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ABSTRACT

Every living organism dies and is decomposed into nutrients and by-products. This is
lead initially by the normal flora of the newly deceased host. The postmortem microbiome, so-
called “necrobiome”, undergoes temporal changes affected by the environment in the carcass.
The increased data on the necrobiome is fueled by recent advances in genome sequencing
analysis technigues. Metagenome sequencing analyzes temporal changes in a population.
Genotypic information elucidates identity, structural, and functional traits across a biome.
Initially, the necrobiome is composed of taxa common to the living tissue. As decomposition
progresses, new and unique taxa emerge. Those suited for growth in the specific environment
become dominant. Alpha diversity, beta diversity, and community traits are used to analyze the
necrobiome. The necrobiome has potential for forensic evidence predictions. This review covers
the succession of the necrobiome specific to body location, their effect on the decomposing

carcass, and potential forensics uses of the necrobiome.
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1. INTRODUCTION TO THE POSTMORTEM MICROBIOME

Every living being eventually dies and thus begins the process of decomposition.
Decomposition is led by the postmortem microbiome, also known as the necrobiome. The
necrobiome is defined as the eukaryotic and prokaryotic species associated with decomposition
of all times including that of human and animal corpses(1). The necrobiome has been shown to
have drastic and changes that effect and are affected by their environment. The knowledge base
in this field is constantly growing due to advances in the accuracy and affordability of genome
sequencing. The environment of a decomposing body is also constantly changing. These changes
are predictable and allow the composition of the microbial community to follow a predictable
successional pattern. This predictable succession may allow for identification of the postmortem
interval (PMI) based solely on the composition of the necrobiome.

This community is initially dominated by resident species. Those taxa that flourish during
the shutdown of bodily function and the immune system are integral in the decomposition
process. As decomposition progresses, systemic cell death spreads through the body, creating an
environment now low in immune response and rich in nutrients that microbes can utilize. The
environment of a decaying body is constantly changing though out the decomposition process.
These temporal changes affect the structure of the necrobiome allowing the microbes that are
best suited to the specific conditions at the time, outcompete less suited microbes. The
necrobiome is first noticeable in areas with high resident microbial presence like the mouth, gut
and rectum. These will be the first to show signs of decomposition(2). There is a significant lag
before organs considered sterile during life such as liver, heart, kidneys, lymph nodes start
showing signs of decomposition(2). The resident microbes initiate the process shortly after death

and utilize the nutrients left behind from cellular breakdown to multiplying and spread to



previously sterile regions. This is supported by common gut microbes being identified in sterile
regions and by a significant increase in motility genes after 48 hours post mortem(3). Infection
into sterile regions varies across body site with the liver being positive for bacteria after 1 day
postmortem to the pericardial fluid in which 50% of samples were still sterile after 5 days
postmortem(4).

Resident microbes that are abundant initially are soon outcompeted by microbes that
were previously in low abundance which are now able to flourish in the new environment
created as decomposition progresses(5). External communities like the mouth and skin and
rectum are directly exposed to the environment which causes more rapid changes(3). The
internal communities in areas like the gut are more isolated and influenced more by the
biochemical processes involved with internal decomposition such as oxygen depletion and pH
changes(3). Understanding the succession of the necrobiome has the potential to aid to the study

of decomposition, metagenomics, and forensics alike.



2. CHEMICAL AND PHYSICAL CHANGES OF THE DECOMPOSITION
ENVIRONMENT

The environment of a decomposing body changes in a predictable manner which forces
the composition of the necrobiome to change along with it. Cobaugh et al 2015 found that there
is no change in total microbial abundance in soil communities when a carcass is present but
instead, distinct changes in community function and composition(6). They found two distinct
changing points in microbial community: when the carcass ruptures (the turning point between
the bloat stage changes to the active decay stage), and when the tissue is decomposed and decay
rates slow (when active decay stage turns to advanced decay)(6).

2.1. Stages of Decomposition

Decomposition of human remains is a continuous succession of events without distinct
stages. In order to aid in discussion, Payne et al 1965 divided decomposition of above ground
fetal pig carcasses into 6 stages(7). In chronological order the stages are fresh, bloating, active
decay, advanced decay, dry, and remains(7). Dry and remains are very similar from a

necrobiome standpoint and are combined for discussion in this paper as “dry remains”(6).



Figure 1. The Stages of Decomposition. Pictured is the carcass of a 10 week old pig. (a) Depicts
bloat stage approximately 48 hours PM. (b) Depicts active decay. (c) Depicts active decay. The
arrow shows the path of maggot migration, and the bar represents 1 meter. (d) Depicts the dry
stage of decomposition(8).
2.1.1. Fresh

The fresh stage begins at death and lasts 24 to 48 hours. This is the most complex stage
due to the sheer number of changes that occur internally(7). Immediately after death the heart
stops circulating blood and the oxygen present is rapidly consumed, limiting oxygen supply and
effectively ending aerobic respiration(8). After the heart stops pumping, the first noticeable

changes from a forensics standpoint are called livor, rigor, and algor mortis(9, 10). These stages

occur simultaneously and are initiated at death. In the first 1-2 hours, blood migrates by gravity



and pools at the bottom of the carcass in a process called livor mortis(9). This pooling is fully
developed by 6 hours and causes a discoloration of the skin(10). After livor mortis, the next
visible sign of decomposition is the stiffening of muscles called rigor mortis (9, 10). Rigor mortis
is fully developed at 24 hours and by 48 hours, muscles begin to decompose and start to loosen
up(9). Algor mortis starts shortly after death and is the slow cooling of a body to ambient
temperature(9, 10). Algor mortis proceeds from body temperature to ambient temperature at an
approximate rate of 1.5°F an hour. Underlying these processes is cellular death via autolysis.

Autolysis is independent of bacterial action and is caused by hydrolytic enzymes self-
digesting proteins and cellular membranes(10). This is the first major destructive process of
tissue decomposition(10). Autolysis causes skin slippage which is when the epidermis is
loosened from the dermis(9). This can be visualized as early as 48 hours and the hair and nails
will become loose and eventually fall off(9). Tissues are mostly free of bacteria for the first 24
hours after death but autolysis releases nutrients that facilitates the initiation of putrefaction
across the body(10). Under natural conditions, insects (generally flies of the Sarcophagidae and
Calliphoridae families) begin to colonize carcasses at this time lay eggs in soft tissue(7, 8). The
color of the skin will slowly change from a red tone to purple as hemoglobin is converted to
deoxyhemoglobin in a process called marbling(8, 9). Marbling combined with gas build up
caused by bacterial growth are the initial sign that decomposition can now be described as the
bloat stage(8).
2.1.2. Bloat

Bloating is caused by the buildup of gasses produced by the bacterial proliferation
present in a decomposing body. This stage generally starts at about 48 hours and lasts for 2

days(7). Figure 1a depicts a 10 week of pig in the bloat stage(8). Noticeable signs of this stage



are stiffening of the limbs, marbling, and pressure buildup of gasses, specifically in the abdomen
that causes the bloated state of the carcass(8). Hydrolysis of macromolecules is initiated by
autolysis, but it is slow until the bacteria take over during the bloat stage(10). The
Lactobacillales family Lactobacillaceae is abundant during the initial stages of decomposition
but decreased as PMI increased(11). Putrefaction yields gasses including CO2, methane,
hydrogen sulfide, and ammonia are caused by the breakdown of and carbs, alcohols, and organic
acids(10). Hydrogen sulfide can react with the porphyrin ring of hemoglobin to form
sulfhemoglobin which produces a green color that can be noticed during marbling(10). More
flies from the families Piophilidae and arrive and colonize the carcass(7). As pressure builds,
bodily fluids are purged from the mouth and nose creating nutrient islands for decomposers(9).
Excessive pressure with the help of maggots often times causes the rupture of the abdomen
which is the main sign of the start of the active decay stage(9).
2.1.3. Active Decay

Active decay is generally from day 3 to day 6 and is a period of rapid biomass loss(7, 9).
Figure 1b depicts a carcass during active decay(8). The most noticeable sign of this stage is the
rupture of the skin caused by gas build up due to microbial activity(8). Rupture releases large
amounts nutrients into the soil while also, exposing the internal microbial communities to
oxygen(9). This shift causes the previously anaerobic internal environment to become rapidly
oxygenated significantly changing the microbial communities(12). An example of this
community is presented in Figure 2(12). In Figure 2, Lactobacillaceae and Lachnospiraceae are
both in high abundance initially in the abdomen but decrease significantly as decomposition
progresses(12). Bacteroidaceae increase through active decay then decrease through the end of

sampling(12). Xanthomonadaceae, Caulobacteraceae, and Sphingomonadaceae remain at steady



abundance levels initially until late active decay where they increase significantly(12). Anaerobic
gut originating genera like Lactobacillus and Bacteroides are quickly outcompeted by aerobic
soil originating Alphaproteobacteria and gut originating Proteus and Escherichia(12). The
genera Ignatzschineria is commonly associated with the fly species Wohlfahrtia magnifica of the
Sarcophagidae family and is introduced through the fly larvae and proliferates in the bloat
through active decay stages(13). Fly larvae from Sarcophagidae and Calliphoridae are prevalent
initially and Piophilidae and Lonchaeidae begin to proliferate at this stage(7). This maggot
activity combined with bacterial communities rapidly consume the remaining tissues(8, 9). As

most of the tissue is consumed, the carcass enters advanced decay.
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Figure 2. Trajectories of Bacterial Families with the Greatest Change in Abundance. Three
families that showed the greatest change in abundance. The black bar represents rupture which
occurred between sample day 6 and 9. Y axis is percent change in abundance and x axis is days
PM(12).
2.1.4. Advanced Decay

Advanced decay is the stage of decomposition with an increase in skeletonization
percentage. This usually lasts from days 6 to 7(7). During advanced and active decay, the soil

has a major increase in carbon, nitrogen, and pH(9). Advanced decay is depicted in Figure 1c(8).

