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Abstract

Little is known about how variables, such as carcass mass, affect the succession pattern of
microbes in soils during decomposition. To investigate the effects of carcass mass on the soil
microbial community, soils associated with swine (Sus scrofa domesticus) carcasses of four
different masses were sampled until the fifteenth day of decomposition during the month of June
in a pasture near Lincoln, Nebraska. Soils underneath swine of 1 kg, 20 kg, 40 kg, and 50

kg masses were investigated in triplicate, as well as control sites not associated with a carcass.
Soil microbial communities were characterized by sequencing the archaeal, bacterial (16S), and
eukaryotic (18S) rRNA genes in soil samples. We conclude that time of decomposition was

a significant influence on the microbial community, but carcass mass was not. The gravesoil
associated with 1 kg mass carcasses differs most compared to the gravesoil associated with
other carcass masses. We also identify the fifteen most abundant bacterial and eukaryotic taxa,
and discuss changes in their abundance as carcass decomposition progressed. Finally, we show
significant decreases in alpha diversity for carcasses of differing mass in pre-carcass rupture (days
0,1,2,4,5, and 6 postmortem) versus post-carcass rupture (days 9 and 15 postmortem) microbial
communities.

Keywords
postmortem microbiology; decomposition; bacteria; nematode; pathology

Postmortem microbial communities are crucial and dynamic contributors to corpse
decomposition. The activity of these decomposer microorganisms drives many postmortem
changes, such as bloating [1] and ethanol production [2]. The structure of these microbial
communities changes as a corpse decomposes because available nutrients are consumed
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[3]. Postmortem microbial communities have received much interest lately because they
change in a predictable way, particularly the microorganisms on the skin [3,4] and in
carcass-associated soils [3]. These developmental shifts are analogous to those associated
with insects [5] and have great potential to be developed as a means to estimate postmortem
interval [3,4]. We are particularly interested in utilizing soil microbial communities
associated with decomposition, also known as gravesoils, because they host a clock-like
succession of microbes [3] and are easily accessible at crime-scenes in outdoor scenarios.

The development of soil microorganisms as physical evidence requires us to answer several
fundamental questions about the relationships between corpses, decomposition, and soil
microbial communities. It is known that microbial activity in gravesoils increases rapidly
and significantly during the early stages of decomposition [6,7] and that this activity is
influenced by several variables including soil texture, temperature, moisture, vegetation,
and pH [8,7,9-11]. Microbial gravesoil activity is primarily driven by bacteria during the
early stages of decomposition [3,12], followed by increased activity of eukaryotes such as
nematodes [3] and fungi [13,14] during later stages of decomposition. Yet one variable has
received little experimental attention: the mass of the corpse.

Corpse mass is an important variable to understand because it can affect the rate of
decomposition. However, this relationship is still under investigation. Many studies have
utilized swine carcasses since the decomposition rate and arthropod colonization in Sus
scrofa domesticus corpses mimics that in humans [15-17]. One of the first studies, which
was not replicated, reported that larger mass corpses decay faster than smaller mass corpses
[18]. Most of the later studies concluded that smaller corpse masses decay faster [19—

23]. The exact functional nature of the decay rate in these studies however is not fully
agreed upon [20-23]. Also, the effect of corpse mass and decay rate on the host-associated
invertebrate and microbial community is not well understood. Hewadikaram and Goff found
that corpse mass did not affect arthropod taxa composition or its succession over time [18].
Simmons et al. [20] concluded that corpses of different masses only decayed at different
rates if insects were present. Finally, only a few small studies with tiny carcass masses have
investigated the relationship between carrion carcass mass and insect types [24,25].

To our knowledge, no studies have yet investigated the effect of carcass mass on the
associated microbial communities. In this paper, we focus on the samples of Spicka et al.
[21], which is a statistically well designed study of swine decomposition during a Nebraska
summer using four different mass carcasses in triplicate. Spicka et al. [21] observed that
larger swine carcasses (20 kg — 50 kg) released a greater concentration of ninhydrin-reactive
nitrogen into gravesoil than neonatal (1 kg) carcasses. An additional mass effect was
observed where the largest carcasses (40 kg — 50 kg) released a significant amount of

total nitrogen more rapidly then 20 kg carcasses. This release of nutrients, along with the
recent observation that soil microorganisms contribute directly to the breakdown of carcass
materials [12], leads to our hypothesis that carcass mass will influence the structure of
associated soil microbial communities.

