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Abstract

Fungi metabolise organic matter in situ and so alter both the bio-/physico-chemical
properties and microbial community structure of the ecosystem. In particular, they
are responsible reportedly for specific stages of decomposition. Therefore, this study
aimed to extend previous bacteria-based forensic ecogenomics research by
investigating soil fungal community and cadaver decomposition interactions in
microcosms with garden soil (20 kg, fresh weight) and domestic pig (Sus scrofa
domesticus) carcass (5 kg, leg). Soil samples were collected at depths of 0-10 cm, 10-
20 cm and 20-30 ¢cm on days 3, 28 and 77 in the absence (control -Pg) and presence
(experimental +Pg) of Sus scrofa domesticus and used for total DNA extraction and
nested PCR-DGGE profiling of the 18S rRNA gene. The Shannon-Wiener (H')
community diversity indices were 1.25 + 0.21 and 1.49 + 0.30 for the control and
experimental microcosms, respectively, while comparable Simpson species
dominance (S) values were 0.65 + 0.109 and 0.75 + 0.015. Generally, and in contrast
to parallel studies of the bacterial 16S rRNA and 16S rDNA profiles, statistical
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analysis (t-test) of the 18S dynamics showed no mathematically significant shifts in
fungal community diversity (H'; p = 0.142) and dominance (S; p = 0.392) during

carcass decomposition, necessitating further investigations.

Key words: Forensic ecogenomics, Decomposition, Fungal communities, Soil, PCR-
DGGE

1. Introduction

The term ‘microbial forensics’ was defined by Budowle [1] as “a scientific discipline
dedicated to analysing evidence from a bioterrorism act, biocrime, or inadvertent
microorganism/toxin release for attribution purposes”. Petrisor et al. [2]
subsequently described it as “the focusing of microbiology, virology, biochemistry
and molecular biology for use in environmental forensic investigations”. We propose
the term ‘forensic ecogenomics’ where the application of molecular microbial ecology
techniques encapsulates and extends the earlier definitions [3]. Independent of
definition and context, this relatively novel approach focusses on microbial analysis
to provide molecular fingerprints of different and phylogenetically complex
ecosystems/sources such as soil, sediment, water and food to, potentially, aid

criminal investigations [1, 2, 4, 5].

Although crime scene cadavers often contact soil, their interactions with indigenous
microbial communities remain largely unexplored. For example, mass grave location
is dependent predominantly on eye witness testimony, geophysical resistivity,
magnetometry and ground penetrating radar [6]. Specifically, forensic investigation
of soil has focused predominantly on particle comparison [7] by physical techniques
to determine mineralogy and morphology [8, 9] while spectroscopic techniques
provide further discrimination by chemical composition identification [6, 10]. In
addition, physico-chemical and biological characteristics have been used to estimate

postmortem interval (PMI) and determine clandestine grave location [11-13].

Elegant (micro) ecological and geological studies have started to establish a
knowledge base of the vast numbers and types of microbial communities and the
factors that influence and/or are affected by cadaver decomposition in soil [e.g. 5, 12-
14]. They include: body size/mass; microbial activity; soil pH and

resistivity/conductivity; temperature; redox potential; and humidity/moisture/water



activity. Soils are particularly complex and heterogeneous habitats that support a
tremendous diversity of bacteria, fungi and archaea. These characteristics can be
specific for a single location [15, 16] and so, potentially, may be used to differentiate
between crime and non-crime sites [16]. Recently, soil evidence in criminal trials [17]
has linked the victim and the crime scene [18] thus exemplifying the key role of soil

origin in gathering forensic evidence.

Mycology, the study of fungi, including mushrooms, yeasts, human and plant
pathogens and moulds [19], has established their ecological significance in plant
growth promotion, nutrient cycling, soil aggregation, disease suppression and
organic matter decomposition [20, 21]. Specifically, the use of mycology in criminal
investigations has been demonstrated in cases of poisoning, through PMI estimation
and linking a suspect to a crime [19]. Hawksworth and Wiltshire [19] observed
microorganisms, including fungi, in the initial stages of cadaver decomposition when
two groups of closely related ammonia and post-putrefaction fungi were recorded as
visual markers. Nonetheless, forensic ecogenomic studies have, to date, focused on
bacteria with fungi given little attention. To address this paucity, established and
accessible ecogenomic tools, polymerase chain reaction and denaturing gradient gel
electrophoresis (PCR-DGGE), were used in our study to characterise changes in soil

microbial community genetic markers in response to cadaver burial.

