
Ralebitso-Senior, TK and Olakanye, AO

 Profiling of successional microbial community structure and composition to 
identify exhumed gravesoil – A preliminary study

http://researchonline.ljmu.ac.uk/id/eprint/16260/

Article

LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.

The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/

Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 

Ralebitso-Senior, TK and Olakanye, AO (2022) Profiling of successional 
microbial community structure and composition to identify exhumed 
gravesoil – A preliminary study. MDPI Forensic Sciences, 2 (1). pp. 130-143. 
ISSN 2673-6756 

LJMU Research Online

http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk


����������
�������

Citation: Olakanye, A.O.;

Ralebitso-Senior, T.K. Profiling of

Successional Microbial Community

Structure and Composition to

Identify Exhumed Gravesoil—A

Preliminary Study. Forensic Sci. 2022,

2, 130–143. https://doi.org/

10.3390/forensicsci2010010

Academic Editors: Ricardo

Jorge Dinis-Oliveira, Francisca

Alves Cardoso and Pier

Matteo Barone

Received: 2 April 2021

Accepted: 27 January 2022

Published: 7 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Profiling of Successional Microbial Community Structure
and Composition to Identify Exhumed
Gravesoil—A Preliminary Study
Ayodeji O Olakanye 1 and T. Komang Ralebitso-Senior 1,2,*

1 School of Health and Life Sciences, Teesside University, Borough Road, Middlesbrough,
Tees Valley TS1 3BX, UK; ayokanye@live.co.uk

2 School of Pharmacy and Biomolecular Sciences, Faculty of Science, Liverpool John Moores University,
Liverpool L1 3AP, UK

* Correspondence: t.k.ralebitsosenior@ljmu.ac.uk; Tel.: +44-151-231-2097

Abstract: Advancements in molecular microbial ecology techniques have enabled researchers to
study the complex interactions of epinecrobiome, necrobiome, and thanatomicrobiome communities
during cadaver decomposition within novel forensic disciplines. This preliminary study tracks shifts
in subsurface soil necrobiome as indicators of time-since-exhumation where whole juvenile Sus scrofa
domesticus was used as the human cadaver proxy. Principal component analysis of DGGE-based di-
versity index (Shannon-Weiner, H′; Simpson (D)) measurements showed more consistent delineation
of pre- and post-exhumation periods of the fungal 18S gene with further clustering for days 270 and
300. More importantly, high-resolution metabarcoding of the 16S rRNA gene recorded temporal
bacterial clock indicators at order and family levels. Specifically, Xanthomonadales (11.29%) and
Xanthomonadaceae (4.27%), and Verrucomicrobiaceae (4.00%) were abundance-based season (spring–
summer) and microbial clock indicators for post-burial interval (PBI) ≥ 150 days. Hydrogenophilales
(7.13%) and Hydrogenophilaceae (7.56%), Clostridiales (4.57%) and Clostridiaceae_1 (3.13%), and
Bacteroidales (3.33%) defined the impacts of 120 days since exhumation of Sus scrofa domesticus. They
could, therefore, be tracked to identify grave emptying for the current soil type.

Keywords: sub-surface decomposition; soil necrobiome; metabarcoding; Sus scrofa domesticus;
exhumation

1. Introduction

Human cadavers and animal carrion are substantive energy resources with key roles
in nutrient cycling. Their decomposition and subsequent influx of nutrients affect the
surrounding environmental microbiota [1–3] and ecology directly; hence, Carter et al.
(2007) [4] designated this unique and dynamic ecosystem as a cadaver decomposition
island (CDI). Consequently, the forensic efficacies of biochemical and microbiological
profiling, particularly in decomposition/burial soils, have been recognized. Thus, the
applicability of a suite of techniques to study the postmortem microbiome and enhance
postmortem interval (PMI) and time-since-burial/post-burial interval (PBI) determinations
is evidenced with human cadavers [5] or mammalian taphonomic proxies such as pig (Sus
scrofa domesticus; [6]), both the brown and laboratory rat (Rattus norvegicus Berkenhout; [7]),
and mouse (Mus musculus Linnaeus; [8,9]).

