limi-
tations within the forensic setting. Particular attention is devoted to key interpretative
issues such as postmortem interval, sampling strategies, contamination, and bacterial
translocation. In addition to cause-of-death attribution, emerging applications—including
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models—are reviewed. Although these approaches show promising research potential,
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1. Introduction

Postmortem microbiology (PMM) has long represented a controversial and, at times,
underestimated component of forensic investigations. Traditionally regarded with skep-
ticism due to concerns about postmortem contamination, bacterial translocation, and
microbial overgrowth, microbiological findings obtained after death have often been con-
sidered unreliable or of limited diagnostic value. As a consequence, PMM has historically
been underutilized in routine forensic practice, particularly when compared with its central
role in clinical diagnostics [1-3].

However, this cautious attitude has also led, in some cases, to the loss of potentially
crucial diagnostic information, especially in deaths related to infections, sepsis, or rapidly
progressive disease processes [4,5]. In the forensic setting, the challenge is not merely
to detect microorganisms after death, but to correctly interpret their presence within a
complex biological and temporal context, requiring cautious forensic interpretation [6,7].

1.1. From Classical Postmortem Cultures to the Microbiome Era

Early applications of PMM were largely based on conventional culture techniques, pri-
marily aimed at identifying pathogens responsible for fatal infections. While culture-based
approaches remain valuable, they are inherently limited by postmortem changes, fastidious
organisms, prior antimicrobial therapy, and difficulties in distinguishing contamination
from true infection [1-3].

Over the last two decades, advances in molecular biology have profoundly reshaped
the field. Polymerase chain reaction (PCR), broad-range 165 rRNA gene sequencing, and,
more recently, metagenomic approaches have enabled culture-independent detection of
microorganisms, expanding the spectrum of detectable pathogens and allowing a more
comprehensive characterization of postmortem microbial communities [8-10].

Beyond bacterial profiling, molecular forensic microbiology has progressively ex-
panded toward non-bacterial targets. Sequencing approaches targeting the 185 rRNA
gene and internal transcribed spacer (ITS) regions have been increasingly applied for the
postmortem detection of fungal pathogens, particularly in immunocompromised individ-
uals and in cases of invasive mycoses. Similarly, virome-oriented approaches, including
targeted viral PCR assays and metagenomic sequencing, have enabled the identification of
viral agents in postmortem tissues, broadening the diagnostic spectrum of PMM beyond a
purely bacteriocentric framework [10].

These advances have reinforced the role of molecular methods in detecting fastidious,
uncultivable, or partially treated pathogens; however, they also introduce interpretative
challenges analogous to those observed for bacterial targets, including contamination,
postmortem redistribution, and the inability to distinguish between latent presence and
true antemortem infection [10].

Within this context, the concepts of “thanatomicrobiome”and “necrobiome” have
emerged, describing the dynamic microbial communities associated with internal organs,
body surfaces, and the surrounding environment after death [9,11]. These studies have
demonstrated that postmortem microbial communities are not random, but are shaped by
a combination of deterministic factors—such as anatomical site, postmortem interval, and
environmental conditions—and stochastic processes, resulting in partially predictable and
probabilistic patterns rather than fixed microbial trajectories.
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1.2. Diagnostic Value and Interpretative Complexity in Forensic Settings

Despite growing scientific interest, the translation of PMM into routine forensic di-
agnostics remains challenging. Unlike clinical microbiology, forensic investigations must
address questions related to causality, timing, and legal responsibility, often in the absence
of antemortem clinical data. In this setting, the mere detection of microorganisms does not
equate to proof of infection or cause of death [3,7,12].

Recent forensic case reports and series have highlighted the diagnostic contribution of
PMM in identifying fatal infections, including bacterial sepsis, meningitis, myocarditis, and
viral diseases that were clinically unrecognized before death [13-16]. These cases emphasize
that, when appropriately interpreted, postmortem microbiological findings can play a decisive
role in cause-of-death attribution, particularly in sudden or unexpected deaths.

At the same time, the increasing use of high-throughput sequencing and Al-based an-
alytical tools has generated both enthusiasm and concern. While machine learning models
have shown promising results in PMI estimation and pattern recognition, their forensic
applicability is still limited by lack of standardization, small datasets, and interpretative
opacity [17-20].

1.3. Aim and Scope of the Review

The aim of this narrative review is to critically examine the current role of PMM in
forensic diagnostics, focusing on its diagnostic value, interpretative challenges, and realistic
future perspectives. Rather than providing a systematic synthesis of the literature, this
review integrates experimental studies, consensus documents, reviews, and illustrative
forensic case reports to highlight strengths, limitations, and unresolved issues in the field.

1.4. Search Strategy and Methodological Approach

This narrative review was based on a focused literature search conducted primarily in
PubMed, aimed at identifying studies addressing PMM and its role in forensic diagnostics.
The search covered publications from approximately the last 15 years, with particular
emphasis on studies published in the last decade. Search terms included combinations of
“PMM”, “forensic microbiology”, “thanatomicrobiome”, “necrobiome”, “sepsis”, “infection”, and
“cause of death”.

Original research articles, narrative and systematic reviews, consensus statements,
and illustrative forensic case reports were considered. Only studies written in English,
with full text available, and involving human cases were included. Animal studies, purely
experimental models without direct forensic relevance, and articles lacking diagnostic or
interpretative implications were excluded.

Study selection was guided by relevance to forensic diagnostic practice, with particular
emphasis on cause-of-death attribution, sampling strategies, methodological limitations,
and interpretative challenges. Given the substantial heterogeneity in study design, bio-
logical matrices, analytical methods, and forensic scenarios, a systematic review approach
was considered inappropriate. Accordingly, a critical narrative synthesis was adopted
to integrate current evidence with a forensic interpretative perspective. No predefined
number of articles was therefore targeted, and literature selection was guided by thematic
relevance and diagnostic significance rather than by predefined quantitative thresholds.
Particular attention is given to the interpretation of microbiological findings in relation to
cause-of-death determination, the impact of PMI and sampling strategies, and the emerging
role of molecular and computational approaches. By adopting a diagnostic and forensic-
oriented perspective, this review aims to support pathologists and forensic practitioners in
the informed and critical use of PMM in routine practice.
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2. PMM in Forensic Practice
2.1. Indications for Postmortem Microbiological Investigations

In forensic pathology, postmortem microbiological investigations should be regarded
as a targeted diagnostic tool rather than a routine or indiscriminate procedure [21]. Their
primary indication lies in cases in which an infectious cause of death is suspected or cannot
be reasonably excluded on the basis of macroscopic findings alone [4]. These include
suspected sepsis, rapidly progressive infections, meningitis or encephalitis, myocarditis,
and sudden unexpected deaths with nonspecific autopsy findings [5,6].

PMM is particularly valuable in deaths occurring outside hospital settings, in individ-
uals with limited or absent antemortem clinical data, and in vulnerable populations such as
immunocompromised patients, splenectomized individuals, and children [4,21]. In these
contexts, microbiological analyses may provide decisive information for cause-of-death
attribution and medico-legal evaluation [22,23]. The main forensic applications of PMM,
together with their diagnostic aims, commonly analyzed samples, and principal limitations,
are summarized in Table 1.

Table 1. Main applications of PMM in forensic diagnostics.

Forensic Scenario Diagnostic Question Main Samples Analytical Methods Diagnostic Value Main Limitations
High when findings
. Determlnatlon of an Blood, spleen, lung, Culture, PCR, are cor}corde.mt across PMI, bactgrlal
Suspected sepsis infectious cause of - multiple sites and translocation,
liver molecular assays -
death supported by contamination
pathology
Diagnosis of High when Samplin
Central nervous Enos: Cerebrospinal fluid, Culture, PCR, correlated with ping
. . meningitis or L L . . contamination,
system infections . brain tissue molecular assays histopathological .
encephalitis 1 delayed sampling
findings
Identification of . -
Cardiac infections infectious Heart tissue PCR, mglecular Moderate to high F(?cal le.s ions, limited
. assays, histology tissue involvement
myocarditis
. Integrated .
Sudden unexpected Detection of Qccult ot Multiple organs and microbiological and . Interp.retatlve
unrecognized . ) Variable complexity, lack of
death . 4 fluids pathological
infections antemortem data
approach
Vulne}rable subjects Identification of Strong dependence
(e.g., immunocom- X Blood, spleen, target Molecular methods, . .
. undiagnosed High on clinical and
promised, . . organs culture .
. infections pathological context
splenectomized)

Conversely, the indiscriminate use of PMM without a clear diagnostic question in-
creases the risk of misleading results and overinterpretation [3]. For this reason, several
authors and consensus documents have emphasized the importance of a hypothesis-driven
approach, in which microbiological investigations are planned and interpreted within the
overall forensic framework [12,24].

