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ABSTRACT

Author: Lakatos, Rebecca, F. MS

Institution: Purdue University

Degree Received: August 2019

Title: Examining the Potential Use of Fungi in Forensic Science
Committee Chair: M. Catherine Aime

Forensic science has gained popularity in the last few decades. Many new techniques are
being studied and implemented. It includes a wide range of scientific disciplines, such as
entomology, physics and biology. An important improvement to forensic science is the
development of different DNA techniques which are implemented during an investigation, making
DNA a gold standard for forensics. Most of the time DNA is mentioned it is in terms of human
DNA, but there are microscopic organisms with useful DNA. In the last decade, with the
development of next-generation sequencing (NGS), studies focusing on bacterial communities
have been published, but fungal communities have not been extensively studied.

For this project, the potential of fungi in forensic science was investigated through three
different studies. Human flora was looked at by NGS from thirty-seven human bodies with
differing post-mortem intervals (PMIs). The communities were analyzed statistically and
quantitatively, resulting in unique operational taxonomic units (OTUs) and genera which were
only present in certain PMlIs, and in some which were present through the entire PMI time scale.
These attributes can help, not only to give a better view on human mycoflora during decomposition,
but they can also help in determining fungal signatures during decomposition. These signatures
can help in a PMI determination. Moreover, swine carcasses — the model animals for human
forensic studies — were investigated as well to create a checklist of fungal flora after five months

of winter decomposition in the West Lafayette, Indiana area. Furthermore, due to the increased
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importance of wildlife forensics, a wildlife study was also conducted using four wildlife species
(mute swan, red tailed hawk, river otter, bobcat). The fungal flora from these species were
compared within species at the beginning of the study and at skeletonization stage to look at any
indicator fungal species and to create a general checklist for wildlife studies in the West Lafayette,
Indiana area for future studies. Additionally, the fungal communities were compared across

species as well.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 What is forensic science?

Forensic science is the application of science to matters of law. Forensic scientists help
investigators solve crimes by providing scientific information through the analysis of physical
evidence (Forensic Sciences, n.d.). It uses different applications of other sciences such as biology,
chemistry, medicine and physics. A major motivation, especially during the early ages of forensics,
was death investigation. Since the beginning of times, people wanted to find answers to how and
why a person died. This investigative mindset was recorded as early as 1247 CE, by T’zu Sung
who authored The Washing Away of Wrong was written in China. In this book, differences
between crime scenes in case of suicide versus homicide are explained in great detail (James &

Norbdy, 2002).

1.2 Shaping of forensic science

During the 19" century forensics began to be recognized as a scientific discipline on its
own. This could not have happened without the brilliant minds of many scientists who worked
hard on different aspects of what was, at the time, a new science. The following seven people are

major contributors to shaping forensics to become the discipline we know today.

Mathieu Orfila (1787-1853), who is considered the father of forensic toxicology, studied
poisons — mainly arsenic, which was the most common poison at the time — and wrote multiple
papers on the analysis of poisons in blood and other bodily fluids. Francis Galton (1822-1911) was
studying fingerprints and developed a method for classifying them, which he published in his book,

Finger Prints. Hans Gross (1847-1915) was the first person who wrote about how science can help
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a criminal investigation and with detail explained in his book Handbuch fur Untersuchungsrichter
als System der Kriminalistik (Criminal Investigation) how investigators can benefit from
microscopy, chemistry, botany, and many other scientific disciplines which are still used today in
a crime laboratory. Albert S. Osborn (1858-1946) developed another important tool in forensics;
he set the base for questioned document examination, which is still the primary reference for
questioned document examiners around the world. One of the most famous names in forensics is
Edmond Locard (1877-1966), who is known for his theory called Locard’s Exchange Principle,
which is still a base for any criminal investigation, and the way scientists think about trace evidence.
The idea behind this theory is the exchange of materials; no matter how careful one is a perpetrator
will always leave some trace on a scene and some trace from that scene will leave with the
perpetrator as well. Calvin Goddard (1891-1955) set the ground for analyzing bullets by examining
bullets under a comparison microscope. Last, but not least, Walter McCrone (1916-2002) made a
huge contribution to forensics with his microscopy work on trace evidence, specifically hair
comparison analyses (James & Nordby, 2002).

The aforementioned people and many other scientists looking at application of science in
a criminal investigation helped to make forensics a crucial part of any police investigation and
helped to create the practices and disciplines in forensic science which are in use today. In the
United States the American Academy of Forensic Sciences, one of the largest forensic
organizations, recognizes the following categories: anthropology, criminalistics, digital and
multimedia sciences, general, jurisprudence, odontology, pathology/biology, and psychiatry and

behavioral science
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1.3 Forensics and fungi

Several sub-disciplines of forensics are well known and researched, such as forensic
entomology, the use of insects and arthropods that inhabit decomposing remains in a legal
investigation (Hitosugi, 2006, Ishii, 2006, Tranchida, 2012). However, the potential use of other
organisms, especially microbes that are invisible to the unaided eye, is an area that is almost
completely unexplored. These microorganisms — bacteria, fungi, viruses, archaea — make up the
microbiome.

To date, microbiome studies related to forensic science have focused on bacterial
communities and looked at bacterial species abundance and species richness using high throughput
metagenomics sequencing (Pechal, 2014). These studies were able to show some preliminary
results that bacterial communities do change during decomposition, which can help to determine
the post mortem interval (PMI), i.e., time passed since death (Pechal et al., 2013, Pechal et al.,
2014). Even though research with bacteria in a forensic context is becoming more common,
another large part of the microbiome — fungi — has not. It is known that bacteria and fungi have
similar nutritional and environmental requirements (Baath, 2003); hence fungi can potentially be
as useful as bacteria during an investigation.

Fungi are a kingdom of eukaryotic organisms consisting of molds, yeasts, mushrooms and
many others. Yeasts are single-celled organisms — like bacteria — while molds produce long
branching thread-like filaments (hyphae) that form colonies. Mushrooms are also filamentous
fungi that form large fruiting bodies during specific times in the life cycle which are often visible
to the naked eye. There are many symbiotic and parasitic relationships known between fungi and
animals. Some fungi are components of the normal flora in mammalian intestinal tracts, and some

are parasitic inside the body and/or on skin tissues. Also, micro- and macro-fungi can be found in



16

the soil. Some of these soil fungi prefer ammonia- and lipid-rich soils, such as are produced by
decomposing bodies (Sidrim et al., 2010).

The use of fungi during a forensic investigation is rather new, thus not many cases have used
this type of biological evidence. However, it can be a source of versatile information, as it can be
used as trace evidence. According to Dunhaime’s Law Dictionary, trace evidence is defined as the
following: “[f]ibers, hair and other such microscopic evidence which relates to the commission of
a crime” — and can be used to determine time or manner of death. In the following section, cases

where fungal evidence was used will be discussed.

1.4 Cases where fungi were used
1.4.1 Fungal spores used in a rape case in southern U.K.

Based on the knowledge on biotic and abiotic requirements for fungi to reproduce, it is
known that by finding fungal remains or spores on evidence, one could make general conclusions
the environment in which evidence was found. In this case mycological and botanical trace
evidence — spores and pollen — were looked at to identify the location of a crime.

During this investigation a woman claimed that she was raped by her significant other. He
walked her to a woody area between two roads. The boyfriend argued that they had consensual
sexual relations on the turf of a park which was located about 200 m from the potential crime scene.
Clothing and footwear were collected from both the suspect and the victim and they were examined
and analyzed. Moreover, both sites — the wooded area and the park — were sampled and analyzed.
The two sites had very different profiles as far as pollen, spores and dominant plant species are
concerned, hence matching the profiles of the clothing and footwear evidence was possible. Some
fungal species, e.g., Epicoccum nigrum, and Melanospora sp. were identified in the sample

obtained from the park but were barely represented on the clothing. On the other hand, many fungal
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traces — such as Clasterosporium flexum and Endophragmiella fagicloa — were found on the
clothing of both the victim and the suspect which also appeared in the samples collected from the
potential rape site. (Wiltshire, 2014)

In conclusion, the fugal evidence, as well as the other palynomorph analyses, were able to
show that the activity happened not where the suspect said it but where the victim has showed it.
This made a convincing case to the judge and jury that the victim was raped, and the suspect was

sentenced to jail.

