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Diseases caused by Edwardsiella spp. are responsible for significant losses in
wild and cultured fishes around the world. Historically, Edwardsiella tarda has been
considered the most phenotypically and genotypically heterogeneous member of the
genus. Investigations into intraspecific variability of E. tarda demonstrated isolates
previously classified as E. farda actually represent three genetically distinct yet
phenotypically ambiguous groups, leading to the adoption of E. piscicida and E.
anguillarum as discrete taxa. Current genomic investigations have demonstrated
significant differences between these organisms. To this end, real-time quantitative PCR
assays were developed to quickly and accurately detect the pathogens in pond water, fish
tissue and broth culture. Additionally, whole genome sequencing was performed for
representative isolates of each Edwardsiella spp. Furthermore, forty-seven Edwardsiella
isolates, representing all five taxa, from different hosts and a wide temporal and
geographic range were analyzed using commercial microbial identification kits, repetitive
sequence-mediated polymerase chain reaction, fatty acid methyl ester analysis,
antimicrobial resistance profiles, in addition to 16S, gyrB, sodB and plasmid sequencing.

This analysis demonstrated key differences in gene sequences and plasmid profiles
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among these important bacterial pathogens and further supported contemporary
taxonomic classifications. Additionally, a real-time multiplex PCR was developed to
accurately discriminate between all Edwardsiella spp. affecting fish; namely E. ictaluri,
E. piscicida, E. tarda and E. anguillarum. Moreover, recent publications suggest E.
piscicida is more commonly associated with disease outbreaks in Mississippi catfish
aquaculture than E. tarda or E. anguillarum. To this end, several different challenge
models were evaluated. Comparative virulence was assessed, along with
histopathological lesions and posterior kidney clearance rates in channel catfish
(Ictalurus punctatus). Diagnostic case submissions suggest E. piscicida is more
commonly associated with disease outbreaks in blue catfish (Ictalurus furcatus) x
channel catfish hybrids compared to channel catfish. This led to investigations into the
relative pathogenicity of E. piscicida in hybrid and channel catfish, which demonstrated a
significantly lower median lethal dose (LDso) for E. piscicida in hybrid catfish; an
important finding given the increased production of hybrid catfish in U.S. farm-raised

catfish in the southeastern United States.
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CHAPTER I

INTRODUCTION

1.1 Introduction
1.1.1 U.S. catfish aquaculture

Catfish production is the largest finfish aquaculture industry in the United States
and is important to the economies of many southeastern states (Hargreaves 2002, Stankus
2010). Commercial production of channel catfish (Ictalurus punctatus) began in the
1960s by farmers in the Yazoo-Mississippi River floodplain, an area commonly referred
to as the “Delta” (Hargreaves and Tucker 2004). Extensive growth and intensification
occurred over the following decades, leading to the significant infrastructure in place
today. The culture of catfish in Alabama, Arkansas, Mississippi and Texas accounts for
96% of the industry’s total production with sales of food-size fish totaling $345 million in
2014. Mississippi is the top producing state with nearly 45,000 water surface acres
dedicated to catfish production and sales of $190 million in 2014 (USDA 2016). The ease
of spawning, efficient food conversion, tolerance of intensive culture conditions and
market acceptability all contributed to the success of channel catfish aquaculture
(Hargreaves 2002). However, rising production costs, increased foreign competition and
more lucrative land-use alternatives, have led to a recent decline in U.S. catfish

