ABSTRACT
WALKER, GRAYSON KREG Interactions oExtraintestinal Pathogenkescherichiacoli and
Enterococcus faecalduring Polymicrobial Extraintestinal nfections (Under the directioof
Dr. Luke Bors}.

Extraintestinal pathogenkscherichiacoli (ExXPEC)andEnterococcus faecali&F) are
common pathogertbatcau® significant morbidityandmortality in veterinary medicine.
Interestingly, botlareoftenco-isolated in polymicrobial extraintestinal infectiongluding
avian colibacillosisand canine urinary tract infectio(dTI) caused by EXPEC pathovars avian
pathogeni&E. coli (APEC) and uropathogente. coli (UPEC), respectivelyHowever,
interspeciesnteractionghat augment virulenaguring ceinfection are poorly understoodhis
study characteriztthe prevalence and clinical outcomes of ExXPEC:Etertionsin poultry
and dogs and investigateteractions that translatéo augmented virulenagsingin vitro and
in vivo models of ceinfection.

Theimpactof EXPEC:EFco-infectionswasassessed by determining EFiofection
rates withAPECin poultry. EF were ceisolated withAPECfrom onethird of colibacillosis
lesionsin 6 flocks and ceinfection of chicken embryowith APECwith EF resulted in greater
mortality compared to singigpecies infectiond(< 0.05) To further investigate clinical
manifestations of cinfections, dogs with UPEC and Enterococcal polymicrobial bacteriuria (n
= 44) were compared to dogs with UPEC and Enterococcal monomicrobial bacteriuria (n = 100)
in a retrospective cohort study. Recurrent UH'E(0.04), UPEC drug resistande € 0.05), and
hospital visits P = 0.04) were increased among dogs with polymicrdbil.

To study EXPEC and EF interactions, APEC, UPEC, and EF strains were characterized
genotypically and phenotypically using wh@enome and transcriptome sequencing in

combination within vitro andin vivo models of ceinfection. APEC (n = 31) and UPHG = 71)



strains were screened for augmented growth in mixed culture witim EBrHlimited mediumto
simulatein vivo conditions.30 APECand 70 UPEGtrains exhibited a growth advantage
mixed culture with EKP < 0.01)but were attenuated when gragialone while 2 strains did
not exhibitthis responseA subset of screendekPEC includingthe 2 norresponsive strains,
weresequenced for phylogenetic and comparative genomic an&idasophore,
exopolysaccharide (EPSnd conjugative transfetrd) genes were associated with the EXPEC
growth induction by EF.

A macrocolony proximity assay was used to investigate expression of these gemotypes
vitro. Two EXPEC with a robust growth response to EF were compatiedtt@o non
responsive strains. Celensity and relativ&PSfrom EXPEC macrocolonies were quantitated.
EFresponsive EXPEC produced 5 times nioirRScompared ta&ExPECgrowth alone P < 0.01)
while nonresponsive EXPEC produced litB# Sregardless of growth conditions. When chicken
embryos were canfected with responsive EXPEC and EF, there was at least 50% greater
mortality than that observed after-zcdection by noaresponsive EXPEQP(< 0.05).

The functional basis of these phenotypesinvestigated by curing EXPEC of its
plasmid,which encoded pilint(a) genes. Enhanced growth and capsule production phenotypes
of theplasmidcured strairwereablated andconjugationof the plasmidnto anE. coliK12
strain, BW25113, enhanced its grovetind EPS production iresponse to EFP(< 0.05). A
BW25113mutant deficient irePSbiosynthesisagcsC, did not exhibit a growth response to EF
and wassignificantly attenuated during gofection with EFin chicken embryo$P < 0.05).
Whole-transcriptomenalyse®of proximal APEC macrocolonies revealgoregulation omino

acidmetabolismandtra geneqq < 0.01)in response to EF.



These data revealed complex interactions between EXPEC and EF that translated to
modulation ofExPECgrowth and virulenceuring ceinfection ExPECenhancedjrowthand
EPSproduction as inducedby EF, arelinked to conjugative plasmigdg/hich are ubiquitas
among ExXPECIn future work, contributions of these EXPEC features to virulence during

polymicrobial infections in addition to EF effector signals will be investigated.
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12 d of incubation and candled every 24 hr to monitor viability. A) Single
species and emfections of embryos with avian pathogeBiccolistrains
EC_06YS and EC_34YS. B) Single species anthtections of embryos with
uropathogeni. colistrains EC_06YS and EC_34YSP* 0D5..........ccccco....... 76
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extraintestinal pathogentescherichia col(ExPEC) strain EC_06YS and
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Figure 1  Survival and growth curves of extraintestinal pathog&nicoli (EXPEC) strain
EC_06YS in triplicate single and mixegbecies cultures with
Enterococcus faecali&€F). A) EXPECgrowth in trypticase soy broth (TSB,
planktonic) with 1.0 mM (Hlpfthei r o n ¢ h daipyadyl¢22D).2 , 2 6
B) EXPEC planktonic growth with 0.15 mM 22D (LO). C) ExPEC growth on
trypticase soy agar (TSA, adhered) with HI 22D. D) EXPEC adhered growth
with LO 22D.*P  QD5, ** P ODL, *** P OI0L...coorerreeeeirriiieieereninenes 104
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Figure 2 Proximity and ceculture assays dEscherichia colK12 strain BW25113 (WT)
and its mutant derivatives wittnterococcus faecalstrain OG1RF (EF) on
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macrocolonies. In coulture imagesk. coliis on the left andEnterococcus
faecalisstrain OG1RF is in the right. After 120 hr, growth was determined by
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Figure 3  Chicken embryo survival after challenge wikcherichia colK12 strain
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CHAPTER 1: Introduction

Extraintestinal pathogenl€. coli(EXPEC) andEnterococcugaecalis(EF) are ubiquitous
pathogens of enteric origin aade often cecultured in polymicrobial infections inumans and
animals. EXPEC include the closely related uropathogé&nicoli(UPEC), neonatal meningitis
E. coli(NMEC), and avian pathogenkt: coli(APEC)pathovarsUPEC is the etiology in 80%
of humanurinary tract infectiongUTI) (Klein and Hultgren, 2020NMEC causes more infant
deaths da to bacteremia than any other pathogoll et al., 2011)APEC causes septicemia
and death in poultry regdless of age or immune status, resulting in riltion dollar losses to
agriculture industries and public health threatelan et al., 2020)EF wasoftenregarded as a
harmless gut commendalt has rapidly escalated from an emerging pathggémer, 1993)to
an uncontrded cause of nosocomial infectionshiospitalized patient&ao and Kline, 2019)
Antimicrobial drugshave increasingly limited utilitagainst EXPEC and EF due to accumulated
and/or intrinsic antimicrobiakesistance leaving few viable treatment options for these
debilitating infectionsBoth EXPEC and EF have been studied extensively as human pathogens
and are widespread among veterinary species where they can be spread zoonotically (animal to
human) and ahroponotically (human to animgMurphy et al., 2010; Olsen et al., 2012;
Mitchell et al., 2015)As such, EXPEC and E#ose significant threats to the health of humans
and animals and serve as representative gram negative and gram pasiivdestinal
pathogens for infectious disease research. However, little is known about EXPEC and EF
interactions during polymicrobial infections. In this work we first characterized the clinical
impacts of EXPEC and EF -dnfections of poultry and dogand used a combination iof vitro,
in vivo and bioinformaticsnethods to determine interactions between these two pathogens that

translate to enhanced virulence ofintections.