In microbial ecology, culture dependent methods have characterised soil fungal
communities but these detect only a fraction (ca 1%) of the total populations [22, 23].
Biochemical techniques are time consuming, labour intensive, prone to selective
baiting [24], and depend heavily on cultivation, while morphology-based taxa
identification is limited by biases. Consequently, as adopted by other researchers
[24-26], PCR-DGGE was used in this study to gain a more descriptive and
comparative analysis of soil fungal community richness, structure, composition and
diversity in experimental and control soils. According to Gerber [27] species diversity
is the number of species present and the evenness with which the individuals are

distributed among the community.

The principal objective of the wider research programme was to elucidate the
responses of indigenous soil microbial communities to cadaver presence with Sus

scrofa domesticus used as a human analogue [28]. RNA-based DGGE analysis



identified statistically significant diversity and richness divergence in the
metabolically active bacterial associations during decomposition [29]. Also, DNA-
based probing recorded increased community richness and diversity in the presence
of Sus scrofa domesticus particularly in relation to proximity to the decomposing
material [28]. To complete the study, and address a key knowledge gap in forensic
ecogenomics, this investigation was made to target the 18S rRNA gene and so
determine whether changes in soil fungal communities could also be used as cadaver

decomposition indicators.
2. Materials and Methods
2.1. Experimental design, sampling and soil characterisation

The experimental design, sample collection and soil analyses were as described by
Olakanye et al. [28] and Bergmann et al. [29]. Briefly, a 5 kg leg of Sus scrofa
domesticus was buried in 20 kg of a sandy loam and maintained in a sealed
microcosm parallel to a soil only control. Soil samples for analysis were collected
from the top (0-10 cm), middle (10-20 cm) and bottom (20-30) layers of the

microcosms on days 3, 28 and 77.
2.2. Total DNA extraction and PCR amplification

Total DNA was extracted from soil samples (1 g) with FastDNA® Spin Kit for Soil
(MP Biomedicals, Santa Ana, U.S.A.). The extracts (5 puL) were then amplified by
nested PCR with the forward primer NS1 (5-CCAGTAGTCATATGCTTGTC-3’) and
the reverse primer NS8 (5-TCCGCAGGTTCACCTACGGA-3’) (18S rRNA gene of
Saccharomyces cerevisiae) [30] (Stage 1). Stage 2 amplification used the forward
primer NS1 (5-CCAGTAGTCATATGCTTGTC-3’) and reverse primer NS210-GC (5'-
CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G GAA TTA
CCG CGG CTG CTG GC-3’) [30, 31] with the first stage amplicons (1 pL) as
templates. Both PCR stages (25 pL reaction volume) were made with a Primus 96
Plus thermal cycler (MWG Biotech, Ebersberg, Germany) at 94°C initial
denaturation for 2 minutes followed by 30 cycles of: 94°C for 30 seconds; 50°C for 45
seconds; 72°C for 2 minutes; and final extension at 72°C for 5 minutes. Amplification
products (5 uL) were then visualised by electrophoresis in 1.5 % (w/v) agarose gels
stained with SYBR Safe DNA Gel Stain (Molecular Probes, Eugene, U.S.A.).



2.3. Denaturing gradient gel electrophoresis

The amplicons (20 pL) were separated in 0.5X TAE buffer (20 mmolL-* Tris, 10 mM
acetate, 0.5 mM EDTA, pH 7.4) on 6% (w/v) polyacrylamide gel
(acrylamide/bisacrylamide, 37.5:1) with a 25% to 45% denaturing gradient (PHOR-
U Ingeny System, Leiden, the Netherlands) at 60°C and 110 V for 18 h. The gels were
stained with SYBR Gold (Invitrogen, U.S.A.) and viewed (Alphalmager HP®), Alpha
Innotech, Braintree, U.K.) under UV light.