production since its peak in 2003 (Stankus 2010).
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As the industry continues to mature, intensification has been necessary to
maintain a profitable production model. Higher stocking rates, increased aeration and a
multi-batch crop system have all been implemented to increase production efficiency.
These management practices, coupled with the open-environment of pond production
have increased the likelihood and propensity for infectious disease (Hawke and Khoo
2004). It is estimated that 45% of inventory losses throughout the production cycle are
attributed to infectious disease (USDA 1997). The two most ruinous bacterial diseases in
the catfish industry are Enteric Septicemia of Catfish (ESC), caused by Edwardsiella
ictaluri, and Columnaris Disease, caused by Flavobacterium columnare (USDA/APHIS
2011). Another bacterial pathogen of note, Edwardsiella tarda, causes Emphysematous
Putrefactive Disease of Catfish which can result in losses as high as 50% during disease
outbreaks (Meyer and Bullock 1973). Historically, E. tarda has been perceived as a
pathogen of low occurrence in catfish aquaculture. However, based on summaries of
diagnostic case submissions to the Aquatic Research and Diagnostic Laboratory in
Stoneville, Mississippi, there has been an increased incidence of E. tarda in Mississippi
farm-raised catfish over the past decade (http://tcnwac.msstate.edu/publications.htm).

As a function of their more favorable production characteristics, the U.S. catfish
industry has seen an increase in the production of blue catfish (Ictalurus furcatus) x
channel catfish (/. punctatus) hybrid catfish. The hybrid catfish possesses many of the
best traits from each parent, providing the resistance to bacterial infections like ESC from
its blue parent while still maintaining quick growth rates from its channel parent

(Hargreaves and Tucker 2004). At present, hybrid catfish utilization continues to
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increase, accounting for an estimated 30% - 40% of total catfish production in 2014 (Li,

Robinson et al. 2014).

1.1.2 Members of the Edwardsiella

For the past several decades, Edwardsiella has consisted of three species: E.
tarda, E. hoshinae and E. ictaluri. There are limited reports of E. hoshinae from a small
number of avian and reptilian hosts (Grimont, Grimont et al. 1980, Singh, Singh et al.
2004). Conversely, E. ictaluri is well studied and principally considered a pathogen of
cultured channel catfish, causing Enteric Septicemia of Catfish (Hawke, McWhorter et al.
1981), although recent reports have implicated E. ictaluri in mortality events in other fish
species (Soto, Griffin et al. 2012, Hawke, Kent et al. 2013).

Edwardsiella tarda is a Gram-negative, oxidase negative peritrichously
flagellated bacteria. It was first described in the 1960s representing a collection of 37
isolates recovered from humans and animals in Brazil, Ecuador, Israel, Japan, and the
United States. The biochemical profile of these isolates, designated as “Bacterium 1483-
59” did not fit within any existing Enterobacteriaceae genera. Similarly, a collection of
isolates designated as the “Bartholomew Group” was recovered from a hospitalized
human in the United States (King and Adler 1964). Concurrently, a group of over 250
isolates from snakes, seals and humans were analyzed biochemically and serologically
and designated as the “Asakusa group” within Enterobacteriaceae (Sakazaki 1965,
Sakazaki 1967). Consequently, the genus Edwardsiella was created and these isolates
were classified as a single species, E. tarda; “tarda” being from the Latin for slow,

implying inactivity (Ewing, McWhorter et al. 1965).

www.manaraa.com



E. tarda is widely considered one of the most globally important bacterial
diseases in fish, affecting a range of economically important wild and cultured freshwater
and marine fish species (Mohanty and Sahoo 2007, Xu and Zhang 2014). The pathogen is
considered a zoonotic agent (Janda, Abbott et al. 1991, Janda and Abbott 1993, Mohanty
and Sahoo 2007) and has been isolated from reptiles, birds and mammals on all
continents, including Antarctica (Meyer and Bullock 1973, Tan and Lim 1977,
VanDamme and Vandepitte 1980, Uhland, Hélie et al. 2000, Clavijo, Conroy et al. 2002,
Akinbowale, Peng et al. 2006, Leotta, Pifieyro et al. 2009, Joh, Kim et al. 2011). Disease
outbreaks in fish infected with E. tarda are typically associated with chronic losses of 5%
- 10%, however mortality can be much higher and catastrophic losses can occur (Meyer
and Bullock 1973, Kodama, Murai et al. 1987, Plumb and Hanson 2011).

