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ABSTRACT

Flies can act as vectors for various diseases, and the close association between flies,
livestock and poultry, and humans warrants closer study to develop an understanding of disease
transmission. In this study, we aimed to identify bacterial specidsdan flies collected from
several animal facilities local to Penn State University. We used lllumina MiSeq and HiSeq
sequencers to determine the fly species and the entire metagenome of the samples. After
determining which bacterial species were meostipnent, we chose four to investigate further
using MLST schemes. We successfully amplified genes fametobacter baumannii
Helicobacter cinaediProteus mirabilis andEscherichia coldirectly from the original DNA
samples. With sequences from BERs, we were able to verify the presence of these pathogenic
species in some samples and in other samples verified the gbfettands such as those used in
this study could prove beneficial to agriculture, veterinary medicine, and public healthsas tool

determine the best route toward disease prevention.
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Chapter 1

Introduction and Background

Introduction to the importance of microbial pathogens in the livestock industry

In recent years, with the increased efficiency of DNA and RNA sequencing technologies,
scientists have been able to embark on metagenomic studies, such as our present study of the
microbiome within and on fly species in the presence of livestock andypoultr

Determining thamicrobial species presecould be significant in botheterinaryand
humanmedicine. Zoonoses, or zoonotic diseases, are transferred from-auman to a human
host, and someauseserious illnesses in animals and humalen-zoorotic disease pathogens
may survive in favorable environments surrounding animals and infect humans who come into
contact. Moreover,both zoonotic andon-zoonotic diseases impact human populations
economically by negatively affecting livestock production, food production, and athletic and
labor performanceSuch diseases may be caused by viruses, prions, fungi, bacteria, protozoans,
and other parasitedt this time, our work focuses on bacterial pathogens that could be carried
from one host to the negt from the environment to humaby flies that thrive arounseveral
livestock speciesWe include deer in thistudy as a representative wildlifeegpesthat is
prominent in the regioas well as to incorporate an increasingly important farmed food animal.

Human travel and tradaay an important role in the spread of pathogens and their
vectors or original host&ruse et al., 2004). West Nile us, a recenthemerged zoonosis that
originated in wildbirds, was introduced in the United States in 1999rewd causeslisease in
humans andauines. Kruse also points oudvine tuberculosis aan example of a bacterial

disease that spread to wildlépecies after humamediated movement of infected cattle. Now,
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Mycobacterium bovigesides in many wildlife host species and is therefore able to continue
moving to new areas and threatening human and animal health (Kruse et al., 2004).
To improve the #ectiveness of disease control and prevention methigkaske vectors
must be identified anttansmission mechanismaderstood In the rortheastern U.Sfor
instance, Lyme disease control methods are still widely debated, daspiresent
understading of Borrelia burgdorferitransmission fronanimal host to tick vector to human host
(Wood and Lafferty, 2013). Thus, research in the area of disease transmission and vector ecology
is extremely important and can be advanced wit
Flies are at the center of much scrutiny as likely vectors of many disaasig
microorganisms that affect economicadlignificant livestock For exampleCampylobacter
fetusinfectssheep and cattias well ahumans via opportunistic infectionswd subspecies
have been describé&dC. fetussubspfetus(Cff) andC. fetussubspvenerealidCfv). Cffis a
normal part of ovine and bovine intestinal tract microflora, but when ingested, it can cause
abortions in both sheep and cattle.fact, Cffis considered the leading cause of abortions in
sheep in New Zealand/here in 2012, sheepe at accounted for over 10%
agricultural productioiMannering et al., 20Q8New Zealand Government, 2013fv thrives in
the bovine reproductivedct, where it can be passed from one animal to theduoeixig natural
breeding. This bacterium can cause bovine genital campylobacteriosis, which in turn leads to
infertility, early enbryonic loss, or abortion (Zhaai al., 2010).The bacteria cause s&p
abortion in human hosts, as well (Steinkraus and Wright, 1994).
Salmonella entericandEscherichia colreceive a lot of attention in the field of food
safety, and thus relate to animal production, management, and overall Realtihding to three
studies conducted by the USDA NatioAalimal Health Monitoring Systepsalmonella

identifiedin bovinefecal samplesncreased over time. In 1996, only 20% of dairy herds had



Salmonellapositive cows, but in 2007, 39.7% of the opierad hadSalmonellapositive cattle
(USDA, 2009).

Escherichia colis a constituent of the normal human gut microflora, as it is in many
animals. A strain of particular significance to global healt. isoli 0157, renowned as a
foodborne pathogenHowever, his strain isalsoinfectiousthrough environmental exposusech
as contact with animals, especially catdadthis bacterium ishusearning a name as a zoonotic
pathoger(ChaseTopping et al., 2008) It can experimentally infect chickens, Istiidies of
chickens in production have isolatedcoliO157 only rarely (Esteban et al., 2007).

As carriers of many bacterial species, flies and other insgtprove indispensabie
disease preventicgs a way to deteglathogensn theenvironment Detectionis the first step
toward choosing how to limit disease ridk. production animals today, antibiotics are
administered regularlfor both disease prevention and animal growtitconcerns about
antibiotic resistancicrease with our knowledge of the pathogens arouni\ith flies
indicating the presence of certain pathogenic species, more selective measures for antibiotic
administration can be implemented.

Working toward improved animal and public healtle, gatlered flies (mostly blowfly
species but also houseflies, flesh flies, and tachina flies) from State College area animal facilities
in the hopes that we could determine the microbial pathogens carried by the flies. We
hypothesized that the flies associangth different livestock species and poultry would carry

different microbes in their gut and on their bodies.

About blowflies and myiasis

Blowfly species have a global distribution and varying economic significance as well as

human and animal health impgac For examplehe blowfliesLucilia sericataandLucilia



cuprinaaremajor problersin Australia, where sheegre arimportanteconomic resource.