Despite demonstrable achievements, there remains a significant scope for knowl-
edge development on the impacts of cadaver or mammalian surrogate decomposition on
subsurface soil ecology. In particular, there is a recognised paucity in understanding the
long-term effects after the body has decomposed or when clandestine graves have been
exhumed [6,10]. The detectable and measurable longevity of the biological CDI footprint
can potentially provide further intelligence, generally, and at old crime scenes, in particular.
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Additionally, emerging studies have identified the need to understand forensic ecology
for soil provenance [11] and ecosystem services of exhumed gravesites before they are
repurposed for other societal needs such as recreational spaces in densely populated urban
areas [12,13]. Therefore, this preliminary study was designed to test the capacity of micro-
bial community dynamics to determine time-since-burial and subsequent emptying of a
clandestine grave. Whole still-born juvenile S. s. domesticus was buried in a soil mesocosm
with subsequent exhumation to test the hypothesis that: shifts in the composition and
structure of bacterial and fungal communities will differentiate between exhumed and
non-exhumed gravesoil. To our knowledge, this is the first study of its type, with the
exception of exhumation to measure total body score, total decomposition score [14] and
stable isotope analysis of decompositional lipids (adipocere) [15].

2. Experimental Section
2.1. Mesocosms

Soil was sourced from a well-secured site at Framwellgate Moor, County Durham,
UK (Lat. 53.15◦ N, Long. 1.59◦ W) and transported in sterile 25 l air-tight buckets. As
published in a previous study [16], the soil was homogenised (Retsch SM 100, Retsch, Haan,
Germany), sieved (ASTM-standard soil sieve No 10, 2 mm mesh; sterilized by autoclaving
at 120 ◦C, 15 psi for 20 min), and analysed physiochemically (Forestry Commission, Surrey,
UK; Derwentside Environmental Testing Services Ltd., Durham, UK). A still-born juvenile
Sus scrofa domesticus used for this study to create an approximate carbon source to soil ratio
of 1:20 (w/w) was from several that were sourced frozen from the Northumbria Police
(Ponteland, UK). The juvenile pig (1.8 kg) was defrosted at ambient temperature prior
to burial in the fine fraction of sieved soil (36 kg) and exhumed on day 180. A control
mesocosm (C) contained 20 kg of the study soil without piglet cadaver. The lysimeters
were maintained outdoors (Teesside University, Middlesbrough, UK; Lat. 54.5722◦ N, Long.
1.2349◦ W).

Soil samples (1 g) were collected from 10 random mesocosm positions on weeks 2
and 4 and then monthly for a total of 10 months (300 days) from November 2014 (late
autumn–winter) to September 2015 (early autumn). Specifically, soil sampling proceeded
for 6 months (180 days) pre-exhumation and then 4 months (120 days) post-exhumation.
Composites of the homogenised (10 g) samples were used for pH and temperature mea-
surement and the remainders stored (25 mL sterile universal bottles; Sarstedt, Germany) at
−20 ◦C until required for DNA extraction [17].

2.2. Soil DNA Extraction, PCR-DGGE and DGGE Data Analysis

The protocols for total microbial soil DNA extraction, agarose gel electrophoresis,
polymerase chain reaction, denaturing gradient gel electrophoresis (PCR-DGGE) of the
16S and 18S rRNA genes, Phoretix analysis and diversity analyses (Shannon-Wiener index
(H′) = − ∑ Pi ln Pi and Simpson index (D) = 1 − ∑ Pi2) were as detailed previously [16,17].
The data were tested with Shapiro–Wilk W for normal distribution prior to analysis. All
data for pH, temperature, and ecological indices were evaluated statistically by a univariate
one-way ANOVA.

2.3. Next-Generation Sequencing and Data Analysis

Microbial community DNA extracts were analysed for purity (A260:A280) and con-
centration (Beer–Lambert equation; A = εlc;) using UV spectrophotometry (Synergy-HT
microplate reader; Biotek, Bedfordshire, UK), and purified (PowerClean® DNA Clean-Up
Kit, Mo Bio Laboratories, Inc., Carlsbad, CA, USA) prior to next generation sequencing. Se-
quencing of the V4 region of 16S bacterial gene was made with an Illumina Miseq platform
(Northumbria University, Newcastle, UK) with the primer set SB701-702/SA501-508. The
raw sequencing reads were processed in FASTQ format and analysed with Mothur soft-
ware package (version 1.36.1) (University of Michigan, Ann Arbor, MI, USA). The FASTQ
formatted sequences were quality checked and filtered with UCHIME. The sequences were
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identified by Ribosomal Database Project (RDP) classifier as described by Kozich et al.
(2013) [18]. Raw sequencing reads are available as operational taxonomic units (OTUs)
(Table S1).

