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Abstract

:

Forensic microbiology is a relatively new discipline, born in part thanks to the development of advanced methodologies for the detection, identification and characterization of microorganisms, and also in relation to the growing impact of infectious diseases of iatrogenic origin. Indeed, the increased application of medical practices, such as transplants, which require immunosuppressive treatments, and the growing demand for prosthetic installations, associated with an increasing threat of antimicrobial resistance, have led to a rise in the number of infections of iatrogenic origin, which entails important medico-legal issues. On the other hand, the possibility of detecting minimal amounts of microorganisms, even in the form of residual traces (e.g., their nucleic acids), and of obtaining gene and genomic sequences at contained costs, has made it possible to ask new questions of whether cases of death or illness might have a microbiological origin, with the possibility of also tracing the origin of the microorganisms involved and reconstructing the chain of contagion. In addition to the more obvious applications, such as those mentioned above related to the origin of iatrogenic infections, or to possible cases of infections not properly diagnosed and treated, a less obvious application of forensic microbiology concerns its use in cases of violence or violent death, where the characterization of the microorganisms can contribute to the reconstruction of the case. Finally, paleomicrobiology, e.g., the reconstruction and characterization of microorganisms in historical or even archaeological remnants, can be considered as a sister discipline of forensic microbiology. In this article, we will review these different aspects and applications of forensic microbiology.
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1. Introduction


Till the beginning of the XXI century, microbiology has played a relatively minor role in forensic sciences. In the early 1990s, the sequencing of amplified viral genome fragments allowed for the reconstruction of the role of a dentist in the transmission of HIV to several patients in Florida, opening the way toward the application of PCR-based genome typing in forensic microbiology [1]. Since then, the traditional perspective of the clinical microbiologist, called upon to diagnose infections, has over time been enriched with other not strictly clinical domains such as applications useful in a medico-legal context: the diagnosis of hospital-associated infections, sudden death (SD) in adulthood, pediatric and prenatal ages, sexually transmitted infections, the complications of sexual assaults, and forensic microbiome applications. In addition, paleomicrobiology could be regarded as a sister field of forensic microbiology [2].



Forensic microbiology is a novel field of research relying on traditional, culture-based microbiology and molecular analyses carried out on samples collected from the body of the deceased, the infected person or the surrounding environment, providing evidence of sufficient quality to support legal proceedings. Forensic microbiology requires standardization and validation of procedures, from the collection of biological samples from both living and deceased subjects, a robust set of technologies and expertise when interpreting the results [3].



A network of forensic microbiologists, pathologists, geneticists and physicians from different European countries have shaped a flexible protocol providing minimal requirements for post-mortem microbiology (PMM) sampling in cases of SD, bioterrorism, tissue and cell transplantation and paleomicrobiology [4]. Later, the ESCMID Study Group for Forensic and Post-mortem Microbiology (ESGFOR) yielded additional protocols for different scenarios of SD and the PMM in the hospital setting [5].



Mortality rates related to infectious diseases have decreased over the years thanks to the implementation of health policies regarding a better use of hygiene standards, the introduction of new vaccines along with the promotion of vaccination campaigns, the use of antimicrobials and the advances in supportive care for critically ill patients [6]. However, infectious outbreaks in hospitals, bioterrorism as well as epidemic and pandemic events pose real threats to public health. In these cases, the application of forensic microbiology has a pivotal role in identifying the etiological agent, the source of the infection, the mode of transmission and directing containment actions such as the implementation of infection control and prevention programs [7].



In this sense, forensic microbiology and molecular epidemiology in public health share the scope to reconstruct the source of an unexpected infectious fatal event and to apply all possible means for its containment and prevention of further transmission. However, they differ in the rigor of accredited standard operating procedures and dedicated laboratories [8,9].



Forensic microbiology has also gained particular interest in providing new insights in deciphering historical fatal events such as waves of plague and other infectious pestilences or sudden and suspicious deaths of historical figures [10,11].



In this review, we will focus on a series of topics that are relevant to forensic microbiology, from the dynamics of microbial community composition after death to the methods for sampling, and the application of high-throughput tools, such as next-generation sequencing. In addition, we will focus on specific topics, including paleomicrobiology, violent and sudden deaths.




2. Patterns of Microbial Dynamics after Death


The microbial population that accompanies a host after its death is referred to as the “Thanatomicrobiome” [12]. This microbial community plays a crucial role in the decomposition process, characterizing the microbial succession in and around the dead biomass [13]. Furthermore, various authors have differentiated between the microbial communities present within the internal organs of a deceased body (known as the thanatomicrobiome) and the microbial communities found on the skin, surface epithelia and external mucous membranes of the corpse (known as epinecrotic microbial communities) [14,15,16].



Although the human microbiome includes bacteria, fungi, viruses and other single-celled organisms, bacteria are the most significant in forensic medicine because of their diversity and primary involvement in decomposition [17]. However, as decay continues, fungi become more and more important in the process [18]. In general, the bacterial sequences found during the colonization of a cadaver are associated with the post-mortem interval (PMI). This process typically begins with the presence of Staphylococcus spp., followed by coliforms and Candida spp. and eventually concludes with the appearance of mixed populations of anaerobic bacteria [19]. In this context, Metcalf et al. [20] showed that the use of microbial succession during the ecological process of decomposition is a promising technique to estimate the PMI. However, developing and transitioning new forensic science technologies into the justice system requires overcoming scientific, investigative and legal hurdles.



The initial and subsequent composition of the thanatomicrobiome is influenced by the human microbial community present at the time of death, which may vary due to multiple factors, including the personal characteristics of the subject such as age, sex, ethnicity and geographical origin [21]. Other influencing factors can be divided into biotic and abiotic ones. The former include antemortem infections, insects, scavengers and commensal microbial populations. Abiotic factors include environmental conditions to which the corpse is exposed (temperature, humidity, pH), time since death and living habits (e.g., eating habits, the weight of the subject, antimicrobial/drug therapy) [22,23]. All of the above factors can obviously have an impact on PMI estimation.



These factors also influence the speed of the cadaver decay process. For example, open wounds and breached skin can cause faster decay. Women with more subcutaneous adipose tissue decay faster due to increased water content in the interstitium/intercellular space. Slim bodies, malnutrition and poisoning lead to a slower decay [24].



The body’s internal organs, such as the heart, liver, spleen and brain, are sterile during life. After the heart stops beating, tissues begin to deteriorate due to a lack of oxygen. Cellular functions continue until all the oxygen is used and carbon dioxide can no longer be removed. This causes a hypoxic and acidic environment that leads to cell rupture. Enzymes like lipases leak out and promote autolysis, triggering microbial processes responsible for tissue breakdown or putrefaction. During this process, the immune response rapidly decays, cellular junctions become loose and nutrients become available to the microbiota [18,25].



Thus, when the physical and chemical barriers that impede/regulate the movement of bacteria weaken, it becomes easier for bacteria to invade the neighboring tissues. The progression of intestinal microbiota from the gut to the contiguous organs, tissues and body cavities has been studied using mouse models: these suggest that the first step of microbiota progression involves the mesenteric lymph nodes and then extends to other tissues/organs [26,27]. Progression also occurs from the upper airways to contiguous organs [24]. The uterus and prostate are the last internal organs to decompose [27].



Microbial communities utilize released nutrients, leading to the putrefaction stage of body decomposition. One visible sign is the discoloration of sulfhemoglobin due to hydrogen sulfide reacting with blood hemoglobin. This gas is released from a sulfur-containing amino acid breakdown in the cecum, diffusing into surrounding tissues. Abdominal inflation due to gas production and accumulation is a preliminary sign of progression to the bloating stage. If the pressure is severe enough, it can result in post-mortem injury and a change in the microbial environment from anaerobic to aerobic [28,29]. The deflation of the body initiates the onset of active decay, facilitated by microorganisms and scavenging activity until only the skeleton, skin and hair remain [24].



Several studies have investigated which microbial communities were prevalent in specific organs during decomposition. The most abundant taxa of microbial communities according to the organ examined are Firmicutes in the brain, heart and spleen [12,24,30]; Firmicutes and Proteobacteria in the liver [12,13,30]; Bacteroidetes, Firmicutes and Proteobacteria in the oral cavity [31]; Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes and Proteobacteria in the bones [32]. According to another study, the predominant phyla in the post-mortem microbiota are Firmicutes and Proteobacteria [33].



Considering the PMI, the human microbiota remains mostly stable during the initial 24–48 h after death. The microbial communities in this timeframe may indicate the individual’s health condition and dysbiosis before death [34]. Unique microbial communities can be distinguished across various body sites during this period [34,35]. However, environmental changes after this timeframe lead to a microbial succession that transforms the human body and microbiota in a manner that deviates significantly from a living individual [18].



As the period following death becomes longer, the alpha diversity of communities typically declines, as anticipated with nutrient influxes, and the composition of communities, referred to as beta diversity, becomes more alike across bodily locations [36,37].



For instance, various studies have analyzed the microbial populations in both the oral cavity and the intestine at different stages of cadaveric decay. Typical oral microorganisms were detected during the early stages in the oral cavity. However, during the emphysematous phase, bacteria characteristic of both the oral cavity (Peptostreptococcaceae and Bacteroidaceae) and the intestinal tract (Enterococcaceae) were found [31]. Over time, specific bacterial strains such as Bacteroides, Parabacteroides, and Lactobacillus decreased in the intestine, while taxa belonging to the Enterococcaceae family and Clostridium species increased [38,39] and subsequently spread to other organs of the body [40,41]. The adjacent environment impacts the arrangement and development of microbial communities on the skin following death, including the soil’s microbial composition [36].



Other studies have investigated the disparities in the thanatomicrobiome relating to gender. In female cadavers, there was a prevalence of Pseudomonas and Clostridiales, while male cadavers showed a high abundance of species of Clostridium, Clostridiales and Streptococcus. Specifically, Pseudomonas was identified as the most common genus in women, whereas Rothia was exclusive to men [42]. Furthermore, when examining cardiac tissues, the genera Streptococcus and Lactobacillus were exclusively present in men, while women had a higher occurrence of bacteria belonging to Pseudomonas and Clostridium genera [43]. The type of microbial communities can be affected by insects that feed on decaying flesh. Such insects change the microbiome through their secretions and excretions, including symbiotic microbes and microbial and immune products. One study showed that the presence of bacteria of the genus Ignatzschineria marks the presence of insects [44].



During the advanced decomposition stage, microorganisms that are typically found in the soil are present (Alcaligenaceae, Planococcaceae, Pseudomonadaceae [31]; Acinetobacter, Anarosphaera, Clostridium, Ignatzshineria, Peptostreptococcus, Providencia, Wohlfahrtiimonas [38]). This is because when a corpse decomposes in soil surrounded by vegetation, the soil’s carbon and nutrient levels increase, creating ideal conditions for these microorganisms to thrive. Conversely, the dry remains stage is characterized by the predominance of spore-forming microorganisms (Bacillus, Clostridium). The presence of spores allows these microorganisms to survive even without nutrients [21].



In general, in view of the potential application of forensic microbiology (Table 1), the issues related with the overall process of microbial dynamics after death, and along the chain of custody of corpses/samples, are to be carefully considered. In particular, quality criteria aimed at the sampling, packaging, transport and preserving of samples are a key to success in performing forensic analyses [45]. Further studies assessing the preservation of the microbiomes before and during the analysis of “microbe-based legal evidences” are required in order to develop standard operative procedures of application in forensic science.




3. Microbiological Sampling after Death: When, Where and How; Pitfalls and Precautions


Despite significant advances in the diagnosis and treatment of infectious diseases during the past century, microbial infections continue to be a significant cause of mortality worldwide. Traditionally, the relevance of post-mortem microbiologic examinations has been a subject of debate. The problems of implementing routine procedures in daily autopsy practice clearly relate to the lack of consensus on their broader utility as well as to a lack of regulation [66]. However, during the last 10 years, the ESGFOR has made a great effort to yield sampling recommendations [5] and to show the results of application of PMM [67].



Before the start of the autopsy, the skin should be disinfected with disinfectants such as 0.05–2% chlorhexidine solution and 0.5% tetrimony bromide solution. If isopropyl alcohol is used, the toxicologist should be informed as it may be used as an internal control for toxicological analysis [5,68]. After opening the thoracic and abdominal cavity, the surfaces of the organs to be sampled should be cauterized with a hot spatula before handling the internal organs and ligating the blood vessels. The area should be in the following order of preference: biopsied or punctured, with a needle and syringe inserted for aspiration, or through a sterile swab sample.



If a CNS infection is suspected, it is possible to attempt liquor sampling by lumbar puncture before starting the autopsy or, once the skull is open, trying to expose the lateral ventricles or the subarachnoid cisterns and withdrawing the liquor aseptically.



Figure 1 shows a flow chart representing the procedures to be implemented in the event of a death, for autopsy sampling, devoted to the culturing of microorganisms, or other methods for microbial detection and identification.



As microbiological samples should be taken as soon as possible after death, autopsies should be performed within 24 h of death. This can be a problem in some countries as the legal system (or the Prosecutor’s order) may impose longer times for performing the autopsy; in any case, the cadaver should be placed in a sealed body bag at 4 °C as soon as possible before the autopsy begins [66,69].



Classical methods using minimally invasive techniques require the cauterization of all organ surfaces with a hot spatula or soldering iron prior to sampling. Tissue samples must be taken with the organs intact and before extraction of the bowel. This is because handling of the bowel prior to removal increases the amount of contamination in post-mortem cultures due to passive circulation of blood from the contaminated area. Blood, body fluids and nasopharyngeal secretions are best collected at the beginning of the autopsy. Blood cultures obtained from heart blood, spleen cultures or peripheral venous sites are commonly applied during post-mortem examinations; such cultures have a reported positivity rate between 7% and 69% [66,68,69].