In general, E. tarda is considered a warmwater pathogen. However, disease
outbreaks have also occurred in temperate and coldwater fish (Meyer and Bullock 1973,
Noga 2010). Environmental stressors such as high organic content, poor water quality
and high water temperatures contribute to disease and outbreak severity (Uhland, Hélie et
al. 2000, Plumb and Hanson 2011, Park, Aoki et al. 2012). In the late 1970s, E. tarda was
isolated from 75% of pond water samples, 64% of pond mud samples, and 100% of frogs,
turtles and crayfish in a survey of catfish ponds, with increased presence of E. tarda with
increased water temperature (Wyatt, Nickelson et al. 1979). On olive flounder
(Paralichthys olivaceus) farms in Japan, E. tarda was present in 22% - 86% of water
samples (Rashid, Honda et al. 1994).

Clinical signs of E. tarda infection vary with location and species affected.

Lesions typically manifest similar to other bacterial infections. In catfish, initial signs
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typically include small, cutaneous ulcerative foci on the flanks and caudal peduncle.
These progress into large, gas-filled, malodorous abscesses of the musculature (Meyer
and Bullock 1973). Other clinical signs include loss of pigmentation, petechiation,
exophthalmia, distention of the coelomic cavity, rectal protrusion and/or hemorrhage and
opacity of the eyes (Mohanty and Sahoo 2007, Park, Aoki et al. 2012). In some cases, a
hemorrhagic ulcer on the dorsal aspect of the cranium can also be present, mimicking the
“hole-in-the-head” lesion commonly associated with ESC (Plumb and Hanson 2011,
Khoo 2013). Internally, congested liver, spleen and kidney, along with ascites and
liquefactive necrosis of the viscera is often noted (Darwish, Plumb et al. 2000, Noga
2010, Park, Aoki et al. 2012). Histologically, severe multifocal necrotizing inflammation
is observed in the pro- and mesonephros, liver and spleen (Darwish, Plumb et al. 2000).
Japanese eels (Anguilla japonica) are another economically important fish
commonly affected by E. tarda. In eels, E. tarda may display two different forms of
clinical disease. The nephric form is most common, which is associated with necrotic
renal foci that spread to other internal organs (Miyazaki and Egusa 1976). Alternatively,
a hepatic form produces microabscesses in the liver which spreads to other organs
(Miyazaki and Egusa 1976). In turbot, exophthalmia, coelomic distension and
hemorrhage can be seen externally; while inflammation of the kidney, liver and spleen is
often found internally (Padros, Zarza et al. 2006). In the striped bass, necrosis along the
lateral line and in the gills has been noted along with epithelial hyperplasia in association
with E. tarda infection (Herman and Bullock 1986). Similar to clinical signs in catfish,

lesions in tilapia typically include loss of pigmentation, distention of the coelomic cavity
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and opacity of the eyes externally with white nodules often present in the gills, kidney,
liver, spleen and/or intestine (Kubota, Kaige et al. 1981).

Diagnosis of E. tarda is typically accomplished using traditional culture and
biochemical characterization methods. E. farda will readily grow on tryptic soy agar
(TSA) or brain heart infusion agar (BHI) after 24-36 hr incubation at 28°C to 37°C. The
bacterium is a short, motile, Gram-negative bacilli that is cytochrome oxidase negative,
indole positive, producing a TSI reaction of K/A with hydrogen sulfide production
(Hawke and Khoo 2004). Variations in biochemical profiles and motility of E. tarda
isolates have been reported from different fish hosts and geographic origins (Matsuyama,
Kamaishi et al. 2005, Sakai, Yuasa et al. 2009, Park, Aoki et al. 2012). Confirmatory
diagnosis can also be made by species-specific PCR (Sakai, Yuasa et al. 2009, Griffin,
Ware et al. 2014).

