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According to the Human Microbiome Project, 90% of the cells in a healthy adult body are microorganisms. What
happens to these cells after human host death, defined here as the thanatomicrobiome (i.e., thanatos-, Greek
defn., death), is not clear. To fill the void, we examined the thanatomicrobiome of the spleen, liver, brain, heart
and blood of human cadavers. These organs are thought to be devoid of microorganisms in a healthy adult
host. We report that the thanatomicrobiome was highly similar among organ tissues from the same cadaver
but very different among the cadavers possibly due to differences in the elapsed time since death and/or environ-
mental factors. Isolation of microbial DNA from cadavers is known to be a challenge. We compared the effective-
ness of twomethods by amplifying the 16S rRNA genes and sequencing the amplicons from four cadavers. Paired
comparisons revealed that the conventional DNA extraction method (bead-beating in phenol/chloroform/bead-
beating followed by ethanol precipitation) yieldedmore 16S rRNA amplicons (28 of 30 amplicons) than a second
method (repeated cycles of heating/cooling followed by centrifugation to remove cellular debris) (19 of 30
amplicons). Shannon diversity index of the 16S rRNA genes revealed no significant difference by extraction
method. The present report provides a proof of principle that the thanatomicrobiome may be an efficient
biomarker to study postmortem transformations of cadavers.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Human Microbiome Project (HMP) revealed that an adult body
contains about ten times more microbial cells than human cells (NIH
HMP Working Group et al., 2009; Turnbaugh et al., 2009). What hap-
pens to these microbial cells after a person dies is not well known. We
do know that human cells become hypoxic because blood circulation
ceases when the heart stops pumping (Gevers, 1975). Hypoxia triggers
the release of intracellular factors that cause the organized degradation
of cellular organelles by autolytic enzymes (Proskuryakov et al., 2003).
These enzymes cause human cell membranes to lyse, releasing
nutrient-rich cellular constituents such as carbohydrates, amino acids,
lipids, minerals and water to the surrounding tissues. Then there is a
massive increase in microbial abundance because bacteria metabolize
these constituents for growth (Paczkowski and Schütz, 2011). A de-
crease in the availability of oxygen causes a shift from aerobic to anaer-
obic fermentation resulting in the build-up and release of gases such as
H2S, CO2, methane, ammonia, sulfur dioxide and hydrogen (Vass et al.,
ogy, Alabama State University,
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2002; Vass, 2001). Details on the specific microbial species involved in
these processes have not been well studied.

In a healthy adult, most internal organs such as the brain, spleen,
liver, and heart are devoid of microorganisms because the immune sys-
tem keeps them in check. After death, however, the immune system fal-
ters and microorganisms proliferate throughout the body beginning in
the ileocecal area, spreading to the liver and spleen, and continuing to
the heart and brain (Alan and Sarah, 2012). The spread of bacteria to dif-
ferent areas of the body occurs bymicrobial invasion of the capillaries of
the lymphatic and vascular system (Paczkowski and Schütz, 2011) and
by invasion of the mucus membranes in the respiratory system (Gill
et al., 1976). The identity of the bacteria proliferating in organ tissues
is not known — nor is it known if the bacterial composition varies by
organ tissue or the blood. The reason for studyingmicroorganisms asso-
ciated with internal organ tissues is because they are less affected by
environmental conditions than those associatedwith external organ tis-
sues such as the skin or oral mucosa, and they are not directly affected
by the proliferation of gut microorganisms that occurs rapidly after
humandeath. To date, no study has examined themicroorganisms asso-
ciated with internal organ tissues (e.g., liver, spleen, heart and brain)
after human death using culture-independent methods. In forensic
science, it is important to study these microorganisms because the
presence/absence and/or abundance of certain bacteria might be
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indicative of the elapsed-time-since-death (i.e., the postmortem inter-
val, PMI) as demonstrated in mouse and swine studies (Metcalf et al.,
2013; Pechal et al., 2013). In autopsy microbiology, this information
might be important to confirm a suspected antemortem infection —

particularly when the cause of death is unknown (Riedel, 2014).
A DNA extraction/samplingmethod has not been established to study