There is increasing demand for the development of minimally invasive autopsy (MIA) techniques in fetal, pediatric and adult autopsies; in an MIA, samples of organs, tissues and body fluids are obtained by puncture or needle biopsy without opening the abdomen. In most cases, MIA is performed by blind biopsy using a cutting needle. However, MIA may also be performed by tissue biopsy and fluid removal using image-guided biopsy/needle biopsy [68,70].



All specimens should reach the laboratory within 2 h if stored at room temperature or within 48 h at temperatures between 2 and 8 °C if stored in an appropriate transport medium [66].



Careful efforts should be made to avoid contamination of microbiological samples taken at necropsy. This is because contamination may either be related to external factors or factors associated with the cadaver. To reduce contamination, autopsy rooms and instruments should be easily cleaned and disinfected. It is advisable to sterilize the tools used, also using a Bunsen burner. If possible, replacing the tools for each incision and each sample collection, or using disposable instruments, is advisable. Limiting the use of disinfectant solutions is recommended, as mentioned before, in situations in which toxicological analyses are also planned. Controlled air circulation, tightly closed doors and restricted access, well-trained forensic technicians and the use of personal protective equipment are also essential [71].



Human remains are a complex microbial ecosystem and vary considerably from person to person due to several factors. Therefore, it is important to emphasize that positive results obtained from post-mortem specimens may reflect actual infection but may also reflect contamination of the specimen. In conventional autopsies, the incidence of post-mortem contamination is estimated to be around 20% [68,69]. In this context, ‘contamination’ means the growth of microorganisms in post-mortem cultures that do not harbor the original infectious agent. In many practical cases, a real pathogen can easily be differentiated from contaminants, but interpretation criteria are still to be established to help in routine PMM.



We emphasize that knowledge of the possible persistence of pathogens in deceased individuals is important to know for the safety of the operators during the autopsy practice, especially when referring to pathogens like Neisseria meningitidis, Mycobacterium tuberculosis complex, HCV, HIV and emerging pathogens, such as SARS-CoV-2 [72,73].




4. Next-Generation Sequencing (NGS) for Microbiological Post-Mortem Analysis


Next-Generation Sequencing (NGS) refers to a set of high-throughput DNA sequencing technologies that have revolutionized genomic research since the end of the 1990s. These technologies allow for the rapid and cost-effective generation of large amounts of DNA sequence data, enabling the analysis of entire genomes, transcriptomes, epigenomes and even mixtures of millions of DNA molecules [74]. This ability to sequence mixtures of DNA molecules has generated new opportunities for researchers to gain insight into the composition and function of microbial communities, with important implications also for post-mortem analysis and forensic microbiology [75,76].



There are several types of NGS technologies available on the market, each with its own advantages and limitations. A brief description of the most used ones follows below.



Illumina NGS is an established and widely used technology that offers high sequencing accuracy and quality, low error rates and high throughput [77]. It has a large community of users and a range of sequencing platforms and applications for different research needs [78,79]. However, Illumina NGS produces short read lengths, which can limit the ability to sequence and assemble complex genomes or identify structural variations [80]. Additionally, library preparation can be time-consuming and labor-intensive, and there may be biases towards sequencing certain regions or types of DNA, as repetitive regions [79,81].



Ion Torrent sequencing is known for its relatively fast speed and low capital costs [82,83]. However, it is also more error-prone, has a shorter read length, lower throughput and a limited range of applications compared to Illumina sequencing [84].



PacBio sequencing is known for its long read length, which can improve genome assembly and enable the identification of structural variations [85], and lack of PCR amplification, which can reduce the risk of amplification bias and other artifacts [86,87,88]. However, when compared to Illumina sequencing, it is generally more expensive, has a lower throughput and can have a higher error rate [89].



Oxford Nanopore is another sequencing technology that allows the generation of long reads [90]. It has portable (sequencers are relatively small) and real-time sequencing capabilities, allowing for rapid detection and analysis of genetic material [90], with potential for field-based applications. It is also able to sequence RNA and other types of nucleic acids [91]. Like PacBio, it does not require PCR amplification [90]. However, Oxford Nanopore technology has lower sequencing accuracy and higher error rates compared to Illumina [92], although the accuracy has been improving with newer versions of the technology [93]. Oxford Nanopore also has limited throughput and higher costs per base compared to Illumina [94].



Compared with traditional bacterial culture and PCR methods, NGS has obvious technical advantages including the reduced cost and time needed to perform a wide-screen molecular analysis on multiple types of samples. These advantages offer an easy and cost-effective way to answer multiple crucial questions in the forensic context.



NGS is incredibly useful in determining the microbial diversity in a specific sample. Targeted sequencing is a method used to selectively sequence specific phylogenetically and/or taxonomically informative gene markers (e.g., 16S rRNA for bacteria and archaea, 18S rRNA for eukaryotes, and internal transcribed spacer—ITS, for fungi) [95] within a genome or set of genomes, rather than sequencing the entire genome.



In microbiology, the 16S rRNA gene is one of the most frequently used targets, since it allows rapid screening for the presence of a large range of bacterial diversity [96]. NGS 16S sequencing is a high-throughput method that can sequence millions of 16S rRNA gene fragments in a single run, providing a detailed picture of the bacterial community in a given sample. This method uses PCR amplification of the hypervariable regions of the 16S rRNA gene, followed by sequencing of the amplified fragments using NGS platforms. This approach is relatively easy and cheap with respect to shotgun metagenomics (see below), but currently there is no 16S rRNA gene PCR primer pair that is truly ‘universal’ and some species, or even phylum, can evade detection through this method [97].



On the other hand, shotgun metagenomics is a technique used to analyze the microbial community present in a sample by sequencing all of the genetic material present in it [81]. This approach involves randomly breaking apart all the DNA in the sample, sequencing the resulting fragments and then using computational methods to identify and assemble the DNA sequences into individual genomes or microbial community profiles [97]. Shotgun sequencing accounts for higher taxonomic resolution and less bias and provides a greater level of diversity, but the cost is higher than that of targeted sequencing, and datasets can be overwhelmed by the most abundant taxa [98,99].



The study of post-mortem microbial diversity using targeted gene sequencing or shotgun metagenomics can be used to study decomposition processes [38,100,101], estimate the time since death [22,42,99], determine the cause of death [102], or define the microbial signature of a sample/individual which can be used to identify possible links among people or geographic locations [103,104].



NGS can also be used to reconstruct the entire genome of a microorganism. This is extremely useful in hospital settings, or more in general, during infectious disease outbreaks. Determining which specific strain is responsible for the death of a patient/individual can help mapping the spread of the pathogen during an outbreak by identifying potential sources and drug susceptibility [105,106,107]. Detecting, identifying and understanding the potential transmission pathways of a particular pathogen are crucial in allocating resources for infection prevention and control. Additionally, in the event of a legal case, the genotyping data collected can serve as evidence to either confirm or exonerate the hospital from being the source of the infection [53].



The analysis of next-generation sequencing (NGS) data presents a unique set of challenges in forensic investigations. Contamination is a primary concern, since even small traces coming from environmental sources or handling can obscure exogenous microbial signals [108,109]. Mitigating contamination requires meticulous sample collection, processing and stringent bioinformatic protocols to differentiate true microbial signatures from background noise [110]. Additionally, forensic samples often exhibit low biomass, making it challenging to obtain sufficient genetic material for analysis. Moreover, degraded DNA further complicates analysis, as fragmented or damaged sequences can hinder accurate microbial identification and strain typing [111]. Addressing these challenges requires advanced bioinformatic techniques tailored to handle difficult data (low biomass and degraded DNA), implement robust quality control measures and employ sophisticated algorithms capable of accurately detecting and differentiating relevant genetic signals from background noise. Additionally, integration with metadata and contextual information is crucial for proper sample classification and forensic interpretation, ultimately ensuring the reliability and validity of forensic microbiology analyses [112]. Indeed, the challenges encountered in forensic microbiology, such as contamination, low biomass and degraded DNA, are also prevalent in paleomicrobiology [113,114]. Consequently, advancements in one field often benefit the other, fostering a symbiotic relationship where techniques and protocols developed for forensic microbiology can be adapted and utilized in paleomicrobiology, and vice versa, facilitating progress and innovation in both disciplines [2,114].



NGS has also revolutionized transcriptome analysis, enabling high-resolution studies and expanding the scope of forensic applications [115]. Transcriptomics has emerged as a powerful tool in forensic microbiology, offering insights into gene expression patterns that can aid in various aspects of forensic investigation. From identifying body fluids and tissues [116] to predicting the age of stains and donors [117], transcriptomic analyses provide valuable information for forensic casework. Haas et al. conducted a comprehensive review on the advances in and future prospects of forensic transcriptome analyses in forensic genetics, also addressing the utility of microbial markers for different post-mortem analyses [115].



Although a pipeline for forensic microbiome analysis is still not available [45], the application of NGS-based technologies for microbial post-mortem analysis has the potential to provide valuable insights into the microbial ecology associated with different causes of death and infectious diseases. Further research in this area may help to refine and expand the use of these techniques in microbial post-mortem analysis. Moreover, Oxford Nanopore technology with its reduced machine size and real-time analysis capability is receiving attention from the forensic community [90,94]. In the future, this technology may also be used to study the microbial communities associated with deceased individuals to obtain important forensic information directly on site and in small laboratories.



Alongside nucleic acids, proteins offer valuable insights in forensic microbiology, providing a complementary avenue for obtaining crucial information [118]. Several research groups have devised robust data analysis pipelines for organism identification and taxonomic classification from untargeted liquid chromatography–tandem mass spectrometry (LC-MS/MS) data [119,120], demonstrating the potential of proteomic analysis in microbial forensics. Practical applications include analyzing the microbial proteome of bodily fluids like saliva, enabling the identification of individual habits such as smoking [121]. Furthermore, proteomic analysis can be used to distinguish laboratory-adapted bacteria from closely related wild isolates [118], characterize the growth medium of bacteria [122] and determine the host cells of virus particles [123], highlighting its versatility and potential relevance in forensic investigations.




5. Main Applications


5.1. The Discriminatory Power of Forensic Microbiology


The microbial composition of an individual is influenced and shaped by numerous factors. These factors encompass a wide range of elements, including genetic predispositions, environmental exposures, dietary habits, lifestyle choices, hygiene practices, medications and geographical location [124,125,126]. Each of these factors plays a significant role in determining the types of microbes that colonize the human body and contribute to the overall composition of the microbiome. As a result, the microbial profile of an individual is highly dynamic and unique, reflecting an individual’s unique life history and offering a unique biological identifier similar to fingerprints [127,128].



These unique signatures can be potentially used in forensic studies for individual identification, trace evidence tracking in contact-related crime scenes and geographical localization [53,129,130]. Studies have demonstrated that remnants of human microbiota persist in the environments we inhabit and on the surfaces with which we come into contact [57,103,131,132,133,134,135]. In a 2010 study, Fierer et al. demonstrated that skin-associated bacteria, recoverable from surfaces such as individual computer keys and computer mice, exhibit community structures that enable the discrimination of objects handled by different individuals, even after remaining untouched for up to 2 weeks [57]. Similarly, Meadow et al. investigated the potential of mobile phones to gather data on individuals’ personal microbiome, revealing that a significant portion of bacterial taxa found on participants’ fingers were also present on their own phones. Interestingly, individuals shared more bacterial communities with their own phones than with anyone else’s, suggesting the potential use of microbiome analysis to link individuals with objects on the basis of their microbial composition [133].



Similarly, diverse geographical locations harbor unique microbial compositions in their soil and water ecosystems. The analysis of microbial composition from samples collected at crime scenes holds promise in deriving geolocation information [130]. For instance, Jesmok et al. conducted a study employing next-generation sequencing of the bacterial 16S rRNA gene, successfully linking soils to their respective origins with a notable success rate [136]. Likewise, Su et al. employed bacterial genus and composition within the lung tissues of drowning victims to infer the locations of drowning incidents [137]. The comprehensive review by Moitas et al. [130] further underscores the growing importance of forensic microbiology in determining geographical locations, highlighting recent advancements and studies in this emerging field.



Despite the clear potential of a microbial signature study for forensic investigation, some challenges remain. Unlike traditional identifiers such as DNA or fingerprints, which remain relatively stable throughout a person’s life, the microbiome is dynamic and responsive to various internal and external influences [138]. This instability in microbial composition may be problematic for forensic applications, as it could introduce variability and uncertainty in microbial evidence over time. Moreover, numerous studies have shown that close interactions, such as those within families, between pets and their owners and among coworkers, can lead to similarities in microbial profiles, highlighting the challenge of distinguishing between the microbial signatures of closely related or cohabiting individuals [103,139,140]. Another significant challenge is distinguishing individual differences from the background microbial populations. In a recent study, Simon et al. examined the microbial composition of museum objects, demonstrating that microbial signatures can effectively track exposure to human touch and differentiate objects handled by distinct individuals. Additionally, their research revealed that human contact might overwrite the previous microbial profile of an object, making it difficult to accurately trace individuals based on the microbial signatures left on objects [135].




5.2. Sudden Death


Sudden death (SD) can be defined as “a natural, unexpected fatal event occurring within one hour from the onset of symptoms, in an apparently healthy subject, or in one whose disease was not severe to predict such an abrupt outcome” [141].