Like most bacterial infections in fish, antibiotics are the primary control measure.
Reports of treatment regimens targeting E. tarda are sparse, however oxytetracycline,
florfenicol, and oxolinic acid have all been utilized (Kusuda and Kawai 1998). During an
outbreak of E. farda in brook trout in Quebec, oxytetracycline at a dosage of 100 mg/kg
of live fish weight, mixed with fish feed and vegetable oil resulted in complete cessation
of mortality within ten days (Uhland, Hélie et al. 2000). These results were fairly
consistent with a previous finding that 55 mg/kg of live fish for 10 days controlled E.
tarda in channel catfish (Meyer and Bullock 1973). However, delivering antibiotics with
feed can be challenging as fish often become inappetant when ill. Efficacy of such

treatments is reliant on the fish consuming the medicated diet (Austin and Austin 1993).
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Frequent and/or long-term use of medicated feeds can also lead to the emergence
of antibiotic resistant strains, which have been reported for E. tarda (Aoki and Takahashi
1987, Stock and Wiedemann 2001, Sun, Wang et al. 2009). A survey of E. tarda from
pond sediments, pond water and fish samples from a fish culture system revealed 78% of
the recovered isolates were multi-drug resistant (Acharya, Maiti et al. 2007). These drug-
resistant bacteria can pose a significant obstacle to fish health and continued production.
The emergence of pathogens with multi-drug resistance has impelled the discovery and
use of novel therapeutants. For example, a 1:3 combination of ormetoprim-
sulfamonomethoxine (25 mg/kg/day), oxolinic acid (12.5 mg/kg/day) and miloxacin at a
dose rate of 6.2 mg/kg/day was found to be effective against drug-resistant E. tarda
infecting eels in Japan (Aoki, Kitao et al. 1989). In this instance, the novel chemotherapy
was successful. However, use of antibiotics puts pressure on the microbial community
and selects for antibiotic resistance, raising concerns regarding the environmental impacts
of continued antibiotic use and there is no current approved antibiotic therapy labelled for
E. tarda in foodfish in the U.S. (Evelyn 1997).

Due to environmental concerns and emergence of antimicrobial resistant bacteria,
there is a growing reluctance to use antibiotics as a means of curbing bacterial infections
in aquaculture (Cabello 2006). This is especially the case in developing countries where
exchanges often occur between fish and humans (Miranda and Zemelman 2001). As a
result, there is increased focus placed on prevention of disease. One mechanism of
disease prevention is vaccination. Given the tremendous global impact of E. tarda on
many cultured fish species, significant efforts have been made to develop an efficacious

vaccine to protect against E. farda. Unfortunately, a practical vaccine remains elusive,

7

www.manaraa.com



largely on account of significant serological intraspecific variation associated with E.
tarda (Mohanty and Sahoo 2007). However, there are reports that both atypical and
typical strains of E. tarda share a similar O-antigen, suggesting a common vaccine
targeting E. tarda lipopolysaccharides is within the realm of possibility (Costa, Kanai et
al. 1998).

Several different types of vaccines have been developed and tested for E. farda.
In rohu (Labeo rohita) and catla (Catla catla), strong protection against E. tarda was
elicited by bath immersion with an E. farda bacterin. However this protection was largely
dependent on the duration of the bath and age of fish (Swain, Nayak et al. 2002).
Japanese flounder (Paralichthys olivaceus), fed a combination of formalin-killed E. tarda
and the immunostimulant Curdlan (bacterial B-1,3-glucan) and a quillaja saponin
suspension by adding the compounds to pellets every day for three weeks before
challenge showed greater survival than control fish (Ashida, Okimasu et al. 1999).
Additionally, a vaccine using a conserved 37kDa outer membrane protein (OMP)
intraperitoneally (IP) injected demonstrated strong protection against several E. farda
serotypes (Kawai, Liu et al. 2004).