The release of decomposition fluids and maggot activity form a cadaveric decomposition island



(CDI)(8). A CDl is visible in Figure 1c and Figure 1d(8). Advanced decay proceeds until the
body starts to dry and is completely skeletonized.
2.1.5. Dry Remains Stage

Dry remains is the final stage of decomposition and only bone, cartilage, and skin
remain(7). The remains are very low in nutrients but the soil is still higher in nutrients than it was
previously(9). The flies that colonized the carcass through the early stages of decomposition are
replaced by soil originating insects like centipedes and millipedes(7). Figure 1d depicts a cadaver
during the dry stage of decomposition(8). This is denoted by the lack of biomass present on the
cadaver, the CDI still present due to the increase in nutrients from the cadaveric fluids, and
increased plat growth surrounding the CDI(8).
2.1.6. Conclusions

Decomposition proceeds through a predictable succession of events and analysis of these
events will aid in understanding necrobiome and how it may aid in identification of the
postmortem interval. The postmortem microbiome is becoming a major new subject of study
within decomposition due to increasingly affordable prices of whole genome and 16S rRNA
sequencing. Cellular death is a major piece in decomposition and proceeds through one of 3 main
pathways. These pathways are apoptosis, autophagy, and necrosis.

2.2. Pathways of Cellular Death

2.2.1. Apoptosis

Apoptosis is a regulated pathway of cellular death where the cell blebs and forms
apoptotic bodies which are up taken by phagocytes and degraded(14). The process of apoptosis
starts with chromatin condensation (pyknosis), followed by nuclear fragmentation

(karyorrhexis). Then membrane blebbing creates apoptotic bodies which, under most conditions,



are absorbed and degraded by neighboring cells such as phagocytes(15). Apoptotic bodies are
intact vesicles containing contents of the fragmented cell(14-16). Caspases, which commonly
accompany apoptosis, are highly conserved cysteine proteases that cause an intracellular
caspase-cascade which activates apoptosis(17). Caspases act as both initiator to begin the
signaling of apoptosis and as executioner to cleave major substrates in cells(17). Under standard
conditions, not involving systemic death, programmed cellular death most often follows the
apoptosis pathway(14, 16). Early in decomposition, cell death can follow the apoptosis pathway.
Evidence shows that early in decomposition apoptotic genes are actively regulated showing
increase in apoptotic transcripts 48 hours after death(18). During decomposition, any apoptotic
bodies that remain after the immune system stops are broken down and consumed as nutrients by
the necrobiome.
2.2.2. Autophagy

Autophagy is programmed cell death through phagocytotic uptake and subsequent
breakdown of cells(15, 16). The steps of autophagy in chronological order are cytoplasmic
vacuolization, where the cytoplasm is separated into double membraned vacuoles, phagocytic
uptake, fusion with lysosomes, followed by degradation from lysosomal hydrolases(16).
Autophagic cell death is not typically caused by organismal death which favors apoptosis and
necrosis.
2.2.3. Necrosis

Necrosis is cellular death not associated with apoptosis or phagocytosis that causes
spillage of cellular contents to intercellular space(15, 16). This “accidental” cell death is a
response to extreme physical, chemical or mechanical stressors(16). This largely unregulated

cellular death follows a consistent cascade of events. The first noticeable sign of necrosis is the



swelling of the cell (oncosis) and swelling organelles(16). Next, clustering of organelles takes
place near the nucleus and activation of the proteases calpains and cathepsins(16). Finally, the
rupture of the plasma membrane and leaking of cellular contents into the intercellular space.
Necrosis lacks specific biochemical markers and must be visualized under a microscope(16).
2.2.4. Conclusions

Host death causes cellular death to follow one of these three pathways. Different cellular
signals determine the pathway used. Apoptosis is initiated through activation of the caspase
cascade responding to stimuli such as DNA damage, and death signaling(14). Autophagy is
activated through autophagic vacuolization most often responding to local starvation of nutrients.
Necrosis is associated with osmotic stress caused by numerous stimuli such as reactive oxygen
species and Ca2+ overloading(16). Besides external stimuli, ATP can be a factor in determining
the death pathway followed. Low levels of ATP can favor necrosis and a cell that would
normally follow apoptosis can shift to necrosis in absence of ATP(16). Cell death that normally
manifests through apoptosis can shift to autophagy or necrosis through prevention of caspase
activation(16). Similarly, autophagy can be shifted to apoptosis or necrosis through inhibition of
the early steps of autophagy(16). While systemic cellular death is spreading though the body, the
environment of the surrounding soil is significantly affected by decomposition.

2.3. Postmortem Soil Chemistry

As with the necrobiome, the postmortem soil chemistry remains largely consistent
through the beginning of decomposition. Rupture of the carcass causes a dramatic increase in
nutrients, especially nitrogen, into the soil(5, 6). Cobaugh et al 2015 and Metcalf et al 2013
found rupture causes ammonia rich nutrients to enter soil(6, 12). Metcalf et al 2016 found a

change in soil chemistry from an average pH of 6.2 to 8.5(5, 6, 12). Unlike previous studies,
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Cobaugh et al 2015 did not find a significant increase in pH corresponding to rupture due high
variability in pH between their 4 replicate carcasses(6). This caused the pH to be measured at
7.049 £1.214 so the pH after rupture was significantly different than the initial or control
soils(6). There is an increase in total organic carbon and total nitrogen after rupture which
remains significant through late advanced decay(6). This influx of nitrogen rich nutrients in the
soil caused by rupture forces the microbiome to increase nitrogen cycling and tolerance to the
new chemical environment, which is now nitrogen rich with an increased pH(5). Rupture causes
soil ammonium levels to increase to a peak 30 days after the carcass was introduced followed by
gradually decline(5). Metcalf et al 2016 found there is an increase in the nitrate concentrations
and processes that consume nitrate but did not find genetic signs of increased nitrification rates
such as an increase in hydroxylamine dehydrogenase(5). This may be caused by the PICRUSt
reference database they used lacking genomes from the soil decomposer community(5). There is
a significant increase in amino acid degradation and ammonia production which is a likely cause

of the increased nitrogen(5).
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3. POSTMORTEM MICROBIOME RESEARCH METHODS
3.1. Operational Taxonomic Units

Both metagenome and 16S rRNA sequencing yield large amounts of unique sequences,
but this information does not arrive with any taxa identification. The first step to analyzing these
community sequencing data is to separate the sequences into operational taxonomic units (OTU).
An OTU is a grouping of all sequences that share a certain percent identity, usually 97% identity
to have species level specificity (19). This is refined further by removing reads below a certain
abundance level, usually 0.005% abundance. These are removed because they are likely “noise”
and reduce the precision of data. “Noise” is defined as all sequences that are caused by errors and
are not true sequences from the sample and can often negatively affect the resolution of
sequencing(20). This includes single nucleotide errors and chimera sequences of two sequences
combined together which can stem from both PCR amplification before sequencing and the
sequencing itself(20). Sequencing methods such as Illumina have an error rate of 0.01 to 0.1%
which can cause both “noise” and chimera sequences(21). This OTU data is labeled using a
database such as BLAST, SILVA, RDP, and Greengenes.