2.2. Biological Samples and Target Sites

The diagnostic value of PMM is strongly influenced by the selection of appropriate
biological samples. Traditionally, blood and cerebrospinal fluid have been considered the
specimens of choice; however, their interpretation is complicated by PMBT and contamina-
tion, particularly with increasing PMI [2,3,24].

According to ESGFOR recommendations, blood sampling for postmortem microbi-
ological investigations should preferentially be performed from peripheral sites such as
the femoral or subclavian vessels, using strict aseptic techniques to reduce the risk of
contamination and postmortem bacterial translocation [24]. Similarly, ESGFOR guidelines
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recommend that cerebrospinal fluid be collected under controlled conditions, preferably
via cisternal or lumbar puncture, in order to minimize contamination and improve the
interpretative reliability of postmortem findings [24].

Sampling of deep organs such as spleen, liver, lung, heart, and brain has been pro-
posed as a complementary strategy, as these sites may better reflect systemic infection
when collected under controlled conditions [3,8,24]. In addition, alternative biological
fluids, including pericardial and pleural effusions, have shown potential diagnostic value,
especially in suspected sepsis or inflammatory conditions [6].

Regardless of the sampling site, strict aseptic techniques and standardized protocols
are essential to minimize contamination. International consensus statements highlight
that improper sampling may compromise even the most advanced analytical methods,
ultimately undermining forensic interpretation [24,25].

2.3. Culture-Based and Molecular Approaches

Culture-based methods remain a cornerstone of PMM due to their availability, low
cost, and ability to provide viable isolates for further characterization [1,2]. When positive
results are obtained from multiple concordant samples and supported by histopathological
evidence, cultures may significantly contribute to cause-of-death determination [7].

However, culture techniques are limited by postmortem changes, prior antimicrobial
therapy, and the overgrowth of commensal or environmental microorganisms, which may
complicate interpretation and reduce diagnostic sensitivity [1,3]. These limitations have
driven the increasing use of molecular approaches, including targeted PCR assays and
broad-range sequencing techniques, which allow the detection of fastidious, uncultivable,
or viral pathogens in the postmortem setting [10,12,26,27].

For culture-based methods, the diagnostic yield is strongly influenced by postmortem
interval and by antemortem antimicrobial therapy. Early postmortem sampling, when
feasible, is generally associated with higher reliability in infection-related deaths, whereas
prolonged PMI favors microbial overgrowth, translocation, and loss of pathogen viability.
In addition, prior antibiotic exposure may significantly reduce culture sensitivity, further
increasing interpretative uncertainty. Consequently, the concept of an ‘effective time
window’ for postmortem sampling should be regarded as case-dependent rather than fixed,
and culture results must be interpreted cautiously, particularly in cases with prolonged
PMI or prior antimicrobial exposure [3,7].

Molecular approaches in PMM are not limited to bacterial detection. Targeted PCR
assays and sequencing strategies addressing fungal (185 rRNA, ITS regions) and viral
genomes have gained increasing relevance in forensic casework, particularly in the inves-
tigation of fatal myocarditis, meningoencephalitis, and opportunistic infections. These
methods may prove decisive in cases where conventional cultures are negative or unavail-
able, or when antemortem antimicrobial therapy has been administered [26,27].

Nevertheless, the forensic interpretation of non-bacterial molecular findings requires
the same level of caution applied to bacterial targets. The detection of fungal or viral
nucleic acids in postmortem samples does not, per se, establish causality and requires
careful interpretation in light of postmortem biological dynamics and potential confounding
factors. As with bacterial sequencing, these techniques primarily indicate the presence of
microbial genetic material and should therefore be interpreted within a comprehensive
forensic framework rather than as standalone diagnostic evidence [26,27].

High-throughput sequencing and microbiome-based analyses further expand the
diagnostic spectrum, but they also introduce new interpretative challenges. Molecular
detection reflects the presence of microbial genetic material and, in the postmortem setting,
requires careful interpretation in the postmortem setting, considering the risk of overin-
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terpretation [3,10,12]. For this reason, current evidence supports an integrated approach
in which culture-based and molecular methods are used complementarily, rather than as
mutually exclusive alternatives.

2.4. Sampling Strategies and Timing

The reliability of postmortem microbiological findings is critically dependent on sam-
pling strategies and timing. In contrast to clinical microbiology, forensic sampling is often
performed hours or days after death, under conditions that may favor microbial translo-
cation and postmortem proliferation [28,29]. Consequently, the PMI represents a major
confounding factor that must be explicitly considered when planning and interpreting
microbiological investigations [30,31].

Early postmortem sampling, when feasible, is generally associated with a higher
diagnostic yield and lower risk of contamination. Several authors have emphasized that
microbiological investigations performed within a short PMI are more likely to reflect
antemortem infection rather than postmortem microbial dynamics [32-34]. However,
in routine forensic practice, early sampling is not always possible, particularly in cases
discovered late or in non-hospital settings.

The timing of sampling should therefore be documented and interpreted as an integral
part of the diagnostic process. Rather than representing an absolute contraindication, a
prolonged PMI should prompt a more cautious interpretation, emphasizing concordance
across multiple samples and consistency with postmortem dynamics [35-37].

2.5. Quality Assurance and Standardization in Forensic Microbiology

Quality assurance represents a central issue in PMM, where variability in sampling,
laboratory procedures, and interpretative criteria can significantly influence results. Unlike
clinical microbiology, forensic investigations lack universally adopted standard operating
procedures, resulting in heterogeneous practices across institutions and jurisdictions [38,39].

International working groups, such as the ESGFOR, have proposed consensus-based
recommendations addressing critical aspects of PMM, including sampling techniques,
choice of specimens, and documentation of PMI. These guidelines underline that method-
ological rigor is a prerequisite for meaningful interpretation, regardless of the analytical
technique employed [24,25].

Standardization is particularly relevant when molecular methods and high-throughput
sequencing are applied. Differences in DNA extraction protocols, target regions, sequencing
platforms, and bioinformatic pipelines may lead to substantially different microbial profiles,
even when identical samples are analyzed [19,40]. In the forensic context, such variability
poses significant challenges for reproducibility and legal defensibility.

For these reasons, PMM should be embedded within a structured quality framework
that includes standardized sampling protocols, transparent reporting of methods, and
structured interpretative evaluation of results. Without such safeguards, even techni-
cally sophisticated analyses risk producing findings that are scientifically intriguing but
diagnostically misleading.

As summarized in Figure 1, the diagnostic value of postmortem microbiological find-
ings ultimately depends on their coherence with the overall forensic context and on careful
interpretative evaluation, rather than on isolated microbiological results [13-16,41-52].
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Figure 1. Workflow of PMM in forensic diagnostics.

3. Cause-of-Death Attribution: Diagnostic Value of PMM
3.1. Sepsis and Systemic Infections

Sepsis represents one of the most challenging conditions for postmortem diagnosis
and a major indication for forensic microbiological investigations. In contrast to clinical
settings, where sepsis is diagnosed on the basis of dynamic clinical, laboratory, and microbi-
ological parameters, forensic investigations must often rely on static postmortem findings,
frequently in the absence of detailed antemortem information [1,2].

PMM may provide critical support in identifying systemic infections, particularly
when supported by evidence of systemic inflammatory response. Several forensic stud-
ies have demonstrated that microbiological findings, when concordant across multiple
sampling sites and supported by pathological findings, can significantly contribute to
cause-of-death attribution in suspected sepsis [2,6,21].

However, the interpretation of positive microbiological results in suspected sepsis is
inherently complex. PMBT from the gastrointestinal tract and postmortem proliferation
may lead to false-positive findings, especially with increasing PMI. For this reason, the
detection of microorganisms in blood or tissues requires cautious interpretation due to
postmortem bacterial translocation and proliferation [2,3,24].

lustrative forensic cases have shown that early postmortem sampling and multi-site
concordance increase the likelihood that microbiological findings reflect true antemortem
infection. Conversely, discordant or isolated positive results, particularly when supportive
pathological features are lacking, should be interpreted with caution [22].
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3.2. Central Nervous System Infections

Infections of the central nervous system, including meningitis and encephalitis, rep-
resent another important diagnostic domain for PMM. These conditions may cause rapid
clinical deterioration and sudden death, sometimes without clear macroscopic findings at
autopsy. In such cases, postmortem microbiological investigations of cerebrospinal fluid
and brain tissue may be essential for identifying the underlying cause of death [33,45,53].