2.4. Statistical Analyses

For multivariate analysis, data were unit vector normalized, mean centered, and
scaled to standard deviation. Principal component analysis (PCA) was then applied to
demonstrate temporal clustering and the differences in fungal and bacterial diversity
indices against pre- and post-exhumation phases. PC1, which represents the greatest
variation, and PC2 were analysed for correlation by linear regression with R2 > 0.7 judged
to be significantly different. For the NGS data, the phylogenetic distance matrices were
analysed using Bray–Curtis dissimilarity with nonmetric dimensional scaling (NMDS).
Correlations between soil pH, temperature, and phyla relative abundance were analysed by
Spearman’s rank correlation coefficient (SCC) (Xlstats 2016.02.27313, New York, NY, USA)
where R is the correlation coefficient. To reveal significant differences in OTU between the
treatment, control, and season, pairwise multiple comparisons after a multi-way ANOVA
with the Tukey (HSD) post hoc test (p < 0.05) was used (Xlstats 2016.02.27313, New York,
NY, USA). Taxa with relative abundance >3% were plotted with Microsoft Excel (Microsoft
2019). To ensure accuracy, all the results were checked with the Palaeontological software
package for education and data analysis (Past 3.10) and Xlstats (xlsta 2016.02.27313, New
York, NY, USA) software.

3. Results
3.1. Soil Properties

The sandy clay loam was constituted by (w/w) 26% clay, 21% silt, and 53% sand
and physicochemical characteristics of Al (13 g kg−1), Ca (2.2 g kg−1), K (1.8 g kg−1), Mg
(1.1 g kg−1), Na (0.25 g kg−1), nitrate aqueous extract as NO3 (4.6 mg l−1), total organic
carbon (4.1%), total S (0.03%), pH (6.3), P (1.2 mg kg−1), calorific value (2.5 MJ kg−1), and
electrical conductivity (1400 µS cm−1).

3.2. Environmental Parameters Trends

The control and treatment soils recorded different pH values between days 0 (Novem-
ber 2014) and 300 (September 2015) with 6.69 on day 14 for the control and 6.80 for-
exhumation (FE) mesocosms (Figure S1). A pH of 7.83 was recorded for the S. s. domesticus
mesocosm on day 60, which was in contrast to pH = 6.98 for the control. pH decreases then
occurred between days 120 and 270 to reach values around 6.09 in the decomposition meso-
cosm. Overall, temporal changes in soil pH showed no statistically significant differences
(p = 0.075) between the control and treatment lysimeters.

Average temperatures of the ambient environment, control, and experimental meso-
cosms were determined on each sampling day. For accurate PMI estimation, the tempera-
ture data were further expressed in accumulated degree days (ADD), which is a model that
measures the heat required for biological processes [19,20]. The averages of the maximum
and minimum ambient temperatures were used to calculate the daily ADD [21,22], with a
base temperature of 0 ◦C according to the work of Megyesi et al. (2005) [22]. The control
and decomposition soils recorded similar trends where the temperature increased from
day 14 (average ADD 91.5) to day 30 (average ADD 194.1), with an average mesocosm
temperature of 10.7 ◦C (Table 1). This was followed by a shift from late autumn to winter
when the average temperature was 5.6 ◦C. Therefore, decreases in average ADD were
recorded from 310.6 on day 60 to 382.2 on day 90. A further seasonal change from spring
(day 120, average ADD 564.4) to summer (day 240, average ADD 1 929) led to an increase
in temperature to reach an average of 16.7 ◦C. Subsequent decreases on day 270 (average
ADD 2 411.8) and day 300 (average ADD 2 848.3) resulted in an average of 13.6 ◦C.
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Table 1. Decomposition temperature timeline as expressed by ADD.