Myiasis, breech flystrikein particular,has been a management problem for years, and persists

today as eterinarians, farmers, and scientists cedor better prevention methadBreech
flystrike occurs whenablowflg e posi t s eggs i n the.Wheritheed ar ea
eggs hatch, the larvae burrow into the tissue, leaving behind them atkegtiarelcones

infectious bacteriaBlowflies can cause myiasis humans, as well, and is in fact a significant

problem in some developing regions and in individuals of low socioeconomic status or poor

hygiene (Francesconi and Lupi, 2012).

Blowflies and dsease transmission

Past studies have found that blowflies are certainly suspect in transmission of many
pathogenic bacteria, some of which affect humaiswflies have been found to be more
effective carriers of enteric bacteria than other typesex fliccording to a 1998 study of flies in
Greyhound dog kennels in Kans&3% of the blowflies collected frothe kennels contained
Proteus SalmonellaPseudomona®r Providentiaspeciesrban and Brocel998). Smilarly,
research indicatehat theblowfly C. megacephales significantly more likely than the house fly
M. domesticdo carry bacterigSukontasoret al, 2007) Within blowfly specieshbodysize and
local environment quality seem to play an important role in the ability to carry and transmit
pathogens (Maldonado a@nteno, 2003)Specie<Calliphora vicinaandLucilia sericatahave
been shown to harbor pathogenic mycobacteria on their$uadieh they can subsequently

transmit to other animal&ischer et al., 2004a)



The past and present of metagenomic sequencing

Microbiome studies have improved our understanding of the ¥&ld e c oang, B1t € ms
some caseghe florawithin us. For example,n astudy of the microbial populations of various
soil samples, meant to determine the main ammoxigizing speciesDNA and RNA were
extracted from pooledoil samplesind therused for PCRs Successful resultadicated that
crenarchaeota may be the most abundant ampesidézing organisms in soil ecosystems
(Leininger et al., 2006)Similarly, environmental samples from the Sargessa were collected
andthe whole genome was sequenced to shed some light on the biology e¥atpen
microorganisms (Venter et al., 200Another studyfound that bacterial speciasquiredduring
birth depended on whether a child was delivered vaginally or by cesarean $Bcininguez
Bello et al., 2010) Metagenomic sequencing has a seemingly endless range of potential uses,

each of which offer us a clearer perspective of the invisible bacterial world around us.



Chapter 2

Materials and Methods

Fly collection

Over the course okseral months, we collected blowflies franultiple Penn State
animal facilitiesthe Poultry Education and Research Center, Dairy Barns, Horse Barns, Deer
Research Center, and Swine Certeivell as from the sheep farm a short distance from campus
at Sprig Creek ParkFor greater geographic variation, we also collected flies &grasture
nearMeyer Dairy

Equipment included large insect nets and witlauth colection jars with screwen lids,
which contained piees of rotting salmon hedd attract blowflies.Caught fies were transferred
from the net to 50 mL Falcon tubes containing a small amount of difyatenmobilized and
quickly killedthem. The rapid freezing of the fligselped preservBNA and RNA quality. The
flies were subequently transferred to individual 2 mL tubes and stored on dtfyrimeghout the
sampling procesandat-80°C in the laboratoryCare was taken during collection and transfer

from tube to tube that flies remained intéiat. lost no legs or antennae)

Macrophotography of flies

For many of our original fly specimens, we took photographs to document the
morphologyand to send to an expert for visiggntificationof the speciesAfter taking

photographs of individual flies, each fly was immediatedgdifor DNA extraction.



DNA extraction and construction of lllumina sequencing libraries

For DNA extraction from the samplesgwsed the Qiagen DNeasy Blood and Tissue
Kit. We chose 12 flies from each sampling location from which to extract DNA. W&e¢hose
that looked like blowfliesor the most part, but in the cases where we needed to uddawaity
species, we took ones that seemed morphologically diasnsell as intact. Each fly was
transferred to a clean microcentrifuge tube and groumtighlyusing a certified RNase,
DNase, and DNAree pestlefor 1.5 mL microcentrifuge tubed.ysis buffer and proteinase K
were added to the tuhesnd after 10 min. incubatiat 56°Candregularvortexing, our samples
were incubated at 56°C overniglithe following day, the samples were transferred to the
col umns, and the DNA was isol at e\Wecallectedtwval i ng t o
separate DNA elutions, whiovere stored aR0°C. The first elution was subsequently used to
make libraiesfor lllumina MiSeq and HiSeq sequencinghe seond elution was stored for PCR

investigation(see below).

DNA sequencingand analysis

Genomic DNA extracted frorh2 flies from eaclof the sixsampling locatioawas
chosen for DNA sequencindllumina pairedendlibraries[150bp x 150bp] were constructed
and pooled libraries weequenced on lllumina MiSeq as well as on lllumina HiSeq machines.
The sequence reads from lllumina MiSeq runs were used to validate the qualitiiotities
and also to extrache complete mtDNA genomes of the fli€go this end, the reads were aligned
against the mtDNA reference genome of the screwwor@lilysomya putoriand subsequently

assembledWe then used the sequence of the cytochrome oxid@3@1) geneof the



assemblieso determine the ¥l species using BLAST searchdastn) As a control, the
complete mtDNA genomes were used in BLAST searches.
MiSeq returned about 600,000 reads per fly, except for one fly that wagpresented,
and HSeq returnedbout 50 millionreads perfyT o begi n anal ysis of the -
the total data per fly was used in blastx, which translates the sequence in all six reading frames
and compares the resulting proteins against the nr protein datdlbesresults of BLAST
searches were then analyzed in MEGAMEtaGenome ANalyzgr(Husonet al., 2011) The
total numbef reads was normalized across all of the fly samples sthihatumber of bacterial
reads in our analysis indeed reflected the presence of bacteria instead of being biased by

differences in the number of total reads in each fly.