2.4. Detection and statistical analysis of DGGE profiles

Band quantification and cluster analysis, by the un-weighted pair group method with
arithmetic averages (UPGMA) [30], were made with Phoretix 1D Pro gel analysis
software (TotalLab, Newcastle, U.K.). Soil fungal community diversity was estimated
by the Shannon-Wiener diversity index (H') while the index of dominance (S) was
calculated by the Simpson formula [32, 33] with the probability of drawing two
individuals from the same species either high (1) or low (0). Statistical analysis was
made by a two tailed t-test (Microsoft Office Excel 2007; Microsoft, Redmond,

U.S.A.), where p < 0.05 was considered to be statistically significant.
3. Results

The nested NS1/NS8 and NS1/NS201 primer sets generated reproducible amplicons
of ca 1700 bp and 600 bp, respectively. 18S rRNA gene-based DGGE profiles showed
averages of 10 + 2 and 8 + 2 operational taxonomic units (OTU) in the absence and
presence, respectively of Sus scrofa domesticus carcass, together with temporal shifts
in OTU presence/absence and relative abundance. The Shannon-Wiener species
diversity (H'") values for the control microcosm were 2.09 (day 3), 1.64 (day 27) and
1.68 (day 77) (p = 0.256) while the corresponding values for the experimental
microcosm were 1.72, 1.47 and 1.68 (p = 0.135) (Fig. 1). Generally, comparable
diversity decreases resulted with time and the two microcosms could not be
separated statistically. The species dominance (S) values were 0.771 and 0.763 for the
control and experimental soils, respectively (Fig. 2), so, again, no statistical

difference (p = 0.392) was calculated.

DGGE band similarities were determined by the un-weighted-pair group method

with the arithmetic average (UPGMA) clustering algorithm and these are shown as a



dendogram (Fig. 3). Although three main clusters with 54, 59 and 61% similarities
were observed, the OTUs in each cluster were generally identical or closely related,
which indicated low fungal diversity [34]. The top soil segment (0-10 ¢cm) recorded
the lowest similarity (59%; Arrow 1) between the control (Tp-Pg) and experimental
(Tp+Pg) microcosms while the highest (67%; Arrow 2) resulted on days 3 and 77.
Although a 53% similarity (Arrow 3) was recorded on days 3 and 28 in the presence
of Sus scrofa domesticus, the middle (10-20 cm) layers revealed a maximum 47%
similarity (Arrow 4) for all sampling times independent of the presence of
decomposing material. In particular, a 60% similarity (Arrow 5) was recorded on day
28 for both the burial (Mid+Pg) and non-burial (Mid-Pg) soils. This contrasted
parallel analyses [28, 29], which revealed distinct differences in the bacterial
communities for this segment. Specifically, Bergmann et al. [29] recorded a 14%
similarity (day 28) for the functional bacterial communities in the middle layers of

the Sus scrofa domesticus treatment and control microcosm.

The bottom segments (20-30 cm) of the control soil (Bt-Pg) recorded the highest
fungal community profile similarity (64%; Arrow 6) for days 28 and 77 and the
lowest (43%; Arrow 7) for all three sampling times. For days 3 and 77, which
represented the early and late decomposition phases of this study, the highest
similarity (77%; Arrow 8) was recorded for the middle and bottom segments of the
control microcosm while a lower similarity, as indicated above (67%; Arrow 2),
resulted for the top layer of the experimental microcosm. Overall, a 43% divergence
in the 18S rRNA gene profiles resulted from Sus scrofa domesticus decomposition
compared to 1-12% and 18% for the 16S rRNA [29] and 16S rRNA gene [28] profiles,
respectively. Thus, although providing sufficient differentiation, other fungal genes
and/or ecogenomic techniques [e.g. 5] could enhance resolution between burial and

non-burial soils.
4. Discussion

Current soil forensic investigations focus on linking, by physical and chemical
techniques, a suspect to a crime scene. Despite the fact that bodies are often found in
contact with soil, interactions between cadaver decomposition and soil microbial
communities are only now being explored. Soil is phylogenetically and

phenotypically diverse hence samples from different locations are characterised



typically by different species and community profiles [16, 20]. ‘Forensic ecogenomics’
combines the strengths of key pertinent disciplines including forensics, microbiology,
molecular ecology and archaeology [3, 28, 29], and so should, potentially, provide

forensic practitioners with another powerful investigative tool.

Decomposition is a complex temporal sequence of ‘fresh’, ‘bloat’, ‘decay’ and ‘dry’
stages that begins with autolysis shortly after death, concomitant with organism
succession (bacteria, fungi and invertebrates) and changes in the environmental bio-
and physico-chemical variables [5, 14, 35]. In particular, carcass inflation and
bursting release decomposition compounds and associated microflora to form a
cadaver decomposition island (CDI), which is dependent on the body size, soil type
and maggot mass. Hawksworth and Wiltshire [19] identified fungi as major
decomposers that can, therefore, be found in the CDI. Hence, soil samples were
collected from three bands of the shallow (40 ecm) carcass burial at three different
times to estimate species diversity and dominance relative to the buried material.
Statistically, no significant differences were recorded between the different bands:
0-10 cm, p = 0.524; 10-20 cm, p = 0.214; and 20-30 c¢cm, p = 0.805, in both the

presence and absence of Sus scrofa domesticus.