A double knockout E. tarda, deficient in genes essential for bacterial cell wall
biosynthesis, was generated while investigating vaccine strategies for olive flounder
(Paralichthys olivaceus). This vaccine provided significant protection following primary
and secondary IP injections (Choi and Kim 2011). Additionally, a formalin-killed E.
tarda immersion vaccine demonstrated over 90% relative percent survival (RPS) in olive
flounder fingerlings and juveniles (Bang, Ryu et al. 2000). This vaccine was later
developed and is available commercially in Korea (Park 2009). In turbot (Scophthalmus
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maximus), an E. tarda bacterin, both in an aqueous formulation and also mixed with a
non-mineral oil adjuvant, was delivered as a bath immersion and IP injection. Results
showed the IP administered adjuvanted vaccine conferred 90% RPS at least six months
post-vaccination (Castro, Toranzo et al. 2008). In Japanese eels (4nguilla japonica),
intramuscular (IM) injection with a crude lipopolysaccharide (LPS) resulted in
significantly higher protection than non-vaccinated eels (Salati and Kusud 1985). While
showing promise in laboratory conditions, many of the aforementioned vaccine strategies
have failed to garner widespread industry adoption, largely due to logistical challenges

associated with their administration.

1.1.3 Reclassification of Edwardsiella tarda

Recent findings have complicated this historical literature in regards to the
clinical signs, pathobiology, diagnosis and prevention of E. tarda. E. tarda was
historically considered the most widespread and diverse member of the genus
Edwardsiella (Mohanty and Sahoo 2007). In the 1990s, researchers began to note
significant intraspecific genetic differences amongst E. tarda strains. Enzyme
electrophoresis for superoxide dismustase and catalase of 144 strains of E. tarda revealed
two distinct groups, one containing strains isolated from diseased fish and another
including strains from non-diseased fish, environmental samples and human sources.
Restriction fragment length polymorphism also revealed two distinct 16S rDNA
ribotypes (Yamada and Wakabayashi 1998). Subsequent work identified two distinct
groups of E. tarda based on the nucleotide sequences of an internal fragment of iron-
cofactored superoxide dismutase gene (sodB). These groups differ from one another in

their pathogenicity to fish (Figure 1.1). Their results showed that fish pathogenic E. tarda
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grouped more closely with E. ictaluri whereas non-fish pathogenic E. tarda grouped
more closely with E. hoshinae (Yamada and Wakabayashi 1999). Significant
heterogeneity has also been demonstrated in protein profiles of different E. tarda strains

(Panangala, Shoemaker et al. 2006).
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Figure 1.1  Phylogenetic tree based on sodB sequences, constructed using the
neighbor-joining method.

Contemporary nomenclature has been added to demonstrate the recognized differences

within isolates previously classified as E. tarda. Modified from Yamada and
Wakabayashi (1999).

Additional evidence of genotypic variation within E. farda was demonstrated by
the marked difference in the presence and absence of fimbrial genes between fish
pathogenic and non-fish pathogenic E. tarda. Sakai et al. (2007) targeted these
differences in a PCR to detect the type 1 fimbrial gene cluster in all fish pathogenic

strains tested. However, this gene cluster was not amplified in 13 of 14 non-fish
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pathogenic strains. These differences were later exploited to develop a PCR assay to
differentiate between what was termed typical, motile and atypical, non-motile fish
pathogenic E. tarda (Sakai, Yuasa et al. 2009). This work was further supported by
biochemical, serological and molecular characterization of a group of 21 E. farda strains
from turbot in two different areas of Europe. Using randomly amplified polymorphic
DNA (RAPD) analysis, significant genetic variability was seen amongst the isolates
which formed two distinct clonal lineages (Castro, Toranzo et al. 2006). RAPD analysis
was found by others to distinguish E. tarda strains originating from fish and E. tarda
strains isolated from humans (Nucci, Silveira et al. 2002). Furthermore, two distinct
groups were elucidated using repetitive extragenic palindromic-PCR (Maiti, Mandal et al.
2008, Castro, Toranzo et al. 2011).