Since their initial isolation from human patients, EXPEC and EF haveno¢aole causes
of disease. Pathogertitscherichia coliwvas firstisolated frompediatric dysentery patienis
1885 byDr. Theodor Eschericha German pediatrician and pioneer infectious disease
microbiologist who was confused by the fact that this deseagsing bacterium could also be
isolated from the feces of apparently healthy individ(élainil, 2013) Since thenE. colihave
been broadly classified as commensal or pathogenic and further subcategorized into pathovars
based orthe wide range of disease presentation (Figure 1). Of these, EXPEC possess the most
diverse arsenal of virulence features which are deployed to combat the complexity and harshness
of the extraintestinal environments they color(iginil, 2013; Poolman and Wacker, 2016)
Shortly after the discovery of EXPEEF was isolated in 1898 from a human case of lethal
endocarditis. The bacterium was determined to be of intestinal origin and shone to kill infected
animals(Maccallum and Hastings, 1899 espite being first isolated from an acute
extraintestinal infection, EF are widely regarded as opportunistic pathogens with an intrinsic
tolerance to harsh conditions and host immune responses that result in disease and treatment

difficulties (Lebreton et al., 2017; Kao and Kline, 2019)

| Escherichiacoli |

Pathogenic ‘ Commensal p Et;traintpsgnal p
(e.g. STEC, EHEC) athogenic E. coli

ExPEC

Shiga Toxin, Enterohemorrhagic

r T 1
[ APEC H UPEC ] NMEC
Avian Pathogenic Uropathogenic Neonatal
E. coli E. coli Meningitis E. coli

Figure 1. Organization dscherichia colpathovars. Extraintestinal pathogegiccoli
pathovars APEC and UPEC (red) are significant pathogens of veterinary species.




A century after the discovery of EXPEC and EF, synergy between these two pathogens
was first described when human surgeons noticed frequastledion of EXPEC and EF from
polymicrobial surgical site infection&ry et al., 1985)Rats inoculated intravenously with
sublethaldoses oEXPECin combination with EF had greater mortality compared to single
agent infectionswhich gave rise to a startling new perspective on the enhanced virulence of
these pathogens during-edection(Fry et al., 1985)EXPEC and EF cifections received
more attention as human clinicians reported worsened clinical outcomes for patients with
polymicrobial extraintestinal infections. Polymicrobial bloodstream infections in cancer patients
had greater fatality rat€Royo-Cebrecos et al., 201@&nd polymicrobial UTIs were caused by
virulent EXPEGstrains(Croxall et al., 2011and were associated with longer hospitalizations
(Fourcade et al., 2015)hese findings led to the suspicion that EXPEC virulence can be
augmented during emfection with EF.

Polymicrobial extraintestinal infections by ExPB@d EF are implicated in veterinary
diseases such as avian colibacilld&iarunarathna et al., 201 Hovine mastitigAngelopoulou
et al., 2019and canine UT(Seguin et al., 2003 onsequenthiEXPEC and EF also pose a
public health risk as infected livestock and pets can serve as rassaciated hosts for zoonotic
andanthroponotic transmissidiMurphy d al., 2010; FosteNyarko and Pallen, 2022Although
EF are known to be esolated with EXPEC in avian colibacillogBorst, 2020)and canine UTI
(Seguin et al., 2003)ittle is known about the prevalence of thesenfections in veterinary
medicine. Further, it is unde if EF modulates EXPEC virulence duringinfection and if this
translates to more severe clinical outcomes in these classical veterinary diseases.

EXPEC have cevolved a repertoire of virulence countermeasures in response to

selective pressuresoim vertebrate hosts. Iron acquisition, immune evasion, and biofilm



formation are indispensable for an extraintestinal lifestyle. Siderophores and heme uptake
proteins are essential for EXPEC metabolism when encountering host nutritional immunity
which stategically starves bacterial invaders of i{&obinson et al., 2018ExPEC evade
immunity by forming biofilm communities on urinary catheters and within tiestiego cause
persistent infectios (Anderson et al., 2003; Tien et al., 201Mpre recent experimental studies
have reveale&F caninduce EXPEC virulence. EF exportotnithine to promote EXPEC
siderophore biosynthegiKeogh et al., 2016)suppresses macrophage signaling to facilitate
EXPEC host colonizatiofTien et al., 2017)and secretes the interspecies signaling molecule
autoinducet2 (Al-2) to attract EXPEC to multispecies biofiliftsaganenkand Sourjik, 2018)
Thus, EF can augment EXPEC by modulating essential virulence mechanisms.

One such ExXPEC virulence feature that has not been studied in the context of EF
interactions is the production of exopolysaccharides (HEFS$. come in many forms
(reviewed by Whitfield, 2006) and demarcate the interface between cells and their
immediate environment. As EXPEC leave the intestinal niche, they experience
challenging environments as they colonize and infect extraintestinal tissues. During this
process, nutrient deprivation, immune effector cells with secreted antimicrobial proteins
and other species of bacteria dictate EXPEC growth and survival. The ability to sense
and respond to these challenges is a hallmark of EXPEC pathogenesis, and often
revolves around EPS. EXPEC respond to cell wall damage when outer membrane
integrity is compromised by secreting a protective shield of capsular polysaccharides
(Miajlovic et al., 2014). These include the serotype-specific lipopolysaccharide O and
capsular K antigens, non-serotype-specific enterobacterial common antigen, and

capsular colanic acid among others (Whitfield, 2006).