SD can occur in people of all ages, including infants, children and adults. Forensic medicine encounters a wide range of deaths that are the result of natural causes. Despite advances in diagnosing and treating infectious diseases, a significant number of sudden and unforeseen deaths are attributed to infections [142].



Sudden death due to infectious pathogens is classified in consideration of both the specific organ or general system affected (e.g., myocarditis, meningitis, sepsis, septic shock) and the presumed etiological agent (e.g., bacteria, fungi, viruses, parasites). This is identified with the use of methods of rapid molecular or cultural analyses. The microbiological demonstration of a microorganism as the causative source of sudden infectious death should hopefully be supported by pathological autopsy investigations. The combination of microbiological and pathological evidence is very important to strengthen the hypothesis between cause and effect and limit the possibility of false diagnoses [142]. An important research area in SD is the sudden infant death syndrome (SIDS). A panel of experts that met in San Diego in 2004 proposed a general definition for SIDS as “the sudden unexpected death of an infant <1 year of age, with onset of the fatal episode apparently occurring during sleep, that remains unexplained after a thorough investigation, including performance of a complete autopsy and review of the circumstances of death and the clinical history” [143]. SUDI, or sudden unexpected death in infancy, is a proposed term referring to all sudden and unexpected infant deaths and not just to SIDS. In addition to histopathology and toxicology, ancillary analyses encompass post-mortem microbiology, involving both bacteriology and molecular analyses, conducted on samples obtained during autopsy. These investigations demonstrate that SD in infancy may be caused by various bacteria and viruses in up to 10% of cases. Indeed, bacteria and viruses are found in the blood and tissue samples of infants who die suddenly, as suggested by Prtak et al. [144]. Clinical and forensic assessment, including microbiology, is necessary to properly evaluate the case in such scenarios. A study by Alvarez-Lafuente et al. [145] found that in positive cases, herpes viruses CMV, EBV and HHV-6 could be linked to certain SD cases in infancy. Other implicated pathogens include human metapneumovirus, N. meningitidis, Haemophilus influenzae, Streptococcus pneumoniae and Bordetella pertussis [53]. Those SUDI cases, where the presence of a pathogen can explain the cause of death as due to infection, are eventually classified as explained deaths and should be excluded from the SIDS definition. Additionally, research by Leong et al. [146] suggested that a disturbance in gut microbiota, as well as co-infections with Clostridioides difficile, Clostridium perfringens, Clostridium innocuum and Bacteroides thetaiotaomicron, may help explain some cases of SIDS.



One of the most important microbial causes of SD both in children and in adults worldwide are N. meningitidis infections that can turn into invasive meningococcal disease (IMD) [147]. In Italy, in the last 10 years, IMD was at the center of legal actions and trials. In particular, in 2015/2016, serogroup C meningococci of the clonal complex CC11 (MenC/cc11) was responsible for an epidemic in the Tuscany region [148]. Between December 2019 and January 2020, an outbreak of six cases caused by the same clonal complex MenC/cc11, closely related to the Tuscany strain, was identified in a limited area in the Lombardy region (Brescia and Bergamo counties [149]. All these six cases presented a severe clinical picture, and two of them were fatal. In these two cases, patients—26- and 46-year-old women—were diagnosed with meningococcal sepsis (Waterhouse–Friderichsen) and autopsies were performed because of legal involvement. Diagnosis was confirmed from ante-mortem and post-mortem samples: in one case, N. meningitidis serogroup C was isolated in culture from the cerebrospinal fluid; in the other case, whole blood was collected ante-mortem and immediately sent to the Reference Center for Invasive Disease (Policlinico of Milan), for molecular detection and identification. The rapid identification and characterization of IMD cases and an extensive public vaccination campaign contributed to the successful control of this outbreak, caused by a hyper-invasive meningococcal strain [149].




5.3. Forensic Microbiology and the Deciphering of the Cause of Infectious Death in Outbreaks


At present, the progress made in obtaining highly accurate microbial fingerprints opens new application potential such as helping to find out the cause of an infectious death. One significant example is the investigation of an infectious outbreak in a hospital. Hospital outbreaks are undesirable and become even more so in the case of fatal events. If death is perceived as an avoidable event for which insufficient preparations have completed or even attributable to third-party assistance, it can lead to litigation. When outbreaks and fatalities occur in neonatal care units, they often lead to mass media and public attention, making investigation a delicate matter.



Medico-legal disputes evaluate three parameters: possible negligence in the health care, any damage caused and any causal link. The hospital or the primary care center must therefore demonstrate that all appropriate measures have been taken on the basis of current scientific knowledge, not only with regard to the treatment but also concerning diagnostic and care procedures to prove that the correct behavior was adopted, and that the infection was caused by an unforeseeable circumstance.



In these cases, forensic microbiology may be of use to demonstrate whether the hospital measures were correct in terms of prevention, control and therapeutic treatment (traceability, guidelines, operational protocols) proving the ineluctability of the event [53].



For outbreak investigations, it is necessary to place the infectious agent into a more discriminatory category than species, to establish links between cases and sources. The success of a reliable and robust tracking system relies on the quantity and quality of the data collected on isolate identification, location of possible sources, definition of possible reservoirs and determination of transmission routes or evolution dynamics [150,151].



DNA sequence-based typing methods have substituted serological typing offering a fine-tuned bacterial fingerprint that is essential for outbreak investigation. From the 6–10 alleles considered in the classical MultiLocus Sequence Typing (MLST), the typing schemes have extended to core-genome MLST (cgMLST) or whole-genome MLST (wgMLST); however, they do not yet include all potential allelic variations and cover only a limited number of microbial species.



An in-depth discrimination between pathogens at one nucleotide resolution (single nucleotide polymorphisms, SNPs) has been reached by the use of whole-genome sequencing (WGS). WGS also shortens the response time between sample collection and results, boosting surveillance and clarifying outbreaks in a real-time manner [53,152]. For this reason, genomic surveillance is increasingly used to map the spread of microbial pathogens in nosocomial settings because it has the superior power of elucidating microbial radiation, calibrated by time, enabling the detection of complex transmission chains that are not readily apparent from epidemiological data and which can significantly contribute to morbidity and mortality [153].



In the case of nosocomial bacterial outbreaks, WGS data are also used to determine virulence genes, antibiotic resistance determinants, plasmids, prophage, insertion sequences and mobile elements of nosocomial pathogens, making the traceability of emergent clones more efficient [52,154].



Genomic data are also used in retrospective studies to detect missed outbreaks or clarify misidentified outbreaks with the aim of improving preparedness and containment measures [155,156].



It must be kept in mind that all steps of genomic surveillance (next generation sequencing, bioinformatic analysis, lineage classification, mutation calling, phylogenetic, phylodynamic and phylogeographic inferences) need bioinformatic skills, extensive computational resources, cloud computing platforms, dedicated pipelines designed for specific pathogens, repositories as well as established procedures for the use of WGS data for outbreak detection [157]. Attempts are also in progress to employ artificial intelligence (AI) approaches for the analysis of infectious disease transmission dynamics during and after pathogen outbreaks, and for the development of AI-based models of phylogeny and transmission of public health-relevant pathogens [158].




5.4. Violence, Violent Death and Forensic Microbiology


Microbiological analysis is increasingly recognized as important in criminal investigations in relation to personal identification, study of trace evidence, sexual violence, determination of individual’s geographic origin and to reconstruct the place and the cause of death. Despite concerns about the correct interpretation and statistical significance, there is a growing awareness of the need to associate microbiological analysis with other post-mortem procedures [41,75,159].



Regarding identification, the research suggests a vast number of unique microbiomes on human skin that can easily spread onto surfaces [65]. Unlike DNA, microbial communities can remain on surfaces for extended periods due to their ability to withstand environmental stressors such as humidity, temperature or UV radiation. Since the composition of microbial communities is specific to each person, it is possible to demonstrate the presence of an individual in a particular location, such as a crime scene, and also the type of traces left, whether it comes from the skin or other body sites [64,160]. However, as the potential forensic value of microbiota traces is not static, their identifying characteristics are lost over time [161]. Variations in the microbiota have been described depending on an individual’s sex and age, but there is still a core microbiome that allows discrimination of each body fluid or body site [161,162].



Microbial markers can differentiate specific bacterial species at different body sites [163,164]. Species that represent a minor component of the body-associated microbial communities tend to be unique and may play a crucial role in personal identification [165].



The microbiome composition of the skin varies depending on the body region, including skin thickness, folds, hair follicle density and the presence of eccrine and apocrine glands [53]. Moreover, the microbiota can transfer directly from one individual to another through a handshake, even in the presence of intermediate substrates [166].



Currently, microbial markers of interest can differentiate specific bacterial species found on various bodily sites/fluids, including the skin, vagina, feces, semen, saliva and hair matrix [163]. For example, Leake et al. [167] showed that the salivary microbiota differs between individuals. As for the skin, Micrococcus and Staphylococcus are the most commonly detected species on the hands, with Cutibacterium (previously Propionibacterium) species having forensic relevance [160,164]. Wilkins et al. [161] showed that it is possible to recover handprints with a microbiome resembling that found on objects typically used by the subject.



Concerning sexual violence, the presence of vaginal secretions can be distinguished from other bodily fluids by analyzing the microbial community found in the vagina, which mainly consists of Lactobacillus crispatus and Lactobacillus gasseri species [168,169]. Díez Lòpez et al. [170] showed that it is possible to differentiate between menstrual, venous, nasal or skin wound blood found at crime scenes, based on microbial presence. In particular, their study primarily utilized massively parallel microbiome sequencing to analyze the unique microbial signatures of different body sites allowing for the classification of fluids based on the distinct microbial populations they contain through microbiome sequencing. This method, using de novo generated 16S rRNA gene sequencing data, employed a taxonomy-independent deep neural network, which was trained on a large dataset of microbiome sequences from various body sites, to accurately predict the origin of a blood sample at a crime scene. However, there are several limitations and challenges associated with microbial analysis in forensic settings. One major challenge is the complexity of mixed samples, which may contain multiple types of body fluids or come from multiple individuals. This can complicate the interpretation of microbial data and lead to potential misclassification. Additionally, the condition of samples (e.g., age, exposure to environmental factors) can affect the stability and detectability of microbial signatures. Another limitation is the reliance on high-quality DNA samples for accurate sequencing and analysis. Degraded or contaminated samples may yield incomplete or misleading microbial profiles. Furthermore, the variability in microbial communities among individuals due to genetic, dietary and environmental factors can introduce uncertainty into the analysis. Normal semen contains bacteria from the genera Lactobacillus and Staphylococcus like those found on the skin and in the vagina [171]. Some of the stable genera detected in the skin of the penis over time include Staphylococcus, Anaerococcus and Prevotella, with the latter apparently being exclusive to uncircumcised males [172]. The identification of body-site-specific microbial biomarkers by NGS coupled with machine learning is a promising tool to be used in the forensic field [173].



Hair matrices, particularly pubic hair, are a useful source of microbial information, with pubic hair being more stable than hair affected by environmental factors and length [174]. The microbial community of pubic hair was observed to be shared by two individuals who had sexual intercourse, and in a simulation of sexual assault, the aggressor’s microbial profile could be reconstructed, differentiating between hair and pubic hair [174,175].



Various studies have shown that the bacterial species present in deceased individuals (such as Helicobacter pylori) or adult hair matrices in different cities can be used to predict an individual’s geolocation, due to climate, rainfall, altitude, soil and energy sources in the environment [176].



The analysis of microbial communities present in soil can provide important information about the location of death. Soil communities are also relevant in determining surface or underground death [177]. In burial soil samples, Proteobacteria are the most abundant phylum, while Acidobacteria have decreased and Firmicutes have increased in surface corpse microbial communities [178].



Microbiology in forensic pathology can play a role in identifying microbial markers in cases of death by drowning. The studies have shown that it is possible to distinguish specific bacterial colonization in the blood of drowning victims that is not found in corpses immersed in water [179]. The possibility of discriminating whether the drowning occurred in freshwater or saltwater based on microbial development allows for the identification of the place of drowning and distinguishing between primary and secondary crime scenes [180]. The “diatom test” stands as a gold standard in confirming drowning deaths, regularly utilized by forensic scientists to examine diatoms infiltrating the organs [181,182]. Additionally, the identification of Aeromonas, Pseudomonas and Shewanella species in blood, bone marrow and lungs has proven to be a valuable indicator for diagnosing freshwater drowning [183]. In contrast, seawater drowning is associated with the presence of Vibrio, Photobacterium, Listonella, Marinomonas and Pseudoalteromonas [180].



Despite all the promising developments, before the successful integration of microbiome-based analyses into forensic casework, two primary challenges must be tackled: conducting a comprehensive evaluation of the method’s strengths and limitations, and establishing a standardized operating procedure that should include laboratory and bioinformatic workflow recommendations [173,184].





6. Forensic Microbiology at the Border of Paleomicrobiology


Paleomicrobiology is the study of the ancient microbes associated with archaeological materials, such as bones, teeth, coprolites and other organic remains [185]. It uses techniques from microbiology, molecular biology and bioinformatics to identify and characterize the microorganisms that lived in the past. One of the primary goals of paleomicrobiology is to reconstruct the evolution and diversity of microorganisms, as well as to understand the impact that microorganisms have had on human and animal populations [185]. Some of the applications of paleomicrobiology include the identification of ancient pathogens responsible for historical epidemics [186,187], the investigation of the microbial ecology of ancient environments [188], and the study of the coevolution of microorganisms and their hosts over time [114]. Moreover, by studying the microbiomes of ancient humans and comparing them to those of modern humans, paleomicrobiologists have been able to identify changes in the microbiome over time, as well as the factors that have influenced these changes [189,190].