Greengenes is a 16S rRNA gene database that can accurately remove chimeric sequences
and label bacterial and archaea taxa(22, 23). Ribosomal database project (RDP) is another 16S
rRNA tool that uses data from the International Nucleotide Sequence Database Collaboration
(INSDC) to label 16S rRNA sequences and detect anomalies like chimera sequences(24). SILVA
(from the Latin word for forest, silva) is a database that can read small and large subunit rRNA
from bacteria, archaea, and eukaryotes(25). BLAST (Basic local alignment search tool) is a tool
to align biological sequences based off the sequence database from the National Center for

Biotechnology Information (NCBI) and gives the statical information about the sequence
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alignment(26). A phylogenetic tree using these labeled sequences and similar OTUs are
combined if they have the same taxonomic name. This data can now be directly analyzed for
relative abundance and alpha diversity metrics such as community richness.
3.1.1. Sub Operational Taxonomic Units

Although OTUs are the most common way to label metagenome data, new methods that
avoid grouping based off similar identity are available as well. These newer methods utilize sub
operational taxonomic units (SOTU) which use statistics and exact sequences to increase the
resolution compared to standard OTUs(27). “Noise” is traditionally controlled with clustering
into OTUs all sequences with over 97% identity and with algorithms specifically used to identify
and remove error reads(28). These sSOTU programs do not combine sequences with 97% identity
and only rely on complex algorithms which allow for differentiation of closely related taxa by
identifying exact sequences with up to 1 nucleotide specificity(27). The process is similar to
OTUs except the samples are analyzed independently with an algorithm to remove “noise”
before labeling(27). One of these methods use a program Deblur. It uses error profile statistics to
analyze sequences individually and any sequence determined to be an error is removed(27).
Deblur was utilized by Belk et al 2018 to reanalyze previous data that used OTU labeling(29).
Belk et al 2018 found similar trends to the previous studies but they were able to more accurately
predict the postmortem interval(PMI) (1.7 days compared to 2.5 days)(29). After the sequencing
data is labeled with taxa, it is ready to be analyzed. These labeled data can now be analyzed by
community and taxon specific methods.

3.2. Relative Abundance
The most common tests used to monitor postmortem microbiome are relative abundance,

alpha diversity, beta diversity, and machine learning algorithms.(29) Relative abundance is a
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simple calculation of the abundance of each taxon compared to the total number of individual
reads present in the sample altogether. It is a comparative analysis of abundance and is most used
to show trends of specific taxa and the members of a community across many sample sites and
time points. Lutz et al 2020 used the differential relative abundances of bacterial classes to
compare the postmortem bacterial community structure based on their anatomic location(30).
Alpha and beta diversity are used to identify general trends of the community composition across
sample sites and time points. Figure 3 shows the change in abundance of taxa associated with the
human mouth across the first 12 days of decomposition(31). The significant abundance change
presented in the relative abundance chart of Figure 3 is useful to show the direct and significant

change in community composition.
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3.3. Alpha Diversity

Alpha diversity is the measure of diversity within a community using richness, evenness
or a combination of richness and evenness(32). Richness is the number of different taxa present
in a sample which is commonly calculated using the total number of OTU’s in a community.
Another measure of richness is Faith’s Phylogenetic Distance which is shown in Figure 4(3).
This calculates richness using the sum of the branch lengths from a phylogenetic tree which
includes all species in a population(33). Evenness is a measure of the distribution of abundances
of the OTU’s within a community. These are used to analyze a community and determine the
diversity within each community. This can show if conditions allow a diverse community with a
large number of low abundance taxa or if the conditions select for a small number of specific
taxa in high abundance. Figure 4 shows the alpha diversity of postmortem bacterial communities
from several anatomic locations and that there was a significant decrease in the in richness after
48 hours postmortem(3). This shows that as decomposition progressed, the were lower numbers
of unique taxa and the community was made up of specific taxa suited to the conditions(3).
DeBruyn et al used a calculation that accounted for both richness and evenness called Sipson’s
Index(34). This showed that even though the richness of their postmortem gut communities
increased after rupture, the Simpson’s Index decreased(34). This shows the different forms of
alpha diversity measurements can have different results. Alpha diversity metrics are highly
biased by read number. Read number can be controlled with rarefaction which is randomly
trimming all samples to the same number of reads, or to the lowest number of reads(32).
Removing reads using rarefaction can cause its own biases in alpha diversity measures but

lowering the observed alpha diversity(32). Errors like these require researchers to use multiple
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different measures of diversity to understand an ecosystem. Another diversity metric, beta

diversity analyses differences between samples to determine the diversity between samples.
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anatomical location(3).

17



3.4. Beta Diversity

On the other hand, beta diversity measures the diversity between communities or
samples. It measures how similar or dissimilar the samples are to each other. It is commonly
presented with a distance metric such as UniFrac distances or Bray-Curtis distance are visualized
with principal coordinate analysis (PCoA) plots. PCoA plots visualize the beta diversity as
distances between points. The more distant the points are apart, the more diverse they are. These
plots are commonly used in postmortem microbiome studies to compare different sample
locations, different sample times, and compare repeated samples. Figure 5 shows the PCoA of
the necrobiome grouped by anatomical location(3). Figure 5 shows distinct grouping by
anatomical location, especially noticeable with the rectum which had a grouping with minimal
overlap with samples from other locations(3). Bray-Curtis dissimilarity is a measure of
differences between communities using taxon abundance differences in each community(35).
This is a taxon-based measure and does not account for relatedness of taxa present, it only
accounts for the abundances of taxa in each community(2, 35). This method relies on abundance
changes with no phylogenetic assumptions and is useful for communities with a high number of
unclassified taxa. Burcham et al 2019 used Bay-Curtis dissimilarities of postmortem bacterial
communities to find significant diversity differences across both anatomical location and time

since death(2).
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Figure 5. Principal Coordinate Analysis (PCoA) of Necrobiome. Necrobiome beta diversity
based on anatomical location(3).

3.4.1. Distance Matrices of Beta Diversity

UniFrac measures the phylogenetic difference between the sequences of 2 samples,
generally 16SrRNA in postmortem microbiome studies(36). This is a measure of the
evolutionary distance of all sequences in one sample(36). UniFrac can be either weighted or
unweighted. Weighted is a quantitative measure that accounts for relative abundance, and
unweighted is a qualitative measure that does not account for abundance(36). These different
UniFrac measures can lead to dramatically different conclusions with the same samples.
Unweighted UniFrac distance is well suited for detecting the presence or absence of specific
bacteria in different communities(37). Weighted UniFrac distance is well suited for detecting
differences in abundance even when the taxa present remain the same(37). Damann et al 2015
used weighted UniFrac distances to visualize differences in bacterial community members and

used weighted UniFrac distances to measure different taxon abundance to visualize changes in
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community structure(38). They found differences in beta diversity between bacterial
communities sampled from the same bones at different stages of decomposition with unweighted
UniFrac distance but not weighted(38). Guo et al 2016 compared the weighted and unweighted
UniFrac distances of mouth and rectum necrobiome bacterial communities and found the
weighted UniFrac distances had more notable clustering of the two communities as
decomposition progressed(39). Kaszubinski et al 2020 compared weighted and unweighted
UniFrac distances and found unweighted UniFrac distances had three times the number of
significant comparisons between postmortem bacterial communities and manner/cause of
death(40). They used beta diversity of postmortem bacterial communities to make predictions on
the cause of death of the individual(40). The combination of analyses using relative abundance,
alpha diversity, and beta diversity necessary for researchers to sufficiently analyze the
composition and diversity of microbiome communities. Complex forms of analysis such as
machine learning can aid in classifying necrobiome samples in specific groups.
3.5. Machine Learning Analyses

Machine learning models are analyses techniques that, for microbiome studies, are used
to classify large datasets of taxa accurately into groups. The specifics of how these algorithms
work is beyond the scope of this paper, but Random Forest regression and k-Nearest Neighbor
regression are the machine learning methods most common with the postmortem microbiome
and will be mentioned in this paper. Figure 6 presents the mean error from machine learning
analyses predicting postmortem interval (PM1)(12). Figure 6 shows Random Forest models of
the postmortem microbiome of the skin on the head of mice was most accurate in estimating PMI
with an accuracy of 3.30+/- 2.52 days(12). Metcalf et al 2013 found the populations during early

decomposition were most accurate when they sampled it the most frequently(12). Johnson et al
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2016 tested the PMI prediction accuracy of numerous machine learning methods to see what was
most accurate with their ear and nose postmortem microbiome dataset(41). They found k-nearest
neighbor regression to be the most accurate with predictions of up to 55 accumulated degree

days accuracy for PMI prediction(41).
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4. SUCCESSION OF THE NECROBIOME
4.1. Gut and Rectum Necrobiome

The gastrointestinal tract harbors the most diverse microbiome in the human body. This
diverse microbiome is able to flourish during decomposition as the cells lyse and the immune
system begins to break down. In the gut, normal flora taxa from Bacteroidetes and Firmicutes
dominate the nutrient rich environment of the fresh stage of decomposition. More specifically,
the Eubacteriales (Lachnospiraceae and Oscillospiraceae) Bacteroidales (Parabacteroideaceae,
Bacteroidaceae, and Prevotellaceae), and Lactobacillaceae. Using gPCR in human carcasses, the
families Lactobacillaceae and Bacteroides dominate initially in decomposition but their relative
abundances decrease over time as they are outcompeted by bacteria better suited to the changing
environment of the decomposing carcass(11). Another study supported this trend in the large
intestine with the Lachnospiraceae, Lactobacillaceae, and Bacteroidaceae(34). These families
dominate during the fresh and bloat stage but become insignificant during active and advanced
stages(34). The initial postmortem microbiome is dominated by Firmicutes and Bacteroidetes but
as bloat advances towards active decay, Proteobacteria become abundant. The necrobiome of the

fresh and bloat stages are presented in Figure 7.
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Figure 7. Postmortem Gut Microbiome Taxa Prominent During Decomposition. Only taxa with
an abundance of over 5% were included. National Center for Biotechnology Information(NCIB)
database was used for all phylogenetic trees using the taxonomy browser tool(42).