1.4.2 Fungal colony size determining minimum time since death

Fungi with filamentous growth can grow in colonies under favorable conditions. These
circular colonies have recorded growth rates in artificial media which are available with species
descriptions. This growth rate was used in a case in England where police had found a mutilated
human body. The body was found with no blood around it, suggesting that it had been moved from
one location to where it was eventually found. Officers found small colonies of non-sporulating
Mucor hiemalis on the abdomen. Based on the sizes of the colonies, it was indicated that the growth
was no more than 1-2 days old; however, this particular fungus is unable to grow on fresh skin and
it does not appear until at least a week after death occurs on human bodies. This had shown that
this body was at least 8-9 days old. Moreover, after looking at the colonies under a microscope,
the good condition of the fungal mycelium (collection of hyphae) suggested that the body was not
moved since the mold started to grow on it because these mycelia are very fragile and would have
been broken into pieces in case the body was moved after they have developed (Hawksworth,
2010).

In another case from West Yorkshire, England, swabs were taken from a female body. She was

found in her apartment. The police took samples from grey and bluish green fungal growths. After
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the swab were taken the colony sizes were measured for the bluish green colonies (the gray
colonies where too widely spread to measure them). The samples were identified as Penicillium
sp. and Mucor sp.. After the genus level identification, these samples were grown in artificial
media by a mycologist with the temperature that the body was found in as well as at room
temperature. This experiment has determined that the body had been dead at least three to four
weeks prior to the measurements taken on the body. This piece of evidence later helped in

sentencing the suspect for life in prison (Hawksworth, 2015).

1.5 Previous Research

A handful of research experiments have been published in forensic science that have focused
on fungi in order to answer forensic questions. Many of these were conducted in other countries
including Brazil, the United Kingdom, and Argentina. Many have focused on methods to
determine PMI in different ways. They have tested different methods with varying number of
cadavers, but all concluded that further studies have to be done in the field of forensic mycology
in order to establish a reliable method to determine PMI using fungi.

In northeastern Brazil, in a study by Sidrim (2009), 60 human samples were collected from
the city morgue at different stages of decomposition. Three stages of decomposition were
identified as bloating, putrefaction and skeletonization (explanation on how these stages were
determined are not present in the study). Thirty-four, six, and twenty samples were collected from
each of these stages, respectively. Collection sites consisted of the following: mouth, rectum,
vagina, under foreskin, lungs, skin, scalp hair, clothing and surrounding area. Two samples were
collected from each site, one for microscopic analysis and another one for culturing. Fungi were
observed at 100X and 400X and were grown in Sabouraud agar with antibiotics to inhibit bacterial

and airborne fungal growth for 20 days in the dark at room temperature, then identified
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morphologically and through a series of biochemical tests. The most diverse samples based on
isolated species were recovered from the bloated stage followed by putrefaction and
skeletonization stages. The morphological and chemical analysis have focused mostly on
Aspergillus and Penicillium. From their findings, it was concluded that identification by
microscopic analysis alone was not useful due to abundant bacterial growth. Additionally, by
limiting focus on just members of two genera, other species that may play a role as indicators may
have been overlooked.

In another experiment done in the United Kingdom, a Sus scrofa domesticus (pig) leg was
used as a human model instead of human samples. Animals were buried and soil samples from 3
depths were collected on days 0, 3, 28 and 77 post burial. The DNA was extracted from these soil
samples and amplified at the 18S rRNA locus. The results of this study did not yield in significant
differences between soil mycobiome without and with carcass at any of the decomposition stages
(Chimutsa, 2015).

On the other hand, Tranchida et al. (2014) worked on one human cadaver in Argentina,
where they collected soil sample from under the body once the body was discovered. They washed
the soil samples and plated them onto potato dextrose agar and malt yeast extract agar containing
antibiotics to inhibit bacterial growth. In this experiment, the fungal flora was significantly
different in the decomposition island, where the body and the nutrients leaving the body were than
in the control sample. Moreover, they have identified Eurotiomycetes as a group which, if it is
present, could indicate PMI (Tranchida, 2014).

After looking at the exploratory work with fungi in a forensic context, the following
questions were asked: how can fungi help solve problems in forensic science? Are there keystone

species or communities that can be used to determine time of death? Are there indicator species of
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fungi that can help in establishing manner of death? Can fungal communities provide trace

evidence for determining the origin of transferred materials or bodies?
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Obijectives

To provide a baseline pan mycobiome during human and animal decomposition

To analyze fungal community changes during decomposition of human cadavers using
next generation sequencing

To determine what fungal species grew on swine carcasses which were left at a field over
the winter in Indiana based on culturing methods

To provide insight into how fungal communities change between the initial (fresh) and
the final (skeletal) stages of decomposition for different wildlife species based on

culturing method
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CHAPTER 2. POTENTIAL USE OF FUNGAL FLORA IN FORENSICS
VIA NEXT GENERATION SEQUENCING

2.1 Abstract

Mycology in a criminal investigation could be a useful tool; yet, it is an understudied field.
Fungi are a part of the natural human flora; also, they are abundant in the surrounding environment.
These microscopic organisms could help with post-mortem interval (PMI) determination by
looking at the mycoflora on the body during evidence collection. Abiotic factors, such as
temperature and chemical environment changes during decomposition, can cause certain fungal
species to thrive while creating a nonviable environment for other species. This could cause a
change in fungal flora over time, but the potential use of this change has not yet been explored to
its full potential. For this, studies where fungal DNA is collected from multiple bodies are needed.
Here, thirty-seven DNA samples from bodies with differing PMIs are analyzed via NextGen
Sequencing to look at the fungal communities and the changes of those fungal flora over time

during decomposition in order to possibly identify fungal biomarkers for specific times of death.

2.2 Introduction

Forensic investigators often focus on macroscopic evidences at a crime scene. However,
microscopic trace evidence can be instrumental to solve a case even though they are not visible to
the naked eyes (Hawksworth, 2011). Now that DNA sequencing is readily available, testing for
the presence of human DNA is a well-established protocol, but other DNA related research is still
minimal. Microbes (primarily bacteria and fungi) are a ubiquitous part of the human flora and the

environment, yet their forensic use is limited. In recent years, bacteria have become the focus of
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new studies such as Pechal (2014, 2017), but fungi are still under-studied in terms of forensic
relevance.

Fungi were used to determine location of a crime in several forensic cases (Wiltshire, 2014;
Hawksworth, 2015; Hawksworth, 2011). Fungican be found in any environment; they are present
in and on a body as normal mycoflora, can be parasitic and cause serious illnesses like pneumonia.
The vast abundance of these microscopic organisms could give investigators a better picture about
a crime. Different fungi have very different environmental and nutritional needs which makes them
a good indicator of location, such as it is described by Wiltshire (2014), where a rape case was
solved by comparing the mycoflora of two sites. Specific fungi that are decomposers of woods in
a forest area will not be found in a de-forested field, or vice versa. In some cases, mycologists were
asked to help in an investigation related to location and were successful.

One of the most important aspects in a forensic investigation of a body is to determine the
post-mortem interval (PMI), the time that has passed since death. The two widely used methods to
determine PMI is via forensic entomology — the use of insects and their successional pattern on a
body at the time of discovery — and by a medical examiner. These methods are useful, but with the
advances in science newer methods could give a better estimate or could give an estimate of PMI
when entomology cannot be used (such as when there is a lack of insects or when there are many
generations of maggots on the body).

The purpose of this study was to investigate whether fungi may be useful to help determine
PMI. DNA swabs were collected from 37 human bodies by a medical examiner in Detroit. DNA
was extracted and sequenced using Next Generation Sequencing and data was interpreted both

statistically and visually to find possible fungal signatures during decomposition which can be
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used to determine PMI in the future. An additional objective of this study was to provide baseline

data on the human mycobiome during decomposition.

2.3 Materials and methods
2.3.1 Sample collection

Samples were collected at the Wayne County Medical Examiner Office in the manner as it
is described in Pechal et al. (2014). Each sample was taken from a different individual for differing
sample areas and at a different PMI determined by the medical examiner. Table 2.1 below
summarizes the sample area and PMI of each samples.

Table 2.1 List of samples with their corresponding sample area and PMI

Sequence ID Sample Area Estimated PMI (h)
WCME_6 Ears >24
WCME_19 Rectum >24
WCME_48 Nose >24
WCME_53 Eyes >24
WCME_62 Mouth <24
WCME_85 Rectum <24

WCME_103 Nose >24

WCME_127 Eyes 12

WCME_128 Nose 12

WCME_129 Mouth 12

WCME_131 Rectum <24

WCME_163 Nose <24

WCME_170 Umbilicus >72

WCME_171 Ears >72

WCME_177 Umbilicus >72

WCME_180 Eyes 12

WCME_211 Rectum >48

WCME_215 Mouth >48

WCME_223 Umbilicus >24

WCME_235 Nose <24

WCME_239 Rectum >72

WCME_237 Eyes >72
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WCME_238 Mouth >24
WCME_245 Umbilicus >24
WCME_274 Ears >48
WCME_240 Eyes >48
WCME_230 Nose >48
WCME_234 Mouth >48
WCME_422 Mouth >72
WCME_425 Eyes >72
WCME_427 Nose >72
WCME_502 Nose >72
WCME_365 Mouth 465
WCME_597 Eyes >48
WCME_598 Nose >48
WCME_1027 Ears >48
WCME_822 Skull >24

WCME - Wayne County Medical Examiner’s Office’s numbering system.