The starting samples for paleo-microbiological analysis are often found in poor conditions, similar to what happens for forensics samples [2]. Thus, the two fields must face some common problems, such as the high level of degradation of the samples and contamination, which deeply affect the quantity and quality of the molecules of interest [114].



The degradation of organic molecules over time, such as DNA and proteins, is a well-known phenomenon that can affect the quality and quantity of molecules in biological samples [191,192].



DNA can be damaged by a variety of factors, including environmental stressors, such as exposure to UV radiation, high temperatures, and chemicals. However, even under optimal storage conditions, DNA can still degrade over time due to natural processes, e.g., hydrolysis, oxidative nucleotide modification, the action of nucleases and other hydrolytic enzymes [193]. Degradation usually leads to the fragmentation of the DNA molecule. As a result, the length of DNA fragments in a sample can decrease over time, making it more difficult to perform accurate analysis [194,195]. In order to, at least partially, overcome this problem, protocols of DNA reparation have been developed and applied to paleo-microbiological analysis [196,197,198]. These protocols allow the nucleotides to be removed that have been “damaged” (e.g., abasic sites and uracil substitutions [196]) and as such improve the quality of the DNA fragments and ultimately increase the robustness and efficiency of ancient DNA analysis [196,197].



Sometimes, fragmentation and decomposition are so extensive that the analysis of ancient DNA is impossible, while proteins are naturally more resistant and can be detected even after millions of years [199,200]. Thus, proteins and paleo-proteomic analysis can provide important information particularly in conditions of extensive DNA degradation [199].



In addition, the type of biological sample can also affect the rate of DNA and protein degradation [201]. Molecules extracted from soft tissues, such as the liver or brain, may degrade faster than molecules from harder tissues, such as bones or teeth, which are more resistant to environmental stressors [202,203].



Another important problem to consider during the microbial analysis of ancient samples is exogenous contamination. Contaminants can come from any step of the analysis, from the burial site to the transport and laboratory handling [204]. To avoid contamination, paleo-microbiological studies must be performed in dedicated clean laboratories, ideally exclusively dedicated to work on ancient remains and by following specific protocols to ensure the authenticity of the results [185,205]. Moreover, bioinformatic tools, like MapDamage 2.0 [206] and AuthentiCT [207], are able to determine the level of DNA degradation in the sample and may be used to distinguish between modern and ancient DNA molecules, since modern DNA molecules are usually less degraded than ancient ones [207].



Despite the challenges that both paleo-microbiological and forensic analyses face, there is potential for these fields to collaborate more closely. For example, to tackle the difficulty of sequencing ancient DNA, specific laboratory procedures have been created with the goal of minimizing contamination and increasing the quantity of extracted molecules from the remains. Thus, protocols and kits designed to work in one field can be re-adapted to work in the other.




7. Concluding Remarks


Forensic microbiology represents an emerging discipline with undoubted practical implications. There is a critical need for standardized procedures in this novel field, covering the collection, analysis and interpretation of data. Firmly established protocols would also ensure the validity of the exhibits to be used in criminal prosecutions or civil trials. In this context, the ESGFOR study group has made efforts to standardize sampling in different scenarios related to forensic microbiology [4,5,208]. This is also related to the European Union Council Framework Decision 2009/905/Jha, which offers a legal framework for forensic service providers carrying out laboratory activities. These laboratory procedures should be accredited according to ISO 17025 [209]. All of these forensic service providers should safeguard the chain of custody as described in ISO 21043 [210] of Forensic Sciences, and thus the requirements for the forensic process, focusing on recognition, recording, collection, transport and storage of items of potential forensic value. It includes requirements for the assessment and examination of scenes, but it is also applicable to other activities by the facility that are required to adhere to quality standards.



For the coming-of-age of forensic microbiology, a rigorous methodological contemplation is needed, achievable only through opinion sharing and discussions within the relevant scientific community, ideally followed by collaboration. This process should encompass the unique contributions of the various disciplines involved, including microbiology, forensic pathology, forensic genetics, infectious diseases and bioinformatics.







Author Contributions


Conceptualization, C.B., C.F. and R.N.; writing—original draft preparation, M.A., P.B., C.B., C.C., R.C., F.D., C.F., L.F., R.N., S.N. and A.V.; writing—review and editing, C.B., C.F., A.F.-R., R.N. and V.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


R.N., M.A., C.B., R.C., F.D., C.F., S.N. and A.V. are all active members of the Microbiology Forensic Study Group, Associazione Microbiologi Clinici Italiani (AMCLI). A.F.-R., V.S. and C.F. are active members of the ESCMID Study Group for Forensic and Postmortem Microbiology (ESGFOR), ESCMID.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Budowle, B.; Schutzer, S.E.; Einseln, A.; Kelley, L.C.; Walsh, A.C.; Smith, J.A.; Marrone, B.L.; Robertson, J.; Campos, J. Building Microbial Forensics as a Response to Bioterrorism; American Association for the Advancement of Science: Washington, DC, USA, 2003; Volume 301, pp. 1852–1853. ISSN 0036-8075. [Google Scholar]

	



Bazaj, A.; Turrina, S.; De Leo, D.; Cornaglia, G. Palaeomicrobiology Meets Forensic Medicine: Time as a Fourth-Dimension for the Crime Scene. New Microbes New Infect. 2015, 4, 5–6. [Google Scholar] [CrossRef]

	



Spagnolo, E.V.; Mondello, C.; Stassi, C.; Baldino, G.; D’Aleo, F.; Conte, M.; Argo, A.; Zerbo, S. Forensic microbiology: A case series analysis. Euromediterranean Biomed. J. 2019, 14, 117–121. [Google Scholar]

	



Fernández-Rodríguez, A.; Cohen, M.C.; Lucena, J.; Van de Voorde, W.; Angelini, A.; Ziyade, N.; Saegeman, V. How to Optimise the Yield of Forensic and Clinical Post-Mortem Microbiology with an Adequate Sampling: A Proposal for Standardisation. Eur. J. Clin. Microbiol. Infect. Dis. 2015, 34, 1045–1057. [Google Scholar] [CrossRef]

	



Burton, J.L.; Saegeman, V.; Arribi, A.; Rello, J.; Andreoletti, L.; Cohen, M.C.; Fernandez-Rodriguez, A.; ESGFOR Joint Working Group of the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) Study Group of Forensic and Postmortem Microbiology and the European Society of Pathology. Postmortem Microbiology Sampling Following Death in Hospital: An ESGFOR Task Force Consensus Statement. J. Clin. Pathol. 2019, 72, 329–336. [Google Scholar] [CrossRef]

	



Schlipköter, U.; Flahault, A. Communicable Diseases: Achievements and Challenges for Public Health. Public Health Rev. 2010, 32, 90–119. [Google Scholar] [CrossRef]

	



Schmedes, S.; Budowle, B. Microbial Forensics. Encycl. Microbiol. 2019, 134–145. [Google Scholar] [CrossRef]

	



Castro, A.E.; De Ungria, M.C.A. Methods Used in Microbial Forensics and Epidemiological Investigations for Stronger Health Systems. Forensic Sci. Res. 2022, 7, 650–661. [Google Scholar] [CrossRef]

	



Blondeau, L.D.; Rubin, J.E.; Deneer, H.; Kanthan, R.; Sanche, S.; Hamula, C.; Blondeau, J.M. Forensic, Investigative and Diagnostic Microbiology: Similar Technologies but Different Priorities. Future Microbiol. 2019, 14, 553–558. [Google Scholar] [CrossRef] [PubMed]

	



Piret, J.; Boivin, G. Pandemics throughout History. Front. Microbiol. 2021, 11, 631736. [Google Scholar] [CrossRef] [PubMed]

	



Catanzaro, M. Was Famed Poet Pablo Neruda Poisoned? Scientists Warn Case Not Closed. Nature 2023, 615, 18–19. [Google Scholar] [CrossRef] [PubMed]

	



Javan, G.T.; Finley, S.J.; Abidin, Z.; Mulle, J.G. The Thanatomicrobiome: A Missing Piece of the Microbial Puzzle of Death. Front. Microbiol. 2016, 7, 225. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Tambuzzi, S.; Maciocco, F.; 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. [Google Scholar] [CrossRef] [PubMed]

	



Cláudia-Ferreira, A.; Barbosa, D.J.; Saegeman, V.; Fernández-Rodríguez, A.; Dinis-Oliveira, R.J.; Freitas, A.R.; 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. [Google Scholar] [CrossRef]

	



Burcham, Z.M.; Belk, A.D.; McGivern, B.B.; Bouslimani, A.; Ghadermazi, P.; Martino, C.; Shenhav, L.; Zhang, A.R.; Shi, P.; Emmons, A. A Conserved Interdomain Microbial Network Underpins Cadaver Decomposition despite Environmental Variables. Nat. Microbiol. 2024, 9, 595–613. [Google Scholar] [CrossRef] [PubMed]

	



FAQ: Human Microbiome. American Academy of Microbiology FAQ Reports; American Society for Microbiology: Washington, DC, USA, 2013.

	



Martino, C.; Dilmore, A.H.; Burcham, Z.M.; Metcalf, J.L.; Jeste, D.; Knight, R. Microbiota Succession throughout Life from the Cradle to the Grave. Nat. Rev. Microbiol. 2022, 20, 707–720. [Google Scholar] [CrossRef] [PubMed]

	



Melvin, J.J.; Cronholm, L.S.; Simson, L.J.; Isaacs, A.M. Bacterial Transmigration as an Indicator of Time of Death. J. Forensic Sci. 1984, 29, 412–417. [Google Scholar] [CrossRef]

	



Metcalf, J.L. Estimating the Postmortem Interval Using Microbes: Knowledge Gaps and a Path to Technology Adoption. Forensic Sci. Int. Genet. 2019, 38, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Roy, D.; Tomo, S.; Purohit, P.; Setia, P. Microbiome in Death and Beyond: Current Vistas and Future Trends. Front. Ecol. Evol. 2021, 9, 630397. [Google Scholar] [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. [Google Scholar] [CrossRef]

	



Deel, H.; Bucheli, S.; Belk, A.; Ogden, S.; Lynne, A.; Carter, D.O.; Knight, R.; Metcalf, J.L. Chapter 12—Using Microbiome Tools for Estimating the Postmortem Interval. In Microbial Forensics, 3rd ed.; Budowle, B., Schutzer, S., Morse, S., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 171–191. ISBN 978-0-12-815379-6. [Google Scholar]

	



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. [Google Scholar] [CrossRef]

	



Schotsmans, E.M.J.; Márquez-Grant, N.; Forbes, S.L. Taphonomy of Human Remains: Forensic Analysis of the Dead and the Depositional Environment; John Wiley & Sons: Hoboken, NJ, USA, 2017; ISBN 978-1-118-95332-7. [Google Scholar]

	



Gunn, A.; Pitt, S. Microbes as Forensic Indicators. Trop. Biomed. 2012, 29, 311–330. [Google Scholar]

	



Lutz, H.; Vangelatos, A.; Gottel, N.; Osculati, A.; Visona, S.; Finley, S.J.; Gilbert, J.A.; Javan, G.T. Effects of Extended Postmortem Interval on Microbial Communities in Organs of the Human Cadaver. Front. Microbiol. 2020, 11, 569630. [Google Scholar] [CrossRef]

	



Vass, A.A.; Barshick, S.-A.; Sega, G.; Caton, J.; Skeen, J.T.; Love, J.C.; Synstelien, J.A. Decomposition Chemistry of Human Remains: A New Methodology for Determining the Postmortem Interval. J. Forensic Sci. 2002, 47, 542–553. [Google Scholar] [CrossRef] [PubMed]

	



Lee Goff, M. Early Post-Mortem Changes and Stages of Decomposition in Exposed Cadavers. Exp. Appl. Acarol. 2009, 49, 21–36. [Google Scholar] [CrossRef] [PubMed]

	



Can, I.; 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. [Google Scholar] [CrossRef]

	



Adserias-Garriga, J.; Quijada, N.M.; Hernandez, M.; Rodríguez Lázaro, D.; Steadman, D.; Garcia-Gil, L.J. Dynamics of the Oral Microbiota as a Tool to Estimate Time since Death. Mol. Oral Microbiol. 2017, 32, 511–516. [Google Scholar] [CrossRef] [PubMed]

	



Damann, F.E.; Williams, D.E.; Layton, A.C. Potential Use of Bacterial Community Succession in Decaying Human Bone for Estimating Postmortem Interval. J. Forensic Sci. 2015, 60, 844–850. [Google Scholar] [CrossRef]

	



Campobasso, C.P.; Mastroianni, G.; Feola, A.; Mascolo, P.; Carfora, A.; Liguori, B.; Zangani, P.; Dell’Annunziata, F.; Folliero, V.; Petrillo, A.; et al. MALDI-TOF Mass Spectrometry Analysis and Human Post-Mortem Microbial Community: A Pilot Study. Int. J. Environ. Res. Public Health 2022, 19, 4354. [Google Scholar] [CrossRef]

	



Pechal, J.L.; Schmidt, C.J.; Jordan, H.R.; Benbow, M.E. A Large-Scale Survey of the Postmortem Human Microbiome, and Its Potential to Provide Insight into the Living Health Condition. Sci. Rep. 2018, 8, 5724. [Google Scholar] [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. J. Forensic Sci. 2019, 64, 791–798. [Google Scholar] [CrossRef] [PubMed]