During the fresh and bloat stages the families Lachnospiraceae, Oscillospiraceae and
Lactobacillaceae, and Bacteroidetes, specifically Bacteroidales, dominate(12, 39).
Enterobacteriales families Enterobacteriaceae and Morganellaceae begin rising in abundance
during the bloat stage, commonly on the last sample before rupture(12, 39). This trend continues
through advanced decay(39). Proteus becomes the predominant taxon at abundances of over
80% of the total bacterial community after being in very low abundance early in
decomposition(39). This is visualized in Figure 8(39). Also shown in Figure 8,
Xanthomonadaceae become abundant in advanced decay which was not present in the fresh

stage and in very low amounts during the bloat stage(39). The genus Ignatzschineria, of the
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family Xanthomonadaceae, increases with PMI and is associated with an insect that are found on

decomposing carcasses, Wohlfahrtia, also known as flesh flies(43).
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Figure 8. Relative Abundance of the Rectum. Necrobiome of rats from sample times across
decomposition. X axis decomposition times are as follows: BAO1 — alive, BA02 — 0 hours PM,
BAO3 — 4 hours PM, BA04 — 12 hours PM, BAO5 — 1 day PM, BA06 — 2 days PM, BAO7 - 3
days PM. Rupture occurred at day 2 PM(39).

As decomposition progresses, the same phyla, and many of the same orders, remain
abundant. Firmicutes is dominant during fresh and bloat and remains abundant through advanced
decay, with different families abundant. The Eubacteriales families Lachnospiraceae and
Oscillospiraceae are abundant early in decomposition but Clostridiaceae is abundant during
active and advanced decay(2, 34). Clostridiaceae has the greatest increase in abundance in all
taxa in the gut necrobiome of mice models(12). Clostridium is motile and well suited to thrive in

the anaerobic environment of advanced decay and are able to colonize organs presumed to be

sterile during life(2). Enterococcus, also from Lactobacillales, became abundant in active and
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advanced decay(2, 12). The gut necrobiome from active and advanced decay are also presented
in Figure 7.

Enterobacteriales are abundant after rupture and Bacteroidetes and Lactobacillaceae are
no longer abundant. The Firmicutes order Eubacteriales stays abundant through decomposition
but just with different families. Lachnospiraceae and Oscillospiraceae are abundant early but as
decomposition progresses, Clostridiaceae predominant in advanced decay. Xanthomonadaceae,
commonly associated with the decomposition fly family Sarcophagidae, is introduced by larvae
during fresh and bloat stages and becomes abundant after rupture.

Decomposition has varying effect of diversity of the gut communities. The initial
postmortem gut microbiome has lower richness than the soil community for every stage of
decomposition(6). Richness increases over time but due to a decrease in evenness, the alpha
diversity, calculated with a Simpson’s Index, decreases as PMI increases(34). Beta diversity has
a significant shift corresponding to rupture that causes a significant increase in variability in
communities using Bray-Curtis Similarity(34). This conflicts other studies that used rectal
sampling and UniFrac distances instead of intestinal sampling and Bray-Curtis similarity which
may show different community profiles between these locations or analyses. Guo et al 2016
found a significant decrease richness and in beta diversity in rectum samples as PMI
increased(39). This is supported by a significant decrease in beta diversity in rectum sampling as
decomposition progressed in another study(44). Pechal et al 2018 found that there is increased
community stability in the first 48 hours after death and there was an increase in variability in
samples after 49 hours(3). This is presented in Figure 4(3). The diversity of the postmortem gut

microbiome has varying changes across these studies as decomposition progressed, masking any

25



possible trends for the diversity of the gut necrobiome. The next piece of the necrobiome that
will be discussed is the oral necrobiome.
4.2. Oral Necrobiome

The oral microbiome is the second most diverse microbiome in the human body; only the
gut is more diverse. Due to the ease of sampling, it is one of the best understood of the living
human microbiomes. For this same reason, knowledge of the oral necrobiome is significantly
increasing. The mouth is home to a diverse community of largely unculturable species that were
unidentifiable until next gen sequencing became available(45). The mouth has two very different
major surfaces, the hard surface of the teeth and soft tissue of the cheeks, gums, and tongue
which are each home to distinct microbial communities(45). The environment present in a living
person’s mouth is moist with an average temperature of 37°C and an average saliva pH of 6.7-7.
This creates a stable environment for the oral microbiome of the host to thrive(46). After death
saliva stops being produced and combined with the direct exposure to microbial communities of
the soil and skin, the postmortem microbiome community changes rapidly.

The oral necrobiome is a mixing point between microbes migrating up from the gut and
in from the soil and skin which gives it many unique traits. The mouth shares common microbes
with all other areas sampled and had an increased richness compared to other locations(47). In a
large 2018 study with samples from 188 autopsy cases the mouth necrobiome is the most
variable community and the community structure in the rectum necrobiome is the most
consistent(3). The PCoA based on unweighted UniFrac distances shows a distinct group for the
mouth(47). This means that the mouth had a subgroup within the community with low beta

diversity which was significantly different than other sample locations(47). Adserias et al 2016
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found in the mouth a unique phylum, Tenericutes, quickly spike in abundance then drop back to
unreadable levels in a short time frame corresponding to the bloat stage(31).

Guo et al 2016 found a significant difference in the oral microbes of a living mouse and
the microbiome of mice immediately after death(39). These communities have a large amount of
overlapping taxa between the living microbiome and the 0 hour postmortem sample but the alpha
diversity rapidly increases in the 0 hours postmortem sample compared to the living
microbiome(39). This means there are a higher total number of species present. Possible
explanations are the immediate halt of saliva production, and the fact the mouth is in close
proximity to soil and skin microbes which may be able to migrate easily or contaminate the
sample. Another study found the mouth had the lowest prevalence of motility pathways in
samples <48 hours(3). This makes motile taxa transmigration into the mouth an unlikely cause
for the increase in richness. Saliva has antimicrobial properties so no production of it may cause
these new migrating or contaminating species or allow low abundance species to thrive. Other
studies did not find a change in the living vs 0 h postmortem samples because they tested either
an initial postmortem sample or living mouse, not both.

The initial oral postmortem microbiome is made up of the common living oral

microbiome (31, 39, 47, 48). Oral originating taxa are dominant in initial postmortem
communities, but this trend changes quickly, and the dominant taxa are soon more often
associated with the gut or soil instead of the mouth(31). Figure 3 shows the significant decline
in the abundance of species associated with the living human mouth as decomposition
progresses into bloat and active decay(31). The prevalence of HOMD associated taxa decreased

substantially in their samples from 6-12 days postmortem showing the community was

dominated by non-orally originating taxa(31). Proteobacteria and Firmicutes were the dominant
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oral phyla initially and through the first days of decomposition with lower but significant levels
of Actinobacteria and variable levels of Bacteroidetes(31, 39, 48). To aid in discussion of the
oral necrobiome, the families associated with the necrobiomes of the fresh, bloat and active

decay stages are presented in Figure 9, Figure 12, and Figure 13.
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Figure 9. Postmortem Oral Microbiome Taxa Prominent During the Fresh Stage. Only taxa with
an abundance of over 5% were included. National Center for Biotechnology Information(NCIB)
database was used for all phylogenetic trees using the taxonomy browser tool(42).