Appropriately, EPS production, biofilm formation, and iron acquisition are EXPEC
virulence features that are co-expressed in response to environmental stimuli. The most
studied stimuli include those present in the extraintestinal microenvironment: low
oxygen tension, outer membrane damage and severe iron-limitation (Figure 2). Low
oxygen concentration activates fumerate nitrate reductase (FNR), which is a global
regulator promoting expression of anaerobic respiration genes (Kiley and Beinert,
1998). EPS is regulated directly and indirectly by FNR via the Rcs (regulation of capsule
synthesis) phosphorelay system (Ma et al., 2018). The RcsB/A phosphorelay two-
component signal transduction system (reviewed by Meng et al., 2021) also senses
membrane damage, allowing EXPEC to compensate for cell wall compromises and
prevent further damage. Finally, EPS production is repressed by ferric uptake regulator
(FUR) when iron is available but de-repressed along with iron acquisition elements

under iron-limitation (Ma et al., 2018).
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Figure 2. Induction oEscherichia colexopolysaccharide production by environmental stressors.



In conclusion, EXPEC and EF polymicrobial infections are widely recognized in
veterinary medicine but little is known about their interactions during co-infection. There
is a growing body of evidence that these polymicrobial infections have more severe
clinical outcomes and are more difficult to treat, which has been supported by
experimental studies that reported EXPEC augmentation by EF. A chronological
summary of these studies has been provided in Table 1 below. Based on this evidence,
we hypothesized that these pathogen interactions are associated with the widespread
occurrence of polymicrobial EXPEC and EF infections in veterinary medicine. Our two
primary objectives were a) to identify adverse clinical outcomes associated with EXPEC
and EF polymicrobial infections in animals and b) to identify interactions between these
pathogens that corroborate such outcomes. Thus, we investigated interactions between
ExXPEC and EF that result in augmented virulence by characterizing polymicrobial
infections in two common veterinary diseases: avian colibacillosis and canine UTI.
Isolates from polymicrobial infections were employed in in vitro and in vivo models to
identify induction of EXPEC virulence mechanisms by EF. The following questions
guided this research:

1. What is the prevalence of APEC and EF co-infection in avian
colibacillosis?

2. How are APEC augmented by EF in vitro and do these interactions
translate to enhanced virulence in vivo during co-infection?

3. Does APEC virulence enhancement by EF extend to UPEC during canine
UTI, and what are the clinical outcomes of polymicrobial UTI?

4. What are the genetic drivers required for EXPEC interactions with EF?



Ourlong-termobijectives areto understand these interactions, and develop appropriate
animal models of canfection todevelopand testherapieghat could inform improvedlinical
management strategiém these common polymicrobial infections of humans and animals
Although EXPECandEF cainfections areeommonin urinary tract and bloodstream infections
(Royo-Cebrecos et al., 2017; Tiem al., 2017)virulence inductioomechanisms between these
common pathogens apeorly understoodThe current studintegrate genetic screening,
transcriptomics, and an vivoembryoco-infection model tdetter understanthese
interactions. Thisvork contributego new knowledge gbolymicrobialinfections bydescribing
novelexchange mechanigmequired for EXPE@irulence inductionAs multi-species
infections gairrecognitionin medicine(Short et al., 2014Yhe interactions of these prototypic
gramnegativeandgram positiveextraintestinal pathogens will inform an emerging area of
infectious disease researdine immediat clinical benefitsand subsequent investigations
facilitated by ouresearctwill improve human and animal health outcomes and significantly

reduce economic burdensmdlymicrobialextraintestinal infections caused by EXPEC and EF



Table 1. Chronological summary of experimental studies documesxtiragntestinal
pathogeni&Escherichia col(EXPEC) augmentation dynterococcus faecali&€F) during ce
infection.

Study Title Approach Conclusions Reference

Co-infections

Bacterial svneraism betweer Challenge rats resulted in greater
ynerg with E. coliand  mortality and larger (Fry et al.,

the Enterpco.ccus.and EFalone orin  cutaneous infections 1985)
Escherichia coli L .
combination with sublethal doses
of E. coli
Virulent synergistic effect Challenge Co-infections
. : demonstrated
betweerEnterococcus faecalii nematodes with o .
e : ) synergistic virulence (Lavigne et al.,
andEscherichia colassayed  E. coliandEF . . .
i - . induction, which was 2008)
by using theCaenorhabditis alone or in - :
- specific to virulenk.
elegangmodel combination . .
coli strains

EF augmented

Enterococcal metabolite cue Grow EF and EXPEC growth and
EXPEC under iror biofilm formation

facilitate interspecies niche - : (Keogh et al.,
. . .~ restriction, mouse which translated to
modulation and polymicrobia 2016)
. : model of wound  augmented ExPEC
infection : : .
co-infection growth in mouse
wound ceinfections
Enterococcus faecalis Inpculatlon of EF preventeql hos_t
romotes innate immune mice bladders macrophage signalin
P X . . with EF, EXPEC, allowing for bladder  (Tien et al.,
suppression and polymicrobi: . .
catheterassociated urinary andE. coli colonization of 2017)
e1ass . MG1665 (LPS EXPEC and LPS
tract infection - - :
deficient) deficientE. coli
Increasedncidence of E. coliand
. S Survey of
Enterococcal infection in : Enterococcuspp.
bacterial

nonviable broiler chicken . . were most prevalent (Karunarathna
infections of non

embryos in wester@anadian ; . and occurred togethe et al., 2017)
viable chicken

hatcheries as detected by embrvos in 56% ofE. coli
MALDI -TOF y infected embryos

IMALDI -TOF = Matrixassisted laser desorption / ionizatiime-of-flight mass spectrometry
2LPS = lipopolysaccharide
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ABSTRACT

Enterococcus spp. (ENT) are frequently co-isolated with avian pathogenic E. coli (APEC) from
poultry with colibacillosis, a leading cause of flock mortality. Although largely overlooked,
ENT may play an active role in these infections. To assess the frequency of ENT co-isolation
in colibacillosis, cultures were collected from birds with gross lesions of omphalitis,
polyserositis, and septicaemia over a 3-year period from three turkey flocks and three broiler
flocks. In birds diagnosed with colibacillosis based on gross findings and isolation of E. coli,
ENT were co-isolated with APEC in 35.7% (n=41/115) of colibacillosis mortality and 3.7% of
total mortality (n=41/1122). Co-isolated APEC and ENT pairs (n=41) were further
characterized using antimicrobial resistance phenotyping and in vitro co-culture assays.
E. faecalis (EF) was the most commonly co-isolated species (68% n=28/41) and tetracycline
resistance was the resistance phenotype most commonly found among APEC (51% n=21/
41) and ENT (93% n =38/41). Under iron-restricted conditions, EF enhanced APEC growth in
a proximity-dependent manner and APEC grown in mixed culture with EF exhibited a
significant growth and survival advantage (P <0.01). In an embryo lethality assay, APEC co-
infection with EF resulted in decreased survival of broiler embryos compared to mono-
infections (P < 0.05). These data demonstrate that EF augmented APEC survival and growth
under iron limiting conditions, possibly translating to the increased virulence of APEC in
broiler embryos. Thus, ENT co-infections may be a previously unrecognized contributor to
colibacillosis-related mortality. Further investigations into the mechanism of this interaction
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are warranted.