Day Season Control Piglet

0
Late autumn

to
Winter 2014

6.3 6.1
14 91.6 91.2
30 194.1 194.1
60 310.7 310.4
90 382.6 381.9

120
Spring 2015

564.8 564
150 808.6 806.5
180 1 066.6 1061.6

210
Summer 2015

1 466.9 1460.9
240 1 932.8 1926.4
270 2 415.4 2409.1

300 Autumn 2015 2 852.4 2845.3

3.3. Soil Ecological Analyses

The for-exhumation piglet decomposition microcosm (FE) was sampled for six months
pre-exhumation (days 0–180) and four months post-exhumation (days 210–300). The S. s.
domesticus–associated soil microbial community diversity was compared with the control
using the Shannon–Wiener (H′) index for number and distribution (dominance) of different
species and the Simpson (D) parameter to assess their proportional abundance.

3.3.1. 16S Bacterial and 18S Fungal Diversity

Generally, diversity profiles recorded a marked decrease on day 150 (spring) for the
bacterial components and on day 90 (winter) for the fungal fraction of the soil communities
for both the control and Sus scrofa lysimeters.

The 16S bacterial Shannon–Wiener indices trends showed differences in bacterial
community diversity between the control and treatment soils following exhumation on
day 180. Thus, an increase in the Shannon–Wiener index was observed between days
180 and 210 to reach 2.78 in the juvenile pig mesocosm (Figure 1a). Additionally, in general,
the exhumed lysimeter recorded higher Shannon–Wiener diversity indices between days
270 and 300 than the control with final values of 2.83 and 3.08, respectively. Nonetheless,
these trends did not reveal statistically significant temporal differences (p = 0.48) between
the control and treatment microcosms. Moreover, the trends for the treatment were not
statistically significantly different for pre- and post-exhumation (p = 0.27). The 18S fungal
(Figure 1b) H′ profiles showed statistically significant temporal differences (p = 0.005) be-
tween the control and treatment soils overall. Post-exhumation differences in the diversity
indices were exemplified by an increase between days 210 and 240 to reach 2.88 (Figure 1b).
The control microcosm recorded a decrease in the Shannon–Wiener index between days
210 and 240 to 2.47 and a subsequent increase to 2.76 on day 300. Finally, the exhumed
microcosm recorded an index of 2.85, which was closer to the control both at the beginning
(2.86) and end (2.755) of the study. However, the trends for the control and S. s. domesticus
soil after exhumation were not statistically significantly different (p = 0.09).

The Simpson indices for both the 16S bacterial (Figure 2a) and 18S fungal (Figure 2b)
communities showed differences in diversity after exhumation when compared to the
control microcosm. Although the 16S bacterial Simpson index showed no statistical dif-
ferences (p = 0.33) when analysed by one-way ANOVA, trend differences were observed
post-exhumation between days 180 and 240 with an increase to 0.93. A further increase
to 0.94 was observed for the longer post-burial interval (PBI) between days 270 and 300.
For the 18S fungal Simpson diversity indices, statistically significant (p = 0.044) temporal
differences were apparent between the control and treatment lysimeters as also exemplified
by trend changes on days 210 and 270, i.e., 30 and 90 days after exhumation.
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Figure 1. 16S bacterial (a) and 18S (b) fungal Shannon–Wiener (H′) indices of the control (#) and
piglet-exhumed (∆) microcosms during 300 days of study. Arrow identifies day of exhumation.
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Figure 2. 16S bacterial (a) and 18S fungal (b) Simpson (D) indices of the control (#) and piglet-
exhumed (∆) microcosms during 300 days of study. Arrow identifies day of exhumation.

3.3.2. Principal Component Analysis

The principal component analysis (PCA) of the bacterial (Figure 3a) and fungal
(Figure 3b) Shannon–Weiner (H′) and Simpson (D) diversity indices showed clustering
of the control separate from the piglet soil. Although there was no consistent temporal
delineation for pre- and post-exhumation phases for the 16S gene diversity, F1 accounted
for 68.49% while F2 accounted for 15.33% of the bacterial communities. For the fungal
18S gene diversity, F1 and F2 accounted for 33.83% and 27.57%, respectively, especially for
sampling days 270 and 300 which equated clustering at 90- and 120-days post-exhumation.