Choosing bacterial species of interest

From the 50 most abundant bacterial specieslirflies, we chosthe followingfour
speciedor further investigationProteusmirabilis, Acinetobactebaumannii,Escherichiecoli,
andHelicobactercinaedi For A. baumanniiE. coli, andH. cinaedj MLST schemes were
already created, and the avhlmprimer sequences were modified to prevent PCR amplification
from distantlyrelated speciesNo MLST scheme was aitable forP. mirabilis, so primers for

four genes were designegl Bodo Linz(Appendix B).

PCR protocol and PCR product analysis

We diluted the DNA samples 1:10. For each PCR, we used 2 pL DNA, 1 pL each of the
primers (concentration 10 pmol/uL), 2 pL of 2 mmol dNTPs, buffer with MgOAc, and 0.4 pL

rTth DNA polymerase (Applied Biosystems). The PCR conditions were as follows:



Initial denaturation at 94°C for 5 min

Denaturation at 94°C for 15

Annealingat 58°C for 15s 38 cycles

Elongation at 68°C for 45s

Final elongation at 68°C for 5min

PCR products were analyzed on a 1% agarose gel and visualized under UV light using

ethidium bomide. PCR amplicons of the correct size were purified using the Qiagen QIAquick
PCR Purification Kit(protocol in Appendix Aand submitted for sequencing at Benn State
Nucleic Acid Facility, University Park, PAThe sequencing reads were analyss@luated,

trimmed using Staden Packagtdden et al., 1998).
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Chapter 3

Results

Sampling

We sampled flies on several days between June 19 and September 16, 2012, using insect
nets and rotting salmon head as bait to attract blowflies. firstcollection visitwas dedicated
to tesing and optimizinghe fly-catching methodsThe flies that were attracted to the bait were
caught in insect nets and thieansferred to 50 mL tubes which contained a small piece of @ry ic
to immobilize and kill them Then each of the flies was placed into individual 2 mL tubes and
stored on dry iceDuring thisfirst expedition on June 19, 2012, we collected just 16 flies from
the horse barfirable 1, Fig. 1and returned for arlver collection in September, when we
collected 50 additional sampleghis facility is surrounded by about 50 acres of pastures where
the horses spend the majority of their time.

The Swine Centerbout 1.74 km from the horse basiocatedon many acres of
pasturehat are separated inp@ddocksvhere the boars are held individually and the sows are
held in small groupsHere, wealso made two samplings, ®near a boar and one near sows,
gathering a total of 78ies. The Penn State sheep operation is combined with beef cattle, so to
collect flies that associated with sheep alone, we chose to go farther away from all of the other
animal facilities, thereby adding some geographic variety. We coll8dtitids from a sheep
farmnear Spring Creek Parabout 2.5 km from the horse barn and 1.75 km from the Swine

Center(Table 1, Fig. 1)
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Figure 1. Geographic distribution of the sampling locations.

Table 1. Fly collection.

Animal host No of flies Date of collection
horse 16 6/19/2012
swine 23 6/21/2012
cattle 21 7/15/2012
deer 46 9/12/2012
poultry (inside barn) 30 9/12/2012
poultry (outside barn) 18 9/12/2012
cattle 40 9/14/2012
sheep 84 9/16/2012
horse 50 9/16/2012
swine 56 9/16/2012

To further increase geographic variety, we chose to collect our cattle samples near a farm
in the vicinity of Meyer Dairy.With a distance 08.2 to 5.8 knfrom any other animal facility

this location was the most geographically separgggd 1). Again, the animals were held on
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large pastures. In addition to the 21 flies we collected here, we collected 40 flies on a later trip
(Tablel, Fig. 1).

The 46fly samples from deer were caughtla Deer Research Centarhichis centrally
locatedon 22 wooded acres, in contrast to the facilities on past&@iaesethis facility is located
farthest north anthe deer argroupedn forested outdoor paddocks, we assumed that there was
no or only limitedexchangef flies between the deer facility and the other sampling points
(Table 1, Fig. 1)

The poultrybuildings ardfully enclosed, except for ventilation, and the only fliesggnt
under t he wdrdblack ftieg, later fognd ® be houseflieTherefore, we also sampled
flies outside of the buildings, even though their contact to the poultry was limited at best. Still,
we collected 30 flies from inside and 18 fromsidé the buildindTable 1, Fig.1)

DNA was extracted from 21 flidsom the Swine CentdfS), 16 from the Horse Barns
(H), 18 from outside the poultry ba(RO), 12 from inside the poultry baf®l), 32 from cattle
(C), 21 from the Deer Research Cer(fa), and 20 from the shedarm near Spring Creek Park
(O). The samplewvith the highest DNA concentratidiiable C1)were used foDNA library
construction for sequencing. In addition, we aimed for maximal biodiversity and took into

consideration thalentified species, determined from the photographs.

