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Vertebrate corpse decomposition provides an important stage in nutrient cycling in most
terrestrial habitats, yet microbially mediated processes are poorly understood. Here we
combine deep microbial community characterization, community-level metabolic
reconstruction, and soil biogeochemical assessment to understand the principles governing
microbial community assembly during decomposition of mouse and human corpses on
different soil substrates.We find a suite of bacterial and fungal groups that contribute to
nitrogen cycling and a reproducible network of decomposers that emerge on predictable time
scales. Our results show that this decomposer community is derived primarily from bulk soil,
but key decomposers are ubiquitous in low abundance. Soil type was not a dominant factor
driving community development, and the process of decomposition is sufficiently reproducible
to offer new opportunities for forensic investigations.

T
he process of decay and decomposition in
mammalian and other vertebrate taxa is a
key step in biological nutrient cycling.With-
out the action of vertebrate and invertebrate
scavengers, bacteria, archaea, fungi, and pro-

tists, chemical decomposition of animal waste
would proceed extremely slowly and lead to res-
ervoirs of biochemical waste (1). The coevolution
of microbial decomposers with the availability of
vertebrate corpses over the past 400 million years
is expected to result in conservation of key bio-

chemicalmetabolic pathways and cross-kingdom
ecological interactions for efficient recycling of
nutrient reserves. Although mammalian corpses
likely represent a relatively small component of
the detritus pool (2, 3) in most ecosystems, their
role in nutrient cycling and community dynam-
ics may be disproportionately large relative to
input size, owing to the high nutrient content of
corpses (3, 4) and their rapid rates of decom-
position [e.g., up to three orders of magnitude
faster than plant litter (2)]. These qualities make
corpses a distinct and potentially critical driver
of terrestrial function (5, 6).
When a mammalian body is decomposing,

microbial and biochemical activity results in a
series of decomposition stages (5) that are as-
sociated with a reproducible microbial succession
across mice (7), swine (8), and human corpses
(9). Yet the microbial metabolism and succes-
sional ecology underpinning decomposition are
still poorly understood. At present, we do not
fully comprehend (i) whether microbial taxa that
drive decomposition are ubiquitous across envi-
ronment, season, andhost phylogeny; (ii)whether
microbes that drive decomposition derive primar-
ily from the host or from the environment; and
(iii) whether the metabolic succession of micro-
bial decomposition is conserved across the phys-
icochemical context of decay and host phylogeny.
Several questions arise: Are microbial decom-

poser communities ubiquitous?What is the origin
of the microbial decomposer community? How
does mammalian decomposition affect the meta-
bolic capacity of microbial communities? To an-
swer these questions, we used mouse corpses in
laboratory settings and human donors in outdoor
settings (see supplementary materials andmeth-

ods).We observedmouse decomposition on three
different soil types under constant temperature
and humidity, with insects excluded. We sampled
microbial communities on the skin, abdominal
cavity, and gravesoil (soils associatedwith decom-
position) by destructively sampling five mice per
soil type per time point every 3 days for the first
2weeks and less frequently thereafter over 71 days
of decomposition (fig. S1). Outdoor experiments
on human corpses were conducted at the Sam
Houston StateUniversity (SHSU) Southeast Texas
Applied Forensic Science (STAFS) Facility (awilled-
body donation facility), where human bodies were
exposed to all natural elements, including inver-
tebrate and vertebrate scavengers. We sampled
the skin and gravesoil associated with four decom-
posing human bodies—two of which were placed
in the winter and two in the spring—over 143 days
and 82 days, respectively (fig. S1). Human donors
were sampled either daily or every other day dur-
ing the firstmonth and less frequently thereafter.
Weusedhigh-throughputamplicon-basedsequenc-
ing of 16S ribosomal RNA (rRNA) genes (archaeal
and bacterial community), 18S rRNA genes (mi-
crobial eukaryotic community), and internal tran-
scribed spacer regions (fungal community) to
characterize the full microbial diversity associated
with decomposition (figs. S2 to S5).
A mammalian corpse is a disturbance habitat