themicroorganisms found in organ tissue andblood samples after a host's
death, which here we define as the thanatomicrobiome (i.e., thanatos-,
Greek defn., death microbiome). We rationalized that a method that pro-
vides DNA of sufficient quality and quantity to generate 16S rRNA gene
ampliconswould behighly desirable. DNAquality andquantity are of par-
ticular concern when studying the thanatomicrobiome because the ratio
of microbial DNA to human DNA would be anticipated to be low in
cadavers with short PMIs (i.e., samples containing few bacteria) and
quantity/quality issues could potentially affect the detection of microbial
DNA using PCR amplification methods. A method that delivers highly di-
verse rRNA genes would also be desirable because it would suggest that
the method is not biased in terms of extracting DNA from certain types
of bacteria over others. Other desirable features of a DNA extraction/
sampling method are that it should be simple-to-perform (i.e., requiring
low technical expertise) and not involve the use of biohazardous
materials.

In this study, we will compare two DNA extraction/sampling
methods. One method (the gold standard) involves physically and
chemically breaking cells by bead-beating in a phenol/chloroform solu-
tion and precipitating the DNA in ethanol, and the other is a simple-to-
performmethodwhich involves physically breaking the cells by repeat-
ed cycles of heating and cooling, and separating the DNA in solution
from cellular debris by centrifugation.

The objectives of this study were two-fold: (i) to determine the best
method for extracting/sampling DNA from organ tissues, and (ii) to
demonstrate that the devised method is feasible to survey the
thanatomicrobiome of different organ tissues and the blood of human
cadavers.

2. Materials and methods

2.1. Cadaver cases

The cadavers were kept in the Alabama Department of Forensic
Sciences Medical Laboratory's morgue at 1 °C. The autopsy took place
in a work area with temperature of 20 °C. After collection of samples,
the samples were transported in a cooler (10 min ride) to Alabama
State University and placed in a freezer at−80 °C until the day of anal-
ysis. The following metadata was collected on each corpse: age, sex,
weight, height, ethnicity, PMI, and rectal temperature upon autopsy
(Table S1). Samples were collected from the blood and internal organs
(brain, heart, liver, spleen) from 11 corpses. Specifically, portions of
the internal organs were dissected using a sterile scalpel and deposited
into labeled sterile plastic bags. Blood samples were collected from the
heart using a sterile syringe. In some cases, it was not possible to collect
blood samples because the blood was coagulated. The samples were
transported from the morgue to the laboratory on ice where they
were deposited into a −80 °C freezer.

This study was approved by Institutional Review Board under num-
ber: 2013CMST004A.

2.2. DNA extraction methods

Two DNA extractionmethods were used. In the first method (which
is amodification of Urakawa et al., 2010), 50 μl of blood or approximate-
ly 10mg of thawed organ tissuewas removed using a sterile scalpel and
deposited into the Lysing matrix E tube (MP Biomedicals Cat# 116914)
containing zirconia/silica beads, 0.5 ml phenol/chloroform/isoamyl
alcohol (50:49:1) (TE saturated, pH 8.0) and 0.5 ml of 2× TENS
(100mMTris–HCl [pH 8.0], 40mMEDTA, 200mMNaCl, 2% SDS) buffer
(Kuske et al., 1998). The tubewas then shaken at speed6 for 40 s in a bead
beater, briefly cooled in ice and centrifuged at 16 K rpm for 5min. The su-
pernatant was transferred to Phase Lock Gel TM 2.0 ml tube containing
0.3 ml of 7.5 M ammonium acetate and an equal volume of chloroform.
The tubewasmixed by repeated gentle inversions (10 times) and the su-
pernatant transferred into a new tube containing 0.6 volume of ice cold
isopropanol and 3 μl of GlycoBlue. After several inversions, the sample
was stored at−80 °C for 10 min. Following centrifugation at 16 K rpm
for 5 min, the isopropanol was poured off and the pellet was washed
with cold 80% ethanol and allowed to dry for 5min. The pellet was eluted
into 100 to 200 μl of molecular grade water or TE buffer.

In the secondmethod, a sterile cotton applicator tip was dipped into
the organ and swabbed on the surface and the tip was deposited into a
centrifuge tube containing 1 ml of PBS buffer. The PBS buffer was then
heated to 100 °C for 10 min and promptly cooled in ice for 10 min.
The heating and cooling steps were repeated once and the tube was
centrifuged at 10 K for 5 min to remove the cellular debris (Wan et al.,
2011). The upper liquid was then transferred to a clean tube for further
processing.