RESEARCH HIGHLIGHTS

o Enterococcus is frequently co-isolated with avian pathogenic E. coli (APEC).
o Enterococcus faecalis (EF) enhances survival of APEC in iron restricted conditions.
o EF co-infection increases APEC virulence in broiler embryos.

Introduction

Enterococcus spp. (ENT) are present in the normal gas-
trointestinal flora of many birds, yet some strains have
been identified as emerging pathogens (Guzman Prieto
et al., 2016). In poultry, ENT infection manifests clini-
cally as pericarditis, perihepatitis, or osteomyelitis
(Borst, 2020). ENT have been known to be co-isolated
with E. coli in nonviable embryos (Karunarathna et al.,
2017) and from infectious lesions in laying chickens
during the first week of growing (Olsen et al., 2012);
however, the prevalence of ENT co-isolation and
potential interactions with E. coli remain undetermined
in cases of avian colibacillosis. Colibacillosis caused by
avian pathogenic E. coli (APEC) is the most common
and detrimental bacterial disease encountered in poul-
try production worldwide (Nolan et al., 2020). Industry
surveys identify colibacillosis as the disease most fre-
quently requiring veterinary intervention (Zhuang

et al., 2014; Crabb et al, 2019). Additionally, in a
study of backyard chickens over a 13-year period,
APEC infection was the most prevalent post mortem
diagnosis (Crespo & Senties-Cue, 2015). While coliba-
cillosis is most commonly associated with morbidity
and mortality in young poultry (Kemmett et al,
2014), it also frequently affects mature birds (Dhillon
& Jack, 1996; Vandekerchove et al., 2004), making it
a disease that diminishes bird wellbeing and pro-
duction throughout the production cycle. Furthermore,
colibacillosis is one of the most frequently reported
causes of condemnations at processing (Nolan et al.,
2020). When mortality and carcass condemnations
due to colibacillosis are taken together; it becomes
clear that colibacillosis is a significant threat to poultry
health and global food production worldwide.
Treatment of colibacillosis includes antimicrobial
therapy (Nolan et al., 2020), yet resistance to the widely
used tetracyclines was reported very soon after their
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implementation in poultry production (Sojka & Carne-
ghan, 1961). Since then, studies investigating the acqui-
sition of antimicrobial resistance by APEC have
reported common tetracycline, ampicillin, chloram-
phenicol, and nalidixic acid resistance (Awad et al,
2016) and identification of mobile colistin resistance
(mecr-1) in APEC (Barbieri et al., 2017). These findings
indicate that APEC harbour resistance determinants to
medically important human antibiotics. Additionally,
the emergence of drug-resistant APEC populations
and mandated reduction in antimicrobial use (Prescott,
2019) have impeded the treatment of colibacillosis
(Singer & Hofacre, 2006). Due to the urgency to con-
trol APEC in poultry production, much work has
been done to determine antimicrobial resistance,
define the pathogenesis of APEC, and identify viru-
lence mechanisms.

Iron acquisition mechanisms are frequently
observed in APEC strains, signifying a key role of
this nutrient for APEC survival and pathogenicity
(Dho & Lafont, 1984; Rodriguez-Siek et al., 2005).
Genes encoding iron acquisition mechanisms are con-
tained on virulence plasmids including the aerobactin
(iutA) and salmochelin (iroN) siderophore genes, and
a haemolysin (hlyF) gene (Johnson et al, 2006). The
strong association of these genes with APEC virulence
makes them a valuable PCR screening tool that predicts
virulence in approximately 80% of APEC strains (John-
son et al., 2008). To counterbalance the iron require-
ment of APEC, the host limits available iron as an
innate immune defence (Ganz, 2009). Free iron is
depleted from yolk sacs of broiler embryos prior to
hatch (Tako & Glahn, 2011) and stored in intracellular
complexes with ferritin which restricts iron availability
to pathogens (Skaar, 2010). While APEC rely on iron
acquisition mechanisms such as siderophore action
for virulence, lactic acid bacteria such as ENT are not
limited by iron restriction (Bruyneel et al., 1989).
Therefore, potential interactions between APEC and
ENT that occur in iron-limited environments during
infection may contribute to APEC virulence.

While the virulence mechanisms of APEC and, to a
lesser extent, ENT have been studied independently, no
study to date has investigated the potential role co-
infection with ENT may play in the pathogenesis of
APEC. Our observation that ENT were frequently co-
isolated with APEC in cases of colibacillosis led us to
hypothesize that co-infection of ENT with APEC con-
tributes to development and severity of colibacillosis.
Therefore, this study aimed to quantify the prevalence
of APEC and ENT co-infection of poultry, determine
the distribution of ENT species in these co-infections,
and identify the antimicrobial resistance of co-isolates.
We then investigated interactions of APEC and ENT in
vitro and in vivo to establish possible roles of ENT co-
infection in APEC pathogenesis and overall severity of
colibacillosis.

Materials and methods
Flocks

Three flocks of broilers and turkeys were reared for
teaching and research purposes over a 3.5-year
period, at North Carolina State University College
of Veterinary Medicine. All trials were conducted
in accordance with the principles and specific guide-
lines of the Guide for the Care and Use of Agricul-
tural Animals in Research and Teaching (FASS,
2010). Approximately 2000 Aviagen turkey hens
were reared in the fall of each year while flocks of
approximately 5000 mixed-sex Ross 708 broilers
were reared in the spring from 2016 to 2019. Chicks
and poults were placed on the day of hatch on pine
shavings and reared to market weight (broilers,
~56 days; turkey hens, ~77 days) in a 508 m”> fan
ventilated, curtain-sided rearing facility equipped
with radiant brooders, forced air furnaces, and
paired feeder and water lines. Integrator-supplied
feed, typically containing a coccidiostat, was pro-
vided with municipal water ad libitum. Neither the
parent nor progeny broiler and turkey flocks
included in this study were vaccinated against
E. coli or Enterococcus, except for the 2018 turkey
parent flock which received a commercially available
E. coli vaccine as part of an unrelated study.

