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ABSTRACT

While invasive techniques such as trapping or marking animals for study
are a concern for the safety and preservation of established ecosystems, molecular
techniques have provided accurate information about population dynamics and
the interaction between many species within an ecosystem, oftentimes without
unnecessary human interaction. Molecular techniques, involving the sequencing
of mitochondrial DNA such as the Cytochrome ¢ Oxidase subunit I (COI), are
extremely versatile in the study of invasive, endangered, and evasive or dangerous
species. This is possible because the COIl is a relatively short strand of DNA
which can be found in scat, hair, tissue, and virtually anywhere where target
organisms shed cells. This study focuses on the barcoding of parasites found in
the scat of terrestrial mammals at the University of Notre Dame Environmental
Research Center (UNDERC). From the sequencing and analysis of numerous
parasites and the generation of a phylogenic tree, this work finds that a fragment
of the COI gene is effective for the analysis of both identity of a specimen and the
relatedness between species of parasites (Bayesian statistic > 0.5 for numerous
groups) at UNDERC with the help of the National Center for Biotechnology

Information (NCBI) database.



INTRODUCTION

Two of the largest concerns in ecology are the discovery and preservation
of biodiversity around the world (Colwell and Codington 1994). Within the study
of biodiversity of organismal groups, many correlations have been found between
a species’ size, population density, and ability to travel passively and actively to
new areas with their level of overall diversity across a region (Martiny et. al.
2006). As this broad and lofty goal, to discover and map worldwide biodiversity,
has been identified by the scientific community, several studies have made efforts
to map terrestrial and aquatic biodiversity (e.g. Colwell and Coddington 1994;
Burton and Davie 2007; Herbert et. al. 2004). Surprisingly, relatively few studies
have addressed the biodiversity of small invertebrates, interstitial organisms, or
microorganisms. This is primarily because many types and strains of these
organisms have a significantly smaller body size, often resulting in higher
population densities. Additionally, the overall trends for the genetic
diversification and extinction of these small organisms is still largely unknown
(Colwell and Coddington 1994).

Interestingly, the goal of maintaining and studying biodiversity is
interrelated with the study of small organisms because these tiny creatures often
exist within a host as parasites and can easily be detected with various DNA
extraction, amplification, and sequencing techniques described in the literature

(Monis and Andrews 2002). Furthermore, studying small parasitic organisms,



which rely on host macroorganisms, can provide a good indication of overall
biodiversity at a study site (Monis and Andrews 2002).

There is also further interest in DNA barcoding of parasite biodiversity
because of its noninvasive nature and its capability for early detection of invasive
species, non-native species which may offset the balance of a pre-established
ecosystem where they are unfamiliar (Ficetola et. al. 2008). Catching invasive
species early, through the discovery of the introduction of new parasites into an
ecosystem, may be a useful technique for the preservation of established
ecosystems from dangerous, non-native species.

The overall purpose of this project was to utilize molecular techniques
such as DNA extraction, polymerase chain reaction (PCR), and DNA sequencing
to barcode parasite species at UNDERC, found in host mammal scat on the
property. After DNA extraction, the barcoding will be performed through DNA
amplification in the presence of universal oligonucleotide primers, specific to the
mitochondrial portions of the DNA. Barcoding of invertebrate parasites by
specifically utilizing the Cytochrome ¢ Oxidase subunit I gene (COI) of the
mitochondrial DNA is quite common in the literature (e.g. Ficetola et. al. 2008;
Herbert et. al. 2003; Gianmarco et. al. 2009; Lunt et. al. 1996).

Cytochrome ¢ Oxidase subunit I is an especially useful portion of DNA
because it is very diverse, capable of identifying many different species from a

smaller portion of the DNA found in the field. This gene has also been shown to



differ about 5% between closely related species of invertebrate taxa (e.g. Mahon
et. al. 2008; Thornhill et. al. 2008). Furthermore, long-term goals of this study
include the identification and study of biodiversity and its preservation at

UNDERC.