2.3.2  Molecular protocol

DNA samples were extracted based on Pechal et al. (2014). To amplify fungal internal
transcribed spacer (ITS) region primers ITS1F (Gardes and Bruns 1993) and ITS2 (White et al.
1990) were used. The protocol for the thermocycler was as follows: denaturation step at 95 °C for
5 min, followed by 35 cycles at 94 °C for 30 s, annealing T at 45 °C for 45 s, 72 °C for 45 s, and
a final extension step at 72 °C for 7 min. PCR products were electrophoresed in 1% agarose gel
and all successful PCR products were sent to Purdue Genomic Core Facility (West Lafayette, IN)

for lllumina MiSeq sequencing.

2.3.3 Sequence analysis and statistical methods

The raw data was trimmed and analyzed with PIPITS pipeline by loading the R package
bioinfo PIPITS (Gweon et al., 2015). After OTU abundance table was established based on at least

97% similarity (Gweon et al. 2015), R version 3.5.3 under R Studio was used for data analysis and
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visualization of the data. Fungal communities were analyzed at both OTU and genus level
taxonomic classification.

To differentiate possible groups multidimensional scaling technique was used with Bray-
Curtis dissimilarity matrix, which was chosen because it is not affected by null values in a dataset,
which happens when a certain OTU or genus is present in one sample but not in another. These
distances were than used to create principal component analysis (PCoA), by the vegan library in
R, to visually look at the possible groups based on PMI and Sample Area. Non-metric
multidimensional scaling (nMDS) was also preformed to get a real two-dimensional view of the
data. PERMANOVA test was done to look at p-values and a homogeneity test was also done via
adonis statistical package in R. Moreover, Simpson’s diversity index was calculated as well to
look at diversity accounting for both species present and relative abundance of those species for
the different PMIs. After the statistical analysis was done, Venn diagrams — via VennDiagram
library in R — were created to visualize differences in OTUs and genera that might not show

significance during a statistical analysis but is a potential indicator of a certain PMI.

2.4 Results

449 OTUs were recovered via the PIPITS pipeline and the relative abundance of these
OTUs are represented in Appendix 7. Thirty-seven samples were analyzed on an OTU and genus
level taxonomic classification using R. First OTU level analysis was conducted (Figure 2.1-2.10).
Figures 2.2 and 2.3 showed that there are 3 groups presented by the data which explained 20.6%

of the total variability for this data set.
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Figure 2.1 PCoA of PMI on an OTU level with the original PMIs from Table 2.1
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Figure 2.3 nMDS of sample area and PMI on an OTU level with the original sample areas and

PMIs from Table 2.1
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Figure 2.5 Whisker plots of alfa-diversity based on Chaol, Shannon and Simpson diversity
indexes in OUT level classification in the 5 PMI stages

Due to the non-significant results by the original grouping, PMIs and sample areas were further

grouped as in Table 2.2 and the same statistical analyses were run with the re-grouped data set.



Table 2.2 List of samples with their regrouped sample area and PMI

Sequence ID Sample Area Estimated PMI (h)
WCME_6 Head >24
WCME_19 Body >24
WCME_48 Head >24
WCME_53 Head >24
WCME_62 Head <24
WCME_85 Body <24
WCME_103 Head >24
WCME_127 Head <24
WCME_128 Head <24
WCME_129 Head <24
WCME_131 Body <24
WCME_163 Head <24
WCME_170 Body >72
WCME_171 Head >72
WCME_177 Body >72
WCME_180 Head <24
WCME_211 Body >24
WCME_215 Head >24
WCME_223 Body >24
WCME_235 Head <24
WCME_239 Body >72
WCME_237 Eyes >72
WCME_238 Mouth >24
WCME_245 Umbilicus >24
WCME_274 Ears >24
WCME_240 Eyes >24
WCME_230 Nose >24
WCME_234 Mouth >24
WCME_422 Mouth >72
WCME_425 Eyes >72
WCME_427 Nose >72
WCME_502 Nose >72
WCME_365 Mouth >72
WCME_597 Eyes >24
WCME_598 Nose >24
WCME_1027 Ears >24
WCME_822 Skull >24
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Figure 2.8 nMDS of sample area and PMI on an OTU level with the re-grouped sample areas and

PMIs from Table 2.2
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Figure 2.10 Whisker plots of alfa-diversity based on Chaol, Shannon and Simpson diversity

The same methods were repeated for genera present in the samples.

indexes in OTU level classification in the 5 PMI stages
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Figure 2.13 nMDS of sample area and PMI on genus level with the original sample areas and

PMIs from Table 2.2
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Figure 2.18 nMDS of sample area and PMI on genus level with the re-grouped sample areas and

PMIs from Table 2.2
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After no significance was achieved, Venn diagrams were created to show OTUs and genera which

is unique to a certain PMI from Table 2.1.
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PMI=12

PMI>24

Figure 2.21 Venn Diagram showing the number of OTUs unique to a certain PMI or a certain set
of PMIs based on the samples in Table 2.1

The list of OTUs for each section of the Venn Diagram is found in Appendix F.
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Pleosporales, Alternaria, Aspergillus
Acremonium Cladosporium, Penicillium, Saccharomyces
Cladorrhinum
Molassezia, Rhodotorulg,
Candida, Sporobolomyces, Trichosporon

Symmetrospora, Nagonishio

Phomatodes
Neoascochyta " G
dnera, Vishniaco.
Kolmusia ! , g s
Paraconiothyrium  Pneumocystis R Bullera
Scopulariopsis >

Curvibasidium
Septoriella
Chrysosporium
Cladophialophora
Coniosporium Cystobasidium
Phialosimplex Diaporthe
2ygoascus Endoconidioma
Toxicocladosporium Exophiala
Dioszegia Trichoderma
Phaeoacremonium
Schizophyllum Pyrenochaeto
Saroclodium
Cutaneotrichosporon Guehomyces
Ceramothyrium thoﬁloWIL Cholare
Hanneella Antro.dr.o
Cryptococcus Filobasidium

Figure 2.22 Venn Diagram showing the number and name of genera unique to a certain PMI or a
certain set of PMIs based on the samples in Table 2.2

2.5 Discussion
2.5.1 Using fungi to establish PMI

Our results do not statistically support the presence of any PMI-specific fungal indicators
based on PMI alone or PMI by sample area (Figures 2.1 & 2.2). The nMDS also confirms the non-

grouping based on PMlIs and sample area (Figure 2.3). Figure 2.4 shows ellipses of the 95%
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confidence intervals based on nMDS. The distances between the samples in a given group is the
largest for PM=less than 24 hrs. and the shortest distances were presented in samples with PMI1=12
hrs. This means that the OTUs present in samples with PMI=12 hrs. are the most similar versus in
the PMI=less than 24 hrs. where there is a large dissimilarity between the OTUs. The dissimilarity
whisker plots (Figure 2.5) showing the differences between alpha-diversities also supports the data
from Figure 2.4; however, one must keep it in mind that the samples by groups are not the same,
hence it is a possible source for a bias. The same analysis was done after the PMIs and sample
areas were re-grouped to see if any of the analysis show something more significant (Figure 2.6 to
Figure 2.10), but the PCoA analysis for both PMI alone and PMI paired with sample area looked
almost identical to the OTU level analysis. Differences can be seen with the distribution seen on
the 95% confidence interval graph (Figure 2.9), showing that the distribution of OTUs are now
more equally distributed than before. Figure 2.10 also supports the more equal distribution by
looking at the similarity of the boxplots in any of the three dissimilarity index plots. After OTU
level taxonomic data did not show any significant results, genus level taxonomic distribution was
looked at for both the original (Table 2.1) and the re-grouped (Table 2.2) samples in the same
manner as for OTUs. Establishing groups in PCoA and nMDS was still not possible based on PMI
and PMI paired with sample areas for either the original and the re-grouped samples (Figure 2.11
to Figure 2.12 and Figure 2.16 to Figure 2.18) and distribution showed similar trend between the
grouped samples (Figures 2.14, 2.15, 2.19 and 2.20). The statistical analyses have most likely
failed to show significance due to the low sample sizes compared to the groups we have worked
with.