The rat and mouse models that Guo et al 2016 and Dong et al 2019, respectively, used as
model organisms were dominated by Streptococcaceae and Pasteurellaceae with low amounts of
different Actinobacteria families(39, 48). The fresh postmortem microbiome animal model
studies each had their own unique families. The mouse necrobiomes have a significant initial

amount of the Alphaproteobacteria family Phyllobacteriaceae and an increase in

Gammaproteobacteria family Enterobacteriaceae at the end of the fresh stage(48). This is shown
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in Figure 10(48). The rat necrobiomes have a significant increase of the Gammaproteobacteria
family Moraxellaceae at the end of the fresh stage(31). This is shown in Figure 11(31). Javan et
al 2016 studied humans with data collected during autopsies(47). They found the mouth
necrobiome is dominated by the families Streptococcaceae Prevotellaceae and Veillonellaceae
with notable abundances of unique families Micrococcaceae and Actinomycetes and
Staphylococcaceae(47). Hyde et al 2015 used human subjects on natural soil postmortem and
differed from the other studies in their fresh samples and did not have significant abundances of

anything other than two Pseudomonadales families, Moraxellaceae and Pseudomonadaceae(44).
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Figure 10. Relative Abundance of the Necrobiome from the Oral Cavity of Mice. Rupture
occurred between 24 hours and 144 hours(48).

In the bloat stage, Xanthomonadaceae and Moraxellaceae families increase across the

studies and Enterobacteriaceae increase in two of them(31, 39, 44). Two human studies both
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have Xanthomonadaceae increase in abundance along with gut associated taxa. Hyde et al 2015
has Moraxellaceae while Adserias et al 2016 has Enterococcaceae as their next most abundant
after Xanthomonadaceae(31, 44). Guo et al was dominated by Moraxellaceae in the bloat stage
with significant abundances of Enterobacteriaceae, Xanthomonadaceae, and a family unique to
them, Flavobacteriaceae(39). This is shown in Figure 11(31). Xanthomonadaceae is associated
with insects, but it was found in both the insect and insect free samples which may show it is
associated with decomposition without insects as well(31).
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Figure 11. Relative Abundance of the Oral Cavity of Rats. X axis decomposition times are as
follows: BAO1 — alive, BA02 — 0 hours PM, BAO3 — 4 hours PM, BA04 — 12 hours PM, BAQ5 —
1 day PM, BAO6 — 2 days PM, BAQ7 - 3 days PM. Rupture occurred at day 2 PM(39).

The bloat stage samples are dominated by Gammaproteobacteria, specifically,
Moraxellaceae and Xanthomonadaceae, and a rising abundance of Clostridia. This shows a

general trend away from the oral associated taxa towards more gut and soil associated taxa. This

dramatic shift corresponded to the beginning of the active decay stage. Aerobic normal flora
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dominated initially but fermentative Proteobacteria and Firmicutes dominated as the oxygen was
consumed(31). The oral microbes are outcompeted by taxa that are uniquely suited the specific
environment. These important factors include varying temporal changes in oxygen level, pH, and

nutrient availability in each stage of decomposition.
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Figure 12. Postmortem Oral Microbiome Taxa Prominent During the Bloat Stage. Only taxa with
an abundance of over 5% were included. National Center for Biotechnology Information(NCIB)
database was used for all phylogenetic trees using the taxonomy browser tool(42).

In the human studies there is a significant decrease in Xanthomonadaceae from bloat to
active decay(31, 44). Active decay has a significant initial abundance in Xanthomonadaceae
which is replaced by soil and gut associated families like Corynebacteriaceae, Moraxellaceae and
Clostridiaceae(31, 39, 44). Xanthomonadaceae is aerobic and associated with fly larvae
commonly found on decomposing corpses(13). A decrease in maggot associated bacteria is

correlated with a similar decrease in the total number of maggots present(8). As a cadaver moves

through advanced decay and into active decay, the biomass is consumed and the number of
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maggots decreases(7, 8). Animal models have a significant increase in Enterobacteriaceae during
advanced decay(39, 48). This is associated with the gut and in a study excluding insects, it

increased to over 75% abundance in advanced decay(48).
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Figure 13. Postmortem Oral Microbiome Taxa Prominent During the Active. Only taxa with an
abundance of over 5% were included. National Center for Biotechnology Information(NCIB)
database was used for all phylogenetic trees using the taxonomy browser tool(42).

Proteobacteria

The carcasses are more similar within each experiment at different postmortem intervals
than they were within postmortem intervals across experiments(31, 39, 44, 48). These
experiments had differing decomposition conditions from more natural decomposition of humans
in natural soil to mice in a controlled lab experiment with no soil or insects present(31, 39, 44,
48). The differing soil communities or lack of soil like in laboratory settings on sterile gauze and
from the morgue could have a significant difference in the necrobiome(31). These would affect
the decomposing carcass in different ways

The initial postmortem oral microbiome varied significantly between studies but was

dominated by resident taxa such as Prevotella, Veillonella, Rothia, Streptococcus, Muribacter
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and Pasteurella(31, 39, 44, 48). This change rapidly and by advanced decay, it was dominated
by soil, gut, and fly originating taxa such as the Proteobacteria Proteus, Xanthomonadaceae,
Ignatzschineria and Enterobacteriaceae and the Firmicutes Clostridiales, Enterococcus, and
Bacillaceae(31, 39, 44, 48). All studies were dominated initially by Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes, but the animal models had a general trend of being
increasingly dominated by Proteobacteria and the human trials were dominated by Firmicutes.
The soil necrobiome is important for studies that use natural soil conditions and will be discussed
next. The skin necrobiome is in direct contact with the soil necrobiome which causes these
communities to change in a similar manner.
4.3. Soil Necrobiome

The postmortem soil environment remains largely unchanged from the initial placement
of a carcass through the first two stages of decomposition. The steady environment led to a soil
necrobiome that remains largely unchanged through the fresh and bloat decomposition stages(6,
12). As the carcass advances from the bloat stage into the active decay stage, pressure builds up
and decomposition fluids seep from the orifices until the pressure is too great and the carcass
ruptures. This causes a significant increase in decomposition fluids from the chest cavity and the
necrobiome along with it(12). The influx of decomposition taxa changes the postmortem soil
community to a mixture of soil and decomposition bacteria after rupture. This change causes
human associated taxa take over during advanced decay(12). This starts to slowly change in the
late advanced decay stage when the nutrients from the decomposition fluids start to run out and
soil microbes start to dominate again(6). As decomposition progresses further to dry remains,

soil originating taxa like Alphaproteobacteria Acidobacteria, and Actinobacteria become
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prevalent again in the postmortem community(6). This is due to the nutrients being depleted and
human associated species are outcompeted.

The major phyla of the early postmortem soil microbiome are Proteobacteria,
predominantly Alphaproteobacteria, Acidobacteria, with lower levels of Firmicutes,
Bacteroidetes, Verrucomicrobia, Actinobacteria, Planctomycetes, and the Proteobacteria class
and Gammaproteobacteria and Betaproteobacteria(6, 12). The postmortem initial, fresh, and
carcass free control soil microbiomes are combined in Figure 14. These taxa are similar to soil
samples from soils without a carcass present(49). An example of taxa associated with soils is
shown in Figure 15(38). This shows the soil under a carcass will remain dominated by soil

bacteria during the early stages of decomposition(6, 12).
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Figure 14. The Initial Postmortem Soil Microbiome. The soil microbiome from the fresh, bloat
and controls soils. Only taxa with an abundance of over 5% were included. Phylogenetic tree
was created using the NCIB taxonomy browser tool with the exception of Koribacteriaceae(42).
Koribacteriaceae was not present in the NCIB database but is a member of the Acidobacteriales
order(49).
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Rupture causes a significant and lasting change in the soil postmortem microbiome.
These changes included a decrease in Acidobacteria and Verrucomicrobia and an increase in
Firmicutes and Actinobacteria(12). Lauber et al 2009 found Acidobacteria to be negatively
associated with increasing soil pH so as the postmortem soil pH rises after rupture, this supports
the decrease in Acidobacteria(6, 12, 50). Acidobacteria are also found to be slower at cellular
division and metabolism so increase in nutrient abundance and in pH likely lead to the phyla
being outcompeted(51). The invasion of the soil by the gut postmortem microbiome is more
notable during the advanced decay stage. Advanced decay had significant decrease in
Acidobacteria, Verrucomicrobia, and an increase in Firmicutes, Actinobacteria, and
alphaproteobacteria(12). Bacteroidetes, a human associated phylum, increased significantly and
persisted in soils up to 198 days, through the end of experimentation(6). Taxa associated with
advanced decay are presented in Figure 16. The taxa associated with partially skeletonized and

skeletonized remains during advanced decay are shown in Figure 15(38).
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Figure 15. Relative Abundance of the Necrobiome Found on Soil and Decaying Bone. X axis
labels are as follows: A — partially skeletonized, B — skeletonized, C — dry remains, D — soil(38).
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Figure 16. Postmortem Soil Microbiome Taxa Prominent During Advanced Decay. Only taxa
with an abundance of over 5% were included. National Center for Biotechnology
Information(NCIB) database was used for all phylogenetic trees using the taxonomy browser
tool(42).