METHODS

The purpose of this project was to provide new information as to the
diversity of the population of invertebrate parasites present at the UNDERC
property, found in host mammal scat. In order to identify parasite species at
UNDERC, these small organisms were collected from the scat of various mammal
species in an opportunistic fashion (Figure 1), wherever they could be found and
identified with the help of Elbroch’s field guide (2003). Study sites were varied
across the UNDERC property as much as possible, and GPS coordinates were
taken at the site of each scat sample (Table 1). As scat samples were recovered,
the samples were processed through 500 micron/millimeter and 125
micron/millimeter sieves, and parasites contained within the scat samples were
preserved in 95% ethanol prior to DNA extraction. After scat samples were
recovered, the DNA of each parasite specimen from the preserved samples was
extracted using a Qiagen DNEasy extraction kit according to the manufacturer’s

recommendations (Qiagen Inc., Valencia, CA).



PCR amplification of an approximately 600 base pair fragment of the
mitochondrial COI gene was performed using universal invertebrate primers,
HCO and LCO (Folmer et. al. 1994). Individual PCR samples contained 1 pL
sample DNA to 24 pL of Master Mix, comprised of 2.5 pL. TAQ Buffer, 0.5 puL
dNTP, 2.5 uL Mg**, 0.5 uL HCO, 0.5 pL LCO, 17.35 pL H,0, and 0.15 pL TAQ.
PCR samples were incubated using COI amplification protocol (Table 3). After
PCR amplification, successful attempts were photographed with a gel camera, and
the resulting DNA was purified using a Qiagen Qiaquick PCR Gel extraction kit
according to the manufacturer’s recommendations (Qiagen Inc., Valencia, CA).
Prior to sequencing these DNA samples, a second PCR amplification was run
containing 2 uL. DNA sample to 5 pL. Master Mix, comprised of 1 pL TAQ
Buffer, 0.32 uL HCO or LCO, 2.68 pL H,0, and 1 pL Big Dye. The samples of
the second PCR were amplified using ABI protocol (Table 4). The resulting
DNA samples were then sequenced using an Applied Biosystems ABI3700 Gene
sequencer at the University of Notre Dame.

DNA sequences were aligned and screened using Bioedit (v7; Hall 1999)
and analyzed with a suite of molecular tools, such as Bayesian analysis, the
parsimony based TCS haplotype analysis, and sequence divergence calculations.
In order to construct a phylogenic tree, Mr. Modeltest was used to generate a
model of evolution prior to Bayesian analysis by Mr. Bayes, indicating statistical

support for individual clades within the phylogenic tree. The phylogenic tree was



then visualized using Treeview. The sequencing of the COI in the parasites will
therefore identify individual species and, though Bayesian analysis, provide a
phylogenic tree, indicating the genetic relationship between parasite specimens

found during this study.

RESULTS

After DNA extraction, amplification, and purification, forty eight DNA
samples were sent back to Notre Dame for sequencing (Genomic sequencing
facility, Dept. of Biological Sciences). Of these forty eight DNA samples,
nineteen were successfully sequenced, and these sequences were compared to
other COI genes of morphologically similar organisms from the NCBI database.
Many of the data sequences collected at UNDERC were found to closely
resemble the COI sequences from NCBI with 80%-93% similarity in nucleotide
base pairing (Table 2).

Furthermore, the identity of many of the parasite species having a close
match of the COI gene were closely related to the parasite in question,
taxonomically. This was determined using Bioedit (v7; Hall 1999) and Bayesian
analysis, from which a phylogenic tree was constructed (Figure 2). Within the
phylogenic tree, clades of Isopoda, Hymenoptera, Coleoptera, Oligochaeta,
Nemotoda, and an Unknown order were each found to have statistically

significant genetic relationships (Bayesian statistic > (.5) between sequence data



of parasites found at UNDERC with the published sequences of the NCBI
database.