Nonetheless, some patterns of fungal distribution by PMI can be observed (Figures 2.21

and 2.22). Based on our samples the most unique OTUs were present in the PMI=less than 24 hrs.
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group with 51 unique OTUs in 5 genera namely, Phomatodes, Neoascochyta, Kalmusia,
Paraconiothyrium, and Scopulariopsis. These genera can be opportunistic on humans; which
means that they appear on an immunocompromised body which is a similar state as a body is in
during the first 24 hrs. of decomposition, where the immune system is not responsive anymore,
but the body temperature is still suitable for the fungi to grow. The other PMI intervals do not
contain unique OTUs or genera, based on our study, which would not be present in other time
intervals. Nineteen unique OTUs were identified in the time interval labeled as less than 24 hours
and more than 48 hrs. Based on the data, these OTUs appear after the first 12 hours of
decomposition and are not present later in decomposition. These OTUs can be further investigated
to look for a smaller time interval of their presence on a body and with that smaller time interval
they could be indicator species to determine a more refined range of PMIs than forensic
entomology could provide. Also, there is not much similarity between the beginning of
decomposition compared to the end. This supports the hypothesis that the fungal flora changes

drastically over decomposition.

2.5.2 Checklist of human mycobiome during decomposition

449 OTUs were identified during this study which are a part of the human mycoflora during
decomposition. There are 35 OTUs in 12 genera which are present in every time intervals set by
the medical examiner, all of which are present as normal mycoflora of humans and have the
possibility to become opportunistic pathogen; this is expected due to the loss of immune system
as death occurs. These 35 OTUs would not be useful as indicators for decomposition due to their
presence in all the time intervals, but they are a stable part of the human mycoflora as
decomposition progresses. All the presented OTUs are a part of the decomposing mycoflora of the

human body and they can serve as a checklist for further studies.
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CHAPTER3. ANNOTATED FUNGAL CHECKLIST OF SWINE
CARCASSES AFTER FIVE MONTHS OF WINTER DECOMPOSITION IN
WEST LAFAYETTE, INDIANA

3.1 Abstract

Studying decomposition on humans is very rare, only eight institutes — “Body Farms” —in
the United Stated are allowed to conduct forensic decomposition experiments on human cadavers.
Thus, swine carcasses are used by many scientists as models for human decomposition. With the
advances in molecular methods, microbiology has become a crucial part of forensic research, but
it tends to focus on bacteria, leaving a more diverse group of microorganisms — fungi — unrecorded.
Many questions can be asked as a forensic investigator in relation to the mycobiome on a certain
body. By looking at fungal communities, location of a crime and post-mortem interval (PMI) could
be determined (Hawksworth, 2010). As fungi are understudied in terms of forensic relevance, a
checklist is a way of gathering baseline information about what can be found on a carcass during
decomposition. This provides information for future researchers on what they can expect to find
during their study. In this chapter a checklist for decomposing swine carcasses in West Lafayette,

IN. after five months of decomposition during the winter season is provided.

3.2 Introduction

The biodiversity of fungi is tremendous. According to Hawksworth & Luecking (2017),
between 2.2 and 3.8 million species exist on earth but only eight percent of them are named at
most. They can be found in any ecosystem; hence they are present during decomposition as well.
The potential to use fungi in a forensic investigation is possible but is severely understudied. There
is a need for more research which focuses on fungi in relation to decomposition to see if they can

be used as a mean to determine post-mortem intervals (PMIs). In order to gain more knowledge,
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it is useful to have a baseline of fungal communities that are present during decomposition. For
this reason, checklists can be created. Checklists have been done by multiple researchers to look
at the biodiversity of a certain region, such as it is described in Akulov et al. (2003). In forensics,
multiple checklists have been created for entomologists for regions like Colorado (De Jeong, 1994)
and Southeastern Brazil (Carvalho et al., 2000) to familiarize themselves with the possible
biodiversity of insects in a given region.

The purpose of this study is to provide a checklist of fungal species on swine carcasses
after five months of decomposition at a research site in West Lafayette, Indiana at the end of a
winter season. This is the first checklist in Indiana for fungi isolated from decomposing swine
carcasses. This checklist will be a useful source for future mycobiome studies in this region
because it gives an insight on what kind of fungi can grow on the swine carcasses and highlight a
few genera which could be used as indicators to determine PMI. Future researchers can build off
this checklist to develop specialized collection and culturing techniques to maximize the

effectiveness of their studies.

3.3 Material and methods
3.3.1 Sample collection

On March 21%, 2018, three pig (Sus scrofa domesticus L.) carcasses were sampled after
they had been left to decompose over winter (October to March) at Purdue University’s Forensic
Entomology Research Compound in West Lafayette, IN (40° 25'36.0" N, 86° 56'57.0"). This is an
open field area surrounded by temperate forest. All three pigs were body swabbed by sterile wet
and dry cotton swabs by a back and forth motion on the torso and limb area for approximately 30
seconds with each swab. Other visible fungal growths were also sampled by sterile dry and wet

cotton swabs. These swabs samples were immediately transferred onto potato dextrose agar (PDA,
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39 g/L, Livonia, Michigan) plates with chloramphenicol in the field then transferred to the

laboratory.

3.3.2  Culturing

The streak plated samples on potato dextrose agar (PDA; 39 g/L, Livonia, Michigan) with
chloramphenicol were grown at room temperature for minimum of 3 days and were re-evaluated
for new growths at 5, 10, 15 and 30 days after field collection. Each morphologically different
fungal species was subcultured from streak plates and grown in pure culture on PDA at room
temperature. Pure cultures were maintained on slants at 4 °C for short-term storage and in 40%

glycerol at -80 °C for long-term storage.

3.3.3 Molecular protocol

DNA was extracted from pure cultures grown on PDA. Colony PCR, a technique where
fungal colonies are used in a PCR reaction without DNA extraction (Mirhendi, 2007), was done
on yeasts by taking a small amount (a toothpick tip full) of a single colony and placing it into 200ul
of nuclease free water. This dilution then served as the DNA template for the PRC reactions. For
filamentous fungi, Wizard® Genomic DNA Purification kit (Promega Corp., Madison, Wisconsin)
was used to extract DNA. To amplify the fungal internal transcribed spacer (ITS) region, primers
ITS1F (Gardes and Bruns 1993) and ITS4 (White et al. 1990) were used. The protocol for the
thermocycler was as follows: denaturation step at 95 °C for 5 min, followed by 35 cycles at 94 °C
for 30 s, annealing T at 45 °C for 45 s, 72 °C for 45 s, and a final extension step at 72 °C for 7 min.
The PCR products were electrophoresed in 1% agarose gel and all successful PCR products were

sent to Beckman Coulter, Inc. (Indianapolis, IN., USA) for Sanger sequencing.
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3.3.4 Sequencing analysis

Sequences were edited manually using Sequencher 5.2.3 (Gene Codes Corporation, Ann
Arbor, Michigan, USA), then subjected to blast in the NCBI database to determine their closest
relatives where 97% similarity was looked at when identified to a species level. Sequences with
94%-97% similarity were identified to genus level. Sequences with lower similarity were not

included in the results.

3.4 Results

Seventeen swabs were made from three pigs. A total of fifty-four pure cultures were
obtained, from which thirty-five cultures were identified to a species level, representing eleven
species. Some species, such as Rhodotorula mucilaginosa and Filobasidium magnum, were
abundant on all three pigs, while others, like Mucor circinelloides and Vishniacozyma victoriae,
were rare. Yeasts were the most frequently cultured component of carcasses. Table 3.1 provides
a list of all species recovered. For these species higher-level taxonomy is shown on Table 3.2
where the most abundant phylum is Basidiomycota. Also, some of the species from Table 1 belong
to the same genus and found on the same pig. Nineteen cultures were only identified to a higher-
level taxon — phylum or family — due to low similarity (less than 90% percent similarity) to an

existing NCBI sequence and were removed from the data.