2.3. PCR amplification

Prokaryotic 16S rRNA genes were amplified using universal primers
(27F and 1492R) using the GemTaq kit from MGQuest (Cat# EP012).
The PCR program involved a pre-amplification step of 10 cycles with
annealing temperature of 56 °C followed by 20 amplification cycles
with annealing temperature 58 °C. In each cycle, the elongation time
was 1 min 10 s, at 72 °C. PCR was finalized by extended elongation for
5 min. PCR products were purified with Qiagen columns (California,
USA). The purity (A260/A280) and quantity of the DNA for each sample
were determined using the NanoDrop (Agilent, USA) after amplification
and purification.

2.4. 454 pyrosequencing of 16S rRNA genes

Five hundred nanograms of purified PCR product was labeled with a
Multiplex Identifier (MID) during the Roche Rapid Library preparation
step. Four to twelve MID-tagged sequences, representing each of the
samples, were combined in equimolar concentrations and subjected to
emPCR and DNA sequencing protocols as specified by the
manufacturer's recommendations for the 454 GS Junior Instrument. In
cases where there was insufficient number of reads (e.g., b10,000),
the emPCR and DNA sequencing were repeated.

2.5. Data analyses

The obtained sequences were separated by their respective
Multiplex Identifier (MID) and uploaded to the MG-RAST web server
(Meyer et al., 2008). The MG-RAST pipeline assessed the quality of se-
quences, removed short sequences (multiplication of standard devia-
tion of length cutoff of 2.0) and removed sequences with ambiguous
bp (non-ACGT; maximum allowed number of ambiguous base pair
was set to 5). The pipeline annotated the sequences and allowed the in-
tegration of the data with previousmetagenomic and genomic samples.
TheM5RNAdatabasewas used as the annotation source, andwe set the
following cutoffs for annotation: minimum sequence identity of 97%,
maximum e-value cutoff at 10−5, and minimum sequence length of
100 bases. M5RNA includes a non-redundant data of 3.4 million ribo-
somal genes from SILVA, Greengenes and RDP. Alpha (Shannon) diver-
sity analysis was conducted in MG-RAST.

Orthogonal transformation of the annotated rRNA genes to their
principal components (PC) was conducted using normalized abun-
dances. Normalization of the abundance was performed identically to
the procedure used by MG-RAST. Specifically, abundances were in-
creased by one, log2 transformed, and centered to produce relative
values. In order to standardize relative values they were divided by



Table 2
Presence/absence of correctly sized PCR product by DNA extraction method and organ
tissue/blood sample. Bl, blood; Br, brain; H, heart; L, liver; S, spleen; nd, not determined;
+, positive PCR product; −, no PCR product; +w, weak band of PCR product. Extraction
Method 1, phenol/chloroform/ethanol; extraction Method 2, heating/cooling/centrifugation.

Case number PMI (h) Extraction Method 1 Extraction Method 2

Bl Br H L S Bl Br H L S

4 36.5 nd − − − − nd − + − −
8 66.0 + +w +w +w − +w − + − −
12 20.0 − − − + − nd nd nd nd nd
24 41.5 − − − − − − − − − −
25 58.0 nd + + + + nd − + + +
31 23.0 − − + − − − − − − −
32 29.5 + + − − +w − + − − −
35 83.0 nd nd + + + nd nd + + nd
36 32.0 − − − + − + − − − −
39 48.0 nd + +w + nd nd + + + nd
41 240.0 + + + + + +w − − − −
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the standard deviation of the log2 values. The data were graphed on a 2
dimensional ordination plot. To determine the relative contribution of
the microbial species to each plot, we let X denotes the 19 samples by
456 (cases by species) matrix of the normalized abundance values.
The matrix X was used to produce a 19 × 19 matrix D of distances
between all pairs of samples. Principal component analysis (PCA) was
performed on the matrix of distances, D. The Euclidean distance metric
was used to create this matrix. To investigate and visualize differences
between the organ tissues/blood, the first two principal components,
PC1 and PC2, of the distance matrix D were retained. To establish
which species were most prominently responsible for the groupings,
the projection of each species onto the (PC1, PC2) plane was calculated;
those species with the largest projections are displayed in the right
panel of Fig. 2. That is, this figure shows a biplot of the species most
highly correlated to PC1 and PC2.

Hierarchical clustering of Matrix X and average linkage was used to
construct a dendrogram of the microbial communities by organ tissue
and blood sample.