3.4. Taxonomic Resolution of Post-Exhumation Samples

To determine the effect of exhumation on soil necrobiome structure and composition,
taxonomic comparisons were made at phylum, order, and family levels before and after
Sus scrofa exhumation. The overall dominant phyla both pre- and post-exhumation included
Proteobacteria (22.30–52.98%), Acidobacteria (5.29–33.83%), Bacteroidetes (5.17–20.96%), Ver-
rucomicrobia (4.46–12.85%), Actinobacteria (7.51–12.18%), and Planctomycetes (2.02–11.03%)
(Figure 4). NMDS analysis of the phylum-level community composition showed that
the control samples were similar throughout while differences were observed in the for-
exhumation mesocosm (Figure 5) with the shifts along coordinate 1 and distinct clustering
for days 210–300 (30 to 120 days since exhumation) possibly due to seasonal tempera-
ture change. Three bacterial phyla correlated with mesocosm soil temperature where
Firmicutes and Planctomycetes correlated negatively while Gemmatimonadetes recorded a
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positive correlation. Similarly, these bacterial phyla correlated with soil pH, but Firmicutes
and Planctomycetes showed a positive correlation while Gemmatimonadetes correlated
negatively (Table 2).
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Table 2. Post-exhumation OTUs recording statistically significant correlations (p < 0.05) with soil
temperature and pH.

Temperature

Positive Negative
OTUs

(phylum) R p OTUs
(phylum) R p

Gemmatimonadetes 0.595 0.001 Firmicutes −0.656 0.0001
Planctomycetes −0.471 0.009

pH

Firmicutes 0.505 0.005 Gemmatimonadetes−0.512 0.004
Planctomycetes 0.445 0.014
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Order-level comparisons for the pre-exhumation phase (days 0–180) revealed increases
in the relative abundances of Pseudomonadales (3.70%) and Flavobacteriales (3.41%) on
day 14 (Figure 6). A subsequent prominent shift in community composition was recorded
on day 60 with predominances of Pseudomonadales (28.20%), Flavobacteriales (11.90%),
Burkholderiales (8.43%), and Campylobacterales (3.05%) in the FE treatment. This con-
trasted the control mesocosm where predominances of Acidobacteria_Gp6_order (17.43%),
Spartobacteria_order (8.92%), Planctomycetales (8.05%), and Rhizobiales (6.56%) resulted.
Further changes were recorded on day 150 (spring) with increased relative abundances
of Xanthomonadales (9.85%), Burkholderiales (5.60%), Nitrosomonadales (3.38%), Sph-
ingobacteriales (7.22%), and Flavobacteriales (8.34%) in the piglet mesocosm. At- and
post-exhumation (days 180–300) profiles showed temporal changes with the exhumed
gravesoil recording marginally decreased dominances of Xanthomonadales (8.47%) and
Burkholderiales (4.10%) 30 days after grave emptying (sampling day 210) while Sphingob-
acteriales (9.85%), Verrucomicrobiales (3.83%), and Sphingomonadales (2.61%) increased
in relative abundance. Xanthomonadales subsequently showed its highest abundance of
11.29% on day 240, which was 60 days after the removal of the juvenile Sus scrofa. Fur-
ther taxa shifts were observed on day 270 with increases in the relative abundances of
Flavobacteriales (5.99%) and Alphaproteobacteria_order (2.14%) but decreased abundance
of Xanthomonadales (9.45%) in the exhumed treatment. For the final stage of the study
in early autumn 2015, increases in the relative abundances of Hydrogenophilales (7.13%),
Clostridiales (4.57%), Bacteroidales (3.33%), and Flavobacteriales (6.37%) were recorded for
the exhumed treatment (FE) on PBI = 300 or 120 days since exhumation.
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Figure 6. Order-level resolution for soil only control and juvenile Sus scrofa domesticus (FE) mesocosms
over a 300-day incubation period. Arrow with numbers designate days post-exhumation.