Sample collection

Mortalities consisting of dead and culled birds were
collected twice daily from each flock and necropsied
to determine the cause of death or culling. Samples
were collected for bacterial culture when colibacillosis
was suspected based on gross lesions, which typically
consisted of omphalitis, yolk sacculitis, fibrinous peri-
carditis, and polyserositis. Stuart swabs (BD #220144)
were used to aseptically sample lesions and transported
directly to an on-site laboratory. Each sample was cul-
tured on tryptic soy agar with 5% sheep blood (BD
#06127), MacConkey agar (BD #212123), and Colum-
bia CNA agar with colistin and nalidixic acid (BD
#01361) at 37°C for 18-24 h. Potentially contaminated
samples defined as mixed growth of three of more phe-
notypes on non-selective blood agar were excluded
from this study. The use of selective MacConkey and
CAN plates for separate propagation of APEC and
ENT from a single sample allowed for rough quanti-
tation of each. Subsequent APEC and ENT isolates
were further purified on non-selective media to ensure
pure cultures. Species were confirmed for APEC and
ENT by either MALDI-TOF mass spectrometry or
the Biolog GenlIII Microplate™ microbial identifi-
cation system as described by Borst et al. (2012). Co-
isolates were separately stored in tryptic soy broth
with 25% glycerol at —80°C prior to further
characterization.
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Antimicrobial susceptibility

The minimum inhibitory concentration (MIC) of anti-
microbial agents was determined for APEC and ENT
using Sensititre® broth microdilution methods accord-
ing to the manufacturer’s protocol (TREK Diagnostic
Systems; Oakwood Village, OH, USA). The MICs for
antimicrobials used against Gram-positive and Gram-
negative bacteria monitored by the National Antimi-
crobial Resistance Monitoring System were determined
with  specific plate formularies (Thermofisher
#CMV3AGPF and #CMV3AGNF for Gram-positive
and Gram-negative bacteria, respectively). Isolates
were designated as resistant or susceptible based on
available breakpoint data published by the Clinical
and Laboratory Standards Institute (CLSI, 2020).
Apart from enrofloxacin (Li et al, 2017), no break-
points for poultry exist, and human breakpoints pub-
lished by CLSI were used for interpretation of the
data. Isolates were characterized as multiple drug
resistant (MDR) if they exhibited resistance to three
or more classes of antimicrobial drugs.

APEC genotyping

The presence of APEC virulence genes iroN, iss, iutA,
hlyF, and ompT was determined with a previously
described multiplex PCR (Johnson et al., 2008). A posi-
tive control APEC strain known to possess all five
genes and a negative control known to lack all five
genes were included in each PCR run for validation
of the results. Genotypic relatedness among APEC iso-
lates was determined using Repetitive PCR (RPCR)
fingerprinting using the (GTG)s primer as described
previously (Walker et al., 2020).

Proximity culture assays

For in vitro assessment of ENT modulation of APEC
growth, assays modified from Keogh et al. (2016)
were used. For the proximity assays, APEC and ENT
were grown overnight in Luria—Bertani (LB) and
brain heart infusion (BHI) broth, respectively, at
37°C in a 5% CO, atmosphere without shaking. Each
culture was centrifuged and washed once in phosphate
buffered saline (PBS) and resuspended in PBS. Aliquots
of 5ul of the APEC and ENT suspensions were
pipetted onto trypticase soy agar (1.5%), which was
supplemented with 10 mM glucose (TSA +G) and
0.1 mM of the heavy metal chelator, 2,2"-dipyridyl
(22D, Sigma-Aldrich, St. Louis, MO, USA) to reduce
free iron. These aliquots were grown as macrocolonies
in increasing proximity to one another (5, 3, and 1 cm).
Similarly, 5 pl aliquots were plated 1 cm apart in sec-
tions of quadrant plates on the same media with con-
trol APEC macrocolonies plated in separate sections.
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Plates were incubated for 5 days at 37°C with 5%
CO, (Figure 1).

Mixed culture assays

For the mixed culture assay, EF strain EF_08YS iso-
lated from a chicken yolk sac (Figure 2) was selected
after observing its synergism with multiple APEC
strains in preliminary proximity culture screening
experiments (data not shown). EF_08YS was co-cul-
tured with APEC isolates collected in this study and
compared to APEC monocultures. Only one APEC
strain from each clonal cluster determined by RPCR
fingerprinting (Figure 2) was included in the assay,
resulting in 31 APEC isolates tested. Each APEC and
the EF isolate were initially grown under static con-
ditions at 41°C with 5% CO, for 12-14 h as described
above. Cultures were normalized to 2-4 x 10° CFU
(colony forming units)/ml in PBS to ODggonm (optical
density) 0.4 for APEC and 0.7 for EF prior to inoculum
preparation. The inoculum was either a 1apgc:19gr
mixed culture or a 15ppc:19pgs monoculture for each
strain combination resulting in approximately 4 x
10* CFU of APEC in either mixed or monoculture.
Concentration of inocula was verified by enumeration
on MacConkey and CNA agar. TSA + G plates con-
taining 22D at 10-fold concentration (1.0 mM) were
inoculated with either mixed or monocultures with
three technical replicates per APEC strain. After 24 h
of incubation at 41°C with 5% CO,, growth was deter-
mined by excising the agar portion containing the
macrocolony, vortexing the section in 1 ml of PBS,
and serially diluting and plating on MacConkey and
CNA agar for enumeration of APEC and EF,
respectively.