To investigate the effect of carcass mass on the structure of postmortem microbial
communities in gravesoil, we sequenced the archaeal, bacterial, and eukaryotic microbial
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communities of soils collected by Spicka et al. [21]. We used the universal and
taxonomically-informative 16S rRNA gene and 18S rRNA gene to analyze the structure
of the microbial communities associated with the control soil and with carcasses of mass 1
kg, 20 kg, 40 kg, and 50 kg.

Materials and Methods

Carcasses and Decomposition Site

Swine (Sus scrofa domesticus) carcasses of different masses (~1 kg, 20 kg, 40 kg, and 50
kg) were killed by blunt force trauma to the skull with a bolt gun, and placed on a weighing
frame (2.5 cm? polypropylene mesh bound to a 85 cm x 40 cm PVC frame: Fig. 1) directly
on the surface of a grassland soil near Mead, Nebraska, USA in the summer within 60
minutes of death [21]. The grassland soil was a deep, silty, clay loam with a texture of
15.1% sand, 53.6% silt, and 31.3% clay. The soil surface of the decomposition site was flat
so that decomposition fluids released from a carcass would collect around the carcass, but
was not influenced by slope. Coyotes (Canis /atrans) and turkey vultures (Cathartes aurd)
were the primary scavengers in the area, however no scavenger activity was observed at this
site for five years [21]. Insect activity was not restricted in the current experiment.

Soil Collection and Storage

Gravesoils and control soils (soils not associated with carcasses) were collected as described
in Spicka et al. [21]. Gravesoil and control plots were at least 5 m apart. Soil samples were
collected from underneath each carcass (0 cm - 5 cm depth) while it was lifted to measure
mass loss. Soils were collected from an unsampled location each time using a 2.54 cm
diameter KHS soil probe (M&M Supply Company, Clear Lake, lowa, USA). Probe surfaces
were cleaned with ethanol between each sample collection. There was no need to clear
plant detritus from the soil surface before each sampling, as it was sparse. Soil samples
were collected from the initial time of placement and at 24-hour intervals for 1, 2, 4-6,

9 and 15 days postmortem. Day 3 and day 8 were skipped due to severe thunderstorms.
Three carcasses of each weight were placed at once, resulting in a total of 12 carcasses.
Daily temperature ranged from 13.7 °C to 32.9 °C. Accumulated Degree Days (ADDs) were
calculated as in Arnold [26] using a base temperature of 0 °C [27]. All soils were stored at
—20 °C until DNA extraction.

Carcass Decomposition

The mass loss of carcasses followed a sigmoidal curve [21] typically associated with the
breakdown of carrion [28]. Adult flies were observed on all carcasses within seconds of
placement and larval masses were established on all replicates. Peak volume of larval mass
was apparently a function of carcass mass; it took more time for larger carcasses to support
peak maggot volume (Fig. 1). However, the majority of migration was completed by 9

days postmortem (144 ADD) in all replicates. These carcasses did not tend to undergo an
abdominal rupture that is often observed with carrion. Rather, fly larvae feeding from the
head toward the posterior end typically consumed the carcasses in the current study (Fig. 1).
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Microbiome Analysis

DNA extraction, PCR amplification were conducted as described in Metcalf et al. [3] and
following Earth Microbiome Project standard protocols (http://www.earthmicrobiome.org).
Archaeal and bacterial 16S rRNA gene amplicons were sequenced using the Illumina HiSeq
2000 (100 basepair reads) and microbial eukaryotic 18S rRNA amplicons were sequenced
using the lllumina MiSeq (150 basepair reads). Sequence processing and data analyses were
conducted as described in Metcalf et al. [3], except that updated taxonomy databases were
used, specifically Greengenes version 13_5 (http://greengenes.secondgenome.com, [29]) for
open-reference OTU picking of 16S rRNA sequences, and SILVA version 111 [30] for
closed-reference OTU picking of 18S rRNA sequences. Additionally, primer and adapters
were removed from the end of the 18S read, resulting in read lengths of approximately 120
basepairs.

For 16S sequences, taxa that were not classified in the Domains Bacteria or Archaea were
removed. For 18S sequences, we focused on the microbial community by filtering out taxa
classified in groups Craniata, Chloroplastida, Mollusca, and Arthropoda. After these filtering
steps, our 16S and 18S data sets included 9,953,274 sequence reads (mean 82,943 reads per
sample) and 567,129 (mean 4,975 reads per sample), respectively. The average number of
reads per sample was substantially lower for the 18S data set because of the lower depth

of sequencing on the MiSeq platform and because some samples contained a high relative
abundance of chloroplast, insect, and host DNA reads, which were filtered out. We rarified
the 16S data set to 14,000 sequences per sample and the 18S data set to 430 sequences per
sample, which allowed us to include most samples in analyses.