Metagenome analysis

Thesequencingesults fronthe IllluminaMiSeq and HiSegqnachinesontained
information about the fly species well asnformation about micraoés associated with the flies
TheMiSeq sequence reads wesedto assemble the mtDNA genome of each fly in order to gain
insight about the intreand interspecies diversity of blowflietlsing the mitochondrial genome

of the screwworm flyChrysomya putoriaas a reference, we extracted tespective mtDNA
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reads of each fly and assembled the individual mtDNA genomes. We then used the CO1 gene
sequence, coding for cytochrome oxidast determine the fly specie®f the 72 flies most
werePhormia regina(39), Lucilia sericata(17), ard Musca domesticé4), but a few samples
wereStomoxys calcitran@), Winthemiarufoptica (1), Cochliomyia macellarigl), Boettcheria
bisetosa(1), Bodtcheria latistemg1), Eudasyphora canadiand), Lucilia coeruleiviridis(2),

Lucilia illustris (1), Muscina levidg1), andHydrotaeasp. (1). Phormia reginalucilia sericata
Lucilia coeruleiviridis andCochliomyia macellariare all blowfliegCalliphoridae) Stomoxys
calcitrans Eudasyphora canadiandluscina levidaHydrotaeasp.,andMuscadomesticaare

house fliegMuscidae) Winthemia rufopticas a member of the Tachinidae family, which makes
up part of the true fliesBoettcheria bisetosandBoettcheria latistemareflesh flies

(SarcophagidadgFig. 2, Table Cp
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Figure 2. Phylogeetic tree of 72 flies based on the mitochondrial CO1 sequence.
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The combined sequence reads from the MiSeq and HiSeq sequencer runs were analyzed
using blastx to identify the bacterial species associated with the 6i8esf the 72 flies were
successfully sequenced on the HiSeq sequencer and were used for further artadyklastx
output was subsequently examinedMEGAN, a computer program designedrtterpret and
visualizemetagenome analyses. The number oftifled bacterial reads was normalized against
the total number of reads to ensure comparability between individual flies.

We identified 50 bacterial species that were commonly present in many of the fly
samples (Fig. 3). The bacteria represented a yarfetifferent lifestylesfrom symbiontglight
green in Fig. 3and commensal bactefflarown)to plant and animal pathogefdark blue and
red, respectively)as well as environmental bacteria (turquoid&hile some bacteria such as
WolbachiaandEscterichia coliwere identified in almost all samples, others were found in very
few samples. For exampldelicobacter cinaedivas found in only three fly samples, two
collected from the sheep farm and one from the Swine CevitaiousWolbachiaspecies &
known to be endosymbionts in other insects, suggesting that flies might also\WWatbachia
endosymbionts

The bacterial load differed significantly between the individual flies, from almost no
bacteria such as in blofly sampleO20(Lucilia sericatg from sheep, to highacterial loads of
many species as well agny reads per species, such as blowfly sampR(Phormia regina
from horses.Overall, the bacterial species present in the blowfly samples varied with mammalian
host. Bacteria were most populous within or on the blowflies collected at the horse barn, and the
most abundargpecies includeiyroides odoratimimy<. coli, andSalnonella entericaas well
as numerouBseudomonaspeciesP. mendocinaP. entomophilaP. aeruginosaP.
chlororaphis P. stutzeriP. putidg andP. fluorescensAcinetobactespeciesvere also
prominent A. baumanniiA. johnsonij andA. lwoffii. Thesamples also contained a significant

amount ofplant pathogenthatwerealso very frequent among the dégrsamplesnamely
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co2
cos5
co8
c18
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Figure 3. Top fifty bacterial species identified in the fly samplesThe fly samples & ordered
by sampling locatiorand fly species. Light greein symbions, brown1 commensal bacteria,
turquoise’ environmental bacteria, dark bluglant pathoges) redi animalpathogens.

Dickeya dadantjiPectobacterium carotovorurandPhascolarctobacterium succinatutens
Several environmental bacteria were also frequent in the fly samples from deer; however, the
number of potential animal pathogens was very low in those samples, witkceetion ofE.

coli andSalmonella entericaThe samples from the Deer Research Center showed greater
uniformity than the samples from other locati@msl form a pattern that is unique to these flies
Besides the presence of plant pathogens and thelvVatkaof animal pathogens, certain
environmemal bacteria were frequentfgundin most samples. For exampRrenneriasp. and
Leuconostoc mesenteroidesre uniformly present in thehormia reginasamples associated

with deer.

Few bacteria were identified in flies associated with cattle. Most of the flies collected
from sheep, swine, and poultry facilities contained intermediate amounts of bacteria, with the
exception of twd_ucilia sericatafrom sheep, onBhormia reginafrom swine, and one
Cochliomyia macellaridrom poultry, all of which contained a large amount oftbaa. The
lattercontained a particularly large number of animal pathogens, whereas tfrertwgheep
contained mostly commensals with the exceptioH.afinaedi Fusobacterium mortiferupand

Prevotella copri

Metagenomedifferences betweerily families

There was a remarkable difference between the bacterial loads of the different fly
families. While thes7 samples afrue blowflies (generaucilia andPhormia of family

Calliphoridae) carried a substantial amoantl varietyof bacteria, thé& true house fliesfamily
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Muscidae generaviusca Muscing EudasyphoraStomoxysandHydrotaea) carried very few
bacteria. Likewise, the bacterial load of the flesh flies of geBogttcheriawas lowwith the
exception of D1#rom deer That sampleontained a large number of reads fribva plant
pathoges Spiroplasma citriandRickettsiella gryllj an intracellular pathogesf aquatic and

terrestrial arthropods (Leclerque, 2008).

Validating the metagenome analysis results using mutocus sequence typing (MLST)

We attempted to verify the presence of the potential animal pathBgens, Proteus
mirabilis, A. baumanniiard H. cinaediby direct PCR amplification of bacterial housekeeping
genes from fly DNA samplesWe used the existing MLST schemesEorcoli, A. baumannji
andH. cinaedj but modified the published primers to prevent PCR amplification of related
genera and/or species. FRarmirabilis,we developed primers for four housekeeping genes
because no MLST scheme was yet availabBleam diluted fly DNA samples, we successfully
amplified PCR fragments from all four speci@sg. 4). Those fragments thappeared to be the
correct size were purified and sequenc8dme of the returned sequences contained numerous

double peaks, indicating PCR amplification from multiple bactbaathelong to different but

A. baumannii P. mirabilis E. coli H. cinaedi

cpn60 eno fumC cdiB

Figure 4. PCR amplifications from fly DNA samples using primers forA. baumannii P.
mirabilis, E. coli, and H. cinaedi The gene amplified in each species is shown below the gel
photograph.
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closelyrelated species, suesA. baumanniandA. calcoaceticusand/or multiple strains of one
speciegTable 2) The sequences were analyzed using phylogenetic trees and blastn searches

against the NCBI nt (nucleotide) and wgs (whole genome shotgun) databases.