Embryo lethality assay

Broiler embryos at day 12 of incubation were chal-
lenged with single or mixed suspensions of APEC
strain EC_08YS and EF strain EF_01SN. These were
originally isolated from a broiler yolk sac (EC_08YS)
and spleen (EF_01SN) and of known virulence to
embryos based on preliminary screening experiments
used to optimize the assay (data not shown). The
embryo lethality assay was conducted as previously
described to assess co-infection virulence in vivo
(Borst et al., 2014) with the following modifications
for mixed species inocula. The allantoic cavity of 66
broiler embryos (n=22 per group) was inoculated
with either 5x10°CFU of APEC (APEC only
group), 4x 10’ CFU of EF (EF only group), or a
mixed culture 5 x 10 CFU of APEC and 4 x 10° CFU
of EF (APEC:EF group). The APEC strain was isolated
from a broiler yolk sac, possessed the five virulence
genes tested, and achieved greater than 5 Log CFU/
ml growth advantage when grown in mixed culture
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Figure 1. In vitro co-culture assays identify a proximity-dependent effect of Enterococcus faecalis (EF) on macrocolony morphotypes
of avian pathogenic E. coli (APEC) in iron-restricted conditions. Colonies were grown for 5 days at 37°C on 1.5% trypticase soy agar
with 0.1 mM of the heavy metal chelator 2,2"-dipyridyl. (A) Growth of APEC macrocolonies (left) in increasing proximity to EF macro-
colonies (right). (B) Growth of duplicate APEC monocultures (jii and iv) and duplicate APEC:EF co-cultures 1 cm apart (i and ii) in

isolated quadrants.

with EF. Fourteen control embryos, which received
100 pl of PBS, were included in the experiment.
Embryos were candled every 12 h for 5 days to deter-
mine survival. Allantoic fluid from dead embryos was
cultured to verify the presence of single or mixed
APEC and EF infections. Control embryos were mon-
itored for survival throughout the experiment and cul-
tured upon termination of the experiment to verify
sterility.

Statistical analysis

APEC RPCR fingerprint analysis was conducted with
Bionumerics software version 7.5 (Applied Maths,
Sint-Martens-Latem, Belgium). Bands were normal-
ized to known reference sizes before generation of the
dendrogram. Similarity coefficients were band-based
and determined with optimization and tolerance of
1.5% each. Cluster analysis was conducted with the
unweighted pair group method using average linkages
(UPGMA). A threshold of 95% similarity was adapted
from a study comparing E. coli strains that had been
genotyped with a similar RPCR method (Bonacorsi
et al., 2009) and was used to determine the clonal
relationship among isolates prior to in vitro screening.
For the co-culture assay, APEC CFU/ml counts were
log transformed and subjected to Student’s t test
using JMP® Pro 14 (SAS Institute, Cary, NC, USA) to
determine significance between monoculture and
mixed culture macrocolony counts. Differences were
considered statistically significant when P <0.05. A
difference of 2 logs or greater between APEC grown
in monoculture or in mixed culture macrocolonies
was established as the threshold for phenotype assign-
ment (low versus high response). Embryo survivability
was plotted as Kaplan—Meyer survival curves and ana-
lysed by the log rank test of significance (JMP® Pro 14
software, SAS Institute, Cary, NC, USA).

Results

Co-isolation prevalence and Enterococcus spp.
distribution

Co-isolation prevalence was expressed as a percen-
tage of total losses due to colibacillosis for all
flocks. The prevalence of APEC:ENT co-isolation
among colibacillosis-related deaths in each flock var-
ied widely ranging from 8% (2/25) to 100% (8/8)
(Table 1). There was no apparent predisposition of
co-isolation frequency for broilers or turkeys. Of
the 41 co-isolated pairs, 33 were cultured from
yolk sacs, five from the pericardium and three
from spleens. Four species of ENT were identified
from various organs among the co-isolates, including
E. faecalis (68%), E. cecorum (15%), E. hirae (12%),
and E. gallinarum (5%) (Table 2).

Antimicrobial susceptibility

The distributions of APEC and ENT drug resistance
phenotypes are included in Table 3. Tetracycline resist-
ance was the most common among each group, with
51% of APEC and 93% of ENT resistant to this class
of drugs. All ENT isolates were resistant to at least
one of the drugs tested, while 13 APEC isolates were
pansusceptible. Vancomycin resistance was detected
in two E. gallinarum isolates; however, this species is
intrinsically resistant to this drug (Vincent et al,
1992). Beta lactam resistance was frequently observed
among APEC isolates, with 46%, 22%, and 20% resist-
ant to ampicillin, amoxicillin/clavulanic acid, or
cephem antibiotics, respectively (Table 3). Collectively,
there were 51 MDR isolates (17 APEC and 34 ENT).
The MDR status for each APEC isolate is included in
Figure 2. Individual MIC values, MDR status, and
resistance phenotypes are included in Supplemental
File 1.
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Strain® Flock
EC_30YS Turkey 2016
EC 31YS Turkey 2016
EC_29YS  Turkey 2016
EC _01SN  Broiler 2017
EC_41YS Turkey 2018
EC 42YS Turkey 2018
EC_48YS  Broiler 2019
EC_45YS  Broiler 2019
EC 46YS  Broiler 2019
EC_47YS  Broiler 2019
EC_06YS Broiler 2018
EC_07YS  Broiler 2018
EC_35HT Broiler 2018
EC_37HT Broiler 2018
EC 34YS Turkey 2017
EC_36HT Broiler 2018
EC_04YS Turkey 2017
EC_32YS Turkey 2017
EC_33YS Turkey 2017
EC_08YS Broiler 2018
EC_09YS  Broiler 2018
EC_39YS Turkey 2018
EC_38YS Turkey 2018
EC_I0YS Broiler 2018
EC_11YS Broiler 2018
EC 028N Broiler 2017
EC 03YS Turkey 2017
EC _40YS Turkey 2018
EC 43YS Turkey 2018
EC_14YS Broiler 2018
EC 21¥S Broiler 2018
EC_27SN  Broiler 2018
EC_16YS Broiler 2018
EC_28YS Broiler 2018
EC_I8YS Broiler 2018
EC_I2YS Broiler 2018
EC_13YS Broiler 2018
EC_20HT  Broiler 2018
EC_24YS  Broiler 2018
EC_26HT Broiler 2018
EC 44YS  Broiler 2019

Figure 2. Cluster analysis of avian pathogenic E. coli (APEC) repetitive element RPCR genomic fingerprinting and distribution of
APEC macrocolony growth responses, virulence genotype, drug resistance phenotypes, strain designation, and flock origin.
'ALog represents the growth difference of isolates grown in mixed culture with Enterococcus faecalis (EF) and those grown in mono-
culture after 24 h. A difference of 2 logs growth was used as a threshold to assign APEC to high response (shaded) or low response
categories. A single representative isolate was tested from clonal groups (indicated by boxes). 2MDR = multiple drug resistance;
phenotypic resistance to three or more classes of antimicrobial drugs tested by microbroth dilution. * Strain designation with tissue
of origin; YS = Yolk Sac, SN = Spleen, HT = Heart. “The only APEC monoculture growth that was not significantly different from

growth in mixed culture with EF (P =0.27).

APEC genotyping

RPCR banding pattern analysis resulted in 31 clusters
generated from 41 APEC isolates (Figure 2). All clonal
isolates originated from birds from the same flock.
Twenty-six of the 41 APEC possessed all five of the
tested virulence genes, iroN, iss, iutA, hlyF, and
ompT, while three isolates possessed none. All MDR
isolates possessed at least four virulence genes. Isolates

possessing four of the five virulence genes all lacked the
aerobactin membrane receptor gene iutA, while one
isolate had only the iutA gene.