that selects for a specializedmicrobial community
capable of decomposing a highly concentrated
source of proteins and lipids, rather than the
plant-derived polysaccharides from which most
detritus is derived. Our results show that micro-
bial communities change significantly during
decomposition (tables S1 to S12) and become
more similar to each other across body sites and
gravesoils (supplementary materials). Although
mice were decomposed on soils with different
chemical properties (table S13), soil type was not
amajor driver of skin decomposer bacterial struc-
ture (Fig. 1A). A RandomForests regressionmodel
trainedonourmicrobial data resulted in estimates
of thepostmortem interval (PMI)with errors ~2 to
3 days over first 2weeks of decomposition (fig. S6).
Additionally, estimates of PMI remained accurate
when bacterial data associated with one soil type
were used to train a regression model and predict
PMI for samples associated with other soil types
(fig. S7). In our human experiments, we also ob-
served a reproducible succession ofmicrobes across
bodies within the same season (Fig. 1B and fig. S8),
aswell as accurate estimates of PMI across seasons
andhost species (Fig. 1C and fig. S9).Wediscovered
that important features (i.e., microbes) in our
experiment-specific regressionmodelswere similar
across experiments (Fig. 1D). Together these results
confirm that microbial succession was predicta-
ble across soil types, seasons, and host species.
The microbial decomposer community may

emerge frommultiple environments in which de-
composer organisms are often rare (low abun-
dance) before decomposition begins. For the
mouse experiment, we used dynamic Bayesian
inference neural information flow networks,
which revealed that soil was significantly more
likely to be a source of bacteria and archaea for
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Fig. 1. Microbial decomposer communities are similar across environments.
(A) Results of principal coordinates analysis (PCoA) basedon unweightedUniFrac
distances for mouse skin bacterial and archaeal communities. Samples are
colored by days of decomposition (left) and soil type (right). (B) Log scale
heat map of 16S rRNA operational taxonomic units (OTUs) colonizing the skin
of human corpses. (C) A 16S rRNA–based Random Forests (RF) model using

our winter-season skin-and-soil data set to train the model and predict the PMI of
human bodies in the spring. Each point indicates a sample collected at a certain PMI,
withRF-predictedPMIsshown in redand randomlyguessedPMIs ingray.RMSE, root
mean square error. (D) Percentage of top 100 PMI regression features from each
environment thatwere shared (colored lines) versus number of shared features from
randomly selected subsets of size 100 (gray lines). ITS, internal transcribed spacer.

Fig. 2. Bacterial and archaeal decomposers emerge from multiple environments, but primarily from soil. (A) Dynamic Bayesian inference networks: A
neural information flow network of microbial taxa during decomposition shows soils as the most common source of decomposers. (B) Results from deeply
sequencing 16S rRNA amplicons from samples collected on the first day of each experiment.The y axis indicates the proportion of abdominal, skin, and soil decomposer
OTUs (x axis) detected in each environment at the start of the experiment. Bars with standard error are ordered by soil type [desert (d), shortgrass (s),
and forest (f)] (left) or season [winter (w) and spring (s)] (right). Decomposers were detected in soils more frequently than in the abdomen in every comparison
(Mann-Whitney U test: P < 0.05).
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the colonization of mice (Fig. 2A). To identify
the potential sources of decomposer microbial
communities, we deeply sequenced 16S rRNA
amplicons from samples collected on the first
day of each experiment.We searched these deeply

sequenceddata for decomposers,whichwedefined
as microbes that differentially increased during
decomposition, and found that ~40% of micro-
bial decomposersweredetected at very low relative
abundances in soils at the start of experiments

(supplementary text) (Fig. 2B). To understand the
extent to which the blow fly, a common postmor-
tem scavenger insect,may contribute to themicro-
bial decomposer community, we also sequenced
the bacterial and archaeal communities on 79 blow
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Fig. 3. Succession of decomposer communities in the abdominal cavity. (A) Dynamic Bayesian network of interactions between archaea, bacteria, microbial
eukaryotes, and environmental abundance measurements during decomposition. Arrows indicate the direction of causality, and the network is arranged
hierarchically so that it is a proxy for succession. (B and C) Results of PCoA of cecum,with all of the PICRUSt-predicted KEGG orthologies (KOs) (B) or KOs only
classified as “metabolism” in KEGG functional hierarchies (C). (D) PICRUSt-predicted nitrite reductase, lysine decarboxylase, and ornithine decarboxylase
enzyme-level genes in the mouse abdominal cavity during decomposition.
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fly tarsi (supplementarymaterials) anddiscovered
that they were a potential source for microbial
decomposers, particularly in the human model
experiment that occurred in the spring (fig. S10).
Our results show that soilmay be themain source
of the microbial decomposer community, even
though soil type is not important.
When a mammal dies, its immune system no