Table 2. PCR amplification and NCBI blastn search results ofAcinetobacter genes
from fly samples.

BLASTn search result for housekeeping gene fragment
Fly chp60 ) gdhB gltA gyrB recA rpoD
Sample (600 bp) (618 bp) (684 bp) (570 bp) (573 bp)
D11 PCR? PCR
HO2 PCR PCR
HO7 Acmetot;acter PCR Acinetobacter PCR Acinetobacter
sp. sp. sp.
Acinetobacter A. Acinetobacter
H10 S calcoaceticus S PCR PCR PCR
P (97%) P-
Acinetobacter A.
H11 S PCR PCR calcoaceticus
P (98%)
A. oleivorans  Acinetobacter A. oleivorans
001 PCR (97%) sp. PCR PCR (98%)
P03 PCR PCR
P04 A. baumannii A. baumannii  A. baumannii PCR A. baumannii
(100%) (100%) (99%) (100%)
P06 PCR PCR
A. baumannii
St (100%)

T'Size of the analyzed sequence.

2PCR indicates an amplicon of the correct sizeviitit frequent double peaks in the sequence, suggesting PCR
amplification from multipleAcinetobactespecies and/or strains.
3 Acinetobactesp. showed 82 to 87% similarity to multipdeinetobactespecies.
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The sequence analysis using both BLAST searches and phylogenetic trees revealed the presence
of severalAcinetobactespecies in the fly samples, includiAgbaumanniiA. calcoaceticusA.

oleivorans as well as currently unknown species (Eabl Fig. 5).

cnp60
A. baumannii
,_do FI?( S17
® Fly P04 s
A. nosocormialis
A pittii )
ﬁ—f A. calcoaceticus
I_ — _A. oleivorans
A. junii
A. haemolticus
A. panus
A. venetiana
A. radioresistens
1 —| A, bayhi
L A. ursingii
[ AA‘ Mf?'f fgf '
. schindler
@ Fly H10
I A. bereziniae
I ® Fly HO7
I_\_' A. johnsonit
@ Fly H11
P
0.02
rpoD . )
[ A baumannii
® Fly P04 o
A nosocomialis
A. pittil
A. calcoaceticus
—L—"@ Fiy Hi1
A. oleivorans
® Flyoo$1
T A, funii
A. venetiana
I_{ — A haemolticus
A panus
A. bayiyi
L A. ursingit
A. johnsonii o
— A, hwoffi
A. schindieri i
A. bereziniae
® Fly H10 ) )
A. radioresistens
0.02

Figure 5. Neighborjoining trees of two Acinetobacter genesgnp60(A) and rpoD (B). The
genes of the different Acinetobacter species were extracted from the respective reference
genomes available in GenBank.
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Likewise, we identified twdProteusspeciesP. mirabilisandP. pennerias well as currently
unknownProteusspeciegTable 3) Indeed several speciesf bothAcinetobacteandProteus
had beerndentified in the metagenome analy§isg. 3). Acinetobactespecies included.
baumannij A. lwoffii, andA. johnsonij as well asAcinetobactesp. P83-8. Proteusspecies

includedP. mirabilis andP. penneri.

Table 3. PCR amplification and NCBI blastn search results ofProteus genes from
fly samples.

BLASTn search result for housekeeping gene fragment
Sa';rl1yple atpA (576 bp)l eno (618 bp) fabH (708 bp) trpC (420 bp)
C02 P. mirabilis (100%) PCR? P. mirabilis (100%) P. mirabilis (99%)
HO8 PCR PCR PCR PCR
005 P. penneri (96%) P. penneri (93%) Proteus sp.’ Proteus sp.
007 P. penneri (98%) P. penneri (96%) P. penneri (89%) P. penneri (90%)
P03 PCR PCR PCR PCR
P04 PCR PCR PCR PCR
P06 P. penneri (96%) P. penneri (93%) Proteus sp. Proteus sp.
S10 P. mirabilis (100%) P. mirabilis (100%) P. mirabilis (100%) P. mirabilis (100%)
S21 P. mirabilis (100%) P. mirabilis (100%) P. mirabilis (100%) P. mirabilis (100%)

1 Size of the analyzed sequence.

2PCR indicates an amplicon of the correct size but frequent double peaks in the sequence, suggesting PCR
amplification from multipleProteusspecies and/or strains.

% Proteussp. showed 77 to 86% similarity to bd®mirabilis andP. penneri

Like in Acinetobacterthe sequenceaces of severdroteusPCR fragments contained double
peaks, probably due to simultaneous amplificatibthe same gene from two or more strains or

species. Inspection of the gene traea®aled that the double peaks were likely due to mixed

sequences from both mirabilisandP. penner; since the observed pattemall four genes
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matched the pure segpces found in both species (Fig. BYith this knowledge, we

hypothesized that the same was trueMcinetobactesamples.

Fly P04 AM\ /\/\ [\;}\}‘Aﬂ‘i Mixed sequence

C A c

Fly S10 /\_A A{U\ A. A il M, Proteus mirabilis
Fly O07 A _/l ‘ /\_/k Ay ﬂ /\[\A Proteus penneri

c

Figure 6. Sections of the sequencing chromatograms of theno gene amplified from three

fly samples. Fly sample P04 contained mixed traces that likely resulted from amplification of the
gene from bothP. mirabilis as in fly S10, andP. pennerj as found in fly O07.The arrows
indicate the double peaks shown in this chromatogram.