Molecular methods have expanded the diagnostic possibilities in postmortem CNS
infections, allowing the detection of fastidious or partially treated pathogens. PCR-based
assays and broad-range sequencing have proven particularly useful when conventional
cultures are negative or inconclusive, although their results require careful interpretation
in light of potential contamination and postmortem changes [33,45,52-54].

The diagnostic value of PMM in CNS infections is maximized when microbiological
findings are supported by concordant pathological features, such as meningeal inflamma-
tion or encephalitic changes. In the absence of such correlation, the detection of microbial
DNA alone should not be considered sufficient to establish causality [21].

3.3. Cardiac Infections and Myocarditis

Cardiac infections, particularly myocarditis, are a well-recognized cause of sudden
unexpected death and pose significant diagnostic challenges in forensic pathology. Macro-
scopic findings may be subtle or absent, and histological changes can be focal or nonspecific.
In this context, PMM and molecular virology may play a decisive role in identifying infec-
tious etiologies [15,23,55].

Recent forensic case reports have demonstrated the contribution of postmortem mi-
crobiological and molecular investigations in diagnosing fatal viral myocarditis, including
cases caused by Epstein—Barr virus and other cardiotropic viruses. These cases highlight
the importance of extending PMM beyond bacterial pathogens and adopting a broader
infectious perspective [15].

Nevertheless, as with other forensic applications, the detection of viral genomes in
cardiac tissue does not automatically imply causation. Interpretation requires careful
evaluation of inflammatory patterns and exclusion of alternative causes of death. This
integrated approach is essential to avoid overinterpretation and to ensure diagnostic
robustness in medico-legal contexts [21].

3.4. Viral and Non-Bacterial Infections in Forensic Contexts

Although bacterial infections have traditionally dominated postmortem microbiologi-
cal investigations, viral and other non-bacterial pathogens are increasingly recognized as
significant contributors to sudden and unexpected deaths. Advances in molecular diagnos-
tics have facilitated the detection of viral agents in postmortem samples, broadening the
scope of forensic microbiology [52,53].

Systematic reviews and case-based studies have shown that viral infections may be
underdiagnosed causes of sudden non-cardiac death, particularly in young individuals
and in cases with limited antemortem symptoms. PMM, when combined with histological
and immunohistochemical analyses, can therefore provide crucial insights into otherwise
unexplained fatalities [15,53].

These findings underscore the need to move beyond a purely bacteriocentric approach
in forensic microbiology. A comprehensive diagnostic strategy should consider bacterial,
viral, and, when appropriate, fungal pathogens, tailored to the specific forensic scenario
and supported by careful forensic interpretation [14,16,21].
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4. Interpretation Challenges in PMM

The interpretative challenges discussed in this section primarily reflect PMI-dependent
biological changes affecting postmortem microbial findings. Microbial overgrowth, translo-
cation, and redistribution represent interconnected consequences of postmortem biological
processes, whose relative contribution varies according to PMI, sampling site, acnd envi-
ronmental conditions [3,41]. For clarity, these phenomena are discussed separately, as they
arise from distinct mechanisms and have different implications for forensic interpretation.

4.1. PMI and Microbial Overgrowth

The PMI represents one of the most critical variables affecting the interpretation
of microbiological findings after death. Following cessation of circulation and immune
function, endogenous microbial communities undergo profound changes driven by tissue
autolysis, hypoxia, and loss of physiological barriers. These processes promote microbial
proliferation and redistribution, complicating the distinction between antemortem infection
and postmortem microbial overgrowth [56-60].

Numerous studies on the thanatomicrobiome have demonstrated that microbial pop-
ulations increase and shift in composition as a function of time after death, with certain
taxa—such as anaerobic bacteria—becoming increasingly dominant. Importantly, this
postmortem expansion does not necessarily reflect pathological processes that were active
before death, but rather predictable biological dynamics occurring during decomposi-
tion [56-61].

From a forensic diagnostic perspective, this phenomenon poses a substantial interpre-
tative challenge. The presence of high bacterial loads or the detection of microorganisms
typically associated with infection may lead to overinterpretation if PMI-related changes
are not adequately considered. This is particularly relevant when molecular methods with
high analytical sensitivity are employed, as they may detect microbial DNA even in the
absence of viable organisms or active infection [56,59,60].

Accordingly, PMI should not be regarded merely as contextual information, but as
a central interpretative variable that directly influences the diagnostic weight of micro-
biological findings. Short PMI intervals generally increase the likelihood that detected
microorganisms reflect antemortem conditions, whereas prolonged intervals necessitate a
more cautious interpretative approach [22].

4.2. Bacterial Translocation and Postmortem Redistribution

Bacterial translocation from the gastrointestinal tract to normally sterile tissues is a
well-documented postmortem phenomenon and a major source of diagnostic uncertainty
in forensic microbiology. Following death, the breakdown of mucosal barriers and vascular
integrity facilitates the passive spread of enteric microorganisms into the bloodstream and
internal organs, particularly liver, spleen, and lungs [2].

This redistribution may occur relatively early after death and is influenced by factors
such as PMI, body position, environmental temperature, and pre-existing pathological
conditions. As a result, the detection of enteric bacteria in postmortem blood or tissue
samples does not automatically indicate systemic infection or sepsis [2,3,57,60].

Several forensic studies have emphasized that bacterial translocation can produce
microbiological patterns that mimic antemortem bacteremia, especially when sampling is
delayed or performed without strict aseptic precautions. This phenomenon underscores
the importance of interpreting microbiological results in relation to evidence of tissue
inflammation and host response, rather than relying on microbiology alone [24,25].

The challenge of distinguishing translocation from true infection is further com-
pounded by the use of molecular techniques, which detect bacterial DNA regardless
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of organism viability. Consequently, molecular positivity in the absence of supportive
inflammatory or tissue changes should be interpreted as evidence of microbial presence
rather than proof of causation [2,33,61].

The detection of multiple microorganisms in postmortem samples represents a fre-
quent and challenging finding in PMM. Polymicrobial results may arise from postmortem
bacterial translocation, environmental contamination, or overgrowth of commensal flora,
particularly with increasing postmortem interval [3,7].

In forensic diagnostics, the identification of multiple microbial species rarely supports
a direct causal role in death unless corroborated by concordant findings across multiple
sampling sites and supportive evidence of tissue invasion or host response. In the absence
of such correlation, polymicrobial findings should be interpreted cautiously and are more
suggestive of postmortem processes than of true antemortem infection [3,7].

4.3. Contamination During Sampling and Laboratory Processing

Contamination represents another major interpretative pitfall in PMM and may occur
at multiple stages, including sample collection, transport, and laboratory processing. In
forensic settings, sampling is often performed under less controlled conditions than in
clinical environments, increasing the risk of introducing exogenous microorganisms [12].

Improper sampling techniques, reuse of instruments, or inadequate disinfection may
result in false-positive findings that can be difficult to distinguish from genuine postmortem
or antemortem microbial presence. This risk is particularly pronounced for low-biomass
samples, such as blood or cerebrospinal fluid, where even minimal contamination can have
significant interpretative consequences [24].

Consensus guidelines stress that methodological rigor during sampling is essential
to preserve the diagnostic value of PMM. Documentation of sampling conditions, use of
sterile instruments, and collection of multiple samples for concordance assessment are
critical components of quality assurance [25,32].

From an interpretative standpoint, isolated positive results, especially when incon-
sistent with other microbiological data or expected postmortem patterns, should raise
suspicion of contamination. In contrast, reproducible findings across independent samples
and methods provide stronger support for diagnostic relevance [1,2].

4.4. Colonization Versus Infection: The Problem of Causality

One of the most fundamental challenges in PMM is distinguishing colonization from
true infection. The detection of microorganisms in postmortem samples does not inherently
imply pathogenicity or causal involvement in death. Many microorganisms detected after
death may represent commensal flora, opportunistic colonizers, or postmortem proliferators
rather than etiological agents [3,60].

This issue is particularly relevant in the era of high-throughput sequencing, where
comprehensive microbial profiles can be generated from virtually any tissue. While such
data provide valuable insights into postmortem microbial dynamics, they also increase
the risk of overinterpretation, especially when forensic conclusions are drawn without
adequate pathological correlation [62-64].

Forensic causality requires more than microbial detection. Evidence of tissue invasion,
host inflammatory response, and anatomical plausibility must be demonstrated to support
an infectious cause of death. In the absence of these elements, microbiological findings
should be regarded as contributory or contextual rather than determinative [21].