Two-tailed paired t-tests were used to investigate if there were
significant differences in the means (alpha = 0.05). These analyses
were performed using SAS JMP.

3. Results

3.1. Amplification products by DNA extraction method

We examined 11 cases (19 samples in total) that had PMIs ranging
from 20 to 240 h (Table 1). Only samples with known time of death
obtained from daily crime reports were used for this research. An
amplicon product of ~1500 bp was scored positive for the presence of
16S rRNA genes; while the rest were scored negative for no amplifica-
tion product (Table 2). We confirmed negatives by re-amplifying the
DNA. Regardless of extraction method used, the quantity and quality
of the purified amplicons ranged from 10 to 500 ng/μl with an average
A260/A280 ratio of 1.9 ± 0.1 a.u.

Our earliest detection of 16S rRNA amplicons occurred in a liver
sample from a cadaver with a PMI of 20 h. Our earliest detection of
amplicons in all sample organ tissues occurred in a cadaver with a PMI
of 58 h. These findings provide a time frame for studying the
thanatomicrobiome in organ tissues.

A summary of the presence/absence of PCR amplification products
revealed that Method 1 yielded more PCR products (29 out of 30
samples) than Method 2 (19 out of 30 samples) (Table 3). It is possible
Table 1
Total number of sequencing reads by case number, sample type, PMI, and extractionmeth-
od. Extraction method 1, phenol/chloroform/ethanol; extraction method 2, heating/
cooling/centrifugation.

Case number Organ tissue/blood Sample_ID PMI (h) Extraction Total reads

8 Blood Bl_1_8 66.0 1 20,276
8 Blood Bl_2_8 66.0 2 26,227
8 Heart H_1_8 66.0 1 24,006
8 Heart H_2_8 66.0 2 17,777
25 Brain Br_1_25 58.0 1 6637
25 Heart H_1_25 58.0 1 32,935
25 Heart H_2_25 58.0 2 29,598
25 Liver L_1_25 58.0 1 25,630
25 Liver L_2_25 58.0 2 38,422
25 Spleen S_1_25 58.0 1 30,332
25 Spleen S_2_25 58.0 2 23,073
32 Blood Bl_1_32 29.5 1 23,036
32 Blood Bl_2_32 29.5 2 28,764
32 Brain Br_1_32 29.5 1 67,869
41 Blood Bl_1_41 240.0 1 37,566
41 Brain Br_1_41 240.0 1 37,988
41 Heart H_1_41 240.0 1 42,843
41 Liver L_1_41 240.0 1 47,492
41 Spleen S_1_41 240.0 1 38,797
that these disparities could be due to sample types (i.e., brain, heart,
liver, spleen or blood) — however, no pattern was apparent in Table 2.

Eleven samples were scored positive for amplification product using
Method 1 but were negative for Method 2 (Table 2). A potential reason
for the higher success of Method 1 over Method 2 is the phenol/
chloroform step that removes debris that could potentially inhibit PCR
amplification of the DNA. Method 2 does not have a phenol/chloroform
step— hence the PCR amplification might have been affected by debris.

It should be noted that two samples that scored positive for PCR
product using Method 2 did not produce a product using Method 1
(Table 2). Presumably, a low amount of microbial DNA in the heart
and blood samples is responsible for these results.

A serious drawback of Method 2 was that four of five samples did
not produce an amplification product for organ tissues from a well-
decomposed cadaver (i.e., Case 41 with a PMI of 240 h) (Table 2). An
amplification product was only produced for DNA extracted from the
blood using Method 2. In contrast, Method 1 yielded PCR products for
all organ tissues from this cadaver (Table 2).

We sought to sequence additional samples for the paired compari-
sons of the extractionmethods butwere not able to do so either because
one sample of a pair did not yield a PCR amplicon or because one sample
of a pair yielded an insufficient amount of DNA for sequencing (Table 2).
It should be noted that aminimumof 500 ng of total DNA is required for
454 DNA sequencing. We were also not able to sequence additional
samples due to the limited availability of cadavers.

Taken together, these findings imply a significant weakness in
Method 2 since Method 1 yielded more PCR products from different
organ tissues and blood samples of cadavers with a range of PMIs.