	



Metcalf, J.L.; Xu, Z.Z.; Weiss, S.; Lax, S.; Van Treuren, W.; Hyde, E.R.; Song, S.J.; Amir, A.; Larsen, P.; Sangwan, N.; et al. Microbial Community Assembly and Metabolic Function during Mammalian Corpse Decomposition. Science 2016, 351, 158–162. [Google Scholar] [CrossRef] [PubMed]

	



Hyde, E.R.; Haarmann, D.P.; Petrosino, J.F.; Lynne, A.M.; Bucheli, S.R. Initial Insights into Bacterial Succession during Human Decomposition. Int. J. Leg. Med. 2015, 129, 661–671. [Google Scholar] [CrossRef] [PubMed]

	



DeBruyn, J.M.; Hauther, K.A. Postmortem Succession of Gut Microbial Communities in Deceased Human Subjects. PeerJ 2017, 5, e3437. [Google Scholar] [CrossRef] [PubMed]

	



Hauther, K.A.; Cobaugh, K.L.; Jantz, L.M.; Sparer, T.E.; DeBruyn, J.M. Estimating Time Since Death from Postmortem Human Gut Microbial Communities. J. Forensic Sci. 2015, 60, 1234–1240. [Google Scholar] [CrossRef] [PubMed]

	



Tuomisto, S.; Karhunen, P.J.; Vuento, R.; Aittoniemi, J.; Pessi, T. Evaluation of Postmortem Bacterial Migration Using Culturing and Real-Time Quantitative PCR. J. Forensic Sci. 2013, 58, 910–916. [Google Scholar] [CrossRef] [PubMed]

	



García, M.G.; Pérez-Cárceles, M.D.; Osuna, E.; Legaz, I. Impact of the Human Microbiome in Forensic Sciences: A Systematic Review. Appl. Environ. Microbiol. 2020, 86, e01451-20. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [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. [Google Scholar] [CrossRef]

	



Tarone, A.M.; 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. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, W.; Simayijiang, H.; Hu, P.; Yan, J. Application of Microbiome in Forensics. Genom. Proteom. Bioinform. 2022, 21, 97–107. [Google Scholar] [CrossRef]

	



Johnson, H.R.; Trinidad, D.D.; Guzman, S.; Khan, Z.; Parziale, J.V.; DeBruyn, J.M.; Lents, N.H. A Machine Learning Approach for Using the Postmortem Skin Microbiome to Estimate the Postmortem Interval. PLoS ONE 2016, 11, e0167370. [Google Scholar] [CrossRef]

	



Tsokos, M.; Püschel, K. Postmortem Bacteriology in Forensic Pathology: Diagnostic Value and Interpretation. Leg. Med. 2001, 3, 15–22. [Google Scholar] [CrossRef]

	



Dobay, A.; Haas, C.; Fucile, G.; Downey, N.; Morrison, H.G.; Kratzer, A.; Arora, N. Microbiome-Based Body Fluid Identification of Samples Exposed to Indoor Conditions. Forensic Sci. Int. Genet. 2019, 40, 105–113. [Google Scholar] [CrossRef]

	



Fleming, R.I.; Harbison, S. The Use of Bacteria for the Identification of Vaginal Secretions. Forensic Sci. Int. Genet. 2010, 4, 311–315. [Google Scholar] [CrossRef]

	



Nields, H.; Kessler, S.C.; Boisot, S.; Evans, R. Streptococcal Toxic Shock Syndrome Presenting as Suspected Child Abuse. Am. J. Forensic Med. Pathol. 1998, 19, 93–97. [Google Scholar] [CrossRef] [PubMed]

	



Byard, R.W. “Shaken Baby Syndrome” and Forensic Pathology: An Uneasy Interface. Forensic Sci. Med. Pathol. 2014, 10, 239–241. [Google Scholar] [CrossRef] [PubMed]

	



Piazza, A.; Principe, L.; Comandatore, F.; Perini, M.; Meroni, E.; Mattioni Marchetti, V.; Migliavacca, R.; Luzzaro, F. Whole-Genome Sequencing Investigation of a Large Nosocomial Outbreak Caused by ST131 H30Rx KPC-Producing Escherichia Coli. in Italy. Antibiotics 2021, 10, 718. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, M.; Amorim, A. Microbial Forensics: New Breakthroughs and Future Prospects. Appl. Microbiol. Biotechnol. 2018, 102, 10377–10391. [Google Scholar] [CrossRef]

	



Burcham, Z.M.; Jordan, H.R. History, Current, and Future Use of Microorganisms as Physical Evidence. Forensic Microbiol. 2017, 25–55. [Google Scholar] [CrossRef]

	



Cho, H.-W.; Eom, Y.-B. Forensic Analysis of Human Microbiome in Skin and Body Fluids Based on Geographic Location. Front. Cell. Infect. Microbiol. 2021, 11, 695191. [Google Scholar] [CrossRef] [PubMed]

	



Habtom, H.; Demanèche, S.; Dawson, L.; Azulay, C.; Matan, O.; Robe, P.; Gafny, R.; Simonet, P.; Jurkevitch, E.; Pasternak, Z. Soil Characterisation by Bacterial Community Analysis for Forensic Applications: A Quantitative Comparison of Environmental Technologies. Forensic Sci. Int. Genet. 2017, 26, 21–29. [Google Scholar] [CrossRef] [PubMed]

	



Fierer, N.; Lauber, C.L.; Zhou, N.; McDonald, D.; Costello, E.K.; Knight, R. Forensic Identification Using Skin Bacterial Communities. Proc. Natl. Acad. Sci. USA 2010, 107, 6477–6481. [Google Scholar] [CrossRef] [PubMed]

	



Woerner, A.E.; Novroski, N.M.; Wendt, F.R.; Ambers, A.; Wiley, R.; Schmedes, S.E.; Budowle, B. Forensic Human Identification with Targeted Microbiome Markers Using Nearest Neighbor Classification. Forensic Sci. Int. Genet. 2019, 38, 130–139. [Google Scholar] [CrossRef] [PubMed]

	



Phan, K.; Barash, M.; Spindler, X.; Gunn, P.; Roux, C. Retrieving Forensic Information about the Donor through Bacterial Profiling. Int. J. Leg. Med. 2020, 134, 21–29. [Google Scholar] [CrossRef] [PubMed]

	



Black, C.M.; Driebe, E.M.; Howard, L.A.; Fajman, N.N.; Sawyer, M.K.; Girardet, R.G.; Sautter, R.L.; Greenwald, E.; Beck-Sague, C.M.; Unger, E.R.; et al. Multicenter Study of Nucleic Acid Amplification Tests for Detection of Chlamydia Trachomatis and Neisseria Gonorrhoeae in Children Being Evaluated for Sexual Abuse. Pediatr. Infect. Dis. J. 2009, 28, 608–613. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, S.M.; Rahman, N.; Forster, G. Chain of Evidence in Sexual Assault Cases. Int. J. STD AIDS 2009, 20, 799–800. [Google Scholar] [CrossRef] [PubMed]

	



Appenzeller, B.M.; Schuman, M.; Wennig, R. Was a Child Poisoned by Ethanol? Discrimination between Ante-Mortem Consumption and Post-Mortem Formation. Int. J. Leg. Med. 2008, 122, 429–434. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, S.; Lowe, P.; Symonds, A. The Possible Influence of Micro-Organisms and Putrefaction in the Production of GHB in Post-Mortem Biological Fluid. Forensic Sci. Int. 2004, 139, 183–190. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, T.H.; Gomez, A.; Singh, H.; Nelson, K.E.; Brinkac, L.M. Integrating the Microbiome as a Resource in the Forensics Toolkit. Forensic Sci. Int. Genet. 2017, 30, 141–147. [Google Scholar] [CrossRef]

	



Gouello, A.; Dunyach-Remy, C.; Siatka, C.; Lavigne, J.-P. Analysis of Microbial Communities: An Emerging Tool in Forensic Sciences. Diagnostics 2021, 12, 1. [Google Scholar] [CrossRef]

	



Riedel, S. The Value of Postmortem Microbiology Cultures. J. Clin. Microbiol. 2014, 52, 1028–1033. [Google Scholar] [CrossRef] [PubMed]

	



Neagu, O.; Fernandez-Rodríguez, A.; Callon, D.; Andréoletti, L.; Cohen, M.C. Myocarditis Presenting as Sudden Death in Infants and Children: A Single Centre Analysis by ESGFOR Study Group. Pediatr. Dev. Pathol. 2021, 24, 327–336. [Google Scholar] [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 (ESCMID Study Group of Forensic and Post-Mortem Microbiology) Guidelines. Forensic Sci. Med. Pathol. 2021, 17, 87–100. [Google Scholar] [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. [Google Scholar] [CrossRef]

	



Kruger, M.M.; Martin, L.J.; Maistry, S.; Heathfield, L.J. A Systematic Review Exploring the Relationship between Infection and Sudden Unexpected Death between 2000 and 2016: A Forensic Perspective. Forensic Sci. Int. 2018, 289, 108–119. [Google Scholar] [CrossRef] [PubMed]

	



Maujean, G.; Malicier, D.; Fanton, L. Air, Water, and Surface Bacterial Contamination in a University-Hospital Autopsy Room*. J. Forensic Sci. 2012, 57, 381–385. [Google Scholar] [CrossRef]

	



d’Aleo, F.; Arghittu, M.; Bandi, C.; Conte, M.; Creti, R.; Farina, C. Guidance to Post-Mortem Collection and Storage of Biological Specimens for the Diagnosis of COVID-19 Infection. Microbiol. Medica 2020, 244–256. [Google Scholar] [CrossRef]

	



Dell’Aquila, M.; Cattani, P.; Fantoni, M.; Marchetti, S.; Aquila, I.; Stigliano, E.; Carbone, A.; Oliva, A.; Arena, V. Postmortem Swabs in the Severe Acute Respiratory Syndrome Coronavirus 2 Pandemic: Report on 12 Complete Clinical Autopsy Cases. Arch. Pathol. Lab. Med. 2020, 144, 1298–1302. [Google Scholar] [CrossRef]

	



Kuiper, I. Microbial Forensics: Next-Generation Sequencing as Catalyst: The Use of New Sequencing Technologies to Analyze Whole Microbial Communities Could Become a Powerful Tool for Forensic and Criminal Investigations. EMBO Rep. 2016, 17, 1085–1087. [Google Scholar] [CrossRef]

	



Robinson, J.M.; Pasternak, Z.; Mason, C.E.; Elhaik, E. Forensic Applications of Microbiomics: A Review. Front. Microbiol. 2020, 11, 608101. [Google Scholar] [CrossRef]

	



Yang, Y.; Xie, B.; Yan, J. Application of Next-Generation Sequencing Technology in Forensic Science. Genom. Proteom. Bioinform. 2014, 12, 190–197. [Google Scholar] [CrossRef]

	



Shendure, J.; Ji, H. Next-Generation DNA Sequencing. Nat. Biotechnol. 2008, 26, 1135–1145. [Google Scholar] [CrossRef]

	



Kanzi, A.M.; San, J.E.; Chimukangara, B.; Wilkinson, E.; Fish, M.; Ramsuran, V.; de Oliveira, T. Next Generation Sequencing and Bioinformatics Analysis of Family Genetic Inheritance. Front. Genet. 2020, 11, 544162. [Google Scholar] [CrossRef]

	



Gunasekera, S.; Abraham, S.; Stegger, M.; Pang, S.; Wang, P.; Sahibzada, S.; O’Dea, M. Evaluating Coverage Bias in Next-Generation Sequencing of Escherichia coli. PLoS ONE 2021, 16, e0253440. [Google Scholar] [CrossRef]

	



De Coster, W.; Van Broeckhoven, C. Newest Methods for Detecting Structural Variations. Trends Biotechnol. 2019, 37, 973–982. [Google Scholar] [CrossRef]

	



Quince, C.; Walker, A.W.; Simpson, J.T.; Loman, N.J.; Segata, N. Shotgun Metagenomics, from Sampling to Analysis. Nat. Biotechnol. 2017, 35, 833–844. [Google Scholar] [CrossRef]

	



Zubakov, D.; Kokmeijer, I.; Ralf, A.; Rajagopalan, N.; Calandro, L.; Wootton, S.; Langit, R.; Chang, C.; Lagace, R.; Kayser, M. Towards Simultaneous Individual and Tissue Identification: A Proof-of-Principle Study on Parallel Sequencing of STRs, Amelogenin, and mRNAs with the Ion Torrent PGM. Forensic Sci. Int. Genet. 2015, 17, 122–128. [Google Scholar] [CrossRef]

	



Galindo-González, L.; Pinzón-Latorre, D.; Bergen, E.A.; Jensen, D.C.; Deyholos, M.K. Ion Torrent Sequencing as a Tool for Mutation Discovery in the Flax (Linum usitatissimum L.) Genome. Plant Methods 2015, 11, 19. [Google Scholar] [CrossRef]

	



Salipante, S.J.; Kawashima, T.; Rosenthal, C.; Hoogestraat, D.R.; Cummings, L.A.; Sengupta, D.J.; Harkins, T.T.; Cookson, B.T.; Hoffman, N.G. Performance Comparison of Illumina and Ion Torrent Next-Generation Sequencing Platforms for 16S rRNA-Based Bacterial Community Profiling. Appl. Environ. Microbiol. 2014, 80, 7583–7591. [Google Scholar] [CrossRef]

	