longer functions and its internal temperatures
change (10), radically altering the environment
for microbial colonization and growth. Most en-
dogenous mammalian microbes reside in the
gastrointestinal tract, and postmortem changes
in the gut microbial community lead to corpse
bloating and, eventually, rupture (5). To investi-
gate the microbial community dynamics of the
abdominal cavity during decomposition, we used
longitudinal data from themouse abdomen sam-
ples to construct a dynamic Bayesian network of
interactions between different taxa and several
soil environmental factors (as a proxy for the ab-
dominal environment). Nematodes are dependent
on the actions of fungi and bacteria, with kineto-
plastids (Discicristata) playing a key role in com-
munity succession (Fig. 3A). Fungi in the groups
Eurotiales and Ascomycota are strong drivers of
community structure, whereas fungi in Hypocre-
ales appear to depend on the presence of bacteria
for colonization of the abdomen. These shifts in

microbial taxa are associated with large shifts in
functional gene abundances, as predicted from
16S rRNA data analysis using the PICRUSt (phy-
logenetic investigation of communities by recon-
struction of unobserved state) software (Fig. 3B)
(11), particularly for Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthology group “metabo-
lism” (Fig. 3C).We detected predicted increases in
genes related to nitrogen cycling and amino acid
degradation, including those required for thebreak-
down of lysine and arginine into the foul-smelling
decomposition by-products cadaverine and putres-
cine (Fig. 3D).
After corpse rupture, ammonia-rich fluids per-

meate the soil, resulting in extreme and signifi-
cant effects on the nitrogen concentration and pH
of gravesoil (Fig. 4A, fig. S11, and table S13). This
rich source of nutrients and the marked changes
to soil chemistry initiate a clear ecological succes-
sion of soil microbial organisms with increased
capacity for nitrogen cycling and tolerance for
the altered soil chemical environment (Fig. 4B
and fig. S12). Predicted functions of bacterial
communities increased in relative abundance of
genes for amino acid degradation and subsequent
ammonia production (Fig. 4C). Surprisingly, al-
though we observed increases in soil nitrate con-
centrations and processes that consume nitrate
(figs. S13 and S14), we did not see genetic signs of

increased nitrification rates (figs. S13 and S14).
This suggests that nitrification pulses induced by
vertebrate decomposition may occur on finer
spatial or temporal scales or, alternatively, that
the PICRUSt reference database lacks genomes
from the vertebrate corpse microbial nitrifier
community (e.g., fungal genomes). Taken togeth-
er, analysis of the full community of predicted
metabolism-related functional genes, in associa-
tion with the PMI and soil chemistry data, re-
vealed marked changes in functional potential
during decomposition. The large and rapid taxo-
nomic changes in microbial communities—as
well as their subsequent effect on the predicted
metabolic capacity of both the corpse (Fig. 3)
and its surrounding environment (Fig. 4 and fig.
S13) during decomposition—may be part of a mi-
crobial strategy to outcompete insects and scav-
engers for an ephemeral, nutrient-rich resource.
The dramatic changes in community structure and
function may also reflect the selective pressures
applied by the biogeochemical hotspot formed
during corpse decomposition (Fig. 4A) (5). As a
consequence, microbial succession during decom-
position appears to be a predictable process that
has implications for biogeochemical cycling and
forensic science.
These data are important in the context of eco-

system function. Decomposition is a fundamental
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Fig. 4. Effect of mammalian decomposition on soils. (A) pH, ammonium, and nitrate concentrations in mouse gravesoils and control soils. Error bars
indicate 1 SD from the mean of five sample measurements. (B) Canonical correspondence analysis (CCA) of gravesoil bacterial predicted gene ontologies
during decomposition. PICRUSt-predicted function data are based on KOs, with only genes classified as “metabolism” included in this analysis. (C) Predicted
gene abundances of glutamate dehydrogenase and nitrate reductase in soils during decomposition.