Several forensic case reports illustrate that microbiological findings acquire diagnostic
significance only when embedded within a coherent pathological narrative. This principle
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highlights the need for cautious forensic interpretation and avoidance of microbiology-
driven conclusions in isolation [13,15].

4.5. Interpretation of Molecular and Al-Based Results

The increasing application of molecular techniques and Al-based analytical tools
introduces additional interpretative challenges in forensic microbiology. While machine
learning models have demonstrated promising capabilities in pattern recognition and
classification tasks, their forensic validity remains limited by methodological heterogeneity,
small datasets, and lack of external validation [63—-66].

Al-based predictions, particularly those related to PMI estimation or cause-of-death
inference, may appear objective but are inherently dependent on the quality and repre-
sentativeness of the training data. In forensic contexts, where biological variability and
environmental factors are substantial, overreliance on algorithmic outputs may lead to
misleading conclusions [63,64].

Therefore, molecular and Al-derived results should be interpreted as supportive
tools rather than definitive evidence. Their integration into forensic practice requires
transparency, validation, and critical appraisal, with ultimate responsibility resting on the
forensic pathologist rather than the analytical platform [54].

4.6. Methodological and Technological Limitations Affecting Evidentiary Weight

Beyond biological postmortem changes, the intrinsic characteristics and limitations
of analytical technologies substantially affect the evidentiary weight of PMM findings [3].
Culture-based methods allow viability assessment and antimicrobial susceptibility testing
but are highly sensitive to PMI, antemortem antibiotic therapy, and sample contamination.
In contrast, molecular techniques, including PCR and sequencing-based approaches, offer
higher analytical sensitivity and the ability to detect fastidious or non-cultivable microor-
ganisms, but do not provide information on microbial viability and may detect residual or
clinically irrelevant genetic material.

These methodological differences have direct implications for forensic interpretation.
Highly sensitive molecular methods increase the risk of overinterpretation in the absence of
supportive pathological correlation, while negative culture results do not exclude infection
in cases of prolonged PMI or prior antimicrobial exposure [7]. Accordingly, the evidentiary
value of PMM findings depends not only on the detected microorganism but also on the
analytical approach employed and its inherent limitations.

A comparative overview of laboratory detection methods and computational analytical
approaches, including their respective strengths and limitations, is provided in Table 2.

Table 2. Major interpretation pitfalls in PMM.

Interpretation Pitfall

Underlying Mechanism

Diagnostic Risk

Mitigation Strategy

Postmortem microbial overgrowth

Loss of immune control and tissue
autolysis after death promote
uncontrolled microbial proliferation

False attribution of infection

Consider PMI and correlate with tissue
inflammation and host response

Bacterial translocation

Breakdown of gastrointestinal and
mucosal barriers leading to passive
spread of enteric bacteria

False diagnosis of sepsis

Evaluate multi-site concordance and
pathological evidence of
systemic infection

Sampling contamination

Introduction of exogenous
microorganisms during collection
or handling

False-positive microbiological results

Strict aseptic techniques and
standardized sampling protocols

Colonization by commensal flora

Presence of non-pathogenic or
opportunistic microorganisms

Overinterpretation of causality

Assess anatomical plausibility and host
inflammatory response

Molecular over-sensitivity

Detection of microbial DNA without
evidence of viability or tissue invasion

Misleading interpretation of infection

Integrate molecular findings with
culture results and supportive
tissue changes
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5. Beyond Cause of Death: Emerging Forensic Applications
5.1. Thanatomicrobiome and PMI Estimation

The analysis of postmortem microbial communities has generated considerable in-
terest as a potential tool for PMI estimation. Studies on the thanatomicrobiome have
demonstrated that microbial populations undergo temporal changes after death, following
patterns that may be partially predictable under controlled conditions [58,59].

Experimental and observational studies have reported associations between PMI
and shifts in microbial composition across different anatomical sites, including internal
organs, oral cavity, skin, and surrounding environments. These findings have supported
the concept of a “microbial clock,” suggesting that postmortem microbial succession could
complement traditional PMI estimation methods [11,61].

However, despite promising experimental results, the forensic applicability of
microbiome-based PMI estimation remains limited. Microbial succession is influenced by
numerous confounding variables, including temperature, humidity, body position, cause of
death, medical history, and environmental exposure. As a result, interindividual variability
often exceeds temporal trends, particularly in real-world forensic scenarios [29,67].

Consequently, current evidence supports the use of thanatomicrobiome data as a
research tool or adjunctive indicator rather than a standalone method for PMI estimation.
Its role in forensic practice should be considered exploratory, requiring further validation
and standardization before routine application.

5.2. Trace Evidence and Forensic Identification

Beyond PMI estimation, microbial analysis has been explored as a potential source
of trace evidence in forensic investigations. Human-associated microbiomes, particu-
larly those of the skin, oral cavity, and other exposed surfaces, may reflect individual- or
environment-specific characteristics that could assist forensic identification [68-71].

Studies have suggested that microbial signatures can persist on personal objects, cloth-
ing, or environmental substrates, allowing probabilistic association between individuals
and locations. Such approaches have been investigated in contexts including contact tracing,
personal object handling, and geolocation inference [50,72].

Despite these intriguing findings, significant limitations remain. Microbial profiles
are highly dynamic and susceptible to environmental influences, temporal variation, and
methodological bias. Moreover, the absence of standardized databases and reference
frameworks currently precludes robust forensic attribution based solely on microbiome
evidence [50].

Accordingly, microbiome-based trace evidence should be regarded as supportive
information rather than definitive identification evidence. Its forensic value lies primarily
in supporting or excluding investigative hypotheses rather than providing conclusive
individual attribution.

5.3. Environmental and Context-Specific Applications

Microbial analysis has also been applied to specific forensic contexts, including drown-
ing investigations, soil and water exposure, and environmental reconstruction. Studies ex-
amining bacterial communities in aquatic environments have demonstrated that microbial
profiles may assist in inferring drowning sites or postmortem immersion conditions [73].

Similarly, environmental microbiome studies have explored the potential of microbial
succession in soil, vegetation, and confined spaces to provide contextual information regard-
ing body deposition and postmortem movement [57,67]. These approaches emphasize the
ecological dimension of forensic microbiology, extending analysis beyond the body itself.
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While environmentally informed microbiological investigations offer valuable con-
textual insights, their interpretative complexity and susceptibility to confounding factors
currently limit their evidentiary weight. As with other emerging applications, environmen-
tal microbiome data should be interpreted cautiously within the forensic context.

5.4. Mycobiome, Volatile Compounds, and Non-Bacterial Targets

Recent research has expanded forensic microbiology beyond bacterial communities
to include fungal populations and microbial metabolites. Studies on the postmortem
mycobiome suggest that fungal succession may provide additional information, particularly
in advanced stages of decomposition where bacterial signals become less informative [74].

In parallel, microbial volatile organic compounds (VOCs) have been investigated as po-
tential indicators of decomposition stage and postmortem processes. VOC profiling reflects
microbial metabolic activity and may contribute to postmortem timing or environmental
assessment [75].

Although these approaches remain largely experimental, they highlight the multi-
faceted nature of postmortem microbial activity and underscore the potential for integrating
multiple biological signals into future forensic investigations. At present, however, their
application is best confined to research settings rather than routine forensic diagnostics.

6. Al and Advanced Molecular Methods
6.1. Machine Learning and Al in Forensic Microbiology

The application of Al and machine learning techniques to forensic microbiology has
expanded rapidly in recent years, driven by the increasing availability of high-dimensional
microbiome datasets. Several studies have explored the use of supervised and unsuper-
vised algorithms to identify microbial patterns associated with PMI, cause of death, or
environmental context [63-65]. However, the forensic applicability of these models remains
limited by multiple factors, including small sample sizes, lack of external validation, and
sensitivity to confounding variables such as temperature, sampling site, and individual
biological variability [29].

A further concern relates to interpretability. Many machine learning models function
as “black boxes,” producing outputs that are difficult to translate into biologically or
pathologically meaningful explanations. In forensic contexts, where transparency and
reproducibility are essential for legal admissibility, this lack of interpretability represents a
significant limitation [50].

Consequently, Al-based tools should currently be regarded as exploratory or support-
ive instruments rather than standalone diagnostic solutions. Their integration into forensic
practice requires rigorous validation, standardized workflows, and clear communication of
uncertainties.

6.2. High-Resolution Sequencing and Multi-Omics Approaches

Advances in sequencing technologies have enabled increasingly detailed characteriza-
tion of postmortem microbial communities. Beyond traditional 165 rRNA gene sequencing,
shotgun metagenomics and emerging approaches such as 2bRAD-M sequencing offer
higher taxonomic resolution and functional insights [76]. While shotgun metagenomics pro-
vides broader coverage and functional information, it is associated with higher costs, greater
computational demands, and increased risk of environmental contamination [19,40,76].