Our hypotheses, that sequencing and statistical comparison through
Bayesian analysis between the COI subunit of parasite specimens at UNDERC
and NCBI sequence data can accurately predict identity of parasite specimens
found in the scat of mammals, is accepted. After the construction of a phylogenic
tree, it is furthermore confirmed that the COI can accurately provide statistical
support of the relatedness between the identified invertebrate parasites found at

UNDERC.

DISCUSSION

As the ecological community continues to realize the depth of the problem
of mapping species worldwide to preserve biodiversity, molecular techniques
continue to aid in the discovery of new species, the taxonomic arrangement or
rearrangement of already discovered species, and even finding statistical evidence
of the genetic relatedness between specimens through the construction of
phylogenic trees. The COI gene fragment, being a genetically diverse and
relatively easy strand to analyze, has been a standard barcoding strand, used
around the world to discover and organize global biodiversity. In this project, the
COI gene successfully predicted the identity of parasite specimens found in the

scat of terrestrial mammals at UNDERC. Analysis of the COI also provided



statistical evidence for the relatedness of these specimen to others found all over
the world, recorded in the NCBI.

While the Bayesian analysis of sequence data from this project did yield
statistically significant relationships (Bayesian statistic > 0.5) within clades of
Isopoda, Hymenoptera, Coleoptera, Oligochaeta, Nemotoda, and an Unknown
order, this statistical evidence was not as strong as was expected. In order to
increase the effectiveness of the Bayesian analysis, a larger sample size of
sequences with greater sequence quality, more nucleotides present per COI
sequence, is needed, but, given the financial and time constraints on this project,
finding sequence data and statistically relating these sequences to the published
sequences of the NCBI database was a success. The Unknown order is not the
discovery of a new order, but rather is an unresolved relationship containing
organisms from Diptera, Coleoptera, and Decapoda. Because of this ambiguity, it
is difficult to label the Unknown clade; however, with a larger sample size and
higher quality COI strands from DNA sequencing, this clade would likely resolve
to provide statistical support for the relationship of the sequences within this clade
to Diptera, Coleoptera, or Decapoda.

Future studies involving the sequencing of parasites and their host
macroorganisms using the COI include examining the species richness of
parasites found in scat across the property with the presence of physical barriers.

These barriers include Tenderfoot Creek or the road systems in the area, which



may inhibit the transportation of parasite species in mammal scat, which may
cause parasite populations to differ significantly on either side of these physical
barriers. While out collecting, the majority of predator scat, coyote, wolf, and
bear, were found out in the open; however, the scat of herbivores at UNDERC,
such as deer, porcupine, and snowshoe hair were almost exclusively found in the
woods under the cover of trees. This fact might also facilitate the study of
parasites found in the scat of terrestrial predators and herbivores separately to see
if their diet or social behavior increases susceptibility to parasitism at UNDERC
(Rohde 1994). Additionally, there are many ways to track animals, including sign
and footprints; however, some sign that is discovered has been either mutilated by
the weather or is rendered unrecognizable. Another question to be answered
concerning mammal sign is whether or not enough DNA can be extracted from
mammal scat to provide genetic proof that the scat belongs to a specific mammal
species. This study would be especially useful in examining the distribution or
abundance of dangerous, evasive, or endangered mammals in an area, through
noninvasive molecular techniques (Janecka et. al. 2008; Fernandes et. al. 2008).

There are many practical applications to the field of molecular biology and
DNA barcoding. Mapping biodiversity, detecting invasive or endangered species
in an environment early to preemptively begin conservation efforts, and observing
the interaction of host and parasite species in an environment are only a few

capabilities of molecular techniques. Molecular techniques can also be



exclusively noninvasive, which is ideal for preserving established ecosystems
while providing information as to the genetic diversity of a population without
catching or disturbing organisms in their habitat. There is an increasing potential
for conservation efforts of biodiversity worldwide as our knowledge of global
biodiversity increases, while our power to discover new genetic information with
statistical support increases significantly as online databases like the National
Center for Biotechnology Information (NCBI) continue to grow with newly

published molecular literature.
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TABLES

Table 1: A table relating scat location and mammal identity to the number and kinds of parasites

found within each scat sample collected in the field. Generic descriptions of the parasites found

within are included as best as they could be determined. GPS coordinates where each scat sample

was discovered are included. See Figure 1 for approximate locations on a map of the property.