Proximity and mixed culture assays

Initial screening revealed an effect of EF proximity
on APEC macrocolony phenotypes. After 5 days of
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Table 1. Prevalence of co-isolated avian pathogenic E. coli (APEC) and Enterococcus spp. (ENT) from colibacillosis cases among
mortality from three broiler and three turkey flocks included in this study.

Total mortality

Mortality due to Colibacillosis Co-isolation prevalence

Flock, Year Birds placed n (%) n (%) n (%)

Broiler, 2017 4000 285/4000 (7.1) 25/285 (8.7) 2/25 (8)
Broiler, 2018 4000 177/4000 (4.4) 49/177 (27.7) 20/49 (41)
Broiler, 2019 5000 363/5000 (7.3) 6/363 (1.7) 5/6 (83)
Turkey, 2016 2100 105/2100 (5.0) 17/105 (16) 3/17 (18)
Turkey, 2017° 2000 82/2000 (4.1) 12/82 (15) 5/12 (42)
Turkey, 2018 2000 110/2000 (5.5) 6/110 (5) 6/6 (100)

“The parent flock received a commercially available E. coli vaccine as part of an unrelated study.

growth, APEC macrocolonies were larger in diameter
when grown in increasing proximity to EF macro-
colonies. The effect became more apparent when
comparing APEC and EF proximally cultured macro-
colonies to an APEC monoculture in quadrant plates
(Figure 1). To more stringently assess APEC
response to EF, a mixed culture assay was employed
which placed both bacteria in contact on media
which had a 10-fold increase in 22D concentration
and was performed at 41°C. Using this assay, 30 of
the 31 APEC strains exhibited significantly greater
macrocolony CFU after 24 h when grown mixed
with EF compared to their corresponding monocul-
ture (P<0.01). The growth advantage of APEC
mixed with EF was variable and, based on these
data, three APEC strains were assigned to a low
response phenotype category (ALog CFU/ml<2)
while the remaining 28 strains were assigned to a
high response category (ALog CFU/ml>2) (Figure
3(a)). Those that exhibited a low response appeared
to have an inherent ability to survive in iron-
restricted conditions, as each achieved over 2 log
CFU/ml growth in monoculture (Figure 3(b)).
These low responding isolates belonged to three
different clusters based on their RPCR genotype,
and two had all tested virulence genes while the low-
est responding strain lacked only the iutA virulence
gene (Figure 2). Four of the 31 APEC strains were
entirely dependent on EF co-culture for survival in
iron limiting conditions, as they exhibited no growth
in monoculture after 24 h and at least 2 log growth in
mixed culture (Figure 3(b)). EF growth was
unaffected by mixed culture with APEC. EF achieved
an average of 881 Log CFU/ml (SEM =0.047)
growth in mixed culture and this growth was
unaffected by different APEC strains (P =0.57).

Table 2. Distribution of Enterococcus spp. that were co-isolated
with avian pathogenic E. coli (APEC) among mortalities from
three broiler and three turkey flocks included in this study.

Enterococcus spp.? n (%) Source(s)

E. faecalis 28/41 (68) Spleen (2), Yolk Sac (26)

E. cecorum 6/41 (15) Yolk Sac (1), Spleen (1), Heart (4)
E. hirae 5/41 (12) Heart (1), Yolk Sac (4)

E. gallinarum 2/41 (5) Yolk Sac (2)

?Species were determined by either the Biolog Genlll Microplate™
microbial identification system or MALDI-TOF mass spectrometry after
isolation in mixed cultures with APEC.

Embryo lethality assay

The APEC:EF mixed culture inoculum was more viru-
lent to broiler embryos compared to monoculture
inocula of either species (Figure 4, P <0.05). A pro-
portion of embryos in each treatment group experi-
enced death within 12 h, but only the mixed culture
inoculum resulted in increased embryonic death at
each time point. After 5 days, only one embryo (5%)
of the mixed APEC:EF culture group survived com-
pared to 41% and 68% surviving in the APEC and EF
monoculture groups, respectively.

Discussion

While APEC are ubiquitous and continue to cause
losses to global poultry production, ENT have histori-
cally received less attention as poultry pathogens. A
notable exception is pathogenic strains of Enterococcus
cecorum which have challenged broiler producers
worldwide (Jung et al., 2018). While co-isolation of
ENT and APEC from diseased poultry has been anec-
dotally reported (Borst, 2020), no study has investi-
gated the impact of these co-infections on poultry
disease or the possible role of co-infection in the patho-
genesis of colibacillosis. The present study focused on
the prevalence of ENT isolated with APEC from coliba-
cillosis lesions and a potential role of ENT co-infection
in APEC pathogenesis.

Co-isolation of APEC and ENT occurred frequently
among broilers and turkeys included in this study with
the majority of co-isolates obtained from birds with
yolk sacculitis. This finding indicates that the navel
may be an important portal of entry for these bacteria;
however, it is unclear if colonization of one bacterium
predisposed colonization by the other or if this was the
initial site of colonization. When combined with pre-
vious reports of APEC and ENT co-isolation from non-
viable embryos (Karunarathna et al, 2017) and
bacterial infections of layers during this first week of
life (Olsen et al., 2012), these results indicate that
APEC and ENT co-infection may predominantly be
of hatchery origin and affect poultry during the first
week of production. In the remaining cases, a primary
site of infection was not readily available and co-iso-
lates were obtained from the heart and spleen, indicat-
ing both APEC and ENT were present in cases that
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Table 3. Antimicrobial resistance phenotype prevalence as determined by broth microdilution methods and available breakpoints
from the Clinical and Laboratory Standards Institute M100 document (CLSI, 2020) among avian pathogenic E. coli (APEC) and

Enterococcus spp. (ENT) co-isolated among mortalities from three broiler and three turkey flocks included in this study.