High diversity characterises the ‘bloated’ stage but decreases progressively towards
the ‘decay’ phase, which is marked by increased microbial and insect competitive
activity. The final ‘dry’ stage of decomposition then, typically, is nutrient limited [14,
36]. In our study, 18S rRNA gene DGGE analysis showed that cadaver decomposition
impacted the soil ecosystem possibly due to localised nutrient concentration as also
recorded by Macdonald et al. [14]. Thus, with Sus scrofa domesticus decomposition,
the species diversity (H') averaged 1.61 + 0.30 while 1.80 + 0.21 was calculated for
the control (Fig 1). In contrast to RNA-based analysis of bacterial communities [29],
temporal decreases in fungal species diversity and numerical dominance were
recorded in both the presence and absence of the carcass but the two could not be

separated statistically (p = 0.142; H', p = 0.771; S).

Although using 18S next generation sequencing to determine decomposition-based
seasonal (summer/winter) differences, Carter et al. [5] did not resolve statistically
significant shifts (p = 0.364) in postrupture gravesoil eukaryotic community

structure during 60-day in situ swine burials. Nonetheless, a cascading community



structure was suggested where bacterial community changes impacted eukaryotic
(nematodes) clade composition. Temporal changes in gravesoil physico-chemical
properties such as labile nutrients, moisture content, temperature and pH [14] can,
however, result in successional microbial (bacterial) community dominances and so

account for the differences in our 16S and 18S trends.

Community succession and changes in structure have been reported for bacteria
following high throughput sequencing investigations [e.g. 37]. As a consequence, the
need for comprehensive databases for bacterial populations characteristic of
decomposing cadavers and gravesoils were highlighted [5, 37]. Our study illustrates
the requirement for a similarly rigorous impetus to understand fungal community
dynamics in gravesoils, including the use of accessible ecogenomics techniques in

protracted further work.
5. Recommended Further Investigations

Nested PCR-DGGE profiling of the 18S RNA gene gave a preliminary descriptive and
comparative analysis of the shifts in soil fungal communities in response to cadaver
decomposition. Despite its known limitations [30, 38, 39], such profiling is both
rapid and inexpensive and capable of visualising microbial community structure
changes [25, 26, 39]. It can be repeated easily, even for small samples, but still give a
range of statistically valid results as required by courts [13]. Its sensitivity and
robustness for soil fungal community analysis does, however, require further
validation before its adoption as a new technique that can be used confidently in

criminal procedures.

Therefore, to obviate current limitations, comprehensive fungal profiling-based
decomposition studies, underpinned by the strict forensic science code for evidence
collection and preservation [2], and optimised recovery of high quality/quantity
nucleic acids, could also include complementary tools such as: nucleic acid
hybridisation and microscopy [19]; fluorescent in situ hybridization (FISH) for
simultaneous identification and visualization in natural ecosystems [40]; terminal
restriction fragment length polymorphism, which has been reported by Quaak and
Kuiper [15] as applicable for small samples and easy to implement in forensic
laboratories; and ecogenomics/next-generation sequencing metagenomics, whose

potential application for the necrobiome, grave sites and criminal investigations has



been illustrated and highlighted by several researchers [3-5, 37, 41-44]. Also, such
studies should investigate the interactions of carcass decomposition in different soil
types and in response to pH, temperature, moisture content and burial depth with
fungal communities. These data could then inform decisions on fungal profiling

inclusion in the forensic toolkit for reliable application in crime scene investigations.
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HIGHLIGHTS:

vV V VYV VYV V

Sus scrofa domesticus decomposition effected changes in fungal diversity.
Decreased Simpson dominance index was recorded for the experimental microcosm.
Unlike bacterial profiles, no statistically significant diversity shifts resulted.

Longer on-going studies are testing 18S-DGGE applicability in forensic ecogenomics.

Applicability is also being advanced with sequencing and in situ studies.
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Fig. 1. Changes in Shannon-Wiener diversity (H') of control (B) and experimental

() microcosms during incubation at ambient temperature.
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bottom (Bt) layers of control (-Pg) and experimental (+Pg) microcosms during

incubation at ambient temperature. Arrows 1 - 8 identify specific % similarities for

the soil layers of the control and Sus scrofa domesticus microcosms.
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