Acidobacteria_Gp6_family, Spartobacteria_family, Planctomycetaceae, Chitinopha-
gaceae, and Acidobacteria_Gp4_family were the predominant 16S bacterial taxa observed
for the control and S. s. domesticus treatments, both pre- and post-exhumation (Figure 7).
Nevertheless, some taxa differences at family level, such as Pseudomonadaceae (3.36%
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at PBI = 14; and 30.67% at PBI = 60), aerobic Gram-negative chemoorganotrophic flagel-
late bacteria [23], and Campylobacteraceae (3.35% at PBI = 60), Gram-negative aerobic
spiral rod-shaped bacteria [24], were observed at specific intervals of the pre-exhumation
phase. A seasonal shift from winter to spring resulted in the predominance of Xanthomon-
adaceae (10.48%) on day 150 for the treatment lysimeter. This was similar for Alcalige-
naceae (4.29%), Gram-negative lithoautotrophic ammonia-oxidising Nitrosomonadaceae
(3.64%) [24] and Sphingobacteriaceae (3.39%). Post-exhumation microbial community
characterisation revealed the dominance of Gram-negative Verrucomicrobiaceae (4%) [25]
on day 210. Day 300 (early autumn 2015), which was 120 days after the removal of the
decomposing material, was characterised by increased abundances of the Gram-negative
sulphur-oxidising [24,26] Hydrogenophilaceae (Thiobacillus sp.) (7.56%), and aerobic Gram-
negative Cryomorphaceae (1.75%) whose dominance of 3.63% on day 60 was followed by
subsequent decrease close to the detection limit.
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Figure 7. Family-level resolution for soil only control and juvenile Sus scrofa domesticus (FE) meso-
cosms over a 300-day incubation period. Arrow with numbers designate days post-exhumation.

Pairwise comparison with Tukey post hoc identified OTUs with statistically significant
differences at family-level resolution between the control and treatment soils (Table 3) and
relative to season (Table 4). For example, Alcaligenaceae, Flavobacteriaceae, Microbacte-
riaceae, and Xanthomondaceae recorded a significant difference (p < 0.05) between the
control and the pig treatment. Likewise, significant seasonal differences (p < 0.05) were
observed with OTUs such as Clostridiaceae_1 and Hydrogenophilaceae recorded during
autumn 2015. Furthermore, Planctomycetaceae was observed to be significantly different
(p < 0.05) between winter 2014 and summer 2015.
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Table 3. Family-level OTUs that are statistically significantly different between the control and
treatments soils according to the least squares means (LS-means). Combinations sharing the same
letter (a, b) are not significantly different while those with no letter in common are significantly
different as calculated by multi-way ANOVA with Tukey (HSD) post hoc test.

OTU Family Control Pig Exhumed p

Acidobacteria_Gp4_family 407.708 a 251.526 b 0.002
Acidobacteria_Gp6_family 1598.503 a 1002.230 b 0.004

Alcaligenaceae −4.838 b 151.071 a 0.007
Flavobacteriaceae 123.633 b 479.633 a 0.010
Microbacteriaceae 35.361 b 188.906 a 0.008
Planctomycetaceae 829.364 a 615.636 b 0.013

Sphingobacteriaceae 12.788 b 158.879 a 0.021
Subdivision3_family 353.344 a 197.889 b 0.004
Xanthomonadaceae 91.445 b 547.355 a 0.006

Table 4. Family-level OTUs that are statistically significantly different between seasons according to
LS-means. Combinations sharing the same letter (a, b) are not significantly different while those with
no letter in common are significantly different as calculated by multi-way ANOVA with Tukey (HSD)
post hoc test.

OTU Family Autumn 2014 Winter 2014 Spring 2015 Summer 2015 Autumn 2015 p

Clostridiaceae_1 14.500 b 30.500 b 34.500 ab 20.000 b 195.500 a 0.044
Hydrogenophilaceae 0.000 b 0.000 b 0.000 b 8.167 b 469.500 a 0.020
Planctomycetaceae 853.750 ab 880.833 a 918.250 a 519.167 b 853.750 ab 0.004

4. Discussion

Recognition for the potential of forensic microbiology in crime scene investigation is
gaining momentum. As a result, postmortem successional changes in microbial consortia
structure and composition have been illustrated by multiple research groups with profiling
of communities of decomposing cadaver/mammalian taphonomic proxies. Additionally,
key variables including environmental parameters or abiotic factors such as temperature
and pH, e.g., [9,27], must complement microbial community profiles to establish and
validate novel postmortem interval estimation tools. The current preliminary forensic
ecology study was, therefore, designed to test the hypothesis that: shifts in the composition
and structure of bacterial and fungal communities will differentiate between exhumed and
non-exhumed gravesoil. This was proven with next-generation sequencing of the bacterial
16S rRNA gene. The decomposition mesocosm (FE) was sampled for six months before
(days 0–180) and four months after (days 210–300) exhumation, parallel to the soil-only
control mesocosm. Exhumation of juvenile Sus scrofa domesticus effected soil microbial
community changes starting from late spring (day 210) to early autumn (day 300) and so
simulated temporal seasonal shifts that would occur 30–120 days after body removal from
a clandestine grave.