Table 3.1 Species found through culturing based on ITS region and at least 94% similarity to an NCBI record

Closest Match Number of Hypothetical Role in NCBI ITS % Author of Pig number
Cultures Decomposition Accession Identity Sequence
isolated Number
Cladosporium Common mold found
herbarum 2 on various MH863124.1 99.81 (Vu,D. etal., 1,2
decomposing matters 2019)
Was previously
Didymella recovered from a (Valenzuela-
keratinophila 1 human superficial NR_158275.1 99.8 Lopez,N.M.A. 2
tissue specimen in the etal., 2018)
USA
Associated with Poa
Epicoccum poea 4 Annua grass, whichis  NR_158266.1 100 (Chen,Q. et al., 2,3
common in temperate 2017)
climates
Filobasidium Colonizes fruits such
magnum 8 as apples and pears, KY103433.1 99.83- (Vu,D. etal., 1,2,3
decomposer 99.84 2016)

99



Table 3.1 continued

Found on
Fusicolla 3 decomposing plant MK069422.1 97.83- (Lombard,L., 1,3
septimanifiniscientiae matter, found in soil 98.13 unpublished)
Fulvifomes sp. 1 Fungi common to NR_154003.1 94.00 (Zhou,L.-W., 1
forests ecosystems 2015)
Leucosporidium
golubevii 2 Common soil yeast KY104019.1 99.47 (Vu,D. etal., 3
2016)
It can be found in soil
Mucor circinelloides 1 and dung, some ff.ssp. NR_126116.1 99.68 (Schwarz,P. et 1
can be pathogenic al., 2006)
Rhodotorula Yeasts which are (Scorzetti,G.,
dairenensis 1 transient colonizers of AF444501.1 99.83 Fell, J.W., 1
wet skin, important for Fonseca,A. &
decomposition Statzell-
Tallman,A.,
2002)
Rhodotorula Yeasts which are
mucilaginosa 11 transient colonizers of KY104874.1 99.32-100 (Vu,D. etal., 1,2,3
wet skin, important for 2016)

decomposition

LS



Table 3.1 continued

Common in temperate forest’s (Robert,V.,
Vishniacozyma 1 litter and soil communities NR_144812.1 97.79 Epping,W. and
tephrensis Boekhout,T.,
unpublished)
Vishniacozyma Common in temperate forest’s (Rush,R.E.,
victoriae 1 litter and soil communities MHB809977.1 99.4 Lemons,A.R.

and Green,B.J.,
unpublished)
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Table 3.2 Higher level taxonomic organization of sequenced cultures

Number
Phylum Family Genus of Pig
Cultures
Isolated
Cladosporiaceae Cladosporium 2 1,2
Nectriaceae Fusicolla 3 1,3
Ascomycota
Pleosporineae Didymella 1 2
Epicoccum 4 2,3
Bulleribasidiaceae Vishniacozyma 2 1,3
Filobasidiaceae Filobasidium 8 1,2,3
Basidiomycota Hymenochaetaceae Fulvifomes 1 1
Leucosporidiaceae Leucosporidium 2 3
Sporidiobolaceae Rhodotorula 11 1,2,3
Zygomycota Mucoraceae Mucor 1 1

69
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3.5 Discussion

Thirty-five total cultures were identified to genus or species level from three swine
carcasses. There are fungi representing the three different phyla: Ascomycota. Basidiomycota and
Zygomycota. Most of the samples were in the Basidiomycota with 24 cultures. Yeasts and
filamentous fungi were also found in these samples, but yeasts were more abundant compared to
filamentous growths. Based on these data the most abundant fungal genera recovered were
Rhodotorula, Filobasidium, Epicoccum, representing 31.24%, 22.86%, 11.43% of the total
samples, respectively (Table 3.2). Based on Table 1, Rhodotorula mucilaginosa was the most
abundant species with 11 cultures from all three pigs (Table 3.1).

These genera are all in the phylum of Basidiomycota which includes both yeasts and
filamentous fungi. The genus Rhodotorula, which was the most abundant from the collected
cultures, contains yeasts, which can be found during food spoilage (Deak, 2007; Stratford, 2006;
Tournas, 2006). More importantly for our study, it was already recorded during human
decomposition in several instances by medical examiners (Dosa, 1955; Lopez-Martinez et al.,
2007); it is also found to be common on wet skin surfaces (Cooper, 2010). This genus has the
potential to be further studied to use as a PMI indicator, due to its presence during decomposition
on every pig we swabbed.

The second most common genus cultured was Filobasidium, another basidiomycete yeast
genus. Filobasidium species are often found in soils (Botha, 2006). Most of the research has looked
at its decomposing properties in relation to plant matter so far (Botha, 2006, and Sampaio 2006),
but Li et al. (2018) has shown this genus in animal gut flora as well. Filobasidium has the potential
to be another genus which could lead to PMI determination due to its presence on all the pigs we

have swabbed.
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Epicoccum was also recovered from two of the three pigs. This genus had appeared in a
human oral mycobiome study (Dupuy et al., 2014). It is commonly found as an air pollutant in
temperate regions and can cause allergies (Dunpuy, 2014). Even though this genus has not been
associated with decomposition, it can be transmitted to decomposing bodies through air and is also
a common soil fungus.

All the above-mentioned genera are a crucial part of the environment in which the carcasses
were placed in. Some of them are involved in decomposition and lipid synthesis and are adapted
to colder temperatures. However, from all the genera found, Filobasidium and Rhodotorula was
found on all three pigs, which could indicate that they are a normal flora, or they can appear at a
certain time during decomposition, hence they could be forensically important genera to further

study.
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CHAPTER 4. ANNOTATED FUNGAL CHECKLIST OF SEVERAL
WILDLIFE SPECIES DURING DECOMPOSITION IN A TEMPERATE
FOREST ECOSYSTEM DURING THE SUMMER IN INDIANA

4.1 Abstract

Wildlife forensics is a growing field that has become more important during the last several
decades. The illegal trade of animals is growing every year and is worth over $20 billion US dollars
every year (Alacs, 2010). There are methods in place, such as isotope testing and microsatellite
studies, to determine the origin and movement of animals (Bowen, 2005, Maudet, 2002), but there
are other methods that might be faster and less expensive, but are yet unexplored. A few
microbiology studies have been done in human forensics (Pechal, 2014), but the methods have not
been explored in wildlife forensics. This preliminary study was designed to see if there are any
signature fungal species present on specific wildlife species that could help in identification during
a forensic investigation. Moreover, this chapter includes a checklist based on culturing methods of
fungal species found on animal carcasses in a temperate forest ecosystem in Indiana. This checklist
can be used for further studies as a baseline data to develop specific collection and culturing
methods for wildlife forensic research. In this study we have seen multiple species that have
appeared later in decomposition such as Trichoderma sp. which could be used as an indicator for

a late stage of decomposition on certain animal species.

4.2 Introduction

The need for new methods in wildlife forensics is growing every year due to the increase
in illegal trafficking, but resources to control it are very limited (Brack, 2004; Wilson-Wilde, 2010).
Due to the lack of funding, cost effective methods to collect and analyze samples are the best

approach. Current techniques, such as microsatellite analysis, are an effective way to determine
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origin of animals (Maudet, 2002), but studies focusing on determining post-mortem intervals are
sparse and tend to focus on entomology, such as the studies done by Wilson et al. (2014) and by
Rolo et al. (2013), leaving the microbes unstudied.

Microbes are found everywhere in nature; they are microscopic organisms and can be a
part of natural flora, a pathogen, or just a trace of some previous contact. Fungi belong to this
group of organisms and are abundant on and inside a body. There are fungi that live in animals as
a part of a normal mycoflora. They can also be introduced via food source, such as Fusarium, a
common genus of plant pathogenic fungi. Moreover, they can be mutualistic, parasitic or
opportunistic.

This study provides a checklist of fungal species found on wildlife carcasses which can be
used as a baseline for future studies in wildlife forensic. We have looked at mycoflora changes
during decomposition to determine fungal species which could indicate PMI. Also, we compared
the fungal community composition of four different wildlife species from both terrestrial and
aquatic environments to see if there is any fungal indicator species for certain wildlife species

which could help with identifying wildlife remains after advanced decomposition.

4.3 Materials and methods
4.3.1 Sample Collection

Four wildlife species were used during this study; red-tailed hawk (Buteo jamaicensis),
mute swan (Cygnus olor), North American river otter (Lontra canadensis), and bobcat (Lynx rufus).
The animals were obtained from officers in the Indiana Department of Natural Resources. After
the animals were neutralized, they were placed in a - 20°C freezer and were left frozen until they
were placed onto the study site. Each species had 3 replicates, except bobcat where n=1. They

were placed in the temperate deciduous forest area Cox-Haggerty, property of Purdue’s Forestry
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and Natural Resources Department, at least 50m apart with the same body orientation (head
pointed to cardinal North direction). Each animal was placed in a wire-mesh cage to prevent
possible predation. They were sampled twice; first when they were place out in the study site and
when skeletonization stage occurred (which in this study is defined as the time when no more
insect activity is present on the body for two consecutive days). The bodies were monitored daily.
During both sampling periods, sterile swabbing was done with one wet and one dry cotton swabs
by a back and forth motion on the entire body for 30 seconds per swab, making sure that the swabs
have touched the inside of the mouth/beak, upper and lower area of the torso and the limbs of the
animals. Furthermore, any visible fungal growth was sampled by a dry and a wet sterile swab.
These swab samples were immediately transferred onto potato dextrose agar (PDA; 39 ¢/L,

Livonia, Michigan) plates with chloramphenicol in the field.