Multi-omics approaches, integrating genomic, transcriptomic, and metabolomic data,
represent a promising avenue for future research. However, their complexity and limited
standardization currently restrict their use to experimental settings. In routine forensic
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diagnostics, simpler and well-validated methods remain preferable, provided they are
interpreted cautiously in the forensic setting.

The main analytical approaches currently used in PMM, together with their respective
strengths, limitations, and forensic applicability, are summarized in Table 3.

Table 3. Laboratory detection methods and computational analytical approaches used in postmortem

microbiology (PMM).

Main Strengths

Main Limitations

Forensic Applicability

Laboratory detection method

Detection of viable
microorganisms; possibility of
antimicrobial susceptibility
testing; low cost and wide
laboratory availability

Culture-based methods

Reduced sensitivity after death;
influenced by prior antimicrobial
therapy; risk of overgrowth by
commensal or contaminant flora

Suitable for routine forensic

practice when supported by

multi-site concordance and
consistent postmortem findings

High analytical sensitivity; rapid
detection of specific bacterial or
viral pathogens, including
fastidious organisms

Targeted PCR assays

Detection of microbial DNA does
not imply viability or causality;
contamination may lead to
false-positive results

Useful for targeted diagnostic
questions and as a complement to
culture-based methods

Broad, culture-independent
detection of bacterial taxa; useful
in culture-negative cases

Broad-range 16S rRNA gene
sequencing

Limited taxonomic resolution;
inability to distinguish live from
dead bacteria;
complex interpretation

Adjunctive tool with mainly
research-oriented applications in
forensic diagnostics

High taxonomic and functional
resolution; simultaneous
detection of bacteria, viruses,
and fungi

Shotgun metagenomic
sequencing

High cost; complex bioinformatic
analysis; susceptibility to
environmental contamination

Experimental approach; currently
not suitable for routine
forensic casework

Computational and analytical approach

Ability to identify complex
patterns in large,
high-dimensional datasets;
potential support for

Al-based models

Limited validation on human
forensic cases; lack of
transparency and interpretability;
sensitivity to

Exploratory tool; not appropriate
as standalone forensic evidence

classification tasks confounding variables

7. Guidelines, Standardization, and Current Gaps
7.1. Existing Guidelines and Consensus Statements

Several international working groups have addressed the challenges of PMM by
proposing consensus-based recommendations for sampling, analysis, and interpretation.
Among these, the ESGFOR guidelines represent a significant effort to harmonize forensic
microbiological practices across institutions and jurisdictions [24,25].

These documents emphasize the importance of hypothesis-driven investigations,
standardized sampling techniques, documentation of PMI, and structured interpretative
approaches. They also highlight the need to adapt microbiological methods to the forensic
context rather than directly transferring clinical protocols.

7.2. Lack of Standardization and Legal Implications

Despite these efforts, substantial gaps in standardization persist. Variability in sam-
pling sites, analytical methods, and interpretative criteria continues to limit reproducibility
and comparability across studies and casework. This heterogeneity poses particular chal-
lenges in medico-legal settings, where the evidentiary value of microbiological findings
may be scrutinized in court [12,50].

From a legal perspective, the absence of standardized protocols and validated in-
terpretative frameworks may undermine the admissibility and weight of postmortem
microbiological evidence. Addressing these gaps requires coordinated efforts among
forensic pathologists, microbiologists, and legal experts.
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8. Future Perspectives

In forensic practice, PMM rarely provides sufficient evidentiary weight when consid-
ered in isolation. PMM findings must therefore be interpreted within a multidisciplinary
forensic framework that integrates microbiological data with pathological, toxicological,
and contextual information. The value of PMM lies not in standalone diagnostic conclu-
sions, but in its contribution to structured forensic reasoning.

Future progress in PMM will depend on balancing methodological innovation with
forensic practicality. While advanced molecular techniques and Al-based tools offer promis-
ing research opportunities, their translation into routine practice requires rigorous valida-
tion, standardization, and clear interpretative criteria.

Priority areas for development include multicentric human studies, harmonized sam-
pling and reporting protocols, and clearer definition of diagnostic thresholds and contextual
requirements for reliable forensic interpretation.

9. Conclusions

PMM represents a valuable but inherently complex tool in forensic diagnostics. When
applied selectively and interpreted with methodological rigor, PMM can significantly
contribute to cause-of-death determination, particularly in infection-related and sudden
unexpected deaths.

At the same time, postmortem microbial dynamics, contamination, and technological
limitations impose substantial interpretative challenges. Advances in molecular biology and
Al offer new opportunities, but their forensic use must remain cautious and evidence-based.

By acknowledging both its potential and its limitations, forensic practitioners can
employ PMM as a meaningful component of modern forensic diagnostics, supporting
informed forensic reasoning rather than replacing it.

Author Contributions: J.C. wrote the manuscript; M.P.B. wrote the manuscript—original draft,
preparation, review, and editing; A.L.S., R.C. and E.R. reviewed the manuscript; E.C. reviewed the
manuscript and the microbiological information. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

PMBT Postmortem bacterial translocation
PMM  Postmortem microbiology

PMI Postmortem interval

Al Artificial Intelligence

References

1. Riedel, S. The value of postmortem microbiology cultures. J. Clin. Microbiol. 2014, 52, 1028-1033. [CrossRef] [PubMed]
2. Morris, J.A.; Harrison, L.M.; Partridge, S.M. Postmortem bacteriology: A re-evaluation. J. Clin. Pathol. 2006, 59, 1-9. [CrossRef]
[PubMed]

https://doi.org/10.3390/diagnostics16020325


https://doi.org/10.1128/JCM.03102-13
https://www.ncbi.nlm.nih.gov/pubmed/24403308
https://doi.org/10.1136/jcp.2005.028183
https://www.ncbi.nlm.nih.gov/pubmed/16394274
https://doi.org/10.3390/diagnostics16020325

Diagnostics 2026, 16, 325 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Palmiere, C.; Egger, C.; Prod'Hom, G.; Greub, G. Bacterial translocation and sample contamination in postmortem microbiological
analyses. . Forensic Sci. 2016, 61, 367-374. [CrossRef] [PubMed]

Christoffersen, S. The importance of microbiological testing for establishing cause of death in 42 forensic autopsies. Forensic Sci.
Int. 2015, 250, 27-32. [CrossRef]

Dermengiu, D.; Curca, G.C.; Ceausu, M.; Hostiuc, S. Particularities regarding the etiology of sepsis in forensic services. J. Forensic
Sci. 2013, 58, 1183-1188. [CrossRef]

Palmiere, C.; Egger, C. Usefulness of pericardial and pleural fluids for the postmortem diagnosis of sepsis. |. Forensic Leg. Med.
2014, 28, 15-18. [CrossRef]

Tambuzzi, S.; Maciocco, E; Gentile, G.; Boracchi, M.; Faraone, C.; Andreola, S.; Zoja, R. Utility and diagnostic value of postmortem
microbiology associated with histology for forensic purposes. Forensic Sci. Int. 2023, 342, 111534. [CrossRef]

Can, L; Javan, G.T.; Pozhitkov, A.E.; Noble, P.A. Distinctive thanatomicrobiome signatures found in the blood and internal organs
of humans. J. Microbiol. Methods 2014, 106, 1-7. [CrossRef]

Javan, G.T,; Finley, S.J.; Abidin, Z.; Mulle, ].G. The thanatomicrobiome: A missing piece of the microbial puzzle of death. Front.
Microbiol. 2016, 7, 225. [CrossRef]

Robinson, J.M.; Pasternak, Z.; Mason, C.E.; Elhaik, E. Forensic applications of microbiomics: A review. Front. Microbiol. 2021, 11,
608101. [CrossRef]

Pechal, J.L.; Crippen, T.L.; Benbow, M.E.; Tarone, A.M.; Dowd, S.; Tomberlin, ].K. The potential use of bacterial community
succession in forensics as described by high throughput metagenomic sequencing. Int. |. Leg. Med. 2014, 128, 193-205. [CrossRef]
[PubMed]