To confirm our rarefying results, and to maximize the statistical power of our data set,

we also ran analyses using Cumulative Sum Scaling (CSS) as an alternate normalization
technique to rarefying [31]. We only used weighted UniFrac [32] analysis on the CSS
transformed data, as rarefying is a more appropriate technique for unweighted UniFrac
[33]. Before analysis with CSS, we removed very low depth samples (below 940 and 850
sequences/sample for 16S and 18S datasets) and extreme outliers [34]. This is because low
depth samples have a higher proportion of contaminants [35]. We also ensured that the
CSS-transformed results did not display clustering based on sample sequencing depth.

Using the QIIME pipeline [36], we explored relative taxon abundances and patterns of
community dissimilarity with phylogeny-based UniFrac unweighted and weighted distances.
We report p-values and type | sequential sums-of-squares error (R?) for the strength and
statistical significance of sample grouping based on unweighted and weighted UniFrac
distances using a non-parametric analysis of variance (PERMANOVA) statistical test [37]
with the adonis function in the ‘vegan’ [38] statistical package for R [39]. We also report
Bonferroni-corrected p-values for the distance boxplots using the nonparametric two-sided
Student’s t-test (999 permutations). Error bars are based on the standard deviation of the
UniFrac distance distributions. We report differentially abundant taxa using the Kruskal-
Wallis statistical test.

Int J Legal Med. Author manuscript; available in PMC 2022 November 09.
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The decomposition of a carcass had a significant effect on the structure of gravesoil
microbial communities; all gravesoils were significantly (PERMANOVA p < 0.001)
different compared to control soils by the end of the trial. However, we observed

no sustained significant differences between soil microbial communities associated with
carcasses of contrasting mass (Fig. 2). The 1 kg mass was the most different of the
masses, although not quite significant (Fig. 2, Table 1). This non-significant finding was
supported using an alternate normalization technique (Table 1Sa). Spicka et al. found
significant differences in the amount of Ninhydrin-reactive Nitrogen (NRN) released by
corpses of contrasting masses. Specifically, Spicka et al. found that the 1kg mass had a
greater concentration of NRN per unit carcass (NRN,) compared to other masses, and the
20kg mass also briefly had greater NRN,; compared to the 40kg and 50kg masses. When
NRN differences were controlled for, carcass mass became even less significant (Table 2a).
Although mass was not a significant factor in determining the 16S microbial community,
time was (Table 1, Table 1Sa).

Archaeal and bacterial groups changed significantly in relative abundance during
decomposition. For example, bacterial family * Candidatus Chthoniobacteraceae”

dominated all soils during the early stages of decomposition but the abundance

of these bacteria decreased as carcasses decomposed (Fig. 3). The abundance of

bacteria from taxa Gaiellaceae, Acidobacteria, and Rhodoplanes also decreased during
decomposition (Bonferroni p < 0.01). This was also true for the archaeal taxa

“Candidatus Nitrososphaera”. However, several bacterial taxa significantly increased during
decomposition, including those from taxa Planococcaceae, Sporosarcinasp., Ignatzschineria
sp., and Chitinophagaceae (Bonferroni p < 0.01).

The dominant soil eukaryotes were fungi and nematodes (Fig. 4). As observed in the
bacterial communities the structure of these decomposer communities shifted significantly
with time compared to the control soils (Table 2, Table 1Sb.). Similar to archaeal and
bacterial communities, the eukaryotic microbial communities associated with different
carcass masses shifted similarly over time regardless of mass (Fig. 5, Table 2). Again the
1 kg mass gravesoil was the most different of the masses, and was significantly different
compared to the 50 kg mass (Table 2, Table 1Sh). However, this difference disappeared
when NRN was controlled for (Table 2Sb). The top fifteen relative abundance gravesoil
eukaryote communities comprised a large fraction of the total sequences, with the greatest
shifts observed as increases in the abundance of nematodes in the family Rhabditidae and
slime mold Fonticula alba (Bonferroni p < 0.01).

For both 16S microbes and 18S eukaryotes, we observed a significant decrease in the

alpha diversity, or a measure of how many species are in each sample, of gravesoils during
decomposition compared to control soils (Fig. 6, Fig. S1). Pre vs. post rupture differences
in alpha diversity were present but harder to detect, especially when the masses were
analyze separately (Fig. S1), possibly due to only three replicates per mass. For all analyses,
resolution of more subtle effects would require more replicates for increased statistical
power.
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Discussion

Our data show that soil microbial communities associated with carcasses greatly differ from
control soils during decomposition, but are robust to carcass mass. The 1 kg carcasses were
marginally statistically significant compared to other masses, particularly the 50 kg mass.
However, all other carcass masses (20 kg, 40 kg, and 50 kg) did not display significant
differences in their microbial communities throughout decomposition. This finding suggests
that microbial clocks to estimate the postmortem interval may be robust to human cadaver
mass, at least between 20 kg — 50 kg. When NRN was controlled for the 1kg mass moved
far away from borderline statistically significant. While the pH of the soil increases during
decomposition [40,3], we observed it to have a smaller effect compared to NRN, as assessed
by PERMANOVA R? (25% and 50% less on average in 16S and 18S data respectively).