Buermans, H.P.J.; den Dunnen, J.T. Next Generation Sequencing Technology: Advances and Applications. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2014, 1842, 1932–1941. [Google Scholar] [CrossRef]

	



Schloss, P.D.; Gevers, D.; Westcott, S.L. Reducing the Effects of PCR Amplification and Sequencing Artifacts on 16S rRNA-Based Studies. PLoS ONE 2011, 6, e27310. [Google Scholar] [CrossRef] [PubMed]

	



Aird, D.; Ross, M.G.; Chen, W.-S.; Danielsson, M.; Fennell, T.; Russ, C.; Jaffe, D.B.; Nusbaum, C.; Gnirke, A. Analyzing and Minimizing PCR Amplification Bias in Illumina Sequencing Libraries. Genome Biol. 2011, 12, R18. [Google Scholar] [CrossRef] [PubMed]

	



Quail, M.A.; Otto, T.D.; Gu, Y.; Harris, S.R.; Skelly, T.F.; McQuillan, J.A.; Swerdlow, H.P.; Oyola, S.O. Optimal Enzymes for Amplifying Sequencing Libraries. Nat. Methods 2012, 9, 10–11. [Google Scholar] [CrossRef]

	



Quail, M.A.; Smith, M.; Coupland, P.; Otto, T.D.; Harris, S.R.; Connor, T.R.; Bertoni, A.; Swerdlow, H.P.; Gu, Y. A Tale of Three next Generation Sequencing Platforms: Comparison of Ion Torrent, Pacific Biosciences and Illumina MiSeq Sequencers. BMC Genom. 2012, 13, 341. [Google Scholar] [CrossRef]

	



Cornelis, S.; Gansemans, Y.; Deleye, L.; Deforce, D.; Van Nieuwerburgh, F. Forensic SNP Genotyping Using Nanopore MinION Sequencing. Sci. Rep. 2017, 7, 41759. [Google Scholar] [CrossRef]

	



Soneson, C.; Yao, Y.; Bratus-Neuenschwander, A.; Patrignani, A.; Robinson, M.D.; Hussain, S. A Comprehensive Examination of Nanopore Native RNA Sequencing for Characterization of Complex Transcriptomes. Nat. Commun. 2019, 10, 3359. [Google Scholar] [CrossRef]

	



Rang, F.J.; Kloosterman, W.P.; de Ridder, J. From Squiggle to Basepair: Computational Approaches for Improving Nanopore Sequencing Read Accuracy. Genome Biol. 2018, 19, 90. [Google Scholar] [CrossRef]

	



Delahaye, C.; Nicolas, J. Sequencing DNA with Nanopores: Troubles and Biases. PLoS ONE 2021, 16, e0257521. [Google Scholar] [CrossRef]

	



Ogden, R.; Vasiljevic, N.; Prost, S. Nanopore Sequencing in Non-Human Forensic Genetics. Emerg. Top. Life Sci. 2021, 5, 465–473. [Google Scholar] [CrossRef]

	



Zhou, W.; Bian, Y. Thanatomicrobiome Composition Profiling as a Tool for Forensic Investigation. Forensic Sci. Res. 2018, 3, 105–110. [Google Scholar] [CrossRef]

	



Speruda, M.; Piecuch, A.; Borzęcka, J.; Kadej, M.; Ogórek, R. Microbial Traces and Their Role in Forensic Science. J. Appl. Microbiol. 2022, 132, 2547–2557. [Google Scholar] [CrossRef] [PubMed]

	



Boers, S.A.; Jansen, R.; Hays, J.P. Understanding and Overcoming the Pitfalls and Biases of Next-Generation Sequencing (NGS) Methods for Use in the Routine Clinical Microbiological Diagnostic Laboratory. Eur. J. Clin. Microbiol. Infect. Dis. 2019, 38, 1059–1070. [Google Scholar] [CrossRef]

	



Malla, M.A.; Dubey, A.; Kumar, A.; Yadav, S.; Hashem, A.; Abd_Allah, E.F. Exploring the Human Microbiome: The Potential Future Role of Next-Generation Sequencing in Disease Diagnosis and Treatment. Front. Immunol. 2019, 9, 2868. [Google Scholar] [CrossRef] [PubMed]

	



Metcalf, J.L.; Xu, Z.Z.; Bouslimani, A.; Dorrestein, P.; Carter, D.O.; Knight, R. Microbiome Tools for Forensic Science. Trends Biotechnol. 2017, 35, 814–823. [Google Scholar] [CrossRef]

	



Ashe, E.C.; Comeau, A.M.; Zejdlik, K.; O’Connell, S.P. Characterization of Bacterial Community Dynamics of the Human Mouth Throughout Decomposition via Metagenomic, Metatranscriptomic, and Culturing Techniques. Front. Microbiol. 2021, 12, 689493. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Zhang, K.; Li, H.; Sun, Q.; Wei, X.; Li, H.; Zhang, S.; Fan, S.; Wang, Z. Dissecting the Microbial Community Structure of Internal Organs during the Early Postmortem Period in a Murine Corpse Model. BMC Microbiol. 2023, 23, 38. [Google Scholar] [CrossRef]

	



Wang, L.-L.; Zhang, F.-Y.; Dong, W.-W.; Wang, C.-L.; Liang, X.-Y.; Suo, L.-L.; Cheng, J.; Zhang, M.; Guo, X.-S.; Jiang, P.-H.; et al. A Novel Approach for the Forensic Diagnosis of Drowning by Microbiological Analysis with Next-Generation Sequencing and Unweighted UniFrac-Based PCoA. Int. J. Leg. Med. 2020, 134, 2149–2159. [Google Scholar] [CrossRef]

	



Richardson, M.; Gottel, N.; Gilbert, J.A.; Lax, S. Microbial Similarity between Students in a Common Dormitory Environment Reveals the Forensic Potential of Individual Microbial Signatures. mBio 2019, 10, e01054-19. [Google Scholar] [CrossRef] [PubMed]

	



Khodakova, A.S.; Smith, R.J.; Burgoyne, L.; Abarno, D.; Linacre, A. Random Whole Metagenomic Sequencing for Forensic Discrimination of Soils. PLoS ONE 2014, 9, e104996. [Google Scholar] [CrossRef]

	



Ben Zakour, N.L.; Venturini, C.; Beatson, S.A.; Walker, M.J. Analysis of a Streptococcus Pyogenes Puerperal Sepsis Cluster by Use of Whole-Genome Sequencing. J. Clin. Microbiol. 2012, 50, 2224–2228. [Google Scholar] [CrossRef]

	



Mellmann, A.; Bletz, S.; Böking, T.; Kipp, F.; Becker, K.; Schultes, A.; Prior, K.; Harmsen, D. Real-Time Genome Sequencing of Resistant Bacteria Provides Precision Infection Control in an Institutional Setting. J. Clin. Microbiol. 2016, 54, 2874–2881. [Google Scholar] [CrossRef]

	



Quainoo, S.; Coolen, J.P.M.; van Hijum, S.A.F.T.; Huynen, M.A.; Melchers, W.J.G.; van Schaik, W.; Wertheim, H.F.L. Whole-Genome Sequencing of Bacterial Pathogens: The Future of Nosocomial Outbreak Analysis. Clin. Microbiol. Rev. 2017, 30, 1015–1063. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, V.; van der Plaat, D.A.; Liu, Y.; Wurmbach, E. Analyzing Degraded DNA and Challenging Samples Using the ForenSeqTM DNA Signature Prep Kit. Sci. Justice 2020, 60, 243–252. [Google Scholar] [CrossRef] [PubMed]

	



Butler, J.M. Recent Advances in Forensic Biology and Forensic DNA Typing: INTERPOL Review 2019–2022. Forensic Sci. Int. Synerg. 2023, 6, 100311. [Google Scholar] [CrossRef] [PubMed]

	



Shadoff, R.; Panoyan, M.A.; Novroski, N. Microbial Forensics: A Present to Future Perspective on Genomic Targets, Bioinformatic Challenges, and Applications. Forensic Genom. 2022, 2, 42–64. [Google Scholar] [CrossRef]

	



McCord, B.; Opel, K.; Funes, M.; Zoppis, S.; Meadows Jantz, L. An Investigation of the Effect of DNA Degradation and Inhibition on PCR Amplification of Single Source and Mixed Forensic Samples. In National Archive of Criminal Justice Data; US Department of Justice: Washington, DC, USA, 2011; pp. 1–65. Available online: http://www.icpsr.umich.edu/NACJD (accessed on 10 May 2024).

	



Danko, D.; Bezdan, D.; Afshin, E.E.; Ahsanuddin, S.; Bhattacharya, C.; Butler, D.J.; Chng, K.R.; Donnellan, D.; Hecht, J.; Jackson, K.; et al. A Global Metagenomic Map of Urban Microbiomes and Antimicrobial Resistance. Cell 2021, 184, 3376–3393.e17. [Google Scholar] [CrossRef]

	



Poinar, H.N. The Top 10 List: Criteria of Authenticity for DNA from Ancient and Forensic Samples. Int. Congr. Ser. 2003, 1239, 575–579. [Google Scholar] [CrossRef]

	



Rivera-Perez, J.I.; Santiago-Rodriguez, T.M.; Toranzos, G.A. Paleomicrobiology: A Snapshot of Ancient Microbes and Approaches to Forensic Microbiology. Microbiol. Spectr. 2016, 4, 63–90. [Google Scholar] [CrossRef]

	



Haas, C.; Neubauer, J.; Salzmann, A.P.; Hanson, E.; Ballantyne, J. Forensic Transcriptome Analysis Using Massively Parallel Sequencing. Forensic Sci. Int. Genet. 2021, 52, 102486. [Google Scholar] [CrossRef]

	



Salzmann, A.P.; Russo, G.; Aluri, S.; Haas, C. Transcription and Microbial Profiling of Body Fluids Using a Massively Parallel Sequencing Approach. Forensic Sci. Int. Genet. 2019, 43, 102149. [Google Scholar] [CrossRef]

	



Sijen, T. Molecular Approaches for Forensic Cell Type Identification: On mRNA, miRNA, DNA Methylation and Microbial Markers. Forensic Sci. Int. Genet. 2015, 18, 21–32. [Google Scholar] [CrossRef]

	



Merkley, E.D. Proteomics for Microbial Forensics. In Applications in Forensic Proteomics: Protein Identification and Profiling; ACS Symposium Series; American Chemical Society: Washington, DC, USA, 2019; Volume 1339, pp. 143–160. ISBN 978-0-8412-3649-3. [Google Scholar]

	



Lasch, P.; Schneider, A.; Blumenscheit, C.; Doellinger, J. Identification of Microorganisms by Liquid Chromatography-Mass Spectrometry (LC-MS1) and in Silico Peptide Mass Libraries. Mol. Cell Proteom. 2020, 19, 2125–2138. [Google Scholar] [CrossRef] [PubMed]

	



Berendsen, E.M.; Levin, E.; Braakman, R.; Prodan, A.; van Leeuwen, H.C.; Paauw, A. Untargeted Accurate Identification of Highly Pathogenic Bacteria Directly from Blood Culture Flasks. Int. J. Med. Microbiol. 2020, 310, 151376. [Google Scholar] [CrossRef]

	



Murr, A.; Pink, C.; Hammer, E.; Michalik, S.; Dhople, V.M.; Holtfreter, B.; Völker, U.; Kocher, T.; Gesell Salazar, M. Cross-Sectional Association of Salivary Proteins with Age, Sex, Body Mass Index, Smoking, and Education. J. Proteome Res. 2017, 16, 2273–2281. [Google Scholar] [CrossRef] [PubMed]

	



Clowers, B.H.; Wunschel, D.S.; Kreuzer, H.W.; Engelmann, H.E.; Valentine, N.; Wahl, K.L. Characterization of Residual Medium Peptides from Yersinia Pestis Cultures. Anal. Chem. 2013, 85, 3933–3939. [Google Scholar] [CrossRef]

	



Wunschel, D.; Tulman, E.; Engelmann, H.; Clowers, B.H.; Geary, S.; Robinson, A.; Liao, X. Forensic Proteomics of Poxvirus Production. Analyst 2013, 138, 6385–6397. [Google Scholar] [CrossRef]

	



David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.; Fischbach, M.A. Diet Rapidly and Reproducibly Alters the Human Gut Microbiome. Nature 2014, 505, 559–563. [Google Scholar] [CrossRef]

	



Falony, G.; Joossens, M.; Vieira-Silva, S.; Wang, J.; Darzi, Y.; Faust, K.; Kurilshikov, A.; Bonder, M.J.; Valles-Colomer, M.; Vandeputte, D. Population-Level Analysis of Gut Microbiome Variation. Science 2016, 352, 560–564. [Google Scholar] [CrossRef]

	



Flandroy, L.; Poutahidis, T.; Berg, G.; Clarke, G.; Dao, M.-C.; Decaestecker, E.; Furman, E.; Haahtela, T.; Massart, S.; Plovier, H.; et al. The Impact of Human Activities and Lifestyles on the Interlinked Microbiota and Health of Humans and of Ecosystems. Sci. Total Environ. 2018, 627, 1018–1038. [Google Scholar] [CrossRef]

	



Zheng, Y.; Shi, J.; Chen, Q.; Deng, C.; Yang, F.; Wang, Y. Identifying Individual-Specific Microbial DNA Fingerprints from Skin Microbiomes. Front. Microbiol. 2022, 13, 960043. [Google Scholar] [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; epub ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Knights, D.; Parfrey, L.W.; Zaneveld, J.; Lozupone, C.; Knight, R. Human-Associated Microbial Signatures: Examining Their Predictive Value. Cell Host Microbe 2011, 10, 292–296. [Google Scholar] [CrossRef] [PubMed]