Nodari, R.; Arghittu, M.; Bailo, P.; Cattaneo, C.; Creti, R.; D’Aleo, E; Saegeman, V.; Franceschetti, L.; Novati, S.; Ferndndez-
Rodriguez, A.; et al. Forensic microbiology: When, where and how. Microorganisms 2024, 12, 988. [CrossRef] [PubMed]
D’Ovidio, C.; Pompilio, A.; Crocetta, V.; Gherardi, G.; Carnevale, A.; Di Bonaventura, G. Fatal sepsis by Klebsiella pneumoniae
in a patient with systemic lupus erythematosus: The importance of postmortem microbiological examination for the ex post
diagnosis of infection. Int. J. Leg. Med. 2015, 129, 1097-1101. [CrossRef] [PubMed]

Santunione, A.L.; Camatti, J.; Cecchi, R. First forensic case of fatal Salmonella typhimurium var. Copenhagen gastroenteritis
diagnosed by postmortem microbiology. Am. J. Forensic Med. Pathol. 2025, ahead of print. [CrossRef]

Ferronato, C.; Camatti, J.; Zucchi, F; Ius, P,; Cecchi, R.; Santunione, A.L. Fatal Epstein—Barr virus (EBV) myopericarditis in a
young adult male: A case report. Am. J. Forensic Med. Pathol. 2025, 46, 326-329. [CrossRef]

Santunione, A.L.; Camatti, J.; Zucchi, F; Ferronato, C.; Ferrari, F.; Caramaschi, S.; Silingardi, E.; Cecchi, R. Fatal Waterhouse—
Friderichsen syndrome caused by Streptococcus pneumoniae in a vaccinated adult with traumatic splenectomy: A case report.
Leg. Med. 2025, 72, 102569. [CrossRef]

Johnson, H.R,; Trinidad, D.D.; Guzman, S.; Khan, Z; Parziale, ].V.; DeBruyn, ].M.; Lents, N.H. A machine learning approach for
using the postmortem skin microbiome to estimate the postmortem interval. PLoS ONE 2016, 11, e0167370. [CrossRef]

Wu, Z.; Guo, Y.; Hayakawa, M.; Yang, W.; Lu, Y;; Ma, J.; Li, L.; Li, C.; Liu, Y.; Niu, J. Artificial intelligence-driven microbiome data
analysis for estimation of postmortem interval and crime location. Front. Microbiol. 2024, 15, 1334703. [CrossRef]

Kaszubinski, S.F,; Pechal, J.L.; Schmidt, C.J.; Jordan, H.R.; Benbow, M.E.; Meek, M.H. Evaluating bioinformatic pipeline
performance for forensic microbiome analysis. |. Forensic Sci. 2020, 65, 513-525. [CrossRef]

Yuan, H.; Wang, Z.; Wang, Z.; Zhang, F.; Guan, D.; Zhao, R. Trends in forensic microbiology: From classical methods to deep
learning. Front. Microbiol. 2023, 14, 1163741. [CrossRef]

Stassi, C.; Mondello, C.; Baldino, G.; Ventura Spagnolo, E. Post-mortem investigations for the diagnosis of sepsis: A review of
literature. Diagnostics 2020, 10, 849. [CrossRef]

Gentile, G.; Amadasi, A.; Bailo, P.; Boracchi, M.; Maciocco, F.; Marchesi, M.; Zoja, R. The importance of the postmortem interval
for the diagnosis of Waterhouse-Friderichsen syndrome by Neisseria meningitidis in a series of forensic cases. Autops. Case Rep.
2019, 9, €2019103. [CrossRef]

Fragkou, K.; Ketsekioulafis, I.; Tousia, A.; Piagkou, M.; Bacopoulou, E; Ferentinos, P.; Peyron, P.A.; Baccino, E.; Martrille, L.;
Papadodima, S. From fragile lives to forensic truth: Multimodal forensic approaches to pediatric homicide and suspect death.
Diagnostics 2025, 15, 1383. [CrossRef] [PubMed]

Burton, J.L.; Saegeman, V.; Arribi, A.; Rello, J.; Andreoletti, L.; Cohen, M.C.; Fernandez-Rodriguez, A.; ESGFOR Joint Working
Group. Postmortem microbiology sampling following death in hospital: An ESGFOR task force consensus statement. J. Clin.
Pathol. 2019, 72, 329-336. [CrossRef] [PubMed]

Saegeman, V.; Cohen, M.C.; Burton, J.L.; Martinez, M.J.; Rakislova, N.; Offiah, A.C.; Fernandez-Rodriguez, A. Microbiology in
minimally invasive autopsy: Best techniques to detect infection. ESGFOR guidelines. Forensic Sci. Med. Pathol. 2021, 17, 87-100.
[CrossRef] [PubMed]

Camp, I; Spettel, K.; Willinger, B. Molecular Methods for the Diagnosis of Invasive Candidiasis. J. Fungi 2020, 6, 101. [CrossRef]

https://doi.org/10.3390/diagnostics16020325


https://doi.org/10.1111/1556-4029.12991
https://www.ncbi.nlm.nih.gov/pubmed/27404610
https://doi.org/10.1016/j.forsciint.2015.02.020
https://doi.org/10.1111/1556-4029.12222
https://doi.org/10.1016/j.jflm.2014.09.006
https://doi.org/10.1016/j.forsciint.2022.111534
https://doi.org/10.1016/j.mimet.2014.07.026
https://doi.org/10.3389/fmicb.2016.00225
https://doi.org/10.3389/fmicb.2020.608101
https://doi.org/10.1007/s00414-013-0872-1
https://www.ncbi.nlm.nih.gov/pubmed/23749255
https://doi.org/10.3390/microorganisms12050988
https://www.ncbi.nlm.nih.gov/pubmed/38792818
https://doi.org/10.1007/s00414-015-1160-z
https://www.ncbi.nlm.nih.gov/pubmed/25676900
https://doi.org/10.1097/PAF.0000000000001107
https://doi.org/10.1097/PAF.0000000000001053
https://doi.org/10.1016/j.legalmed.2025.102569
https://doi.org/10.1371/journal.pone.0167370
https://doi.org/10.3389/fmicb.2024.1334703
https://doi.org/10.1111/1556-4029.14213
https://doi.org/10.3389/fmicb.2023.1163741
https://doi.org/10.3390/diagnostics10100849
https://doi.org/10.4322/acr.2019.103
https://doi.org/10.3390/diagnostics15111383
https://www.ncbi.nlm.nih.gov/pubmed/40506955
https://doi.org/10.1136/jclinpath-2018-205365
https://www.ncbi.nlm.nih.gov/pubmed/30661015
https://doi.org/10.1007/s12024-020-00337-x
https://www.ncbi.nlm.nih.gov/pubmed/33464531
https://doi.org/10.3390/jof6030101
https://doi.org/10.3390/diagnostics16020325

Diagnostics 2026, 16, 325 17 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

Jenks, ].D.; White, P.L.; Kidd, S.E.; Goshia, T.; Fraley, S.I.; Hoenigl, M.; Thompson, G.R., IIIl. An Update on Current and Novel
Molecular Diagnostics for the Diagnosis of Invasive Fungal Infections. Expert Rev. Mol. Diagn. 2023, 23, 1135-1152. [CrossRef]
Lutz, H.; Vangelatos, A.; Gottel, N.; Osculati, A.; Visona, S.; Finley, S.J.; Gilbert, ].A.; Javan, G.T. Effects of extended postmortem
interval on microbial communities in organs of the human cadaver. Front. Microbiol. 2020, 11, 569630. [CrossRef]

Dawson, B.M.; Ueland, M.; Carter, D.O.; McIntyre, D.; Barton, P.S. Bridging the gap between decomposition theory and forensic
research on postmortem interval. Int. |. Leg. Med. 2024, 138, 509-518. [CrossRef]

Javan, G.T.; Finley, S.J.; Can, I.; Wilkinson, J.E.; Hanson, J.D.; Tarone, A.M. Human thanatomicrobiome succession and time since
death. Sci. Rep. 2016, 6, 29598. [CrossRef]

Dash, H.R.; Das, S. Thanatomicrobiome and epinecrotic community signatures for estimation of post-mortem time interval in
human cadaver. Appl. Microbiol. Biotechnol. 2020, 104, 9497-9512. [CrossRef] [PubMed]

Tamsin, A.; Claes, A.; Van Den Bogaert, W.; Weynand, B.; Rodriguez, A.F.; Van de Voorde, W.; Saegeman, V. Postmortem
microbiological sampling: A prospective ESGFOR-supported study on relevance, timing, and site selection. Virchows Arch. 2025,
ahead of print. [CrossRef] [PubMed]

Palmiere, C.; Vanhaebost, J.; Ventura, F.; Bonsignore, A.; Bonetti, L.R. Cerebrospinal fluid PCR analysis and biochemistry in
bodies with severe decomposition. J. Forensic Leg. Med. 2015, 30, 21-24. [CrossRef]