4.3.2 Culturing

Samples streak plated on potato dextrose agar (PDA; 39 g/L, Livonia, Michigan) with
chloramphenicol were grown for minimum of 3 days and were re-evaluated for new growth at 5,
10, 15 and 30 days after field collection. Each morphologically different fungal species was
isolated and grown in pure culture on PDA at room temperature. Pure cultures were maintained on

slants at 4 °C for short-term storage and in 40% glycerol at -80 °C for long-term storage.

4.3.3 Molecular protocol

DNA was extracted from pure cultures grown on PDA. Colony PCR was done on yeasts;
for filamentous fungi, Wizard® Genomic DNA Purification kit (Promega Corp., Madison,
Wisconsin) was used to extract DNA. To amplify fungal internal transcribed spacer (ITS) region
primers ITS1F (Gardes and Bruns 1993) and ITS4 (White et al. 1990) were used. The protocol for

the thermocycler was as follows: denaturation step at 95 °C for 5 min, followed by 35 cycles at



65

94 °C for 30 s, annealing T at 45 °C for 45 s, 72 °C for 45 s, and a final extension step at 72 °C for
7 min. PCR products were electrophoresed in 1% agarose gel and all successful PCR products

were sent to Beckman Coulter, Inc. (Indianapolis, IN., USA) for Sanger sequencing.

4.3.4 Sequence analysis

Sequences were edited manually using Sequencher 5.2.3 (Gene Codes Corporation, Ann

Arbor, Michigan, USA), then subjected to blast on GenBank to determine their closest relatives.

4.4 Results

A total of eighteen swabs were taken. Six swabs at the time the animals were placed out,
six at skeletonization stage and six extra swabs of visible fungal growth on animals at
skeletonization stage during the study. A total of eighty-five pure cultures were obtained in total.
From these seventy-two cultures were identified to genus or species level using ITS barcodes and
using cutoffs of 97% of similarity to an existing NCBI entry for species level and 94% of similarity
for genus identification.

Table 4.2 shows that from the 72 cultures identified, the majority were in the phylum of
Ascomycota followed by Basidiomycota and lastly Zygomycota with 52.78%, 30.56% and 16.67%

respectively.



Table 4.1 Species found through culturing based on ITS region and at least 94% similarity to an NCBI record

Closest Match Number of Hypothetical role in NCBI Accession ITS % Author of sequence
Cultures decomposition Number Identity
isolated
Apiotrichum laibachii 2 Soil associated yeast KY101676.1 100 (Vu,D. etal., 2016)
Aureobasidium pullulans “black yeast” has a wide (van
3 range of habitats, can be KT693733.1 99.81-100  Nieuwenhuijzen,E.J.
found in soil and as a etal., 2016)
pathogen of plants and
humans as well
Cladosporium herbarum 4 Common mold found on MH863124.1 100 (Vu,D. et al., 2019)
various decomposing
matters
Cladosporium 2 Found in soil and is MHB865096.1 100 (Vu,D. et al., 2019)
phaenocomae helpful with
decomposing organic
matters
Cystofilobasidium 3 Yeast which can be NR_073232.1 100 (Schoch,C.L. et al.,
infirmominiatum found in aquatic 2014)

environment

99



Table 4.1 continued

Didymella keratinophila Was previously (\Valenzuela-
recovered from a human NR_158275.1 99.80 Lopez,N.M.A. et al.,
superficial tissue 2018)
specimen in the USA
Filobasidium magnum Common decomposer KY103433.1 96.33-96.49 (Vu,D. et al., 2016)
Fusarium sp. Plant pathogenic fungi MH668840.1 95.94 (Santos,A.C. et al.,
MH862691.1 94.59 2019)
(Vu,D. etal.,
unpublished)
Gnomoniopsis Plant pathogen EU254834.1 100 (Sogonov,M.V. et
paraclavulata al., unpublished)
Lachancea kluyveri Yeast associated found NR_138159 99.66 (Oda,Y. &
in soil, and flies mostly Fujisawa,T., 2001)
Mortierella rishikesha Soil fungi NR_111564.1 97.64 (Schoch,C.L. et al.,
2014)
Mucor circinelloides It can be found in soil NR_126116.1 99.67 (Schwarz,P. et al.,
and dung, some ff. ssp. 2006)
can be pathogenic
(Hoffmann,K. et al.,
Mucor sp. Soil and dung fungi NR_152948 94.68 2009)

L9


https://www.ncbi.nlm.nih.gov/nucleotide/KY103433.1?report=genbank&log$=nuclalign&blast_rank=1&RID=EDM9FSHZ014

Table 4.1 continued

Rhodotorula dairenensis Yeasts which are AF444501.1 99.87-100 (Scorzetti,G.,
transient colonizers of Fell JW. &
wet skin, important for Fonseca,A., 2002)
decomposition
Rhodotorula Yeasts which are KY104874.1 99.66-100  (Vu,D. etal., 2016)
mucilaginosa transient colonizers of
wet skin, important for
decomposition
Trichoderma atroviride 99.83-100 (Dodd,S.L.,
Filamentous AF456917.1 Lieckfeldt,E. &
cosmopolitan fungus Samuels,G.J., 2003)
commonly found in soil
Trichoderma simmonsii Filamentous NR_137297.1 99.83-100  (Robbertse,B. et al.,
cosmopolitan fungus 2017)
commonly found in soil
MH859921.1 94.82 (Vu,D. etal.,
Umbelopsis sp. Prefers lipid rich unpublished)
environment KC489501.1 95.42
(Wang,Y.-N.,
Liu,X.-Y. &

Zheng,R.-Y., 2014)
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Table 4.1 continued

This species of fungi can
Yarrowia lipolytica use hydrocarbons live (Chen,Y.C. etal.,
3 off of hydrocarbons, AF218983 97.44 2000)
which can be found in a
decomposing remains

Table 4.2 Higher level taxonomy for cultures isolated

Phylum Family Genus Number of Cultures Isolated
Cladosporiaceae Cladosporium 6
Didymellaceae Didymella 4
Dipodascaceae Yarrowia 3
Ascomycota Gnomoniaceae Gnomoniopsis 1
Hypocreaceae Trichoderma 16
Nectriaceae Fusarium 2
Saccharomycetaceae Lachancea 3
Saccotheciaceae Aureobasidium 3
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Table 4.2 continued

Cystofilobasidiaceae

Cystofilobasidium

Filobasidiaceae

Filobasidium

Basidiomycota Sporidiobolaceae

Rhodotorula

10

Trichosporonaceae Apiotrichum
Mortierellaceae Mortierella

£ygomycota Mucoraceae Mucor
Umbelopsidaceae Umbelopsis

0.



Table 4.3 Species list of cultures collected during mute swan decomposition

Fresh Stage

Skeleton Stage

Filobasidium magnum

Alternaria alstroemeriae

Marasmius sp.*

Apiotrichum laibachii

Mortierella rishikesha

Aureobasidium pullulans

Cladosporium herbarum

Cladosporium phaenocomae

Didymella keratinophila

Fusarium sp.

Lachancea kluyveri

Marasmius sp.*

Mucor circinelloides

Rhodotorula dairenensis

Rhodotorula mucilaginosa

Russula sp.

Trichoderma atroviride

Trichoderma simmonsii

Umbelopsis sp.

71

Fresh stage reflects the time the carcasses (n=3) were placed on the research site and skeleton stage was determined
when no more insect activity was present on the carcasses for 2 consecutive days. Species labeled with * are present

during both stages.

Table 4.4 Species list of cultures collected during red-tailed hawk decomposition

Fresh Stage

Skeleton Stage

Aureobasidium pullulans

Cladosporium herbarum

Filobasidium magnum

Didymella keratinophila

Pseudopithomyces palmicola

Fusarium sp.

Gnomoniopsis paraclavulata

Rhodotorula dairenensis

Rhodotorula mucilaginosa

Trichoderma atroviride

Trichoderma simmonsii

Umbelopsis sp.