	



Moitas, B.; Caldas, I.M.; Sampaio-Maia, B. Forensic Microbiology and Geographical Location: A Systematic Review. Aust. J. Forensic Sci. 2023, 1–16. [Google Scholar] [CrossRef]

	



Flores, G.E.; Bates, S.T.; Knights, D.; Lauber, C.L.; Stombaugh, J.; Knight, R.; Fierer, N. Microbial Biogeography of Public Restroom Surfaces. PLoS ONE 2011, 6, e28132. [Google Scholar] [CrossRef]

	



Flores, G.E.; Bates, S.T.; Caporaso, J.G.; Lauber, C.L.; Leff, J.W.; Knight, R.; Fierer, N. Diversity, Distribution and Sources of Bacteria in Residential Kitchens. Environ. Microbiol. 2013, 15, 588–596. [Google Scholar] [CrossRef]

	



Meadow, J.F.; Altrichter, A.E.; Green, J.L. Mobile Phones Carry the Personal Microbiome of Their Owners. PeerJ 2014, 2, e447. [Google Scholar] [CrossRef] [PubMed]

	



Lax, S.; Hampton-Marcell, J.T.; Gibbons, S.M.; Colares, G.B.; Smith, D.; Eisen, J.A.; Gilbert, J.A. Forensic Analysis of the Microbiome of Phones and Shoes. Microbiome 2015, 3, 21. [Google Scholar] [CrossRef]

	



Simon, L.M.; Flocco, C.; Burkart, F.; Methner, A.; Henke, D.; Rauer, L.; Müller, C.L.; Vogel, J.; Quaisser, C.; Overmann, J.; et al. Microbial Fingerprints Reveal Interaction between Museum Objects, Curators, and Visitors. iScience 2023, 26, 107578. [Google Scholar] [CrossRef]

	



Jesmok, E.M.; Hopkins, J.M.; Foran, D.R. Next-Generation Sequencing of the Bacterial 16S rRNA Gene for Forensic Soil Comparison: A Feasibility Study. J. Forensic Sci. 2016, 61, 607–617. [Google Scholar] [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. [Google Scholar] [CrossRef] [PubMed]

	



Gerber, G.K. The Dynamic Microbiome. FEBS Lett. 2014, 588, 4131–4139. [Google Scholar] [CrossRef] [PubMed]

	



Song, S.J.; Lauber, C.; Costello, E.K.; Lozupone, C.A.; Humphrey, G.; Berg-Lyons, D.; Caporaso, J.G.; Knights, D.; Clemente, J.C.; Nakielny, S.; et al. Cohabiting Family Members Share Microbiota with One Another and with Their Dogs. eLife 2013, 2, e00458. [Google Scholar] [CrossRef] [PubMed]

	



Dill-McFarland, K.A.; Tang, Z.-Z.; Kemis, J.H.; Kerby, R.L.; Chen, G.; Palloni, A.; Sorenson, T.; Rey, F.E.; Herd, P. Close Social Relationships Correlate with Human Gut Microbiota Composition. Sci. Rep. 2019, 9, 703. [Google Scholar] [CrossRef] [PubMed]

	



Thiene, G. Autopsy and Sudden Death. Eur. Heart J. Suppl. 2023, 25, C118–C129. [Google Scholar] [CrossRef]

	



Dada, M.A.; Lazarus, N.G. SUDDEN NATURAL DEATH|Infectious Diseases. Encycl. Forensic Leg. Med. 2005, 229–236. [Google Scholar] [CrossRef]

	



Krous, H.F.; Beckwith, J.B.; Byard, R.W.; Rognum, T.O.; Bajanowski, T.; Corey, T.; Cutz, E.; Hanzlick, R.; Keens, T.G.; Mitchell, E.A. Sudden Infant Death Syndrome and Unclassified Sudden Infant Deaths: A Definitional and Diagnostic Approach. Pediatrics 2004, 114, 234–238. [Google Scholar] [CrossRef]

	



Prtak, L.; Al-Adnani, M.; Fenton, P.; Kudesia, G.; Cohen, M.C. Contribution of Bacteriology and Virology in Sudden Unexpected Death in Infancy. Arch. Dis. Child. 2010, 95, 371–376. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez-Lafuente, R.; Aguilera, B.; Suárez-Mier, M.A.P.; Morentin, B.; Vallejo, G.; Gómez, J.; Fernández-Rodríguez, A. Detection of Human Herpesvirus-6, Epstein-Barr Virus and Cytomegalovirus in Formalin-Fixed Tissues from Sudden Infant Death: A Study with Quantitative Real-Time PCR. Forensic Sci. Int. 2008, 178, 106–111. [Google Scholar] [CrossRef]

	



Leong, L.E.X.; Taylor, S.L.; Shivasami, A.; Goldwater, P.N.; Rogers, G.B. Intestinal Microbiota Composition in Sudden Infant Death Syndrome and Age-Matched Controls. J. Pediatr. 2017, 191, 63–68.e1. [Google Scholar] [CrossRef]

	



Beebeejaun, K.; Parikh, S.R.; Campbell, H.; Gray, S.; Borrow, R.; Ramsay, M.E.; Ladhani, S.N. Invasive Meningococcal Disease: Timing and Cause of Death in England, 2008–2015. J. Infect. 2020, 80, 286–290. [Google Scholar] [CrossRef] [PubMed]

	



Ambrosio, L.; Neri, A.; Fazio, C.; Rossolini, G.M.; Vacca, P.; Riccobono, E.; Voller, F.; Miglietta, A.; Stefanelli, P. Genomic Analysis of Neisseria Meningitidis Carriage Isolates during an Outbreak of Serogroup C Clonal Complex 11, Tuscany, Italy. PLoS ONE 2019, 14, e0217500. [Google Scholar] [CrossRef]

	



Fazio, C.; Daprai, L.; Neri, A.; Tirani, M.; Vacca, P.; Arghittu, M.; Ambrosio, L.; Cereda, D.; Gramegna, M.; Palmieri, A.; et al. Reactive Vaccination as Control Strategy for an Outbreak of Invasive Meningococcal Disease Caused by Neisseria Meningitidis C:P1.5-1,10-8:F3-6:ST-11(Cc11), Bergamo Province, Italy, December 2019 to January 2020. Euro Surveill 2022, 27, 2100919. [Google Scholar] [CrossRef]

	



Schürch, A.C.; Siezen, R.J. Genomic Tracing of Epidemics and Disease Outbreaks. Microb. Biotechnol. 2010, 3, 628–633. [Google Scholar] [CrossRef]

	



Onori, R.; Gaiarsa, S.; Comandatore, F.; Pongolini, S.; Brisse, S.; Colombo, A.; Cassani, G.; Marone, P.; Grossi, P.; Minoja, G. Tracking Nosocomial Klebsiella Pneumoniae Infections and Outbreaks by Whole-Genome Analysis: Small-Scale Italian Scenario within a Single Hospital. J. Clin. Microbiol. 2015, 53, 2861–2868. [Google Scholar] [CrossRef] [PubMed]

	



Szarvas, J.; Ahrenfeldt, J.; Cisneros, J.L.B.; Thomsen, M.C.F.; Aarestrup, F.M.; Lund, O. Large Scale Automated Phylogenomic Analysis of Bacterial Isolates and the Evergreen Online Platform. Commun. Biol. 2020, 3, 137. [Google Scholar] [CrossRef]

	



Berbel Caban, A.; Pak, T.R.; Obla, A.; Dupper, A.C.; Chacko, K.I.; Fox, L.; Mills, A.; Ciferri, B.; Oussenko, I.; Beckford, C. PathoSPOT Genomic Epidemiology Reveals Under-the-Radar Nosocomial Outbreaks. Genome Med. 2020, 12, 96. [Google Scholar] [CrossRef] [PubMed]

	



Ferrari, C.; Corbella, M.; Gaiarsa, S.; Comandatore, F.; Scaltriti, E.; Bandi, C.; Cambieri, P.; Marone, P.; Sassera, D. Multiple Klebsiella Pneumoniae KPC Clones Contribute to an Extended Hospital Outbreak. Front. Microbiol. 2019, 10, 2767. [Google Scholar] [CrossRef]

	



Collin, S.M.; Lamb, P.; Jauneikaite, E.; Le Doare, K.; Creti, R.; Berardi, A.; Heath, P.T.; Sriskandan, S.; Lamagni, T. Hospital Clusters of Invasive Group B Streptococcal Disease: A Systematic Review. J. Infect. 2019, 79, 521–527. [Google Scholar] [CrossRef]

	



Ward, D.V.; Hoss, A.G.; Kolde, R.; van Aggelen, H.C.; Loving, J.; Smith, S.A.; Mack, D.A.; Kathirvel, R.; Halperin, J.A.; Buell, D.J. Integration of Genomic and Clinical Data Augments Surveillance of Healthcare-Acquired Infections. Infect. Control Hosp. Epidemiol. 2019, 40, 649–655. [Google Scholar] [CrossRef]

	



Gilchrist, C.A.; Turner, S.D.; Riley, M.F.; Petri, W.A., Jr.; Hewlett, E.L. Whole-Genome Sequencing in Outbreak Analysis. Clin. Microbiol. Rev. 2015, 28, 541–563. [Google Scholar] [CrossRef] [PubMed]

	



Syrowatka, A.; Kuznetsova, M.; Alsubai, A.; Beckman, A.L.; Bain, P.A.; Craig, K.J.T.; Hu, J.; Jackson, G.P.; Rhee, K.; Bates, D.W. Leveraging Artificial Intelligence for Pandemic Preparedness and Response: A Scoping Review to Identify Key Use Cases. Npj Digit. Med. 2021, 4, 96. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Schmedes, S.E.; Woerner, A.E.; Novroski, N.M.M.; Wendt, F.R.; King, J.L.; Stephens, K.M.; Budowle, B. Targeted Sequencing of Clade-Specific Markers from Skin Microbiomes for Forensic Human Identification. Forensic Sci. Int. Genet. 2018, 32, 50–61. [Google Scholar] [CrossRef] [PubMed]

	



Wilkins, D.; Leung, M.H.Y.; Lee, P.K.H. Microbiota Fingerprints Lose Individually Identifying Features over Time. Microbiome 2017, 5, 1. [Google Scholar] [CrossRef] [PubMed]

	



Edmonds-Wilson, S.L.; Nurinova, N.I.; Zapka, C.A.; Fierer, N.; Wilson, M. Review of Human Hand Microbiome Research. J. Dermatol. Sci. 2015, 80, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Giampaoli, S.; Berti, A.; Valeriani, F.; Gianfranceschi, G.; Piccolella, A.; Buggiotti, L.; Rapone, C.; Valentini, A.; Ripani, L.; Romano Spica, V. Molecular Identification of Vaginal Fluid by Microbial Signature. Forensic Sci. Int. Genet. 2012, 6, 559–564. [Google Scholar] [CrossRef] [PubMed]

	



Flowers, L.; Grice, E.A. The Skin Microbiota: Balancing Risk and Reward. Cell Host Microbe 2020, 28, 190–200. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, H.; Nakamura, I.; Mizutani, S.; Kurokawa, Y.; Mori, H.; Kurokawa, K.; Yamada, T. Minor Taxa in Human Skin Microbiome Contribute to the Personal Identification. PLoS ONE 2018, 13, e0199947. [Google Scholar] [CrossRef] [PubMed]

	



Neckovic, A.; van Oorschot, R.A.H.; Szkuta, B.; Durdle, A. Investigation of Direct and Indirect Transfer of Microbiomes between Individuals. Forensic Sci. Int. Genet. 2020, 45, 102212. [Google Scholar] [CrossRef]

	



Leake, S.L.; Pagni, M.; Falquet, L.; Taroni, F.; Greub, G. The Salivary Microbiome for Differentiating Individuals: Proof of Principle. Microbes Infect. 2016, 18, 399–405. [Google Scholar] [CrossRef] [PubMed]

	



Doi, M.; Gamo, S.; Okiura, T.; Nishimukai, H.; Asano, M. A Simple Identification Method for Vaginal Secretions Using Relative Quantification of Lactobacillus DNA. Forensic Sci. Int. Genet. 2014, 12, 93–99. [Google Scholar] [CrossRef]

	



Choi, A.; Shin, K.-J.; Yang, W.I.; Lee, H.Y. Body Fluid Identification by Integrated Analysis of DNA Methylation and Body Fluid-Specific Microbial DNA. Int. J. Leg. Med. 2014, 128, 33–41. [Google Scholar] [CrossRef] [PubMed]

	



Díez López, C.; Montiel González, D.; Haas, C.; Vidaki, A.; Kayser, M. Microbiome-Based Body Site of Origin Classification of Forensically Relevant Blood Traces. Forensic Sci. Int. Genet. 2020, 47, 102280. [Google Scholar] [CrossRef] [PubMed]

	



Baud, D.; Pattaroni, C.; Vulliemoz, N.; Castella, V.; Marsland, B.J.; Stojanov, M. Sperm Microbiota and Its Impact on Semen Parameters. Front. Microbiol. 2019, 10, 234. [Google Scholar] [CrossRef]

	



Ghemrawi, M.; Torres, A.R.; Duncan, G.; Colwell, R.; Dadlani, M.; McCord, B. The Genital Microbiome and Its Potential for Detecting Sexual Assault. Forensic Sci. Int. Genet. 2021, 51, 102432. [Google Scholar] [CrossRef]