Saegeman, V.; Cohen, M.C.; Alberola, J.; Ziyade, N.; Farina, C.; Cornaglia, G.; Fernandez-Rodriguez, A.; ESCMID Study Group for
Forensic and Postmortem Microbiology. How is post-mortem microbiology appraised by pathologists? Results from a practice
survey conducted by ESGFOR. Eur. ]. Clin. Microbiol. Infect. Dis. 2017, 36, 1381-1385. [CrossRef] [PubMed]

Adserias-Garriga, J.; Hernandez, M.; Quijada, N.M.; Rodriguez Lazaro, D.; Steadman, D.; Garcia-Gil, J. Daily thanatomicrobiome
changes in soil as an approach of postmortem interval estimation: An ecological perspective. Forensic Sci. Int. 2017, 278, 388-395.
[CrossRef]

Moitas, B.; Caldas, I.M.; Sampaio-Maia, B. Microbiology and postmortem interval: A systematic review. Forensic Sci. Med. Pathol.
2024, 20, 696-715. [CrossRef]

Tarone, AM.; Mann, A.E.; Zhang, Y.; Zascavage, R.R.; Mitchell, E.A.; Morales, E.; Rusch, T.W.; Allen, M.S. The devil is in the
details: Variable impacts of season, BMI, sampling site temperature, and presence of insects on the post-mortem microbiome.
Front. Microbiol. 2022, 13, 1064904. [CrossRef]

Tambuzzi, S.; Maciocco, F.; Gentile, G.; Boracchi, M.; Bailo, P.; Marchesi, M.; Zoja, R. Applications of microbiology to different
forensic scenarios—A narrative review. . Forensic Leg. Med. 2023, 98, 102560. [CrossRef]

Murugesan, M.; Manoj, D.; Johnson, L.R.; James, R.I. Forensic microbiology in India: A missing piece in the puzzle of criminal
investigation system. Indian J. Med. Microbiol. 2023, 44, 100367. [CrossRef]

Huang, X.; Zeng, J.; Li, S.; Chen, J.; Wang, H.; Li, C.; Zhang, S. 165 rRNA, metagenomics and 2bRAD-M sequencing to decode
human thanatomicrobiome. Sci. Data 2024, 11, 736. [CrossRef]

Ventura Spagnolo, E.; Stassi, C.; Mondello, C.; Zerbo, S.; Milone, L.; Argo, A. Forensic microbiology applications: A systematic
review. Leg. Med. 2019, 36, 73-80. [CrossRef] [PubMed]

Speruda, M.; Piecuch, A.; Borzecka, J.; Kadej, M.; Ogérek, R. Microbial traces and their role in forensic science. J. Appl. Microbiol.
2022, 132, 2547-2557. [CrossRef] [PubMed]

Oliveira, M.; Amorim, A. Microbial forensics: New breakthroughs and future prospects. Appl. Microbiol. Biotechnol. 2018, 102,
10377-10391. [CrossRef] [PubMed]

Martinez, M.].; Massora, S.; Mandomando, I.; Ussene, E.; Jordao, D.; Lovane, L.; Mufioz-Almagro, C.; Castillo, P.; Mayor, A.;
Rodriguez, C.; et al. Infectious cause of death determination using minimally invasive autopsies in developing countries. Diagn.
Microbiol. Infect. Dis. 2016, 84, 80-86. [CrossRef]

Matschke, J.; Tsokos, M. Post-traumatic meningitis: Histomorphological findings, postmortem microbiology and forensic
implications. Forensic Sci. Int. 2001, 115, 199-205. [CrossRef]

Camatti, J.; Tudini, M.; Bonasoni, M.P,; Santunione, A.L.; Cecchi, R.; Radheshi, E.; Carretto, E. Candida albicans Meningoencephalitis
after Vestibular Schwannoma Surgery: An Autopsy-Confirmed Case Report. Diagnostics 2026, 16, 228. [CrossRef]

Abdoun, A.; Amir, N.; Fatima, M. Thanatomicrobiome in forensic medicine. New Microbiol. 2023, 46, 236-245.

Fu, X.; Guo, J.; Finkelbergs, D.; He, ].; Zha, L.; Guo, Y.; Cai, J. Fungal succession during mammalian cadaver decomposition and
potential forensic implications. Sci. Rep. 2019, 9, 12907. [CrossRef]

Javan, G.T.; Finley, S.J.; Tuomisto, S.; Hall, A.; Benbow, M.E.; Mills, D. An interdisciplinary review of the thanatomicrobiome in
human decomposition. Forensic Sci. Med. Pathol. 2019, 15, 75-83. [CrossRef]

Franceschetti, L.; Lodetti, G.; Blandino, A.; Amadasi, A.; Bugelli, V. Exploring the role of the human microbiome in forensic
identification: Opportunities and challenges. Int. J. Leg. Med. 2024, 138, 1891-1905. [CrossRef]

Vongpaisarnsin, K.; Tansrisawad, N.; Hoonwijit, U.; Jongsakul, T. Pseudomonas aeruginosa septicemia causes death following
liposuction with allogenic fat transfer and gluteal augmentation. Int. J. Leg. Med. 2015, 129, 815-818. [CrossRef] [PubMed]

https://doi.org/10.3390/diagnostics16020325


https://doi.org/10.1080/14737159.2023.2267977
https://doi.org/10.3389/fmicb.2020.569630
https://doi.org/10.1007/s00414-023-03060-8
https://doi.org/10.1038/srep29598
https://doi.org/10.1007/s00253-020-10922-3
https://www.ncbi.nlm.nih.gov/pubmed/33001249
https://doi.org/10.1007/s00428-025-04330-z
https://www.ncbi.nlm.nih.gov/pubmed/41205065
https://doi.org/10.1016/j.jflm.2014.12.012
https://doi.org/10.1007/s10096-017-2943-6
https://www.ncbi.nlm.nih.gov/pubmed/28236029
https://doi.org/10.1016/j.forsciint.2017.07.017
https://doi.org/10.1007/s12024-023-00733-z
https://doi.org/10.3389/fmicb.2022.1064904
https://doi.org/10.1016/j.jflm.2023.102560
https://doi.org/10.1016/j.ijmmb.2023.100367
https://doi.org/10.1038/s41597-024-03518-3
https://doi.org/10.1016/j.legalmed.2018.11.002
https://www.ncbi.nlm.nih.gov/pubmed/30419494
https://doi.org/10.1111/jam.15426
https://www.ncbi.nlm.nih.gov/pubmed/34954826
https://doi.org/10.1007/s00253-018-9414-6
https://www.ncbi.nlm.nih.gov/pubmed/30302518
https://doi.org/10.1016/j.diagmicrobio.2015.10.002
https://doi.org/10.1016/S0379-0738(00)00328-5
https://doi.org/10.3390/diagnostics16020228
https://doi.org/10.1038/s41598-019-49361-0
https://doi.org/10.1007/s12024-018-0061-0
https://doi.org/10.1007/s00414-024-03217-z
https://doi.org/10.1007/s00414-014-1056-3
https://www.ncbi.nlm.nih.gov/pubmed/25107297
https://doi.org/10.3390/diagnostics16020325

Diagnostics 2026, 16, 325 18 of 18

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ziyade, N,; Sirin, G.; Elgérmiis, N.; Das, T. Detection of human bocavirus DNA by multiplex PCR analysis: Postmortem case
report. Balk. Med. ]. 2015, 32, 226-229. [CrossRef] [PubMed]

Cordeiro, FP; Cainé, L. Viral infection and sudden non-cardiac death: A systematic review. J. Forensic Leg. Med. 2024, 106, 102727 .
[CrossRef] [PubMed]

He, Q.; Niu, X,; Qi, R.Q.; Liu, M. Advances in microbial metagenomics and artificial intelligence analysis in forensic identification.
Front. Microbiol. 2022, 13, 1046733. [CrossRef]

Palmiere, C.; Egger, C.; Grabherr, S.; Jaton-Ogay, K.; Greub, G. Postmortem angiography using femoral cannulation and
postmortem microbiology. Int. ]. Leg. Med. 2015, 129, 861-867. [CrossRef]

Kalanjali, Y.; Isukapatla, A.R. Postmortem microbiome dynamics: Review of forensic microbial clock. J. Forensic Leg. Med. 2025,
117,103024. [CrossRef]

Harrison, L.; Kooienga, E.; Speights, C.; Tomberlin, J.; Lashley, M.; Barton, B.; Jordan, H. Microbial succession from a subsequent
secondary death event following mass mortality. BMC Microbiol. 2020, 20, 309. [CrossRef]