As decomposition progresses out of advanced decay into the skeletonized and dry
remains stages, the necrobiome begins to shift back to soil originating taxa(38). This leads to a
significant decrease in Gammaproteobacteria and Bacteroidetes along with an increase in
Alphaproteobacteria, Actinobacteria and Acidobacteria(38). Many of these changes were not all
visible on the phyla level. For example, Cobaugh et al found Proteobacteria as a phyla remain
fairly consistent and abundant in the soils throughout decomposition(6). The taxa present
changed with Alphaproteobacteria and Gammaproteobacteria increasing gradually and

Betaproteobacteria having some OTU’s increase and others decrease(6). Damann et al found

Alphaproteobacteria increases from 0.8% relative abundance in the late advanced stage to 49%
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relative abundance in the dry remains stage in a study focusing on remains in late decomposition
from partially skeletonized, late advanced stage, to dry remains(38). Gammaproteobacteria
decreases from 47% in the late advanced stage to 18% in the dry remains stage(38). Cobaugh et
al 2015 found Bacteroides, the common human associated pathogen, is not present in control
soils but is present in soils from the bloat stage until the end of sampling at 198 days after
carcass placement(6). Emmons et al found that there were differences in community structure
across bone sites that were still noticeable for up to a year(52). Verrucomicrobia was not found
to be significant in either Damann et al 2015 or Emmons et al 2019 while it was prevalent
through initial decomposition in Metcalf et al 2013 and Cobaugh et al 2015. As the nutrients and
pH lower to levels closer to normal soil levels in dry remains, Acidobacteria begin to become
prevalent again. The dramatic changes in community structure are caused by the unique
environment and nutrient hotspot created during corpse decomposition. Taxa present in the dry

remains stage are presented in Figure 15 and Figure 17(38).
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Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae
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Firmicutes

Clostridia Eubacteriales Clostridiaceae

Figure 17. Postmortem Soil Microbiome Taxa Prominent During the Dry Remains Stage. Only
taxa with an abundance of over 5% were included. National Center for Biotechnology
Information(NCIB) database was used for all phylogenetic trees using the taxonomy browser
tool(42).

In a mouse study, Metcalf et al 2016 found the initial soil community, compared to the
communities of the abdominal cavity and skin, is most likely to be the source of predominant
decomposer taxa(5). Across all sample sites (the skin, soil, and abdominal cavity) nearly 40% of
the postmortem communities are found in the initial soil community in very low abundance(12).
This is significantly higher than any other body site tested(5). Soil type, season, or host are not a
significant factor for the decomposition community(5). Metcalf et al 2016 found similar soil
chemistry and skin necrobiomes across three major soil types: desert, forest, and grassland(5).

Alpha diversity and richness of the soil community does not significantly change during
decomposition until it increases significantly in the late advanced stage(6). This trend continues
in later decomposition where Damann et al 2015 found dry remains had higher diversity than

partially skeletonized remains in late advanced decay(38). This is likely caused in part by a

significant increase in taxa that were previously low abundance and a general trend to the initial
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community(6). Soil has significantly higher alpha diversity at every stage of decomposition than
the initial postmortem gut(6). The advanced decomposition community is the most similar in
structure to the initial community based on beta diversity(6). Showing the community is
changing back to resident taxa.

The soil necrobiome remains largely unchanged by placement of a cadaver until after
rupture(6). This initial community is dominated by Firmicutes, Actinobacteria, Acidobacteria,
Betaproteobacteria and Alphaproteobacteria(6, 12). After rupture, the increase in nutrients, pH,
and the gut decomposer community causes significant changes in the community(5, 6). The
resident taxa of Acidobacteria, Hyphomicrobiaceae, and Prevotellaceae are no longer significant
and are replaced by gut associated Gammaproteobacteria, Bacteroidetes, Firmicutes along with
fly associated Xanthomonadaceae(6, 12). This change lasts until the dry remains stage when the
nutrients become low again and the resident soil taxa rise in abundance(38). The skin
necrobiome is in direct contact with the soil necrobiome which causes it to change in a similar
manner.

4.4. SKkin Necrobiome

The postmortem skin microbiome is in direct contact with the soil which causes rapid
and dramatic changes throughout decomposition. The living skin microbiome is uniquely suited
to thrive on the dry, nutrient deficient, and oily environment on the skin. An example of this is
Propionibacterium acnes which is a facultative anaerobe that can thrive in the anoxic sebaceous
glands(53). These taxa can utilize sweat and sebum for nutrients but are easily outcompeted
when exposed to the soil environment. This causes the community to change dramatically when
it is exposed to a comparatively moist, nutrient rich environment of soil. The living skin

microbiome is determined by skin site due to differences present in each skin type.
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Propionibacterium, Staphylococcus, and Corynebacterium were the most dominant genera
across all skin sites(53).

In a lab experiment with mouse models, the initial postmortem microbiome is dominated
by Actinobacteria, Firmicutes, Betaproteobacteria, and Gammaproteobacteria on the skin of the
belly(12). The skin of the head is dominated by Epsilonproteobacteria with smaller amounts of
Gammaproteobacteria and Firmicutes(12). Actinobacteria and Firmicutes are both known to be
major members of the human skin microbiome(53). Firmicutes and Gammaproteobacteria begin
to dominate shortly after death and Betaproteobacteria, Alphaproteobacteria, and Bacteroidetes
became abundant after rupture as Gammaproteobacteria was predominant before rupture before
declining to low levels(12). Alcaligenaceae and Sphingobacteriaceae were the fastest increasing
OTUs on the skin and Pseudomonadaceae have one of the largest decreases in abundance(12).
Xanthomonadaceae increases steadily on the skin of the belly, possibly due to proximity to gut
during rupture(12). Fly associated Ignatzschineria and Wohlfahrtiimonas were abundant on the
skin starting in active decay and decreased as wet biomass was consumed(44). The postmortem
skin microbiome is vastly different from the soil initially but changed in a similar manner as
decomposition progressed(12). This change included an increase in Sphingobacteriaceae and
Xanthomonadaceae(12). Transmigration of bacteria during decomposition is a major cause of
changes in the necrobiome.

4.5. Transmigration of the Necrobiome

During the initial stages of decomposition, resident microbes of the normal flora
dominant in areas with high microbial abundance in life but sterile regions like the pericardial
fluid and portal vein blood can remain sterile for up to 5 days(4). Using culture based techniques,

90% of pericardial fluid samples are sterile up to five days and 75% of liver samples are
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sterile(4). Using 16S gPCR, the pericardial fluid samples are reduced to 60% sterile and only
10% of the liver samples are sterile at 3 days(4). Using gPCR and specific primers to a select
number of species, intestinal bacteria increases in the pericardial fluid, mesenteric lymph node,
and liver as PMI increases(4). Bacterial culture techniques have much higher levels of sterility
than 16S gPCR showing many unculturable species are present during decomposition,
reinforcing the need for more advanced techniques such as PCR and sequencing(3).

Due to discrete clustering by anatomical location on a PCoA of UniFrac distance, Pechal
et al 2018 found evidence of lack of significant transmigration due to the significant diversity
still present across body sites during their sampling window of less than 72 hours(3). These are
presented in Figure 5(3). These were also all external sampling sites so that could have an effect
on transmigration as well. As the PMI increases, so does motility pathways including motility
proteins, chemotaxis, and flagellar assemblies (3). This increase is most closely correlated to the
levels of Enterobacteriaceae present(3). Proteus, a member of Enterobacteriaceae, has been
shown to increase significantly in decomposition(48). Proteus has a strong swarming ability
making it uniquely suited to the environment by having the ability to transmigrate early in
decomposition(54). Proteus, among others, could account for this increase in motility pathways
and the swarming ability of the taxa could account for their increase in abundance.
Transmigration may not be measurable on a significant level in the first 48-72 hours, but cell
motility pathways do increase significantly after 48 hours, showing transmigration is starting(3).