Drug class Antimicrobial drug Breakpoint (ug/ml) Resistant APEC (n =41, %) Resistant ENT (n =41, %)
Phenicol Chloramphenicol >32 2 0
Tetracycline Tetracycline >16 51 93
Penicillin Ampicillin >32 46 -
Aminoglycoside Gentamicin >16 29 -
Streptomycin® >32 37 -
B-lactamase inhibitor combination Amoxicillin/Clavulanic Acid >32/16 22 -
Macrolide Azithromycin >32 0 -
Cephem Cefoxitin >32 22 -
Ceftiofur® >8 20 -
Ceftriaxone >4 22 -
Quinolone Ciprofloxacin >1 0 -
Nalidixic Acid >32 0 -
Folate pathway inhibitor Sulfisoxazole >512 34 -
Trimethoprim/Sulfamethoxazole >4/76 0 -
Macrolide Erythromycin >8 - 27
Quinolone Ciprofloxacin >4 - 0
Linopeptide Daptomycin >8 - 0
Aminoglycoside Kanamycinb >1024 - 29
Gentamicin >500 - 24
Streptomycin >1000 - 15
Lincosamide Lincomycinb >8 - 83
Oxazolidinone Linezolid >8 - 5
Nitrofuran Nitrofurantoin >128 - 0
Penicillin Penicillin >16 - 10
Streptogramin Quinupristin/Dalfopristin >4 - 73
Glycylcycline Tigecyclineb >05 - 2
Macrolide Tylosinb >32 - 27
Glycopeptide Vancomycin >32 - 5¢

“For E. coli, no CLSI breakpoint data were available for Streptomycin and Ceftiofur. Isolates exhibiting resistance to the maximum CMV3AGNF Sensititre® plate
concentration (32 and 8 pg/ml for Streptomycin and Ceftiofur, respectively) were categorized as resistant.

For Enterococcus spp., no CLSI breakpoint data were available for Kanamycin, Lincomycin, Tigecycline, and Tylosin. Isolates exhibiting resistance to the maxi-

mum CMV3AGPF Sensititre® plate concentration available (1024, 8, 0.5, and 32 pg/ml for Kanamycin, Lincomycin, Tigecycline, and Tylosin, respectively)

were categorized as resistant.

“Vancomycin resistance was only detected among E. gallinarum, an enterococcal species that is intrinsically resistant to this drug (Vincent et al.,, 1992).

progressed to colisepticaemia. This may be an impor-
tant feature of infections that persist beyond the first
week of growing, as APEC infections are evident
throughout the entire production cycle (Nolan et al.,
2020). Respiratory origin followed by septic spread
may be a possibility as this has been a described feature
of APEC pathogenesis (Ginns et al., 2000; Antdo et al.,
2008). However, lungs and air sacs were not cultured
during this study.

Regardless of source, co-isolated APEC were charac-
terized by RPCR genotyping, virulence gene assess-
ment, and antimicrobial resistance phenotyping.
Genotyping revealed substantial diversity among the
APEC which is typical of APEC strains (Pires-dos-San-
tos et al., 2013). Most strains contained all five APEC
virulence genes that would warrant classification as
APEC following Johnson et al. (2008). Phenotypic
resistance to antimicrobial drugs by APEC:EF co-iso-
lates was determined, as these features are relevant to
both the treatment of colibacillosis and public health
concerns. The overrepresentation of tetracycline-resist-
ant isolates in both APEC and ENT groups is not sur-
prising, as this drug was one of the first interventions
for colibacillosis, and subsequently one of the first
drugs to which APEC exhibited resistance in poultry
production (Sojka & Carneghan, 1961). A more alarm-
ing finding was widespread beta-lactam resistance

exhibited by APEC isolates, as this is the most common
drug class utilized for antimicrobial therapy around the
world (Van Boeckel et al, 2014). Horizontal gene
transfer of antimicrobial resistance genes between
APEC and ENT is a possible concern (von Winters-
dorft et al., 2016). One study found the major reservoir
of antimicrobial resistance integrons was Gram-posi-
tive bacteria, which constitute more than 85% of the lit-
ter microbiota (Nandi et al., 2004).

ENT co-isolated with APEC were speciated and EF
was found to be most frequently associated with APEC.
This finding, combined with previous reports of EF
modulating the growth of human extraintestinal
E. coli isolates under iron-limited conditions,
prompted additional investigation. In iron-limited
media, APEC exhibited a growth effect as proximity
to EF macrocolonies increased. This finding was in
agreement with a previous report of a soluble, diffused
metabolite of EF (L-ornithine) augmenting acquisition
of iron in chelated form by E. coli and its subsequent
growth which could be observed by examining colony
morphotypes in a proximity-dependent interaction
(Keogh et al., 2016). Similar to this previous report,
these effects were observed after 5 days of growth at
37°C which allowed ample time for these E. coli macro-
colony morphotypes to develop (Goémez-Gémez &
Amils, 2014).
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Figure 3. Distributions of growth responses by avian pathogenic E. coli (APEC) grown in mixed culture with Enterococcus faecalis
(EF). (A) Distribution of phenotype assignments. APEC achieving ALog CFU/ml (mixed culture log CFU/ml — monoculture log CFU/
ml) of less than 2 logs were assigned to the low response category, while those achieving greater than 2 logs growth difference in
mixed culture were assigned to the high response category. (B) Distribution of APEC 24 h macrocolony log CFU/ml growth values in
monoculture and mixed culture with EF. Low response strains are designated with an open square and dashed line, and high

response strains are designated with a closed circle and solid line.

To quantitate this proximity-dependent interaction
for APEC, we modified the assay using more stringent
iron limitation (10x concentration of chelator), higher
temperatures (41°C and 5% CO, to mimic the avian
physiology) and a 1pgc:19gr ratio which more closely
represents environments encountered in poultry pro-
duction where Enterobacteriaceae are largely outnum-
bered by Gram-positive bacteria (Nandi et al., 2004).
Using this approach, after 24 h all but one of the
APEC strains grown in mixed culture with EF

exhibited enhanced survival and growth when com-
pared to the APEC monoculture. The average growth
response of APEC to EF was marked, with an approxi-
mately 5-log difference observed. However, the growth
response was somewhat variable with some strains
exhibiting a higher or lower growth response. Using a
difference of 2-log CFU/ml threshold revealed three
low-responding APEC strains. These three low-
responding APEC strains grew well (were not inhib-
ited) on the iron-limited medium and did not show
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Figure 4. Survival of broiler embryos after challenge with a mixed culture of avian pathogenic E. coli (APEC) and Enterococcus fae-
calis (EF) compared to monoculture challenges. Broiler embryos (n =22 per group) were inoculated at 12 days into the allantoic
cavity with strains from this study and candled every 12 h to monitor survival for 5 days. An APEC + EF mixed culture challenge
resulted in significantly decreased survival compared to the monoculture controls (*APEC + EF vs APEC, P =0.01; EF vs APEC,

P =0.11; EF vs APEC + EF, P < 0.01; one-tailed log-rank test).
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