	



Tackmann, J.; Arora, N.; Schmidt, T.S.B.; Rodrigues, J.F.M.; von Mering, C. Ecologically Informed Microbial Biomarkers and Accurate Classification of Mixed and Unmixed Samples in an Extensive Cross-Study of Human Body Sites. Microbiome 2018, 6, 192. [Google Scholar] [CrossRef]

	



Williams, D.W.; Gibson, G. Classification of Individuals and the Potential to Detect Sexual Contact Using the Microbiome of the Pubic Region. Forensic Sci. Int. Genet. 2019, 41, 177–187. [Google Scholar] [CrossRef] [PubMed]

	



Tridico, S.R.; Murray, D.C.; Bunce, M.; Kirkbride, K.P. DNA Profiling of Bacteria from Human Hair. In Forensic Microbiology; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2017; pp. 358–375. ISBN 978-1-119-06258-5. [Google Scholar]

	



Haarkötter, C.; Saiz, M.; Gálvez, X.; Medina-Lozano, M.I.; Álvarez, J.C.; Lorente, J.A. Usefulness of Microbiome for Forensic Geolocation: A Review. Life 2021, 11, 1322. [Google Scholar] [CrossRef]

	



Thompson, L.R.; Sanders, J.G.; McDonald, D.; Amir, A.; Ladau, J.; Locey, K.J.; Prill, R.J.; Tripathi, A.; Gibbons, S.M.; Ackermann, G.; et al. A Communal Catalogue Reveals Earth’s Multiscale Microbial Diversity. Nature 2017, 551, 457–463. [Google Scholar] [CrossRef]

	



Finley, S.J.; Pechal, J.L.; Benbow, M.E.; Robertson, B.K.; Javan, G.T. Microbial Signatures of Cadaver Gravesoil during Decomposition. Microb. Ecol. 2016, 71, 524–529. [Google Scholar] [CrossRef] [PubMed]

	



Lucci, A.; Campobasso, C.P.; Cirnelli, A.; Lorenzini, G. A Promising Microbiological Test for the Diagnosis of Drowning. Forensic Sci. Int. 2008, 182, 20–26. [Google Scholar] [CrossRef]

	



Kakizaki, E.; Kozawa, S.; Imamura, N.; Uchiyama, T.; Nishida, S.; Sakai, M.; Yukawa, N. Detection of Marine and Freshwater Bacterioplankton in Immersed Victims: Post-Mortem Bacterial Invasion Does Not Readily Occur. Forensic Sci. Int. 2011, 211, 9–18. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.; Xu, Q.; Xiao, C.; Li, H.; Wu, W.; Du, W.; Zhao, J.; Liu, H.; Wang, H.; Liu, C. SYBR Green Real-Time qPCR Method: Diagnose Drowning More Rapidly and Accurately. Forensic Sci. Int. 2021, 321, 110720. [Google Scholar] [CrossRef] [PubMed]

	



Tsuneya, S.; Yoshida, M.; Hoshioka, Y.; Chiba, F.; Inokuchi, G.; Torimitsu, S.; Iwase, H. Relevance of Diatom Testing on Closed Organs of a Drowned Cadaver Who Died after Receiving Treatment for 10 Days: A Case Report. Leg. Med. 2023, 60, 102168. [Google Scholar] [CrossRef]

	



Uchiyama, T.; Kakizaki, E.; Kozawa, S.; Nishida, S.; Imamura, N.; Yukawa, N. A New Molecular Approach to Help Conclude Drowning as a Cause of Death: Simultaneous Detection of Eight Bacterioplankton Species Using Real-Time PCR Assays with TaqMan Probes. Forensic Sci. Int. 2012, 222, 11–26. [Google Scholar] [CrossRef]

	



Swayambhu, M.; Kümmerli, R.; Arora, N. Microbiome-Based Stain Analyses in Crime Scenes. Appl. Environ. Microbiol. 2023, 89, e01325-22. [Google Scholar] [CrossRef]

	



Drancourt, M.; Raoult, D. Palaeomicrobiology: Current Issues and Perspectives. Nat. Rev. Microbiol. 2005, 3, 23–35. [Google Scholar] [CrossRef]

	



Raoult, D.; Drancourt, M. Molecular Detection of Past Pathogens. In Paleomicrobiology: Past Human Infections; Raoult, D., Drancourt, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 55–68. ISBN 978-3-540-75855-6. [Google Scholar]

	



Bos, K.I.; Kühnert, D.; Herbig, A.; Esquivel-Gomez, L.R.; Andrades Valtueña, A.; Barquera, R.; Giffin, K.; Kumar Lankapalli, A.; Nelson, E.A.; Sabin, S.; et al. Paleomicrobiology: Diagnosis and Evolution of Ancient Pathogens. Annu. Rev. Microbiol. 2019, 73, 639–666. [Google Scholar] [CrossRef]

	



Gorgé, O.; Bennett, E.A.; Massilani, D.; Daligault, J.; Pruvost, M.; Geigl, E.-M.; Grange, T. Analysis of Ancient DNA in Microbial Ecology. Methods Mol. Biol. 2016, 1399, 289–315. [Google Scholar] [CrossRef]

	



Weyrich, L.S.; Duchene, S.; Soubrier, J.; Arriola, L.; Llamas, B.; Breen, J.; Morris, A.G.; Alt, K.W.; Caramelli, D.; Dresely, V. Neanderthal Behaviour, Diet, and Disease Inferred from Ancient DNA in Dental Calculus. Nature 2017, 544, 357–361. [Google Scholar] [CrossRef] [PubMed]

	



Nodari, R.; Drancourt, M.; Barbieri, R. Paleomicrobiology of the Human Digestive Tract: A Review. Microb. Pathog. 2021, 157, 104972. [Google Scholar] [CrossRef] [PubMed]

	



Dabney, J.; Knapp, M.; Glocke, I.; Gansauge, M.-T.; Weihmann, A.; Nickel, B.; Valdiosera, C.; García, N.; Pääbo, S.; Arsuaga, J.-L. Complete Mitochondrial Genome Sequence of a Middle Pleistocene Cave Bear Reconstructed from Ultrashort DNA Fragments. Proc. Natl. Acad. Sci. USA 2013, 110, 15758–15763. [Google Scholar] [CrossRef] [PubMed]

	



Hendy, J. Ancient Protein Analysis in Archaeology. Sci. Adv. 2021, 7, eabb9314. [Google Scholar] [CrossRef]

	



Adler, C.J.; Haak, W.; Donlon, D.; Cooper, A. Survival and Recovery of DNA from Ancient Teeth and Bones. J. Archaeol. Sci. 2011, 38, 956–964. [Google Scholar] [CrossRef]

	



Handt, O.; Krings, M.; Ward, R.H.; Pääbo, S. The Retrieval of Ancient Human DNA Sequences. Am. J. Hum. Genet. 1996, 59, 368–376. [Google Scholar] [PubMed]

	



Krings, M.; Stone, A.; Schmitz, R.W.; Krainitzki, H.; Stoneking, M.; Pääbo, S. Neandertal DNA Sequences and the Origin of Modern Humans. Cell 1997, 90, 19–30. [Google Scholar] [CrossRef]

	



Briggs, A.W.; Stenzel, U.; Meyer, M.; Krause, J.; Kircher, M.; Pääbo, S. Removal of Deaminated Cytosines and Detection of in Vivo Methylation in Ancient DNA. Nucleic Acids Res. 2010, 38, e87. [Google Scholar] [CrossRef]

	



Rohland, N.; Harney, E.; Mallick, S.; Nordenfelt, S.; Reich, D. Partial Uracil-DNA-Glycosylase Treatment for Screening of Ancient DNA. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015, 370, 20130624. [Google Scholar] [CrossRef]

	



Spyrou, M.A.; Bos, K.I.; Herbig, A.; Krause, J. Ancient Pathogen Genomics as an Emerging Tool for Infectious Disease Research. Nat. Rev. Genet. 2019, 20, 323–340. [Google Scholar] [CrossRef]

	



Barbieri, R.; Mekni, R.; Levasseur, A.; Chabrière, E.; Signoli, M.; Tzortzis, S.; Aboudharam, G.; Drancourt, M. Paleoproteomics of the Dental Pulp: The Plague Paradigm. PLoS ONE 2017, 12, e0180552. [Google Scholar] [CrossRef] [PubMed]

	



Demarchi, B.; Hall, S.; Roncal-Herrero, T.; Freeman, C.L.; Woolley, J.; Crisp, M.K.; Wilson, J.; Fotakis, A.; Fischer, R.; Kessler, B.M.; et al. Protein Sequences Bound to Mineral Surfaces Persist into Deep Time. eLife 2016, 5, e17092. [Google Scholar] [CrossRef] [PubMed]

	



Shved, N.; Haas, C.; Papageorgopoulou, C.; Akguel, G.; Paulsen, K.; Bouwman, A.; Warinner, C.; Rühli, F. Post Mortem DNA Degradation of Human Tissue Experimentally Mummified in Salt. PLoS ONE 2014, 9, e110753. [Google Scholar] [CrossRef] [PubMed]

	



Alonso, A.; Martin, P.; Albarrán, C.; Garcia, P.; Fernandez de Simon, L.; Jesús Iturralde, M.; Fernández-Rodriguez, A.; Atienza, I.; Capilla, J.; García-Hirschfeld, J.; et al. Challenges of DNA Profiling in Mass Disaster Investigations. Croat. Med. J. 2005, 46, 540–548. [Google Scholar]

	



Lozano-Peral, D.; Rubio, L.; Santos, I.; Gaitán, M.J.; Viguera, E.; Martín-de-las-Heras, S. DNA Degradation in Human Teeth Exposed to Thermal Stress. Sci. Rep. 2021, 11, 12118. [Google Scholar] [CrossRef]

	



Yang, D.Y.; Watt, K. Contamination Controls When Preparing Archaeological Remains for Ancient DNA Analysis. J. Archaeol. Sci. 2005, 32, 331–336. [Google Scholar] [CrossRef]

	



Poinar, H.N.; Cooper, A. Ancient DNA: Do It Right or Not at All. Science 2000, 5482, 416. [Google Scholar]

	



Jónsson, H.; Ginolhac, A.; Schubert, M.; Johnson, P.L.F.; Orlando, L. mapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters. Bioinformatics 2013, 29, 1682–1684. [Google Scholar] [CrossRef]

	



Peyrégne, S.; Peter, B.M. AuthentiCT: A Model of Ancient DNA Damage to Estimate the Proportion of Present-Day DNA Contamination. Genome Biol. 2020, 21, 246. [Google Scholar] [CrossRef]

	



Fernández-Rodríguez, A.; Burton, J.L.; Andreoletti, L.; Alberola, J.; Fornes, P.; Merino, I.; Martínez, M.J.; Castillo, P.; Sampaio-Maia, B.; Caldas, I.M. Post-Mortem Microbiology in Sudden Death: Sampling Protocols Proposed in Different Clinical Settings. Clin. Microbiol. Infect. 2019, 25, 570–579. [Google Scholar] [CrossRef]

	



International Organization for Standardization. ISO/IEC 17025:2017. General Requirements for the Competence of Testing and Calibration Laboratories. Available online: https://www.iso.org/standard/66912.html (accessed on 10 May 2024).

	



International Organization for Standardization. ISO 21043-2:2018. Forensic Sciences. Part 2: Recognition, Recording, Collecting, Transport and Storage of Items. Available online: https://www.iso.org/standard/72041.html (accessed on 10 May 2024).








[image: Microorganisms 12 00988 g001] 





Figure 1. Flow chart of the procedures to be implemented in the event of a death, where it is suspected that the death was caused by a pathogenic microorganism (including viruses). In particular, the flow chart indicates the different types of autopsy samples from which to proceed to search for the infectious agent, and some methodological precautions, for example, some basic information on the tissue samples to be collected and the use of sterile tubes. 
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Table 1. Applications of forensic microbiology.
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	Main Application
	Type of Samples
	Method
	Selected Refs





	Determination of post-mortem interval (PMI)
	Autopsy tissues
	Molecular analyses
	[37,46]



	Determining the infectious causes of death
	Autopsy tissues/Body fluids
	Bacteriological, histological and molecular analyses
	[14,47]



	Determining the type of biological fluid
	Swabs or samples of the biological trace
	Molecular analyses
	[48,49]



	Differential diagnosis in shaken baby and child injuries
	Autopsy tissues
	Bacteriological analyses with histological examination and molecular analyses
	[50,51]



	Identifying deaths attributable to infectious diseases during outbreaks
	Environmental/autopsy tissue/body fluids
	Bacteriological and molecular analyses with bioinformatics
	[52,53]



	Identifying instances of medical malpractice and nosocomial infections
	Swabs of specific body regions/body fluid/objects
	Bacteriological and molecular analyses
	[53,54]



	Identifying soil types and specific locations
	Soil/objects containing soil
	Molecular analyses and comparing the results with the forensic microbiome database (FMD)
	[55,56]



	Identifying the touch residue left on objects by skin
	Swabs on objects
	Molecular analyses
	[35,57]



	Personal identification
	Swabs of specific body regions
	Molecular analyses
	[58,59]



	Sexual violence investigations
	Swabs of specific body regions/objects
	Bacteriological and molecular analyses with comparisons between samples
	[60,61]



	Post-mortem toxicological analyses
	Autopsy tissues
	Bacteriological, chromatographic and molecular analyses
	[62,63]



	Violent death investigations
	Swabs of specific body regions/objects
	Bacteriological and molecular analyses with comparisons between samples
	[64,65]
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