Burcham et al 2019 found that mice which are surface sterilized in bleach after death had
no significant difference on the internal postmortem microbiome(2). This conflicts with Metcalf
et al 2016 who found, with their natural decomposition trials, soil is the origin of a significantly

higher percentage of the gut decomposer community than originated from the gut(5). The
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Burcham et al 2016 study was using laboratory conditions with no soil presence, so no soil
influence was present(55). These conflicting results would need to be tested further with both
natural decomposition environment and surface sterilization. Burcham et al 2016, 2019 also
found that when carcasses are intranasally infected with S. aureus, S. aureus was able to infect
nonsterile organs within hours, but sterile organs take up to 5 to 7 days(2, 55). They found that a
single strain of S. aureus that is inoculated nasally postmortem can be tracked as it migrated
through the body(2, 55). This strain had similar trends across organ types where it remained low
initially then reached its highest point at 7 days in bone marrow and intestines or 14 days in heart
and lungs before levels declined(2). The final piece of the necrobiome discussed in this paper is
the transcriptome.
4.6. Transcriptome of the Necrobiome

During decomposition, the breakdown of the immune system and lysis of cells creates a
nutrient rich environment for microbes. Systemic cellular death does not result in the instant
death of cells throughout the body and human mRNA molecules were stable in a cadaver up to 7
days postmortem(56). Many gene transcripts had significant increases abundance after death and
different abundances across postmortem times suggesting gene regulation on a cellular level
even after death of the organism(18). Ferreira et al 2018 found a cascade of tissue specific
transcriptional changes triggered by death which may reflect active regulation of gene expression
after death(57). Using two different animal models, Hunter et al 2017 found 548 zebrafish genes
and 478 mouse genes from the brain and 36 from the liver were upregulated after death(58).
These upregulated genes account for only 1% of the total gene transcripts(58). Pozhitkov et al
2017 found over 1000 genes that significantly increase in abundance over the first 96 hours after

death compared to living levels(18). Most genes studied peaked within 48 hours PMI(18). These
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changes are unique in death and are not similar to the regulation found during hibernation(59).
This differential expression of gene transcripts shows clear gene regulation at a cellular level
after organismal death occurs.

Apoptosis is one of the two main routes for cellular death following organismal death.
Tolbert et al 2018 found that anti-apoptotic genes are upregulated in the prostate in the first 38
hours, but by 96 and 120 hours pro-apoptotic genes dominate(60). Pro-apoptotic genes did not
significantly change in expression, but the anti-apoptotic genes eventually decreased enough for
apoptosis to occur(60). In another study using mice, both pro-apoptotic and anti-apoptotic gene
transcripts were upregulated starting at 0.5 hours postmortem and most peaked between 12 and
48 hours(18). Apoptosis is only one the two main pathways for cellular death following
organismal death, but it shows inconsistent regulation of apoptosis after cellular death.

Death significantly increases stress response genes responsible for heat shock response,
hypoxia, and oxidative stress regulation(18). This is likely a last effort by individual cells and
organs to attempt to maintain homeostasis. Adaptive immune response, innate immune response,
and inflammation genes increase early in decomposition(18). These immune response genes
peaked twice within the first 48 hours(18). Pozhitkov et al suggested this could show regulation
by feedback loops(18). These studies are the beginnings of understanding not only those genes

are regulated after death, but also which genes are regulated at different PMI.
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5. FORENSIC USES OF THE NECROBIOME

The postmortem microbiome has potential forensic uses including identification of the
postmortem interval (PMI), the manner/cause of death (M/COD), the location of a carcass, and
health traits of the formally living individual. The postmortem microbiome could to help predict
PMI based off the temporal presence of specific microbes, differential abundance of microbes at
a specific time, machine learning algorithms, and the overall trends of community
characteristics. These characteristics include gene abundance, alpha diversity, and beta diversity.
Current forensic PMI practices utilize a variety of visual and physical traits as indicators for PMI
including visual appearance of the carcass, forensic entomology, and temperature of the carcass.
The environmental conditions of water content, insects, burial depth, and temperature can
dramatically alter the timing of these changes so postmortem interval is difficult to identify. The
postmortem microbiome is showing potential to be a useful addition to forensic analyses and
similar to forensic entomology, the presence of certain microbial species can be indicative of
postmortem interval.

5.1. PMI Using Indicator Taxa

Regardless of season, soil type, or model organism, the succession of the postmortem
microbiome is predictable(5). This has led to many investigations looking for indicator taxa that
can be used to assist in estimating postmortem interval. When looking at specific indicator taxa
of PMI, Javan et al 2016 found that phylum level identification of specific taxon was not very
predictive of PMI but genus and species were more useful(47). In a human study, Javan et al
2016found different species of the same genus were abundant at different PMI(47). This was true
for species of the genus Clostridium and two species of the genus Prevotella. Clostridium novyi

and Prevotella bivia were abundant at a PMI greater than 200 hours and Prevotella timonensis
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and an unknown Clostridium species were abundant in early PMI at 24 hours(47). These taxa
were identified as indicator taxa using random forest analysis(47).

In a study with human carcasses, Adserias et al 2016 found the phylum Tenericutes was
only abundant briefly in the mouth at the onset of the bloat stage and its presence was more
accurate at identifying the bloat stage than the classic visual and physical means of
identification(31). They also found significant changes in the species present in the mouth in
initial and early bloat stages to late bloat/active stages(31). This is presented in Figure 3(31). The
prevalence of mouth associated taxa was at 75% combined abundance during the fresh stage but
as decomposition progressed to the bloat stage, their abundance decreased to 25%(31). Fly
associated Xanthomonadaceae became abundant in bloat. An unknown Clostridiales family
becoming abundant in the bloat stage and Bacillaceae becoming abundant in active decay(31).
Pechal et al 2018 found that Streptococcus was most abundant at early PMI (<48 hours) in the
mouth and eyes(47). A study with mice models and oral sampling had conflicting results with
Firmicutes increasing from the initial sampling to the 24 hour sample but they had decreased by
the 6 day mark(48). They also found possible PMI identification in the class
Gammaproteobacteria which increased in the mouth as PMI increased(48). More specifically,
Gammaproteobacteria and the genus Proteus had a very strong positive linear relationships with
PMI(48).

The phyla Bacteroidetes and Firmicutes which are of high abundance in the human gut
were abundant still in partially skeletonized remains and Actinobacteria and Acidobacteria
species that are of high abundance in the soils were more abundant in the dry remains stage(38).
With intestinal sampling, Clostridiales had a positive relationship with PMI(34). While

Bacteroides and Lactobacillus exponentially declined with PMI(11, 34). This is supported by
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significant positive relationships between PMI and Clostridium and Anaerosphaera(34). The
same study found a significant negative relationship with PMI and Bacteroides and
Parabacteroides(34). Another study using human subjects and autopsy sampling confirmed the
trend in the brain, heart, liver, and spleen with Clostridiales significantly increasing with
increasing PMI(30). Specifically, in the heart, they found a significant increase in relative
abundance of Burkholderiales with increasing PMI(30).

A study with mouse models found significant increase in Xanthomonadaceae,
Bacteroidaceae, Caulobacteraceae during active decay to advanced decay in soil(12).
Xanthomonadaceae is associated with common decomposition flies but another study found
Xanthomonadaceae was abundant in late decomposition with and without insect presence(39).
Xanthomonadaceae may be indicative of Active and advanced decay without independent of
insects(39). Enterobacteriaceae increases significantly at the end of bloat or during active decay
in mouth and gut samples using animal models(12, 39, 48). This increase in Enterobacteriaceae
may shows of active decay even when carcass don’t rupture. A summary of necrobiome

indicators of PMI are presented in Table 1.
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Fresh Stage (under 24 hours)  Prevotella timonesis Mouth(47)
Bloat Stage Tenericutes Mouth(31)
Mouth(31), nose, and
Less than 48 hours Streptococcus eyes(47)
Fresh Stage Mouth Associated Taxa  Mouth(31)
Greater than 6 days Proteus Mouth(48)
Active and Advanced Stages  Xanthomonadaceae soil, skin, gut (12, 39, 48)
Positive relationship with
PMI Clostridiales Intestines(34)
Positive relationship with Intestines, Brain, Liver, and
PMI Clostridiales Spleen(30)
Negative relationship with
PMI Bacteroidales Intestines(34)
Positive relationship with
PMI Burkholderiales Heart(30)
Negative Relationship with
PMI Bacteroidales Mouth(48)
Negative relationship with Skin, Soil, Mouth,
PMI Beta Diversity rectum(39)
Negative relationship with Skin, Ears, Eyes, Nose,
PMI Alpha Diversity Mouth, Rectum(34, 39)

Table 1. Necrobiome Indicators of PMI. PMI range indicated for and the location it applies to.

5.2. PMI Prediction with Diversity Measurements

The postmortem microbiome is initially diverse but as decomposition progresses,
postmortem communities within the same study decrease in beta diversity(5, 34, 39, 44). This
shows they resembled each other, with the exception of intestinal sampling(5, 34, 39, 44). This
has been shown with a variety of environments and test species (5, 34, 39, 44). As decomposition
progresses, communities of the mouth, skin, and rectum from humans becomes more similar to
each other using an unweighted UniFrac PCoA plot(44). Another study found similar results
with mice and humans where necrobiome of gravesoil and skin sites decreased in beta diversity
over time(5). A PCoA using weighted UniFrac measurement from the mouth and rectum of rats

were separated initially but clustered together during late PMI showing the communities changed
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to become more similar(39). These studies show beta diversity decreases as decomposition
progressed and the necrobiomes were becoming more similar over time(5, 39, 44).