The current findings are similar to those of other recent investigations into the postmortem
microbiome. Other studies have identified the smallest mass carcasses as exhibiting the
most variable decomposition patterns [21,22]. Our results also agree that the major variables
influencing the structure of the microbial communities is the death of the host [41], and

the time since death [3,4]. Postmortem microbial communities shift when a carcass is
decomposing, probably due to rupture, increased resource availability, or the proliferation
of insects. It has been show that the cadaver microbial community can influence insect
activity and vice versa [42-45]. Added to this is likely an example of ‘resource selects
community’ [46] where the different stages of decomposition offer different nutrients, e.g.
pre and post-rupture. We observed a decrease in alpha diversity during decomposition, but
the result was only strongly significant when all mass classes were combined (Fig. 5, Fig.
S1). Metcalf and colleagues found a stronger decrease in alpha diversity of gravesoils during
decomposition [3] possibly because their samples were collected for a longer time period
and the sample size was larger providing better power.

A striking similarity between the current results and those reported by Metcalf et al. [3] was
the increase in nematode abundance. The nematodes in this study were of the same family
(Rhabditidae) as those reported by Metcalf et al [3]. This flush of nematodes is probably
due to the increase in the abundance of the postmortem bacteria, their primary food source.
Nematodes have long been used for environmental monitoring [47] and we find it very
interesting that similar nematode taxa have been observed with decomposing mice [3] and
swine in two different soil types. We recommend that the forensic value of nematodes be
explored in more detail.

To expand on this research, we also recommend more detailed study into the dynamics
between carcass mass, decomposition, and microbial communities with more replicates and
over a longer time period to confirm the apparent lack of relationship between carcass

mass and the time required for a shift in microbial community structure. Also, additional
time points would allow for the use of regression models to estimate PMI. Similarly, we
recommend that the decomposition of corpses greater than 50 kg should be investigated in
detail to determine if additional trends can be identified, i.e. are corpses greater than 50 kg
associated with different gravesoil microbial communities? Also, further investigation would
be ideally done on human rather than swine corpses; however, it is difficult to find human

Int J Legal Med. Author manuscript; available in PMC 2022 November 09.
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donors, and donors are usually older than crime scene victims. While Sus scrofa is accepted
as a model system most similar to humans because they have similar decay rates, body mass,
and skin structure among other factors [48], some differences have been found between the
two, for example four times as much stearic acid in swine fat compared to human [49].

The current data contribute to postmortem microbiology, a branch of forensic medicine
designed to serve as a useful adjunct to autopsy [50]. The identification of postmortem
microorganisms can be used to confirm the presence of a suspected antemortem infection,
identify an infection when the cause of death is unknown, and assess the efficacy of
antibiotics in treating an infection [51]. Recently, we demonstrated that corpses host a large
and diverse microbial community at death [3,52,41,53,54]. The structure of this microbial
community shifts significantly and predictably as a corpse decomposes, and can become
less diverse as it decomposes into an increasingly specialized habitat [3,4,55]. These are
exciting developments for forensic medicine because they likely foreshadow an expanded
use of microorganisms as physical evidence. Indeed, we can envision the development

of a postmortem microbiology to aid in establishing cause of death, associating people
with objects and locations [56], and estimating postmortem interval [3,4]. These would be
significant developments toward the development of a comprehensive forensic microbiology.
The current data add to this fundamental understanding by showing that postmortem
microbial communities can be similar regardless of initial carcass mass, which has the
potential to simplify initial postmortem analysis. However, we caution that more replicates,
time points, and mass types should be investigated; and this experiment was done with
swine, therefore results could differ with human cadavers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

The gross decomposition of swine (Sus scrofa domesticus) carcasses of contrasting mass (~1
kg, 20 kg, 40 kg, and 50 kg) on the soil surface of a pasture near Mead, Nebraska where
postmortem interval was measured as days (d) and Accumulated Degree Days (ADD).
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Fig 2.