Similarly, we amplifiedand sequenced housekeeping gene fragmentsHedicobacter cinaedi
from the three fly samples that contained noticeable amounts of this bacterium, samples 008,
014, and S15Sequences confirmed the presenckl.afinaedi

Thoughmany samples containéd coli, we pickedsix for characterization and
sequenced all seven housekeeping genes of the MLST scudigfemC gyrB, icd, mdh purA,
andrecA. All sequences confirmed that we successfully ampliiedoli. Amplicons from one
fly sample again coatned mixed traces, apparently amplified from variBusoliclones. The
sequences of the other five samples veessigned the allele numbers of the MLST schefiiee
majority of these sequencegre known alleles;mdy six were new alleles that deviateg one
nucleotide each from previously identified allel&$e allele combination was new for all fitze
coli samples from the flies; however, we identified closely related isolates i tidi database
that differed byonly two or three out of theegen alleles.None of the related isolates from the

database were known pathogens, but rather represented commeralSince we were
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unable to amplify all genes from all fly samples, however, it is still possible that other samples

contained virulenE. colistrains
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Chapter 4

Discussion

Sampling methods

The animal facilities from which we obtained our flyrgaes are quite close together
(Fig. 1). Depending on the daily flight radius of the flies, the barns could well have shared a fly
population that travelled from one place to the next, carrying whatever baleesrigicked up.
The time of year in whiclve collected flies may have affected the bacterial loads of our samples.
The abundance of some microbes may follow a cyclic pattern throughout the year or perhaps
fluctuates with ambient temperatubaimidity, or day length. Similarly, the ability ofdh to
carry bacterial species could change with the seasons. Other points of unaddressed variability
include fly age, size, and reproductive abilifihe livestock with which the flies associate may
demand more attention in future studies as they, tag,aarry bacteria in different amounts
during different parts of the year or experience a change in carrying capacity or microbe
constituency over the course of its life.

Our samplingequipmenserved its purpose well, enabling us to efficiently captuge t
flies we neededHowever, we used the rotting salmon haad jargepeatedly and at multiple
locations, so further analysis of our data must include metagenomic sequencing of samples of the
salmon. This is expected to indicate whether the preserat®indance of some species was
affected by the bait. The salmon was store@@tC when not in use, which would kill many of
the bacteria present, there miglave been some psychrophilic species, suétsgshrobacter

cryohalolentis capable ofurviving the extreme cold.
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The effects of sampling location on bacterial flora

Despitethe close proximity to each other, the sampling locations yielded noticeable
di f f er e n baeterial loadsafdlthis ¢ présumably due to vaidas in the loal habitat
For example, fly samples from the horse barn contained more bacteria, and more animal
pathogens, than any other sampl€he horses ar@ken off farm propertynore often than any
of the other animals, which may have impacted their bacteads and, in turn, the bacterial
loads of the flies.The Deer Research Center is segregated from the other facilities by the wooded
acres on and around the property, and the clear pattern of bacterial species within each sample
absent in the samples fmoother locationsseems to reflect this unique characteristic. Blowfly
samples from the poultry building reveal relatively limited amounts of bacteria and bacterial
species The poultry buildings are fully enclosed except for the ventilation systems, Tie
difference in samples obtained inside the building versus the samples gathered outdoors at the
other locations is to be expected to some degree. The sheep farm was farthest from the other
sampling locations, and this is reflected in the appametebal population. More commensal
species were identified in the sheep samples than in any other sampling Blmuflies from
near Meyer Dairy were sparsely populated with bacteria. This may be due to our distance from
the cows if blowflies do notavel far from their food source. Alternatively, the size of the
dairybs property and the movement of the cows
such a | ow bacterial presence by efFinadlyimi vely d
the case of swine, metagenomic analysis revealed sporadic occurrence of several animal

pathogens.
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Importance of the chosen pthogenic bacteria of interest

Acinetobacter baumannis an opportunistic pathogen of humans and the most common
organism othe Acinetobactegenus to cause human infections. It is responsible for cases of
hospitatacquired pneumonia and meningitis, urinary tract infection, and skin, soft tissue and
bone infections (Cerqueira and Peleg, 201tL)s still unclear whether thigospital strains are of
animal origin, buAcinetobactehas been isotad from swine and cattle fecasd skin, nostril,
and ear swabs (Hamouda et al ., 2011). The pre
areas that tend to attract flies, suchiresears, increases the potential of bactaptkespread
by flies that visit those area#n our study, our most certain sample contairingpaumannii
came from poultry (Table 2). After viewing the sequence traces from MLST PCRs, we saw that
samples from horses contaginetobactebut not necessarilik. baumannii

In humansHelicobacter cinaedis the most commonly isolated enterohepatic
Helicobacer species It is currently unknown whethét. cinaediis part of the normal microflora
of the human gastrointestinal tract, but it has indeed been identified in asymptomatic infections
(Oyama, 2012). Infections can cause fever, nausea, diarrhea, mecetiditis, endocarditis,
andarthralgia (Kiehlbauch, 1994).

VariousHelicobacterspecies have been identifieddinds, humans, and several
mammals, including rodents, ferrets, woodchucks, cats, dogs, aftin@n primatesH.
cinaediwas found in hesus macaques, which may therefore be one reservoir for human infection
(Fernandez et al., 20Q2Additionally, Helicobacterspecies have been isolated from cetaceans
and livestock (Whary and Fox, 2004). In the context ofwluisk, theHelicobacterspecies
infecting swine, cattle, sheep, and chickens are the most compelling due to the potential for
transfer to the humans who work near them. A study of the prevalericdeiimanniiin

communities of varied demographics and geography indicateihtbations occurred most often
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in individuals from rural areas, where contact with domestic livestock and other animals is more
common than in urbanized regionsGvec et al ., 2000) .