Taking advantage of advancements in DNA sequencing technologies, higher
resolution analyses were utilized to investigate the intraspecific relationships of the
Edwardsiella. Yang et al. (2012), used genome-based phylogenetic analysis supported
with multilocus sequence analysis (MLSA) of 48 distinct Edwardsiella strains to
demonstrate E. tarda could be separated into two distinct genotypes (EdwGI and
EdwGII). EdwGI E. tarda strains had high sequence similarity to E. ictaluri and a low
sequence similarity to EAwGII. These findings were further supported by independent
studies in Europe and the United States, which included a myriad of molecular techniques
and identified significant variability within E. tarda (Abayneh, Colquhoun et al. 2012,
Griffin, Quiniou et al. 2013). Consistent with earlier findings, their work revealed two
distinct phylogroups. One phylogroup (ET883-like; DNA Group II) was more similar to
E. ictaluri than the other phylogroup (E. tarda type strain group; DNA Group I), which
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contained the E. tarda isolate from humans (ATCC15947). This work, supported by
previous investigations into the phenotypic and genetic heterogeneity of E. tarda, led to
the adoption of Edwardsiella piscicida as the fourth member of Edwardsiella (Abayneh,
Colquhoun et al. 2013, Oren and Garrity 2013) and identified the probable existence of a
fifth member of Edwardsiella, designated E. piscicida-like sp. (Griffin, Ware et al. 2014).

In subsequent studies, E. piscicida was identified in farm-raised catfish in the
southeastern United States. A recent survey of isolates phenotypically described as E.
tarda from diseased fish confirmed the bacterium associated with these case submissions
is actually E. piscicida. This suggests the prevalence of E. tarda in farm-raised catfish is
much lower than previously thought (Griffin, Ware et al. 2014). Currently, there are no
unique phenotypic characteristics that allow for accurate differentiation between E. farda,
E. piscicida and E. piscicida-like sp. Diagnosticians and researchers must rely on
molecular techniques to discriminate between these phenotypically ambiguous
organisms. Real-time, quantitative PCR (qPCR) assays are becoming more common in
fish disease research and diagnostics and qPCR assays are currently available for a
myriad of bacterial, viral, and parasitic pathogens (Griffin, Pote et al. 2009, Bain,
Cornwell et al. 2010, Soto, Bowles et al. 2010). Development of qPCR assays for the
rapid detection of E. tarda, E. piscicida and E. piscicida-like sp. would greatly improve
the diagnostic capability for these important pathogens.

Recent findings suggest that E. tarda, as it has been historically regarded, actually
represented three genetically distinct taxa. This offers some explanation why an
efficacious, broad spectrum E. tarda vaccine has remained elusive. Previously, an

antigentic epitope may have been identified for one “strain” of E. tarda but was not
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efficacious against another “strain” of E. tarda; which is likely due to investigators
unknowingly working with multiple bacterial species. Appropriate identification of
bacterial species may allow for proper elucidation of antigenic epitopes and may lead to
more efficacious and widely-used vaccines.

The taxonomic confusion of Edwardsiella is further compounded by the reliance
on the National Center for Biotechnology Information’s (NCBI) GenBank and the
International Nucleotide Sequence Database Collaboration nomenclature when using
isolates with sequence data available in these databases. As the website disclaimer reads,
the NCBI taxonomy database is not an authoritative source for classification or
nomenclature. The service recommends investigators consult relevant scientific literature
for the most reliable and up-to-date taxonomic information. This is especially important
for taxa undergoing reclassification, such as the case with Edwardsiella spp. At present,
genomes of FL6-60 and EIB202 are identified as E. tarda in GenBank, however, both are
actually members of E. piscicida (Yang, Lv et al. 2012). As a result, there is currently no
complete genome for E. tarda in GenBank. In addition to these mislabeled genomes,
countless nucleotide sequences are also misclassified. This has resulted in erroneous
identification of bacterial strains and inconsistent reports of Edwardsiella isolates in the
literature, further confounding the scientific understanding of this important genus.
Whole genome sequencing and comparative genomic analyses using contemporary
classification will help resolve the current confusion which exists in regards to the

Edwardsiella.
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1.2

1.2.1

1.2.2

1.2.3

1.24

1.2.5

Research Objectives:
Objective 1:

Development of real-time polymerase chain reaction assays for the detection and
quantification of Edwardsiella tarda, Edwardsiella piscicida, and

Edwardsiella piscicida-like species in catfish tissues and pond water.