Teixeira, M.J.; Barbosa, D.].; Dinis-Oliveira, R.J.; Freitas, A.R. Redefining postmortem interval estimation: The need for evidence-
based research to bridge science and justice. Front. Microbiol. 2025, 16, 1646907. [CrossRef]

Zhou, W.; Bian, Y. Thanatomicrobiome composition profiling as a tool for forensic investigation. Forensic Sci. Res. 2018, 3, 105-110.
[CrossRef]

Javan, G.T.; Finley, S.J.; Smith, T.; Miller, J.; Wilkinson, J.E. Cadaver thanatomicrobiome signatures: The ubiquitous nature of
Clostridium species in human decomposition. Front. Microbiol. 2017, 8, 2096. [CrossRef]

Bell, C.R.; Wilkinson, J.E.; Robertson, B.K,; Javan, G.T. Sex-related differences in the thanatomicrobiome in postmortem heart
samples using bacterial gene regions V1-2 and V4. Lett. Appl. Microbiol. 2018, 67, 144-153. [CrossRef]

Cldudia-Ferreira, A.; Barbosa, D.].; Saegeman, V.; Ferndndez-Rodriguez, A.; Dinis-Oliveira, R.J.; Freitas, A.R.; On Behalf of the
ESCMID Study Group of Forensic and Post-Mortem Microbiology (ESGFOR). The future is now: Unraveling the expanding
potential of human (necro)microbiome in forensic investigations. Microorganisms 2023, 11, 2509. [CrossRef]

Li, C. Editorial: Artificial intelligence in forensic microbiology. Front. Microbiol. 2023, 14, 1194390. [CrossRef] [PubMed]
Mishra, A.; Khan, S.; Das, A.; Das, B.C. Evolution of diagnostic and forensic microbiology in the era of artificial intelligence.
Cureus 2023, 15, e45738. [CrossRef] [PubMed]

Li, C; Yao, Y.D.; Yan, J.; Grzegorzek, M. Editorial: Artificial intelligence in forensic microbiology, volume II. Front. Microbiol. 2024,
15, 1406563. [CrossRef] [PubMed]

Xu, G.; Teng, X.; Gao, X.H.; Zhang, L.; Yan, H.; Qi, R.Q. Advances in machine learning-based bacteria analysis for forensic
identification: Identity, ethnicity, and site of occurrence. Front. Microbiol. 2023, 14, 1332857. [CrossRef]

Finley, S.J.; Pechal, ].L.; Benbow, M.E.; Robertson, B.K.; Javan, G.T. Microbial signatures of cadaver gravesoil during decomposition.
Microb. Ecol. 2016, 71, 524-529. [CrossRef]

Kodama, W.A,; Xu, Z.; Metcalf, J.L.; Song, S.J.; Harrison, N.; Knight, R.; Carter, D.O.; Happy, C.B. Trace evidence potential in
postmortem skin microbiomes: From death scene to morgue. . Forensic Sci. 2019, 64, 791-798. [CrossRef]

Nilendu, D. Toward oral thanatomicrobiology—An overview of the forensic implications of oral microflora. Acad. Forensic Pathol.
2023, 13, 51-60. [CrossRef]

Ahannach, S.; Spacova, L.; Decorte, R.; Jehaes, E.; Lebeer, S. At the interface of life and death: Post-mortem and other applications
of vaginal, skin, and salivary microbiome analysis in forensics. Front. Microbiol. 2021, 12, 694447. [CrossRef]

Caenazzo, L.; Tozzo, P. Microbiome forensic biobanking: A step toward microbial profiling for forensic human identification.
Healthcare 2021, 9, 1371. [CrossRef]

Haarkétter, C.; Saiz, M.; Galvez, X.; Medina-Lozano, M.L; Alvarez, J.C.; Lorente, J.A. Usefulness of microbiome for forensic
geolocation: A review. Life 2021, 11, 1322. [CrossRef]

Su, Q.; Yang, C.; Chen, L.; She, Y.; Xu, Q.; Zhao, J.; Liu, C.; Sun, H. Inference of drowning sites using bacterial composition and
random forest algorithm. Front. Microbiol. 2023, 14, 1213271. [CrossRef]

Spychata, K.; Piecuch, A.; Szleszkowski, L.; Kadej, M.; Ogorek, R. Microscopic fungi on the corpse—Promising tool requiring
further research. Forensic Sci. Int. 2024, 361, 112129. [CrossRef] [PubMed]

Cernosek, T.; Eckert, K.E.; Carter, D.O.; Perrault, K.A. Volatile organic compound profiling from postmortem microbes using gas
chromatography-mass spectrometry. J. Forensic Sci. 2020, 65, 134-143. [CrossRef]

Huang, X.; Zeng, ].; Yang, F,; Liu, Y.; Chen, J.; Wang, H.; Li, S.; Li, C.; Zhang, S. Microbial succession in human tissues postmortem:
Insights from 2bRAD-M sequencing. Microbiol. Spectr. 2025, 14, e0266624. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/diagnostics16020325


https://doi.org/10.5152/balkanmedj.2015.15254
https://www.ncbi.nlm.nih.gov/pubmed/26167351
https://doi.org/10.1016/j.jflm.2024.102727
https://www.ncbi.nlm.nih.gov/pubmed/39089138
https://doi.org/10.3389/fmicb.2022.1046733
https://doi.org/10.1007/s00414-014-1099-5
https://doi.org/10.1016/j.jflm.2025.103024
https://doi.org/10.1186/s12866-020-01969-3
https://doi.org/10.3389/fmicb.2025.1646907
https://doi.org/10.1080/20961790.2018.1466430
https://doi.org/10.3389/fmicb.2017.02096
https://doi.org/10.1111/lam.13005
https://doi.org/10.3390/microorganisms11102509
https://doi.org/10.3389/fmicb.2023.1194390
https://www.ncbi.nlm.nih.gov/pubmed/37113224
https://doi.org/10.7759/cureus.45738
https://www.ncbi.nlm.nih.gov/pubmed/37872929
https://doi.org/10.3389/fmicb.2024.1406563
https://www.ncbi.nlm.nih.gov/pubmed/38725685
https://doi.org/10.3389/fmicb.2023.1332857
https://doi.org/10.1007/s00248-015-0725-1
https://doi.org/10.1111/1556-4029.13949
https://doi.org/10.1177/19253621231176411
https://doi.org/10.3389/fmicb.2021.694447
https://doi.org/10.3390/healthcare9101371
https://doi.org/10.3390/life11121322
https://doi.org/10.3389/fmicb.2023.1213271
https://doi.org/10.1016/j.forsciint.2024.112129
https://www.ncbi.nlm.nih.gov/pubmed/38986228
https://doi.org/10.1111/1556-4029.14173
https://doi.org/10.1128/spectrum.02666-24
https://doi.org/10.3390/diagnostics16020325

	Introduction 
	From Classical Postmortem Cultures to the Microbiome Era 
	Diagnostic Value and Interpretative Complexity in Forensic Settings 
	Aim and Scope of the Review 
	Search Strategy and Methodological Approach 

	PMM in Forensic Practice 
	Indications for Postmortem Microbiological Investigations 
	Biological Samples and Target Sites 
	Culture-Based and Molecular Approaches 
	Sampling Strategies and Timing 
	Quality Assurance and Standardization in Forensic Microbiology 

	Cause-of-Death Attribution: Diagnostic Value of PMM 
	Sepsis and Systemic Infections 
	Central Nervous System Infections 
	Cardiac Infections and Myocarditis 
	Viral and Non-Bacterial Infections in Forensic Contexts 

	Interpretation Challenges in PMM 
	PMI and Microbial Overgrowth 
	Bacterial Translocation and Postmortem Redistribution 
	Contamination During Sampling and Laboratory Processing 
	Colonization Versus Infection: The Problem of Causality 
	Interpretation of Molecular and AI-Based Results 
	Methodological and Technological Limitations Affecting Evidentiary Weight 

	Beyond Cause of Death: Emerging Forensic Applications 
	Thanatomicrobiome and PMI Estimation 
	Trace Evidence and Forensic Identification 
	Environmental and Context-Specific Applications 
	Mycobiome, Volatile Compounds, and Non-Bacterial Targets 

	AI and Advanced Molecular Methods 
	Machine Learning and AI in Forensic Microbiology 
	High-Resolution Sequencing and Multi-Omics Approaches 

	Guidelines, Standardization, and Current Gaps 
	Existing Guidelines and Consensus Statements 
	Lack of Standardization and Legal Implications 

	Future Perspectives 
	Conclusions 
	References