3.2. Sequencing results by organ tissue/blood sample and case number

Nineteen PCR amplicons were selected for high-throughput DNA se-
quencing (Table 1). The average (±std) number of reads per samplewas
31,540± 13,113. The rarefaction curve ofmost samples approached sat-
uration, indicating sufficient reads for comparison by DNA extraction
method and case number (Fig. 1).
Table 3
Two-by-two table of samples yielding PCR amplicons by DNA extraction method. Results
indicate that extraction Method 1 yielded more (n = 28) amplicons than extraction
Method 2 (n = 19). ExtractionMethod 1, phenol/chloroform/ethanol; extractionMethod
2, heating/cooling/centrifugation.

Extraction method Method 1

PCR amplicon − +

Method 2 − 14 11
+ 2 17



Fig. 1. Rarefaction curves of 16S rRNA genes by sample using M5RNA source data with 97% similarity, 100 bp minimum length and e-value of 10−5. Label coding is shown in Table 1.
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The DNA sequencing files can be obtained from the MG-RAST
website through the following identifiers: 4552659.3, 4552668.3,
4552669.3, 4552670.3, 4552666.3, 4552665.3, 4552664.3, 4552662.3,
4552663.3, 4552661.3, 4552660.3, 4564139.3, 4564140.3, 4564141.3,
4564142.3, 4564143.3, 4564144.3, 4564145.3, and 4564146.3.

3.3. Microbial diversity and number of microbial species by DNA extraction
method

The determinations of themicrobial diversity and number of species
were based on the taxonomic output fromMG-RAST. Although Shannon
diversity index was higher for samples processed by Method 2 (6.0 ±
6.0 a.u) than Method 1 (5.2 ± 4.9 a.u.), a paired two-tailed t-test re-
vealed no significant difference by method (Table 4). Similarly, we
found a higher number of bacterial species for samples processed by
Method 2 (101 ± 53 species) than Method 1 (70 ± 58 species)
(Table 4). However, a paired two-tailed t-test revealed no significant
difference — although it approached significance (P = 0.075; df = 5).

These results indicate that one method was not more advantageous
than the other in terms of microbial diversity and number of different
species obtained.

3.4. Ordination and clustering results

The ordination plot of the organ tissue and blood samples ex-
plained 81.5% of the observed variability. The plot revealed that the
thanatomicrobiome varied by case number (and PMI) rather than
organ tissue/blood type (Fig. 2, left panel). In other words, specific mi-
croorganisms did not appear to be associated with specific organ
Table 4
Shannon diversity and number of different microbial species by extractionmethod. Paired
two-tailed t-test (df = 5) foundno significant differences in diversity or number of differ-
ent microbial species by extractionmethod (alpha = 0.05). ExtractionMethod 1, phenol/
chloroform/ethanol; extraction Method 2, heating/cooling/centrifugation.

Organ tissue/blood/Case Shannon diversity
index

Number of different
microbial species

Method 1 Method 2 Method 1 Method 2

Blood, Case 32 8.9 12.5 150 203
Blood, Case 8 4.6 3.8 64 65
Heart, Case 8 13.3 14.8 134 120
Heart, Case 25 1.6 1.6 23 71
Liver, Case 25 1.5 1.7 33 71
Spleen, Case 25 1.5 1.9 17 80
Avg ± Stdev 5.2 ± 4.9 6.0 ± 6.0 70 ± 58 101 ± 53
tissues. The only exception to this rule was the microbial community
extracted from Case 8, which will be discussed below. A dendrogram
produced by using hierarchical clustering with average linkage of the
same data corroborated these findings (Fig. 3).

3.5. Projections of microorganisms in the ordination plot

We sought to determine the relative contribution of the bacteria to
the ordination plot by projecting the highly contributing bacteria
(Fig. 2, right panel). Since the purpose of the projections was predomi-
nantly illustrative, the number of displayed species was chosen arbitrari-
ly based on the correlation cutoff of ±0.70 for the species normalized
abundances and the x- or y- ordination.

The projections revealed three groupings. In the lower portion of the
ordination plot, bacteria from the genera Lactobacillus, Veillonella,
Prevotella, Streptococcus and Gemella were found to contribute to the
microbial composition. Specifically, these bacteria were found in the
blood and brain samples in Cases 8 and 32, which had PMIs of 66 and
29.5 h, respectively.