Site Mammal Scat Parasites General GPS
# 1.D. Found Description Coordinates
1 Wolf 1 Gastropoda 16T 0304256
UTM 5124255
2 Coyote 0 16T 0304122
UTM 5124453
3 Coyote 0 16T 0304269
UTM 5125023
4 Coyote 0 16T 0304333
UTM 5125155
5 Coyote 1 Gastropoda 16T 0305019
UTM 5125673
6 Coyote 2 Gastropoda 16T 0305837
2 Coleoptera UTM 5125439
2 Unknown
7 Coyote 1 Gastropoda 16T 0305965
1 Oligochaeta UTM 5125622
8 Unknown
8 Wolf 9 Gastropoda 16T 0306006
UTM 5125649
9 Wolf 1 Gastropoda 16T 0306072
1 Oligochaeta UTM 5125671
2 Coleoptera
3 Unknown
10 Coyote 1 Gastropoda 16T 0306123
1 Coleoptera UTM 5125720
11 Coyote 1 Gastropoda 16T 0306128
1 Chilopoda UTM 5125720
12 Unable to Identify 1 Gastropoda 16T 0306249
UTM 5125847
13 Coyote 3 Gastropoda 16T 0306594
UTM 5125885
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14 Coyote 1 Gastropoda 16T 0306728
UTM 5125803
15 Coyote 3 Gastropoda 16T 0306805
6 Coleoptera UTM 5125793
6 Unknown
16 Wolf 1 Gastropoda 16T 0306959
UTM 5125762
17 Coyote 2 Gastropoda 16T 0307268
2 Unknown UTM 5125578
18 Coyote 0 16T 0307665
UTM 5125621
19 Deer 1 Coleoptera 16T 0307601
1 Unknown UTM 5125727
20 Porcupine 1 Coleoptera 16T 0307595
1 Unknown UTM 5125815
21 Snowshoe Hair 0 16T 0307358
UTM 5125757
22 Coyote 2 Gastropoda 16T 0306025
UTM 5125666
23 Bear 0 16T 0305415
UTM 5122211
24 Deer 2 Coleopteraa 16T 0305361
UTM 5122155
25 Coyote 1 Hymenoptera 16T 0304023
UTM 5123635
26 Coyote 6 Unknown 16T 0304017
UTM 5123609
27 Wolf 1 Coleoptera 16T 0304003
6 Nematoda UTM 5123570
3 Unknown
4 Unknown
28 Coyote 1 Unknown 16T 0304001
1 Unknown UTM 5123565
1 Unknown
29 Coyote 2 Coleoptera 16T 0303948
1 Hymenoptera UTM 5123516
6 Unknown
30 Mouse (Peromiscus 0
Maniculatus)
31 Coyote 9 Unknown 16T 0303489
UTM 5123508
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32 Wolf 1 Coleoptera 16T 0303415
1 Unknown UTM 5123577
33 Coyote 2 Coleoptera 16T 0302753
UTM 5123787
34 Coyote 1 Unknown 16T 0302733
UTM 5123837
35 Coyote 0 16T 0302702
UTM 5123714
36 Deer 1 Unknown
37 Deer 7 Coleoptera 16T 307600
1 Coleopteran UTM 5128981
3 Larvae
4 Unknown
Unknown
38 Porcupine 5 Unknown 16T 307408
1 Unknown UTM 5122091
39 Porcupine 0 16T 307058
UTM 5122168
40 Coyote 0 16T 307058
UTM 5122168
41 Porcupine 1 Unknown 16T 302702
UTM 5125094
42 Porcupine 3 Nematoda 16T 302702
8 Unknown UTM 5125094
43 Deer 25 Dipteran Larvae | 16T 302780
12 Coleopteran UTM 5125038
15 Nematodes
14 Unknown
44 Bear 25 Dipteran Larvae | 16T 0303013
1 Hymenoptera UTM 5125054
5 Unknown