Swine may be infected witH. suis which was initially considered a strafH.
heilmannij Candidatus H. bovisolonizes the abomasum of cattle, &hdappiniwas found to
causdiver necrosis irsheeffetuses, suggesting that infection can be verticediydmitted H.
pullorumis isolated from the liver, duodenum, and ceafrohickensbutwas also isolated fro
humans with gastroenteritis, evidencthg potential foH. pullorumto act asa zoonotic agent
(Whary and Bx, 2004). From our flies, two sheep and one swine sample contéinethaedi
as confirmed by sequencP&R fragments.

Proteus mirabiliss an opportunistic pathogen, typically found in the human
gastrointestinal tract or frd&ing in soil or water, but occasionally the bacterium causes urinary
tract infections and, more rarely, pneumonia or endocarditimirabilis can cause mastitis in
cows, making it a rare, opportunistic pathogen with economic significance. Not only can a cow
lose milkproducing function in the affected portion of the udder, but the milk prodiuréal
the time she is infected nuse discarded (Phiri et al., 201Multidrug-resistant strains have
been isolated on meat products, predominantly poultry, and from processing facilities (Kim et al.,
2005). Though normally only an opportunistic pathogen, antibiotic resistance omneldsie the
virulence of this bacteriumWe successfully amplifie®. mirabilisfrom a few of our sampless

well asP. pennerialso a rare but serious pathogen.

The variation in bacterial loads between flies

The impressive diversity of bacterial species and the amounts of cartaobialspecies
in livestock and poultry could be due to the substrates available to the flies that associate with

them. Each animal has a distinct fecalmposition, with variedraounts of water and solids.
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Blowflies prefer dead animals decaying meat for laying eggs, hdad animals were not
readilyavailable to the flies at the facilities we visitethe next best substrate for blowflies to
deposit their eggs is fecalaterial of the local animals.

Given the large amounts of manure produced by daitlecahe would perhaps expect
large blowfly populations and significant bacterial carriage, but it is possible tHatithfeces
of the cattle do not offer enouglutritional support fothigh numbers of blowfliesStoffolano et
al. studied the effects of various fecal substrateBhlmrmia reginasexual maturation and
reproduction and found that male and female flies can both survive and successfully reach sexual
matuity by feeding solely on feces from one species, but the time spent feeding to reach maturity
varied based on the protein content of the dung (1995).

Our horse barn samples contained abunBaatidomonaandAcinetobactespecies in
relatively high quarities. Additionally,Salmonella entericandE.coli appeared to some degree
in almost every sampleThis may be particularly important due to the close interactions between
horses and theumans who work with them. Whereas the swine, sheep, cattldeandre used
strictly for production or resear@nd receive limited direct contact with their caretakims
horses are useaddividually for recreational or competitive purposes, as wElis close
association leads to increased risk of diseasertiae®n between humans and horses. Blowfly
association with horses adds another dimension to the risk analysis of equine activities.

The bacterial loaglin samples from the Deer Research Center are intriguing due to the
large number of reads from the plgpathogen®ickeya dadantiandSpiroplasma citri If the
blowflies obtained these bacteria from the deer, then deer can probably spread the bacteria
through fecal shedding and may thereby introduce the pathogens to plants during typical
movements thragh their environment. Deer are abundant enough in Pennsylvania that this could
becomea threato food crops. Alternatively, the increase in plant pathogens may simply

correlate with the increased vegetation of the woods.
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The difference in the bacteri@ads from one family of flies to the next can be attributed
to the lifestyles of the flies. Members of Calliphoridae, the blowflies, asctdtt to smells of
rotting meatand thus visit carrion to eat and possibly lay edgjswflies also consume fat
mattet which inevitably contains the shed bacteria of the animal that excreted it. House flies are
attracted to dung as ovipositional sites, as well, but maysalsot decaying organic nbat such
as human food scraps. These dietary differencdd atfluence the bacterial populations that the
flies carry.

Within the poultry samples, ttiges with the highest bacterial load belonged to family
Calliphoridae. The house flies, on the other hand, were nearly devoid of bacteria. During
samplingwe ol | ect ed our indoor samples from the gr
of this fly population belonged to the family Muscidae. ®lusca domesticaamples were
nearly devoid of bacteriaBecause the chickens are kept indoors throughoutlivesy, they have
little opportunity to become infected with any
introduced to the chikens by human workers. Thuspiakes sense that the flies within the
poultry building would contain limited bactel flora. This does not necessarily indicate that
house flies are not vectors of pathogens, howeAestudy ofthe ability ofMusca domesticto
carry and transmitl. pylori to other animals or humans found tkiatpylori can be isolated from
thefies 6 body sur f ace -Haderial eopactt Morebver, vilmbleubacseriapcauls t
be isolated from the alimentary tracts and feces/vorfitusp to 30 hours postacterial
consumption (Gribel et al., 1997).

Our MLST primersoccasionally ampligdthe genes of two different bacterial species
within one sanple, as revealed by the double peiakhe sequence traceskn coli, P. mirabilis
andA. baumannii Our ability to amplify all fragmentBom each ofour samples may have been

limited by our high annealing temperature, which we used in order to prevertonpification
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of genes from other generAs seen in the cases®foteusandAcinetobacterwe still
frequently amplified from multiple species and/or clones.