The two other groupings, found in the upper portion of the plot,
were mostly composed of members of the genus Clostridium (Fig. 2,
right panel). The upper right of the ordination were dominated by Clos-
tridium sordellii, Clostridium difficile, Clostridium bartlettii, Clostridium
bifermentans and Clostridium limosumwhile the upper leftwas dominat-
ed by Clostridium haemolyticum, Clostridium botulinum, and Clostridium
novyi, as well as Escherichia coli and Escherichia albertii. This divergence
in Clostridium species might be attributed to differences between
cadavers and/or PMI since Case 25 had a PMI of 58 h and grouped on
the upper right of the plotwhile Case 41had a PMI of 240h and grouped
on the upper left. Of note, the heart samples from Case 8 were situated
mid-way between Case 41 and Case 32 suggesting that the microbial
composition in the heart sample was partially similar to both cases.

In general, these results suggest that microbial species in organ
tissues and the blood are similar in samples obtained from the same
cadaver and the microbial species varied by cadaver and possibly PMI.
Results from the ordination plot, the dendrogramand pie charts suggest
that facultative anaerobic bacteria predominate in cadavers with short
PMIs and that obligate anaerobic bacteria predominate in cadavers
with long PMIs.

4. Discussion

Although the human microbiome has been well studied (~450
articles published in the Web of Science as of June 21, 2014), almost
nothing is known about what happens to the microbiome when a
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Fig. 2. Left: Ordination plot ofmicrobial communities by organ tissue/blood (BL, blood; L, liver;H, heart; S, spleen; BR, brain), extractionmethod (1, phenol/chloroform/ethanol; 2, heating/
cooling/precipitation), and case number (Case 8, green; Case 25, blue; Case 32, black; Case 41, red). Right: Projections of major microbial species contributing to the groups in the
ordination plot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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human host dies. To fill the void, we sampled organ tissue and blood
samples of 11 cadavers having known PMIs with the objective of com-
paring the microbial communities by extracting the DNA, amplifying
the 16S rRNA genes, and sequencing the amplicons using 454 sequenc-
ing technology. To our knowledge, this is the first study to compare the
thanatomicrobiome of internal organ tissues from cadavers using a
culture-independent approach.

4.1. Introduction of a new term

This study introduces the term “thanatomicrobiome”, which refers to
the microbiome existing in or on an animal host after it dies. We recog-
nize that there ARE other terms used in the forensic literature to refer to
organisms involved in decomposing corpses. For example, “necrobiome”
refers to “the community of species (e.g., prokaryotic and eukaryotic)
associated with decomposing remains of heterotrophic biomass,
including animal carrion and human corpses” (Benbow et al., 2013)
and “epinecrotic bacterial community” is defined as a subset of the
necrobiome that includes “those organisms residing, or moving, on
Fig. 3. Dendrogram ofmicrobial communities by organ tissue/blood (BL, blood; L, liver; H,
heart; S, spleen; BR, brain), extraction method (1, phenol/chloroform/ethanol; 2, heating/
cooling/precipitation), and case number (Case 8, green; Case 25, blue; Case 32, black; Case
41, red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
the surface of decomposing remains, whether it is the skin or mucous
membrane of a cavity (e.g., mouth)” (Pechal et al., 2013). We assert
that neither term is appropriate for this study because the necrobiome
encompasses microorganisms, insects, arthropods and other larger or-
ganisms that consume/degrade corpses, while the thanatomicrobiome
just deals with microorganisms in a decomposing body and not neces-
sarily those on the surface of decomposing remains.

4.2. Comparisons with other studies

Our study deviates from those that examined bacterial communities
in the skin and abdominal cavity (or other orifices) of decomposing
mice, swine, and humans (Metcalf et al., 2013; Pechal et al., 2013;
Hyde et al., 2013) because we sampled internal organ tissues that are
far less affected by confounding factors that could cloud the under-
standing of body decomposition. For example, a confounding factor of
sampling the skin is that the microorganisms are directly affected by
biological and environmental conditions (e.g., insects, clothing, and
weather). A confounding factor of sampling microorganisms in the ab-
dominal cavity is that they are mostly composed of those originating
from the lower intestine. Furthermore, the thanatomicrobiome of inter-
nal organ tissues offers an advantage over other sampling sites because,
after a host dies, microorganisms presumably invade organ tissues that
were previously devoid of microorganisms. Hence, microorganisms
found in these organs are likely key players in body decomposition.