Fresh stage reflects the time the carcasses (n=3) were placed on the research site and skeleton stage was determined
when no more insect activity was present on the carcasses for 2 consecutive days.
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Table 4.5 Species list of cultures collected during fresh stage of North American river otter and
bobcat decomposition

Otter Bobcat
Cystofilobasidium infirmominiatum Mucor sp.
Trichoderma atroviride* Trichoderma atroviride*
Trichoderma simmonsii* Trichoderma simmonsii*
Yarrowia lipolytica

Carcasses (n=3, n=1 for otter and bobcat respectively) were sampled during the initial collection they were placed
onto the research site. The species with * indicates fungal species which are present on both animal species.

4.5 Discussion

When we look at Table 4.2, where the species found are listed with their corresponding
percent identity to a NCBI database sequence, there are several species which stand out as cultures
found more often on a wildlife species than others. Two frequently found species were
Trichoderma atroviride and T. simmonsii (Table 4.1). Both are reported decomposers, found in
the soil and prefer lipid rich environments (Serrano-Carreon, 1992), which is present during
decomposition as animal bodies are an abundant source of lipids. They have also appeared on the
other two species with only initial swab data (Table 4.5). Filobasidium sp. which is another
common decomposer found in soil (Botha, 2006), and was found during the initial swabbing of
the carcasses (Table 4.3 and 4.4). Moreover, Rhodotorula dairenensis and R. mucilaginosa were
both present on the animals and are yeasts which were observed on skin and showed to be
important decomposers (Percival, 2011) and were previously observed in other animal carcasses
(Dillon, 1991). These two species of Rhodotorula were present during skeleton stages on both
mute swan and red-tailed hawk carcasses (Table 4.3 and 4.4). This indicates that Rhodotorula has
the possibility to become important for determining PMI at a later stage of decomposition due to
its absence in the beginning of decomposition, and its presence during the skeletonization stage.
Also, Rhodotorula ssp.were found on the avian bodies but not on the mammals which indicates

that there are fungal species which prefer certain wildlife species over another. Another genus



73

which was shown to be present later during decomposition, on both wildlife species, was
Umbelopsis, a group of soil fungi which prefers the lipid rich environment as well (Meeuwse,
2011). The genus Cladosporium was also found on multiple samples, and is yet another soil fungus
(Bensch, 2012), which is present during the late stages of decomposition and could be used as an
indicator species in the future by forensic scientists. This is a cosmopolitan genus and can have a
pathogenic effect on animals (Bensch, 2012).

Furthermore, a few species unique to specific environment were found on the carcasses.
From those Lachancea kluyveri was found on one of the mute swan carcasses. This species of
fungi is associated with flies, which are present on bodies during decomposition (Lachance, 1995).
This shows that Locard’s exchange principle is in motion when one is looking at fungi as well, as
a fly interacts with the decomposing body, it leaves its trace, in this case a fungus, which is found
on the insect’s body. Knowing that flies can transfer fungal traces and other fungal material to
carcasses, the specific location of the carcass could be determined after further studies.
Cystofilobasidium infirmominiatum, a fungus from aquatic environments (Libkind, 2003; Libkind,
2009), was also present on the North American river otter bodies. This shows that there is a
possibility for forensic investigators to determine a carcass’ living habitat based on the fungal flora
present. Yarrowia lipolytica, a fungus capable of using lipids and protein containing substances as
food source (Barth, 1996) was found as well and has the potential to be used an indicator for
decomposition.

Comparing the stages of decomposition for mute swans and red-tailed hawks (Tables 4.3
and 4.4) show that more fungal species can be found in a skeleton stage in comparison to the fresh

stage. Moreover, by looking at the fungal communities found on the fresh and skeleton stages, one
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can see that the communities drastically change over time, leaving only one genus (Mucor) which
was present during both fresh and skeleton stages on the mute swan remains (Table 4.3).

This preliminary study resulted in some important information for future forensic
mycologists. It provides a checklist of fungi which could potentially be found on the carcasses.
Also, this study lists some genera (Filobasidium, Rhodotorula, Trichoderma and Umbelopsis,)
which can be important decomposers of wildlife. It also highlights some of the interesting findings
based on living habitats and colonizers which could lead to using fungi to determine the original

location of a wildlife species in poaching cases in the future.
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CHAPTER 5. CONCLUSIONS

This research focused on examining the potential use of fungi in forensic science. To expand
our horizon a human study, a swine study and a wildlife study was done. From these three studies
several conclusions were reached.

During the human study, we have found the least amount of similarity between the first and
the last PMI time. This shows that the human mycoflora does change drastically over
decomposition which indicates that fungi can be used to determine PMI. Moreover, fifty-one
unique OTUs were found in the <24 hrs PMI group. These OTUs can be indicators for <24 hrs
PMI. Other OTUs were also found which were only present in the early or late part of
decomposition. These OTUs can also be used to determine early versus late decomposition.
Additionally, 35 OTUs were found at every PMI, which makes up the pan mycoflora of the
decomposing human body.

The human study gave an insight on short term decomposition, but to look at long term
decomposition the swine study was used. From this study, baseline data was created to look at
culturable fungal species that researchers might find in the future on swine carcasses in the West
Lafayette, IN. region. Also, we looked at how similar the human and swine mycofora is, and we
have seen that over 55% of the fungal species found on the swine were also found on humans. This
is a good indicator that swine can be a model animal for fungal studies as well in forensics.

As forensics investigates crimes against animals too, a wildlife study was done as well. Here,
baseline data was created for culturable fungal species that could be found on different wildlife
species with different diets and living habitats. Furthermore, mycoflora changes were observed

between fresh and skeleton stages. This showed that the mycoflora goes through major changes
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during decomposition in case of animal species as well. Additionally, looking at the fungal flora
of different animals, we can see differences in fungal communities between species as well.
These studies were great in showing that fungi do play a role in decomposition and they could
be used for PMI determination. However, more studies are needed to increase sample sizes to
refine this data. Also, due to the important role abiotic factors play, these studies must be repeated
to get a clear picture on how fungal flora changes between seasons, states and elevations to get a

more precise dataset which can be used to determine PMI and location throughout the entire USA.
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APPENDIX A  WORKFLOW OF PIPITS PIPELINE FOR ILLUMINA
ITS SEQUENCES ACCORDING TO GWEON, 2015, FIGURE 1.
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APPENDIX B  SIGNIFICANCE TABLE BASED OF PMI ON AN OTU
LEVEL WITH THE ORIGINAL SAMPLE AREAS AND PMIS FROM
TABLE 2.1

Terms added sequentially (first to last)

Df SumsofsSgs Meansqgs F.Model R2 Pr(>F)
EstimatedPMI 4 1.8067 0.45167 0.97895 0.13089 0.536
Residuals 26 11.9958 0.46138 0.86911
Total 30 13.8025 1.00000

Permutation test for homogeneity of multivariate dispersions
Permutation: free
Number of permutations: 999

Response: Distances

of Sum Sq Mean Sq F N.Perm Pr(>F)
Groups 4 0.03835 0.0095875 0.926 999 0.455
Residuals 26 0.26918 0.0103532
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APPENDIX C  SIGNIFICANCE TABLE BASED OF PMI ON AN OTU
LEVEL WITH THE RE-GROUPED SAMPLE AREAS AND PMIS FROM
TABLE 2.2

Terms added sequentially (first to last)

Df Sumsofsqs MeansSqgs F.Model R2 Pr(>F)
PMI 2 0.753 0.37650 0.80129 0.04915 0.946
Residuals 31 14.566 0.46987 0.95085
Total 33 15.319 1.00000

Permutation test for homogeneity of multivariate dispersions
Permutation: free
Number of permutations: 999

Response: Distances

pf Sum Sq Mean Sq F N.Perm Pr(>F)
Groups 2 0.003511 0.0017557 1.2078 999 0.302
Residuals 31 0.045064 0.0014537
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APPENDIX D  SIGNIFICANCE TABLE BASED OF PMI ON AN OTU

LEVEL WITH THE ORIGINAL SAMPLE AREAS AND PMIS FROM

TABLE 2.1

Terms added sequentially (first to last)

Df Sumsofsqgs Meansqs F.Mmodel R2 Pr(>F)
EstimatedPMI 4 1.9022 0.47556 1.2414 0.18415 0.123
Residuals 22 8.4275 0. 38307 0.81585
Total 26 10. 3297 1.00000

Permutation test for homogeneity of multivariate dispersions
Permutation: free
Number of permutations: 999

Response: Distances

pf Sum Sq Mean Sq F N.Perm Pr(>F)
Groups 4 0.16187 0.040466 0.6422 999 0.629
Residuals 22 1.38627 0.063012
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APPENDIX E  SIGNIFICANCE TABLE BASED OF PMI ON A GENUS
LEVEL WITH THE RE-GROUPED SAMPLE AREAS AND PMIS FROM
TABLE 2.2