Overall, the metagnome analysis methods presented here were effective at detecting the
presence of many bacterial species and the relative amounts of each. Additionally, the use of
MLST schemes to verify the presence of certain bacteria successfully provided proof of the
presence of the species or genera in questite. knowledge of the genera present may still be
enough to aid the development of specialized or targeted disease preventiodpkysis of
sequence traces from PCR fragmeai$® enabled us to identifly samples that contained either
more than one strain of a species or multiple clessgBted species

Further study correcting for the close proximity of the animal facilities to one another as
well as the differences in housing livestock and poultay wifer further insight as to
correlations between mammal or avian hosts, fly species, and bacterial Aalaiitsonally, it
would be very interesting to study more closely the bacteria associated with swine, especially

gastrointestinal populations, sepigs are quite similar to humans
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Appendix A

Detailed protocols

DNA extraction using Qiagen DNeasy Blood and Tissue kit

Choose flies of the desired species or diversity from which to extract DNA, and work
efficiently sothat the flies do not thaw completely. Transfer each chosen fly into a separate,
clean, 2 ml microcentrifuge tube, and grind them thoroughly using a pestle. To the ground fly
add 360 L of lysis buffer ATL, vortex, and then grind the sample again. adebd0 pL
proteinase K and vortex. The samples should be incubated on a heat block at 56°C for 10 min.
and then vortexed again. Store the samples in an incubator at 56°C overnight.

The next day, the fly tissues should be totally lysed (except the ésimsRe Add 400
pL of buffer AT to the microcentrifuge tube, vortex the mixture, and then incubate for 10 min. at
56°C. Add 400uL of ethanol (9800%) and mix by vortexing. Centrifuge for 1 min. at 60§0x
(8000 rpm). Transfer 600 pL of the supernatarda DNeasy Mini spin column placed in a 2 ml
collection tube and centrifuge at 60@(8000 rpm) for 1 min. Discard the flethrough and
return the Mini spin column to its collection tube before adding an additional 500 uL of the fly
tissue supernatant the appropriate column. Centrifuge again at 6@8800 rpm) for 1 min.,
then discard the flohrough and collection tube.

With the Mini spin column in a fresh collection tube, add 500 pL buffer AW1 and
centrifuge at 6000 (8000 rpm) for 1 min. Disard the collection tube and flethrough. Place
the column in another clean collection tube and add 500 pL buffer AW2. Centrifuge at 20,000x%

(14,000 rpm) for 3 min., and discard the flktwwough and collection tube.
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Transfer the column to a 1.5 mL macentrifuge tube, add 100 uL buffer AE to the
center of the column membrane, incubate at room temperature for 1 min., and centrifuge for 1
min. at 6000y (8000 rpm) to obtain the first elution. Transfer the column to a new 1.5 mL
microcentrifuge tube, ad50 pL buffer to the column membrane, incubate for 1 min., and then

centrifuge at 6000 (8000 rpm). This is the second elution.

PCR product purification protocol i use Qiagen QIAquick PCR Purification Kit

To begin, add 5 volumes of buffer PB to 1 volkiof sample and mix. For example, our
sample volumes posfel electrophoresis were approximately 22 L, so 110 yL Buffer PB was
combined with each sample. The entirety of the mixture is then transferred to a QlAquick spin
column in a 2 ml collection tubend centrifuged for 1 min. at 14,000 rpm (g?). Discard the-flow
through but keep the collection tube. Add 750 uL Buffer PE andifteggrfor another 1 min
Discard the flowthrough and centrifuge the samples for an extra minute. Discard the callectio
tube and place the column in a 1.5 mL microcentrifuge tube. To elute the DNA, add Buffer EB to
the center of the column membrane and incubate for 1 min. The volume of Buffer EB added will
depend on the desired end DNA concentration; published praotmmohmends 50 uL, but we

often used less for a more concentrated product.



Appendix B

Multi -locus sequence typing primers for chosen pathogenic bacteria

Acinetobacter baumannii

Locus
gltA

gyrB

gdhB

recA

cnp60

gpi

rpoD

Sequence
TTACAGTGGCACATTAGGTCC
GATACCAGCAGAGATACACG
TGAAGGCGGCTTATCTGAGT
GCTGGGTCTTTTTCCTGACA
GCTACTTTTATGCAACAGAGCC
TTGAGTTGGCGTATGTTGTGC
CCTGAATCTTCYGGTAAAACTAC
TTCTGGGCTGCCAAACATTAC
GGTGCTCAACTTGTTCGTGA
CACCGAAACCAGGAGCTTTA
AAATTTCCGGAGCTCACAAAAC
TCAGGAGCAATACCCCACTC
ACCCGTGAAGGTGAAATCAG
TTCAGCTGGAGCTTTAGCAAT

Helicobacter cinaedi

Locus
ppa

aspA

arok

atpA

tkt

cdtB

Sequence
CTCAAAAGTATCAGTAGGCGA
GCCCTTGTAGGCTTTGATTG
GGCGGCTCTAGCAAATAATG
CCGTATCTTGTGTCGCTTCA
CGCACATTCTAAATCCCCAC
TAAGGCTAGGGCTGCTTGAT
TGTGGTTGGACGCGTTATTAA
TGGCAATGCTGTAAGTGAGC
AATCTGCTTCACTAGCCGGA
CCTGTGGAAAATCGCCTTCA
GGTGTAGCATTTGGTGCGAT
TCAAGTATGCCTCCGCTTCT

Amplicon size
717

594

774

425

640

456

672

Amplicon size
514

650

688

646

665

635

Fragment size
484

457

344

371

421

305

513

Fragment size
411

532

572

536

562

535

AnnealingTemp
58

58

58

58

58

58

58

AnnealingTemp
58

58

58

58

58

58
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Melting
Temp

62
60
60
60
62
62
62
62
60
60
62
62
60
60

Melting
Temp

60
60
60
60
60
60
60
60
60
60
60
60