O?dination and bar plots to visualize differences between the structure of gravesoil microbial
communities during the decomposition of swine (Sus scrofa domesticus) carcasses on the
soil surface of a pasture near Mead, Nebraska, USA during the summer. (a) 16S rarefied
unweighted UniFrac Principal Coordinates Analysis (PCoA), (b) 16S rarefied weighted
UniFrac PCoA, and (c) 16S rarefied weighted UniFrac distance comparison bar plots for
each mass compared to the control soil on each accumulated degree day (ADD). * indicates
a significant nonparametric-t test difference with a Bonferroni-corrected p < 0.05. For
example, at ADD 144, the weighted UniFrac distance from control soil to 50kg carcass
gravesoil is significantly different compared to the distance from control soil to 1kg carcass
gravesoil. We use the control soil as a baseline. In cases where less than three samples

were in the analysis due to quality concerns, the number of squares (H) indicates how many
samples were analyzed. Results for weighted and unweighted UniFrac analyses were nearly
identical.
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Fig 3.

Sa?nple relative abundance of control and gravesoil microbial (16S) communities during the
decomposition of swine (Sus scrofa domesticus) carcasses on the soil surface of a pasture
near Mead, Nebraska, USA during the summer. One bar represents each sample. Only the
15 highest relative abundance taxa are shown, starting at the order level. Genus “ Candidatus
Nitrososphaera”, is the only archaeal taxa of high abundance in the data set. Additional
archaeal and bacterial taxa in each sample are combined into a single ‘other’ category.
Archaea occupy approximately 0.06% of the ‘other’ category.
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Fig4.

Rt?lative abundance of control and gravesoil microbial (18S) communities during the
decomposition of swine (Sus scrofa domesticus) carcasses. One bar represents each sample.
Only the 15 highest relative abundance taxa are shown starting at the class level, additional
taxa in each sample are combined into a single ‘other’ category. The apparent lack of
nematode bloom in the 1 kg samples at the later time points is because the later time point
samples were filtered out due to quality concerns.
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Ordination and bar plots to visualize differences between the structure of gravesoil microbial

communities during the decomposition of swine (Sus scrofa domesticus) carcasses on
the soil surface of a pasture near Mead, Nebraska, USA during the summer. (a) 18S

rarefied unweighted UniFrac Principal Coordinates Analysis (PCoA), (b) 18S Cumulative
Sum Scaling (CSS) weighted UniFrac PCoA, and (c) 18S CSS weighted UniFrac distance
comparison bar plots for each mass compared to the control soil on each accumulated degree
day (ADD). * indicates a significant nonparametric-t test difference with a Bonferroni-
corrected p < 0.05. In cases where less than three samples were in the analysis due to quality
concerns, the number of squares (H) indicates how many samples were retained. Results for

weighted and unweighted UniFrac analyses were nearly identical.
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Fig 6.

Phylogenetic distance (PD) alpha diversity boxplots. This includes control, day0, pre-carcass
rupture, and post-carcass rupture samples for all gravesoil masses. * indicates significant
differences between boxplots (p < 0.05). (a) 16S (b) 18S
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Table 1.

16S rarefied unweighted UniFrac Type 1 sequential sums of squares PERMANOVA. The model y ~
ADD_time + mass was fit to control for differences in the number of replicates at each time point before
assessing the effect of carcass mass on gravesoil microbial communities. The FDR procedure is Bonferroni
correction.

time (ADD) mass

Comparison R2 FDR p R2 FDR p
1kg v. 20kg 0.086 0.01 0.053 0.084
1kg v. 40kg 0.1 0.006 0.042 0.28
1kg v. 50kg 0.16 0.006 0.039 0.3
20k v. 40kg 0.05 0.066 0.025 1
20 kg v. 50 kg 0.064 0.006 0.033 0.38
40 kg v. 50 kg 0.078 0.006 0.021 1
control v. all masses (52 ** 0.034%

Ak

p <0.001

*

p<0.01
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18S rarefied unweighted UniFrac Type 1 sequential sums of squares PERMANOVA. The model y ~
ADD_time + mass was fit to control for differences in the number of replicates at each time point before

Table 2.

Page 18

assessing the effect of carcass mass on gravesoil microbial communities. The FDR procedure is Bonferroni

correction.
time (ADD) mass

Comparison R2 FDR p R2 FDR p
1kg v. 20 kg 0.072 0.006 0.041 0.066
1kg v. 40 kg 0.068 0.006 0.055 0.012
1kg v. 50 kg 0.06 0.048 0.06 0.018
20k v. 40 kg 0.095 0.006 0.025 1
20kg v. 50kg 0.087 0.006 0.033 0.54
40kg v. 50kg 0.099 0.006 0.029 1
control v. all masses (049 ** 0.03%*

*:

*
p <0.001
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