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Abstract: Postmortem microbiome analysis has emerged as a promising
frontier in forensic science, offering novel insights into the estimation of the
postmortem interval (PMI). The concept of the “microbial clock” refers to the
predictable temporal succession of microbial communities that colonize and
decompose the human body after death. This study explores the dynamics of
postmortem microbial shifts across various anatomical sites and environmental
conditions, highlighting their potential as reliable biomarkers for PMI
estimation. Following death, the cessation of immune function and
physiological regulation facilitates rapid microbial proliferation and
translocation, primarily driven by endogenous gut microbiota. These microbial
communities undergo systematic compositional changes influenced by intrinsic
factors such as body condition and extrinsic variables including temperature,
humidity, and burial context. ~Advancements in high-throughput sequencing
technologies, particularly 16S rRNA gene sequencing and metagenomic
approaches, have enabled precise characterization of microbial taxa and their
functional profiles throughout decomposition stages. Statistical modeling and
machine learning algorithms further enhance the predictive accuracy of
microbial succession patterns, supporting the development of robust forensic
tools. However, variability introduced by environmental heterogeneity and
individual microbiome differences remains a significant challenge.  This
paper underscores the importance of standardizing sampling protocols and
integrating multi-omics data to improve reproducibility and accuracy.
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Introduction. The accurate determination of the Postmortem Interval (PMI)
is a fundamental challenge in forensic pathology and criminal investigations.
For decades, forensic experts have relied on physical indicators of
decomposition, such as rigor mortis, livor mortis, and algor mortis, to estimate
the time since death. However, these parameters are highly susceptible to
fluctuations in ambient temperature, humidity, and the specific circumstances
of the death scene, often leading to a wide margin of error, especially after the
first 48 hours.

In recent years, the integration of molecular biology into forensic science has
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opened new avenues for investigation. One of the most significant
breakthroughs is the study of the human postmortem microbiome, or the
"thanatomicrobiome." While the human body is home to trillions of microbes
during life, the cessation of the immune system at death triggers a predictable
ecological shift. This process, known as microbial succession, transforms the
body into a complex ecosystem where different bacterial taxa flourish and
decline in a structured temporal sequence.

Recent advancements in High-Throughput Sequencing (HTS), specifically
16S rRNA gene sequencing, have allowed researchers to catalog these
microbial changes with unprecedented precision. By analyzing the "microbial
clock"—the predictable arrival and departure of specific bacteria—forensic
scientists can now develop quantitative models to estimate PMI. Furthermore,
the application of machine learning algorithms to these large datasets has
significantly improved the reliability of these estimations. This article aims to
review the current state of postmortem microbiome research, focusing on the
factors that influence microbial succession and the technological hurdles that
must be overcome to standardize this method for legal proceedings. By shifting
the focus from gross morphological changes to molecular-scale biological
shifts, the microbial clock promises to refine the accuracy of time-of-death
estimations in forensic practice.

Microbial Succession: The Chronological Stages of Decomposition

The decomposition of the human body is not a random or chaotic
phenomenon; rather, it represents a highly coordinated and sequential
biological process governed by intrinsic and extrinsic factors. From a
microbiological standpoint, this progression follows a predictable pattern of
microbial succession, in which distinct microbial communities dominate at
specific postmortem intervals. These shifts form the basis of the so-called
microbial clock, a powerful tool in forensic science for estimating the
postmortem interval (PMI).

1. The Internal Takeover (Fresh Stage) Immediately following death, the
cessation of circulation and respiration results in a rapid depletion of oxygen,
initiating cellular autolysis. During this early “fresh” stage, intracellular
enzymes begin to digest cellular components, creating a nutrient-rich and
increasingly anaerobic environment. This shift favors the proliferation of
endogenous microbiota, particularly those originating from the gastrointestinal
tract.

Members of the Firmicutes phylum, especially Clostridium species,
become dominant due to their strict anaerobic metabolism and ability to
degrade complex biomolecules such as proteins and polysaccharides. These
pioneer microorganisms initiate putrefaction, producing metabolic byproducts
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including organic acids and gases. Concurrently, the breakdown of host
immune defenses permits unhindered microbial expansion, marking the onset
of internal microbial takeover.

2. Bloating and Gas Production As decomposition progresses, anaerobic
microbial metabolism intensifies, leading to the accumulation of gases such as
methane (CHa4), hydrogen sulfide (H:S), and carbon dioxide (CO2). This results
in visible bloating of the body. At this stage, there is a notable shift in
microbial composition, as revealed by advanced techniques like 16S rRNA
gene sequencing. The relative abundance of Bacteroidetes and Proteobacteria
increases significantly, reflecting changes in substrate availability and internal
physicochemical conditions. The microbial clock is particularly dynamic
during this phase. Elevated internal pressure facilitates the dissemination of
bacteria into previously sterile compartments, including the bloodstream and
internal organs—a process referred to as postmortem microbial translocation.
This redistribution enhances the systemic spread of microorganisms, further
accelerating decomposition.

3. Active and Advanced Decay Following the rupture of body cavities and
the release of accumulated gases, the internal environment becomes exposed to
external conditions. This transition introduces oxygen, enabling colonization by
aerobic microorganisms and fungi. Consequently, microbial diversity reaches
its peak during the active decay stage.

Environmental microbes, particularly soil-associated taxa such as
Actinobacteria and genera like Pseudomonas, infiltrate the decomposing
tissues. These exogenous organisms interact with the endogenous
thanatomicrobiome, creating a complex and dynamic microbial ecosystem. The
interplay between host-derived and soil-derived microbial populations provides
valuable forensic markers. Notably, the relative abundance and succession
patterns of these communities serve as robust indicators for PMI estimation.