An underpinning objective was to profile the necrobiome following exhumation
of the decomposing material and link this to key edaphic factors and seasonal shifts.
Changes in pH that resulted for the experimental lysimeter can be attributed to shifts
in the metabolic and activity rates of the gravesoil microbial communities relative to
decompositional or catabolic products where the S. scrofa domesticus contributed proteins,
lipids, and carbohydrates [28]. An overall increase in pH for the piglet gravesoil occurred
during early decomposition between days 14 and 60. Although we did not measure these
nutrients, the trend was consistent with findings by Haslam and Tibbett (2009) [29] and
Meyer et al. (2013) [30] who attributed initial pH increases to the ammonification of organic
nitrogen in proteins and peptides, and mineralisation of base-forming cations such as
Ca2+, K+ and Mg2+. As also reported by Meyer et al. (2013) [30], the subsequent drop was
possibly due to increased nitrate concentration.
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According to Meyer et al. (2013) [30], seasonal differences between winter and summer
can impact microbial catabolic rates considerably, with reduced rates resulting in winter
and increased rates a consequence of summer. Moreover, lysimeter temperature differences
can be attributed directly to seasonal weather changes and exothermic microbial catabolism.
For this study, shifts in seasons occurred for late autumn 2014 (day 0 to 30), winter (day
30 to 120), spring (day 120 to 210), summer (day 210 to 270), and early autumn 2015
(day 270 to300). Despite these changes in the temperature and ADD trends, the one way-
ANOVA showed no statistically significant temporal differences (p = 0.99) between the
control and treatment mesocosms. This suggested that any increases in temperature due
to exothermic microbial catabolism were counterbalanced by the ambient temperature.
Therefore, microbial community composition and structure were also determined relative
to seasonal changes.

Overall, ecological indices measurements indicated that seasonal temperature shifts,
even if not supported by statistically significant temperature changes, resulted in microbial
community structure changes. Bacterial 16S gene ecological measures of Shannon–Wiener
and Simpson diversity recorded no statistically significant differences between the control
and burial soil before and following exhumation. In contrast, measures of both ecological
indices revealed statistically significant different differences in the fungal communities
between the control and burial soils, but not strictly as a result of the removal of the
decomposing material. Therefore, statistically relevant differentiation of non-burial and
gravesoil in the presence of juvenile Sus scrofa domesticus was recorded only when 18S
rRNA gene was targeted with the two diversity tools. These, however, were not conclusive
on their own to distinguish between when the decomposing material was in-place or had
been exhumed for the current soil type.

Comparisons of DGGE profile data from Shannon–Weiner (H), Simpson (D), sampling
time, non-exhumation, and pig exhumation were co-analysed. In general, PCA for the
bacterial 16S rRNA gene showed no differentiation between the control and treatment soil,
or between the pre- and post-exhumation phases. In contrast, some clustering resulted
for the fungal 18S rRNA gene especially for the late summer to early autumn period of
PBI = 270 and PBI = 300. To address the known limitations of DGGE-based profiling,
and augment the subsequent multivariate analysis, next-generation sequencing of the 16S
rRNA gene was applied for more robust analysis of community structure and composition.
Fungi have a different role and response in decomposition and, hence, post-burial interval
calculations. Therefore, future research on identifying exhumed gravesoils should apply
parallel sequencing of 18S fungal gene as illustrated in a similar burial context [31].

For real crime scene purposes, the differentiation between the control and gravesoils
based on microbial community profiling remains a challenge due to the presence of several
common dominant taxa such as Proteobacteria, Acidobacteria, and Actinobacteria [32–34].
The dominance of Proteobacteria in the piglet lysimeter aligned the current investigation
to the work of Finley et al. (2016) [34] where the phylum was numerically abundant in
an underground decomposition study when compared to its aboveground equivalent.
Nonetheless, phylum-level profiling gave no clear resolution between control and piglet
nor pre- and post-exhumation intervals. Further to differentiations recorded at order level,
taxa resolutions at family level identified more detailed temporal phylogenetic variations
between the mesocosm soils. This was exemplified by the additional resolution of the
orders Xanthomonadales, Hydrogenophilales, Verrucomicrobiales, and Clostridiales to
their respective family members of Xanthomonadaceae, Hydrogenophilaceae, Verrucomi-
crobiaceae, and Clostridiaceae_1. All could be microbial clock indicators for excavated
clandestine graves in the summer for the current study soil.