Terms added sequentially (first to last)

pf sumsofsgs Meansgs F.Model R2 Pri=F)
PMI 2 0.7344 0.36721 0.89903 0.053482 0.587
Residuals 31 12,6620 0.40845 0.94518
Total 33 13.3964 1. 00000

Permutation test for homogeneity of multivariate dispersions
Permutation: free
Number of permutations: 999

Response: Distances

Df  Sum 5q Mean 5q F N.Perm Pri{=F)
GQroups 2 0.06597 0.032984 1.0621 999 0.356
Residuals 31 0.96276 0.031057
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APPENDIXF  LIST OF OTUS PRESENTED IN EACH SECTION OF
THE VENN DIAGRAM PRESENTED IN FIGURE 2.4-21

PMI = 12: None

PMI < 24: OTU121, OTU106, OTU736, OTU515, OTU485, OTU73, OTU275, OTU451,
0OTU192,0TU282,0TU329, 0TU219, 0TU173, 0TU46, OTU467, 0OTU541, OTU187, 0TU286,
OTU151, OTU293, OTU571, OTU679, OTU693, OTU360, OTU703, OTU347, OTU241,
OTU268,0TU161, 0TU528, 0TU324, 0TU325, OTU512, 0OTU337,0TU323,0TU314,0TU92,
OTU510, OTU566, OTU591, OTU499, OTU694, OTU559, OTU637, OTU501, OTU744,
OTU575, OTU327, OTU399, OTU722, OTU723

PMI > 24: None

PMI > 48: None

PMI > 72: None

PMI = 12 and PMI <24: OTU361, OTU190, OTU483, OTU450, OTU166, OTU171, OTU280,
OTU376, OTU104, OTU394, OTU587, OTU518, OTU749

PMI =12 and PMI >24: None

PMI =12 and PMI >48: None

PMI =12 and PMI >72: None

PMI <24 and PMI >24: OTU810, OTU579, OTU108, OTU146, OTU299, OTU200, OTU35,
0OTU343,0TU194, 0TU457, 0TU589, 0OTU196, OTU183, OTU260, OTU464, OTU56, OTUS560,
OTU690, OTUB96, OTU602, OTU702, OTU6G58, OTU599, OTU620, OTU729, OTU421,
OTU629, OTU521, OTU553, OTU817, OTU820, OTU726, OTU834, OTU826, OTU839,
OTU819, OTU823, OTU822, OTU827, OTU798, OTU829, OTU841, OTU835, 0OTU824,
OTU825, OTU832, OTUB831, OTU828, 0OTU840, OTU837, OTUB36, OTU838, OTUB30,
0OTU842, OTU738, OTU598, OTU833

PMI <24 and PMI >48: OTU695, OTU164, OTU524, OTU733, OTU508, OTU137, OTU365,
OTU504, OTU735, OTU563, OTU101, OTU316, OTU601, OTUS505, OTU301, OTU304,
OTU568, 0TU472, OTU495, OTU152, 0TU403, OTU116, OTU162, OTU139, OTU3, 0TU142,
OTU178, OTU531, OTU793, OTU321, OTU315, OTU176, OTU389, OTU370, OTU266,
0OTU247, OTU359, OTU357, OTU358, OTU737, OTU277, OTU565, OTU597, OTU233,
0OTU215,0TU97, OTU278, OTU261, 0OTU229, OTU309, OTU263, OTU156, OTU274, OTU96,
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OTU217,0TU50, OTU117, OTU526, OTU402, OTU228, OTU155, OTU95, OTU124, OTU203,
OTU539, 0TU446, 0TU159, OTU574, 0TU105, OTU163, OTU167, 0TU110, 0TU144, OTU44,
OTU45, 0OTU557, 0TU100, OTU197, OTU118, OTU165, OTU345, OTU102, OTU72, OTU199,
OTU460, OTU383, OTU513, OTU319, OTU454, OTU709, OTU712

PMI <24 and PMI >72: OTU302, OTU570, OTU174, OTU81, OTU582, OTU414, OTU758,
OTU543, OTU306, OTU322, OTU815, 0OTU188, OTU331, OTU395, OTU387, OTU182,
0OTU208, 0TU291, OTU225, 0TU292, OTU362, OTU379, OTU7, OTU350, OTU223, OTU561,
OTU572, OTU623, OTU608, OTU353, OTU523, OTU218, OTU477, OTU704, OTUA4T7S,
OTU476, OTU660, OTU40, OTU474, OTU375, OTU710, OTU795

PMI >24 and PMI >48: None

PMI >24 and PMI >72: None

PMI >48 and PMI >72: None

PMI = 12, PMI <24 and PMI >24: OTU186, OTU728, OTU624, OTU550, OTU684, OTU666,
OTU671, OTUB82, OTU626, OTU668, OTU628, OTU634, OTU675, OTU613, OTUGSS5,
OTU655, OTU648, OTU638, OTU607, OTU844

PMI = 12, PMI <24 and PMI >48: OTU298, OTU371, OTU257, OTU349, OTU288, OTU99,
OTU279, OTU581, OTU246, 0OTU432, OTU748

PMI =12, PMI <24 and PMI >72: OTU848, OTU730, OTU564, OTU772

PMI =12, PMI >24 and PMI >48: None

PMI =12, PMI >24 and PMI >72: None

PMI =12, PMI >48 and PMI >72: None

PMI <24, PMI >24 and PMI >48: OTU417, OTU689, OTU75, OTU160, OTU303, OTU366,
OTU533,0TU126, 0TU281, OTU153, OTU181, OTU189, OTU437, OTU16, OTU11, OTU364,
OTU595, OTU548, OTU431

PMI <24, PMI >24 and PMI >72: OTU79, OTU452, OTU469, OTU489, OTU475, OTU473,
OTU502, OTU486, OTU529, OTU739, OTU470, OTU721

PMI <24, PMI >48 and PMI >72: OTU447, OTU170, OTU318, OTU438, OTU425, OTU15,
0TU482, OTU662, OTUB59, OTU6G63

PMI >24, PMI >48 and PMI >72: None

PMI =12, PMI <24, PMI >24 and PMI >48: OTU511, OTU411, OTU368, OTU351, OTU428
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PMI =12, PMI <24, PMI >24 and PMI >72: OTU129, OTU590, OTU583, OTU600, OTUG50,
OTU621, OTU6G42, OTU580, OTU6GOG, OTU672, OTUG97, OTU6G41l, OTU6G17, OTUGO4,
OTU677, OTU610, OTU707, OTUG57, OTU625, OTU622, OTU669, OTU516, OTUGA3,
OTU692, OTU681, OTU66S, OTU649, OTU6G36, OTU706, OTU700, OTU731, OTUGS0,
OTU683, OTU719, OTU664, OTU6GO03, OTU673, OTU619, OTUG51, OTU6G32, OTUG44,
OTU640, OTU611, OTU705, OTU618, OTU6G53, OTU670, OTU674, OTU6G87, OTU6G54,
OTUS588, OTU678, OTU6G14, OTUG46, OTU652, OTU6G31, OTU6G47, OTU656, OTUGS6,
OTU718, OTU448

PMI =12, PMI <24, PMI >48 and PMI >72: OTU732, OTU177, OTU264, OTU491, OTU661,
OTU114

PMI =12, PMI >24, PMI >48 and PMI >72: None

PMI <24, PMI >24, PMI >48 and PMI >72: OTU157, OTU407, OTU231, OTU133, OTU74,
OTU549, OTU453, OTUS19, OTUG09, OTU480, OTU500, OTUB09

PMI =12, PMI <24, PMI >24, PMI >48 and PMI >72: OTU131, OTU396, OTU184, OTU385,
OTUS551, OTU254, OTU527, OTU289, OTU537, OTU252, OTU82, OTU1, OTU725, OTU720,
OTU498, OTU717, OTUS77, OTUS594, OTU699, OTU724, OTU698, OTU627, OTU596,
OTU667, OTU6G45, OTU6Gl6, OTUGOS, OTU6G39, OTU6G30, OTUG35, OTUG1S5, OTUGTSG,
OTU456, OTU743, OTUT745
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RELATIVE ABUNDANCE OF OTUS BASED ONPMIS

APPENDIX G

Relative Abundance of OTUs Based on PMls
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Relative Abundace of OTUs Based on PMls
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Relative Abundance of OTUs Based on PMls
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Relative Abundance of OTUs based on PMls
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