4.3. DNA extraction and microbial survey

When initiating this study, we discovered that an approach for sam-
pling and extracting microbial DNA from organ tissues and the blood
has not been established. Several studies have sampled the skin or
other decomposing body parts by swabbing the site of interest with a
cotton applicator and extracting the DNA using commercial kits
(e.g., Qiagen or MoBio PowerSoil) (Metcalf et al., 2013; Hyde et al.,
2013). According to Wu et al. (2010), there is considerable variability
in the yield and quality of DNA obtained from commercial kits. For ex-
ample, the amount of DNA yielded from the MoBio PowerSoil kit was
approximately 10-fold less than that obtained from the PSP Spin Stool
DNA Plus Kit. In addition to this shortcoming, Peng et al. (2013) showed
that simple direct boiling methods yielded similar results to those
obtained using commercial extraction kits with reduced costs and
improved efficiency. Therefore, we chose not to use commercial kits
for this study.

It is important to note that other studies have devised their
own methods to sample and extract DNA from decomposing bodies.
Dickson et al. (2010), for example, collected samples from decomposing
swine using swabs that were subjected to chloroform-bead-beating
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Fig. 4. Comparison of microbial community pie chart by extraction method, organ tissue/
blood/case by phylum and class taxonomic resolution.
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followed by ethanol precipitation. Pechal et al. (2013) used cotton appli-
cators to sample the oral mucosa and skin of swine. The cells on the ap-
plicators were digested with enzymes and the DNAwas extracted using
phenol/chloroform followed by ethanol precipitation. In our study, we
used a phenol/chloroform bead-beating method (Method 1) that typi-
cally yields high quality and quantity of DNA (Urakawa et al., 2010)
and a heating/cooling and centrifugation method (Method 2) that has
been used to extract DNA from fecal samples (Peng et al., 2013) and bac-
terial colonies on agar plates (Wan et al., 2011). Method 2 offers the
advantage over Method 1 in that it requires a low-level of technical
expertise to swab, heat, cool, and centrifuge a sample and involves no
biohazardous chemicals. A significant finding of this study is that Meth-
od 2 yielded comparable results to Method 1 in terms of microbial
diversity — provided that an amplification product was produced
(Table 4). Moreover, Method 2 apparently yielded more unique species
than Method 1 (Table 4) but this difference only approached statistical
significance. In retrospect, Method 2 might be improved by incorporat-
ing a “clean-up” step that removes proteinaceous debris that presum-
ably effected the PCR amplification of 16S rRNA genes.

Regardless of the DNA extraction/sampling method implemented,
the feasibility of surveying the thanatomicrobiome of internal organ tis-
sues (e.g., liver, spleen, heart and brain)was demonstrated in this study.
The results showed that most thanatomicrobiome samples grouped by
cadaver (or PMI) rather than organ tissue (Fig. 2). An exception to this
rule is the microorganisms from the heart and blood from Case 8 that
appeared to group apart fromone another in the ordination plot. Specif-
ically, in the ordination plot, themicroorganisms isolated from the heart
from Case 8 appeared to group with all microbial samples from Case 41
(Fig. 2). However, the dendrogram showed this grouping was weak as
evidenced by the long similarity length of heart samples from Case 8
(H1 and H2) to all the organ tissue/blood samples from Case 41
(Fig. 3). Similarly, in the ordination plot, microorganisms from the
blood of Case 8 grouped with microorganisms from the blood and
brain of Case 32. This grouping was also probably not real because the
dendrogram showed a long similarity length between the blood sam-
ples from Case 8 (BL1 and BL2) and the organ tissues and blood samples
from Case 32 (Fig. 3). These findings are corroborated by the microbial
community pie charts that show: (i) the heart samples from Case 8
are dissimilar from all the other samples from Case 41 (data not
shown) and (ii) the blood samples from Case 8 are dissimilar to the
organ tissues and blood samples from Case 32 (Fig. 4). Taken together,
the microorganisms obtained from the heart and the blood of Case 8
are different from one another and also different from the other organ
tissues and blood samples of other cases for undetermined reasons.