For this study, some differences in microbial community profiles were more pro-
nounced due to a seasonal temperature change from spring to summer than treatment, per
se. For example, the control mesocosm was characterised by an increase in the relative
abundance of Xanthomonadaceae (Rhodanobacter sp.) on day 120 (late winter to early
spring). This Gram-negative denitrifying bacterium [35] was also the most abundant taxon



Forensic Sci. 2022, 2 141

on day 270 (summer, August 2015) for the non-exhumation treatment. It will, therefore, be
an appropriate indicator of seasonal change for this soil as well as a time-specific indicator
in time-since-burial determinations. Potential family-level taxonomic indicators of ex-
humed gravesoils for the current soil type included Hydrogenophilaceae (Thiobacillus sp.),
Gram-negative sulphur-oxidising bacteria, and aerobic Gram-negative Cryomorphaceae,
which were dominant in that treatment on day 300 (autumn 2015).

Overall, a distinct shift on day 60 in the experimental lysimeter, which might have been
indicative of purge, was evidenced with specific increases at phylum (Protoebacteria; Bac-
teroidetes), order (Pseudomonadales; Flavobacteriales), and family (Pseudomonadaceae;
Flavobacteriaceae; Sphingobacteriacea) taxonomic resolutions. Unlike for the DGGE re-
sults, and with the exception of 18S fungal Simpson diversity (D) on day 240, multivariate
analysis of the next-generation sequencing data showed clustering of the pre- and post-
exhumation soils which was pronounced for those from 30 to 120 days after the removal
of remains. This suggested that, for this soil, 16S-based next-generation sequencing was
a better tool for determining the impact of exhumation. Future work should incorporate
NGS profiling of the fungal 18S gene.

5. Conclusions

The relevance and applicability of studying the decompositional microbial communi-
ties for post-burial interval determinations, when the body has completely decomposed
and/or removed from clandestine graves, is acknowledged [6,10] but has been investigated
very little. Our preliminary study, the first to our knowledge, was designed to address this
knowledge gap by comparing changes in microbial community structure before and after
the exhumation of juvenile Sus scrofa domesticus. Temporal differences recorded with the
DGGE-dependent ecological measures of Shannon–Wiener and Simpson diversity, espe-
cially on day 150, were reflected in the NGS-based taxonomic classification with a seasonal
change to spring. Direct alignment of these was not made; however, the sequencing was
not derived from DGGE-excised bands. Metabarcoding of the bacterial 16S gene indicated
the possible use of Verrucomicrobiaceae (spring; day 210 = 60 days post-exhumation) and
Hydrogenophilaceae and Clostridiaceae_1 (summer; day 300 = 120 days post-exhumation)
as season and long PBI family taxa indicators for exhumed clandestine graves for the
current soil type. They provided the highest potential to differentiate between control and
burial soil, and between pre- and post-exhumation phases.

A strength of this work is the measurable shifts in bacterial and fungal community
structures that differentiated, to different degrees, between pre- and post-exhumation
gravesoils. For example, PCA of fungal-based DGGE analysis showed clustering due to
remains removal at late PBI. The same was proven for bacterial components using NGS but
not with DGGE. These findings mean that the study hypothesis was accepted albeit from
two different profiling approaches for the two microbial clades. To address this imbalance,
future work should incorporate parallel NGS profiling of the fungal 18S gene as illustrated
by Procopio et al. (2020) [31].

Protracted replicated future studies should also consider the analysis of soil ecology
after exhumation until skeletonisation. These can include comparisons of removal of re-
mains/taphonomic proxies at different stages of decomposition. Additionally, profiling of
the inherent mammalian-associated epinecrobiome/thanatomicrobiome could be made par-
allel to soil necrobiome characterisation. Thus, the longevity of the cadaver decomposition
island and cadaver-derived microbial footprints could be determined simultaneously. This
would facilitate assessments of their individual and combined applicability in (long-term)
time-since-burial or time-since-exhumation estimations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/forensicsci2010010/s1, Figure S1: Changes in pH values of the control (•) and piglet-exhumed
(•) mesocosms during 300 days of study. Arrow identifies day of exhumation, Table S1: Next-
generation sequencing data presented in this study.
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