Like beta diversity, richness of the postmortem microbiome decreases for certain
anatomical locations as decomposition progresses. Alpha diversity significantly decreases in
human eye, nose, ear, and mouth samples for samples greater than 48 hours but not the rectal
sample site(3). Alpha diversity was significantly higher in the necrobiome of the uterus and
prostate than the heart, brain, and liver(30). In mice models, the alpha diversity of oral samples
decreases over time but the difference from the initial alpha diversity measurement was not
significant until the sample at 6 days(48). The alpha diversity of the gut postmortem microbiome
increased as decomposition increased while beta diversity decreased(34). This conflicts with the
trend from the external sampling sites but this difference could be attributed to sampling in this
study at a significantly later PMI(34).

5.3. Machine Learning Analysis of PMI

Metcalf et al 2013 presented the changes of the postmortem microbiome using mouse
models as a microbial clock and could accurately predict the PMI (12). Metcalf et al was able to
use the postmortem microbiome of the skin on the head of mice to estimate PMI with an
accuracy of 3.30+/- 2.52 days(12). This is presented in Figure 6(12). They prove skin and soil
sites were more accurate in predicting PMI than gut samples(12). Using Random Forest models
across a variety of test organisms and sampling sites, 16S rRNA with bacterial and archaeal
phylum level data gravesoil data had the lowest error(29). A Random Forest model created with
necrobiome data could predict PMI within 2-3 days though the first two weeks of
decomposition(5). This Random Forest model was accurate across soil types(5). This was tested

by using the necrobiome associated with one soil type was used to train the model and predict
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the PMI with the bacterial community of another soil type(5). Using a different machine learning
approach, Johnson et al found that k-Nearest Neighbor regression was the most accurate machine
learning approach for predicting PMI with their combined ear and nasal microbiomes(41). This
approach could predict the PMI of a body within 55 accumulated degree days (ADD)(41). This
corresponds to 2 days at an average temperature of 27.5°C.

Belk et al 2018 found that Random Forest regression analysis with gravesoil and skin 16S
rRNA was most accurate for PMI predictions at the phyla level(29). There are conflicting results
depending on the model organism and machine learning algorithm(29, 61). Javan et al 2017 used
specific taxa presence and abundance found in human autopsy sampling to predict PMI and
found the genus was more accurate(61). Belk et al 2018 used Random Forest regression of
multiple data sets including human and mice, and a variety of sampling sites to predict PMI(29).
These are very different types of analyses and shows the variety of results that can be found from
different forms of microbiome analyses.

5.4. Transcriptome Analysis to Estimate PMI

Besides species present, changes in nucleic acid and gene transcript abundances are
showing potential use to predict PMI as well. There is a consistent, significant decline in
ribonuclease genes(57). This study hypothesized a possible unique PMI prediction technique
involving RNA degradation levels but only had moderate success due to small sample size(57).
Groups of gene transcripts that are upregulated after death can be used to predict PMI(58). A
group of 7 mouse liver genes and 7 mouse brain genes could accurately predict PMI with R?
values of 0.97 and 0.95 respectively(58). Only genes that were upregulated after death were used
in these equations because only 1% of the transcriptome is upregulated after death and they are

likely directly related organismal death(58).
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5.5. Prediction of Manner and Cause of Death

Another potential use for postmortem microbiome data is the identification of living
characteristics and manner/causes of death (M/COD). There is a significant positive relationship
between the alpha diversity of the postmortem microbiome and probability of violent deaths(3).
There is a 65.2% increase chance of violent death for every unit of a-diversity increase(3). They
also found a negative relationship between bacterial postmortem alpha diversity and probability
of death by heart disease with a 28% decreased chance of heart disease COD for every unit of
diversity increase(3). Samples less than 24 hours PMI were used because they performed better
as indicators of M/COD(3). People who died from heart disease have the highest beta diversity
and used this to successfully predict the cause of death between heart disease or drug related
cases 79% of the time(40). This study was able to identify suicides with a 58.1% success rate and
were able to determine if COD of gunshot wound was by homicide or suicide accurately 93.1%
of the time (40). The beta diversity is highest in cases of natural death(40). There was a
significant increase in beta diversity in cases of cardiovascular death compared to gunshot
wounds, blunt force trauma, and drug CODs(40). Homicides had lowest beta diversity(40). In a
recent study with humans, Enterobacteriaceae, Chitinophagaceae, and MLE1-12 had a strong
positive association (>20 log: fold change relative to other CODs)(30). Natural deaths and deaths
by homicide were slightly negatively associated (5 logz change relative to other CODs) with
Streptococcaceae and Lactobacillaceae(30). Suicide has a strong negative association with
Peptostreptococcaceae(>20 log. fold change relative to other CODs)(30).

5.6. Location Identification
The postmortem microbiome has potential to aid the field of forensics in estimation of

PMI and manner of death but there is early evidence of potential to identify the geographical
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location of a carcass and even the anatomical location of an unknown organ. There is a
significantly higher number of pathogens in postmortem microbiomes of people who live in
neighborhoods with high levels of blight compared to areas with high levels of green
remediation(62). Neighborhood blight is a measure of the number of abandoned buildings or
vacant lots in an area and green remediation was used as a measure of available greenspace(62).
Microbial alpha and beta diversity were positively associated with neighborhood green
remediation and negatively associated with blight(62). Green remediation had the highest
positive effect in the richness of male rectum communities and the beta diversity of female
noses(62). Blight had the largest negative effect on richness and beta diversity of the nose and
mouth of men. This is initial evidence that the postmortem microbiome can be used by forensic
investigators to identify the type of environment the deceased person lived in. There are some
conflicting results, but it has potential uses, nonetheless.

During forensic investigation, unknown tissue fragments may be found at crime scenes
the and the postmortem microbiome has potential to aid in indemnifying these unknown tissues.
Organ type was the strongest grouping factor for UniFrac distance measures of the
necrobiome(3, 30). Liver tissue is able to be successfully identified as being from the liver based
off tissue specific gene biomarkers(56). This was just a proof-of-concept experiment that shows

some possible future impacts the postmortem microbiome can have on forensics.
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6. CONCLUSIONS

The most common ways the postmortem microbiome is analyzed is with relative
abundance, alpha diversity, beta diversity, and machine learning algorithms. Relative abundance
is a method used to compare the abundance of each taxon in a sample to the total number of
reads present in the sample. Alpha diversity is a measure of diversity within a sample using
richness, evenness, or a combination of the two. Richness is the total number of different taxon
present in a population and evenness is the measure of distribution of abundances in a
population. The combination of these two like in a Simpson’s Index, can give a new measure Of
alpha diversity in a community if separate richness and evenness calculations are not desired.
Beta diversity is the diversity between samples and is used to measure how similar or dissimilar
samples are to each other. This is calculated through distance metrics like Bray-Curtis
dissimilarity and UniFrac distances and are commonly visualized on a Principal Coordinate
Analysis Plot (PCoA). Machine learning models such as Random Forest regression or k-Nearest
Neighbor regression are algorithms that are used in microbiome studies to classify groups of
genome data into groups. Machine learning is commonly used with the postmortem microbiome
to estimate PMI.

The initial postmortem microbiome of a carcass is dominated by resident taxa which are
able to flourish after death as the cells lyse and the immune systems breaks down. Anaerobes
like Clostridiaceae, Enterobacteriales, along with fly associated Xanthomonadaceae become
dominant after rupture. The soil underneath a decaying carcass is not significantly changed by
carcass placement until purge and rupture when a large influx of nutrients and the gut
necrobiome change the community significantly. The soil necrobiome is dominated by gut and

fly associated taxa until dry remains when the soil taxa become abundant again. The postmortem
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skin microbiome is initially dominated by resident taxa, but it quickly changes to be similar to
the soil community after it is placed on soil.

PMI is essential to forensic investigations; however, current methods only give a rough
range of time and are greatly affected by the environment. The postmortem microbial
communities changed in a clock-like manner that provided an estimate of absolute PMI is similar
to using the development of fly larvae to estimate PMI(5). However, entomological PMI
identification methods are limited by corpse accessibility to insects and variable insect presence
by season, resulting in PMI estimates in the range of weeks, months, and years(63). Postmortem
microbiome has the potential to be a new tool to increase the accuracy of PMI determination
when other ways are inaccurate unable to be utilized.

The postmortem microbiome is a growing field of study that many potential impacts,
both in forensics and other. It follows a predictable succession of changes, and the catalogue of
these changes continue to expand. Community factors such as relative abundance of taxa, alpha
diversity, beta diversity, gene transcripts can all be used to track these changes. Further
understanding of these changes have the potential be used forensically to aid in PMI
determination, manner/cause of death identification, and the living location of deceased persons.
The postmortem microbiome field is limited by the availability of ethically sourced corpses of
human and animal models, but as more data becomes available, more accurate predictions and

valuable insights will become available.
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