A surprising result was the composition of themicroorganismsmost
responsible for the different groupings in the ordination plot. Specifical-
ly, two different groups of the obligate anaerobe Clostridiumwere found
in cadavers with different PMIs while facultative anaerobes such as
Lactobacillus predominate in other cadavers with shorter PMIs. Clostrid-
ium has enzymes for breaking down lipids and complex carbohydrates
associatedwith human tissue (Janaway et al., 2009), while Lactobacillus
sp. possess enzymes to convert sugars to acids (Pessione, 2012). It is
well documented in decomposingmice and swine studies that bacterial
communities undergo shifts in major phyla with time that correspond
to well-established visual characteristics of body decomposition
(Metcalf et al., 2013; Pechal et al., 2013). It is possible that the differ-
ences in the composition of microorganisms observed in our study are
due to shifts in major phyla. These findings call for a comprehensive
study to validate this assertion. Such a study should involve more
cadavers with known PMIs in order to better understand body decom-
position and to examine the similarities of the thanatomicrobiome
among organ tissues of individual hosts.

To date, only two studies have examined the human
thanatomicrobiome using high throughput DNA sequencing technolo-
gy. One study examined microorganisms in the blood and organs of
two drowning victims by amplifying 16S rRNA genes and sequencing
the amplicons (Kakizaki et al., 2012). We could not compare their re-
sults to those of our study because different DNA extraction/sampling
methods and different primers were used for amplifying the rRNA
genes. In contrast to our study, they observed differences in the micro-
bial community composition in the heart and liver samples fromwithin
the same cadaver, but these differences could be attributed to bacteria
entering the blood from the lungs together with water and none of
our cadavers included drowning victims.

The other study sampled the mouth and rectal orifices of two
naturally decomposing cadavers at two sampling times (pre- and
post-bloat) (Hyde et al., 2013). They found a shift from aerobic bacteria
to anaerobic bacteria in all body sites sampled and demonstrated a var-
iation in community structure by body, sample sites within the same
body, and between sampling times. We could not compare their study
to ours because they sampled different body sites and used different
DNA extraction and amplification protocols.

Interestingly, mice (Metcalf et al., 2013), swine (Pechal et al., 2013),
and human (Hyde et al., 2013; Kakizaki et al., 2012) studies and this
study have also found similar groups of bacteria (predominately bacteria
fromGammaproteobacteria, Lactobacillaceae, andClostridiaceae) associ-
ated with decomposing corpses. Although the composition of these mi-
crobial communities might be significantly different, it appears that
they are key postmortem taxa involved in decomposing animal remains.

4.4. Relevance to autopsy microbiology

Results from our study have relevance to the field of autopsy micro-
biology, which is used to confirm the presence of a suspected antemor-
tem infection, identify an infectionwhen the cause of death is unknown,
or assess the efficacy of antibiotics in treating an infection (Riedel, 2014;

image of Fig.�4
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Morris et al., 2006). Our results show the earliest detection ofmicroorgan-
isms in the liver from a cadaver with a PMI of 20 h and all sampled organ
tissues from a cadaverwith a PMI of 58 h, which is significant for two rea-
sons. First, autopsy microbiology typically relies on traditional culture-
based methods, which have uncertain value since only a fraction (b1%)
of microbial cells can be cultured (Amann et al., 1995; Staley and
Konopka, 1985). Our study used molecular biology approaches that
have no dependence on culturing microorganisms and therefore provide
a better picture ofwho is there. Second, if organ tissues are assumed to be
devoid of microorganisms in a live human host, the finding of microor-
ganisms in organ tissues after host death supports the notion that
postmortem migration of microorganisms has taken place in the body
(Fredetter, 1916; Gradwohl, 1904). Hence, the migration of microorgan-
isms could have a significant effect on the procurement of autopsymicro-
organisms fromcadaverswith PMIs of over 20h.Weemphasize this point
because autopsies are typically conducted within the first 24 to 48 h after
death and therefore the value of results obtained from autopsymicrobiol-
ogy has to be considered within the context of the PMI of the cadaver.

5. Conclusion

Our study demonstrated the feasibility of studying the
thanatomicrobiome of organ tissues and blood samples from cadavers
by using two DNA extraction/sampling methods. We determined that
the conventional phenol/chloroform/bead-beating/ethanol precipita-
tion method was better for extracting DNA from the organ tissues and
blood of cadavers than the heating/cooling and centrifugation method
because it generated more PCR products. Results suggest that the
thanatomicrobiome is similar among the organ tissues and blood
sample of the same cadaver. Facultative anaerobic bacteria, such as
Lactobacillus, predominate in organ tissues and blood samples of
cadavers with short PMIs and obligate anaerobic bacteria such as
Clostridium, predominate in cadavers with longer PMIs.
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