Table 2: A table listing the parasites with successfully sequenced COI genes during this project

and the percentage of similarity found between the sequenced COI gene and its closest relative,

found with the National Center for Biotechnology Information (NCBI) database. Successful

parasite sequence names in the phylogenic tree (Figure 2) are also included.

Site  Morphological Order Closest Relative Names % Overlap
# of Parasite from NCBI in Figure 2 of COls
1 Isopoda Nothing HO1 0%
7 Coleoptera Raymunida erythrina G04 84%
7 Oligochaeta Dendrobaena octaedra E04 92%
7 Coleoptera Nothing GO1 0%
16 Gastropoda Nothing F04 0%

25 Hymenoptera Camponotus HO3 89%
pennsylvanicus
27 Isopoda Patelloa sp. FO03 88%
27 Diptera Belvosia sp. E03 89%
27 Diptera Onthophagus clypeatus E06 91%
32 Isopoda Drosophila moriwakii D05 81%
32 Isopoda Nothing D02 0%
41 Lepidoptera Bembecia himmighoffeni Co1 83%
41 Lepidoptera Quadrus contubernalis C04 92%
42 Hymenoptera Myrmecocystus melliger D04 81%
43 Coleoptera Drosophila rubida BO1 85%
43 Diptera Calliphora hilli HO02 91%
44 Diptera Biopyrellia bipuncta F02 91%
44 Diptera Neomyia coeruleifrons F05 93%
44 Hymenoptera Schinia pulchripennis EO5 86%
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Table3: A description of COI PCR amplification protocol, including incubating temperatures and
time intervals for the Cytochrome ¢ Oxidase subunit I prior to purification. Step 1 is a
denaturization phase. Steps 2-4 are repeated thirty times while amplification occurs. Step 5 is an
extension phase. Step 6 is a refrigeration step to preserve DNA after PCR is complete. Samples
are removed from the Thermocycler and refrigerated during step 6. Total time is about

1 hour and 40 minutes.

Steps Incubating Temperature (°C) Time Intervals
1 94 1.00 minute
2 94 30 seconds
3 50 45 seconds
4 72 1.00 minute
5 72 8.00 minute
6 4 Until Refrigerated

Table 4: A description of ABI PCR protocol, including incubating temperatures and time intervals
for the Cytochrome ¢ Oxidase sequence I prior to sequencing. Step 1 is a denaturization phase.
Steps 2-4 are repeated 44 times while DNA amplification occurs. Step 5 is a refrigeration step to
preserve DNA after PCR is complete. Samples may be removed from the Thermocycler anytime
during step 5. This protocol is run twice for each DNA sample, using HCO for the first run and

LCO for the second run. Total time is about 3 hours and 46 minutes per run.

Steps Incubating Temperature (°C) Time Intervals
1 96 5.00 minutes
2 96 10 seconds
3 50 5 seconds
4 60 4.00 minutes
5 4 Until Refrigerated
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Figure 1: The sites of scat collection across the UNDERC property are labeled on the property

map. Refer to Table 1 for information on individual sites as well as GPS coordinates on each site.
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Figure 2: A phylogenic tree associating COI sequences from parasite specimen found at UNDERC

with other COI sequences found on the National Center for Biotechnology Information (NCBI)

database. Clades of Oligochaeta, Nemotoda, Coleoptera, Hymenoptera, Isopoda, and an Unknown
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order were each found within this phylogenic tree to have a statistically acceptable genetic
relatedness (Bayesian Statistic > 0.5) based solely on the COI sequence. Only Bayesian statistics

> (.5 remain on this figure.
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