Decompositio Dominant Key PMI
n Stage Microorganisms Processes Relevance
Fresh Stage Firmicutes Autolysi Early  PMI
(Clostridium) s, anaerobic | (0-2 days)
shift
Bloating Bacteroidetes Gas 2—-6 days
Stage , Proteobacteria formation,
swelling
Active Decay Actinobacteri Tissue 5-15 days
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a, Pseudomonas breakdown,
high diversity
Advanced Mixed Nutrient 15-25 days
Decay communities depletion
Dry Remains Proteobacteri Keratin Weeks—mont
a, fungi &  collagen | hs
degradation

Table 1. Relationship between decomposition stages, microbial communities,
and postmortem interval.

As decomposition advances further, nutrient availability declines, leading
to a gradual reduction in microbial activity and diversity. However, specific
taxa adapted to low-nutrient conditions continue to persist.

4. Dry Remains and the Final Signature In the terminal stage of
decomposition, commonly referred to as the dry remains stage, only resistant
tissues such as skin, cartilage, and bones persist. The microbial community
stabilizes and becomes dominated by specialized organisms capable of
degrading recalcitrant biomolecules. Certain members of Proteobacteria,
along with keratinolytic and collagenolytic fungi, play a central role in
breaking down structural proteins like keratin and collagen. These late-stage
microbial assemblages form a relatively stable “final signature,” which can
persist for extended periods. Importantly, these signatures provide forensic
investigators with the ability to estimate PMI even several months postmortem,
particularly when traditional methods become unreliable.

Environmental Influences and Machine Learning Integration. Although
microbial succession follows a general pattern, it is highly influenced by
environmental variables. Factors such as ambient temperature, often quantified
as Accumulated Degree Days (ADD), soil pH, humidity, oxygen availability,
and insect activity can significantly alter the rate and trajectory of
decomposition. To address this variability, modern forensic methodologies
increasingly incorporate computational approaches, particularly machine
learning. Algorithms such as Random Forest and Artificial Neural Networks
are trained on large datasets comprising microbial DNA profiles and
environmental parameters. These models can identify complex, non-linear
relationships and generate highly accurate PMI predictions. Recent studies
demonstrate that integrating microbiome data with environmental metrics can
achieve PMI estimation accuracy within +2-3 days over a 30-day
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decomposition period. This represents a substantial advancement over
traditional forensic techniques and highlights the transformative potential of
combining microbiology with data science.

Discussion. The application of postmortem microbiome analysis in forensic
science represents a paradigm shift from traditional morphological and
entomological methods toward molecular and data-driven approaches. The
concept of the microbial clock is grounded in the principle of predictable
microbial succession, yet its practical implementation reveals both significant
strengths and notable limitations. One of the primary advantages of
microbial-based PMI estimation is its sensitivity and specificity at the
molecular level. Unlike traditional methods, which often become unreliable in
advanced stages of decomposition, microbial signatures persist and continue to
evolve even in dry remains. This allows for extended temporal resolution,
particularly in cases where visual or entomological evidence is absent or
degraded.

However, variability remains a critical challenge. Environmental factors
such as temperature fluctuations, soil composition, humidity, and oxygen
availability introduce deviations in microbial succession patterns. For instance,
increased temperature accelerates microbial metabolism and decomposition
rates, while extreme dryness may inhibit microbial growth. Additionally,
individual factors such as the host’s microbiome composition, cause of death,
and the presence of antibiotics or toxins can further influence postmortem
microbial dynamics.

The integration of machine learning has significantly enhanced the
robustness of PMI estimation. By incorporating high-dimensional microbiome
datasets alongside environmental variables, algorithms such as Random Forest
and Neural Networks can model complex, non-linear relationships that are
otherwise difficult to interpret. Nevertheless, these models require large,
standardized datasets for optimal performance, and issues related to data
reproducibility and cross-regional applicability remain unresolved.

Another important consideration is the lack of universally accepted forensic
protocols for microbiome sampling, storage, and analysis. Differences in
sequencing techniques, bioinformatic pipelines, and reference databases can
lead to inconsistencies across studies. Therefore, the establishment of
standardized methodologies is essential for the widespread adoption of
microbial clock analysis in forensic practice.

In summary, while the microbial clock offers unprecedented precision and
potential in PMI estimation, its reliability depends on the integration of
environmental data, methodological standardization, and continued
advancements in computational modeling.
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Conclusion. The study of postmortem microbial succession has emerged as
a transformative approach in forensic science, providing a novel and highly
informative tool for estimating the postmortem interval. The concept of the
microbial clock, driven by predictable changes in microbial communities,
enables investigators to reconstruct the timeline of decomposition with a level
of accuracy that surpasses many conventional methods.

Through the analysis of distinct decomposition stages—from the fresh stage
dominated by endogenous anaerobes to the dry remains stage characterized by
specialized degraders—researchers can identify temporal biomarkers that serve
as reliable indicators of time since death. The incorporation of advanced
molecular techniques, particularly next-generation sequencing, has further
enhanced the resolution and applicability of microbiome-based analyses.
Importantly, the integration of machine learning has addressed many of the
limitations associated with environmental variability, allowing for more precise
and adaptable predictive models. Despite these advancements, challenges such
as environmental heterogeneity, lack of standardization, and limited global
datasets must be addressed to ensure consistency and reliability across forensic
contexts.

Overall, the microbial clock represents a promising frontier in forensic
investigations. With continued research, technological refinement, and
interdisciplinary collaboration, it has the potential to become a standard tool in
forensic practice, significantly improving the accuracy and reliability of
postmortem interval estimation.
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