RESEARCH | REPORTS



microbial function spanning terrestrial ecosys-
tems, and though plant inputs are the dominant
source of organicmatter, vertebrate corpse inputs
can be important resources (5, 6). For example,
one rain forest in Panamawas estimated to receive
750 kg in mammal corpses annually per square
kilometer (12). Although this represents less than
1% of the mass of plant litter received by another
Panamanian rain forest (13), corpse nutrient
sources can be an order of magnitude more con-
centrated than plant litter (5), and direct com-
parisons between plant and animal decomposition
resources are rare (14). Thus, much is still unclear
about the role of corpse inputs in larger-scale
biogeochemical cycling (e.g., global carbon and
nitrogen cycling) and in supporting specific com-
munities and microbial diversity (14), and our
results provide an importantmicrobial perspective.
A societal impact of these results is the value of

microbial data as physical evidence in medico-
legal death investigation. We show that decom-
poser microbial communities could potentially
serve as temporal (succession-based) and spatial
(origin-based) (supplementary text) forms of
physical evidence, such as the time elapsed since
death (PMI) and the location of death. Our obser-
vation that 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.
However, the fly larvae PMI proxy is limited by
corpse accessibility and season, resulting in PMI
estimates in the range of weeks, months, and
even years (15). Taken together, our findings dem-
onstrate that postmortem microorganisms can
provide both spatial and temporal insight into
the events surrounding death.
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ANCIENT MICROBIOME
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The stomach bacterium Helicobacter pylori is one of the most prevalent human pathogens.
It has dispersed globally with its human host, resulting in a distinct phylogeographic pattern
that can be used to reconstruct both recent and ancient human migrations. The extant
European population of H. pylori is known to be a hybrid between Asian and African bacteria,
but there exist different hypotheses about when and where the hybridization took place,
reflecting the complex demographic history of Europeans. Here, we present a 5300-year-old
H. pylori genome from a European Copper Age glacier mummy. The “Iceman” H. pylori is a
nearly pure representative of the bacterial population of Asian origin that existed in Europe
before hybridization, suggesting that the African population arrived in Europe within
the past few thousand years.

T
hehighly recombinant pathogenHelicobacter
pylori has evolved to live in the acidic en-
vironment of the human stomach (1). Today,
this Gram-negative bacterium is found in
approximately half the world’s human pop-

ulation, but fewer than 10% of carriers develop
disease that manifests as stomach ulcers or gas-
tric carcinoma (2, 3). Predominant intrafamilial
transmission of H. pylori and the long-term
association with humans has resulted in a phylo-
geographic distribution pattern of H. pylori that
is shared with its host (4, 5). This observation
suggests that the pathogen not only accompa-
nied modern humans out of Africa (6), but that
it has also been associated with its host for at
least 100,000 years (7). Thus, the bacterium has
been used as a marker for tracing complex demo-
graphic events in human prehistory (4, 8, 9). Mod-
ernH. pylori strains have been assigned to distinct
populations according to their geographic ori-
gin (hpEurope, hpSahul, hpEastAsia, hpAsia2,
hpNEAfrica, hpAfrica1, and hpAfrica2) that are
derived from at least six ancestral sources (4, 5, 8).

The modern H. pylori strain found in most Eu-
ropeans (hpEurope) putatively originated from
recombination of the two ancestral populations
Ancestral Europe 1 and 2 (AE1 and AE2) (6). It
has been suggested that AE1 originated in Cen-
tral Asia, where it evolved into hpAsia2, which
is commonly found in South Asia. On the other
hand, AE2 appears to have evolved in northeast
AfricaandhybridizedwithAE1 tobecomehpEurope
(4). However, the precise hybridization zone of
the parental populations and the true origin of
hpEurope are controversial. Early studies observed
a south-to-north cline in AE2/AE1 frequency in
Europe (4, 6). This finding has been attributed to
independent peopling events that introduced these
ancestral H. pylori components, which eventually
recombined in Europe since theNeolithic period.
More recently, it has been suggested that the
AE1/AE2 admixture might have occurred in the
Middle East orWestern Asia between 10,000 and
52,000 years ago and that recombinant strains
were introduced into Europe with the first human
recolonizers after the last glacial maximum (7).
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