Objective 2:

Investigations into the new taxa Edwardsiella piscicida and comparative genomic

analysis with other Edwardsiella species.

Objective 3:

Comparative phenotypic and genotypic analysis of Edwardsiella spp. isolates

from different hosts and geographic origins.

Objective 4:

Disease challenge model development and comparative susceptibility and
pathology of channel catfish (Ictalurus punctatus) to Edwardsiella tarda,

Edwardsiella piscicida, and Edwardsiella piscicida-like species.

Objective 5:

Comparative susceptibility of channel catfish (Ictalurus punctatus), blue catfish
(Ictalurus furcatus), and channel x blue hybrid catfish to Edwardsiella

tarda, Edwardsiella piscicida and Edwardsiella piscicida-like species.
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1.3 Research Approaches

1.3.1 Objective 1 Approach

Using previously published primer sets (Sakai, Yuasa et al. 2009,
Griffin, Ware et al. 2014) real-time quantitative PCR (qPCR) assays
will be developed.

Genomic DNA from E. tarda, E. ictaluri, E. piscicida and E. piscicida-
like sp., as well as closely related non-target DNA will be used to
validate the sensitivity and specificity of each assay.

qPCR assays will be validated by spiking catfish posterior kidneys,
pond water, and using broth culture while ensuring correct enumeration
over at least five orders of magnitude.

This will provide a rapid method of discrimination and identification
between the phenotypically ambiguous taxa; a helpful tool for
additional investigations into the epidemiology and pathobiology of the
Edwardsiella spp.

1.3.2 Objective 2 Approach

Gain a better understanding of the genomic composition of E. piscicida,
and how it compares and contrasts with other Edwardsiella spp.

Utilize Next Generation Sequencing techniques to sequence, close and
annotate whole genomes of representative Edwardsiella spp.

Barcoded genomic DNA libraries will be prepared from the
Edwardsiella spp. isolates using the Nextera DNA sample Prep Kit and
sequenced using [llumina technology.

Next Generation Sequencing technology will be used to generate long
sequence reads, which will be corrected using Illumina data. Assembly

software will be used to correct the data and produce a single contig.

Use available tools for comparative analysis between Edwardsiella spp.
genomes.

Rapid Annotation using Subsystem Technology (RAST) (Aziz, Bartels
et al. 2008, Overbeek, Olson et al. 2014).

Average nucleotide identity (ANI) (Goris, Konstantinidis et al. 2007).
Digital DNA-DNA hybridization (dDDH) (Auch, von Jan et al. 2010).
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e BLAST Ring Image Generator (BRIG) (Alikhan, Petty et al. 2011).

e This will help establish the genetic characteristics of each taxa within
Edwardsiella and provide data which can be used for a myriad of
additional investigations.

1.3.3 Objective 3 Approach

e To further characterize these taxa, a number of phenotypic and
genotypic analyses will be performed Using more than 40 Edwardsiella
spp. isolates with broad geographical and temporal distribution.

e Phenotypic analysis will include:

o Four commercially available microbial identification systems:
API-20E (BioMerieux), BBL Crystal Enteric/Nonfermentor
Identification Kit (Becton Dickinson and Company), Biolog
Microbial Identification System (Biolog) and Maxtrix-Assisted
Laser Desorption/ionization (MALDI) Biotyper (Bruker).

o Motility analysis and characterization using triple sugar iron
(TSI) slants.

o Fatty acid methyl ester (FAME) analysis.

o Antimicrobial profiles, established using the minimum
inhibitory concentration (MIC) of different antimicrobial agents.

e Genotypic analysis will include:

o Establishing phylogenetic relationships amongst the
Edwardsiella isolates.

o The 16S rRNA, gyrB, and sodB genes will be amplified by PCR
and sequenced by Sanger sequencing. Near complete gene
sequences will be aligned, compared and phylogenetic
relationships established using Maximum Likelihood analysis.
Sequences will be deposited in the National Center for

Biotechnology Information’s non-redundant nucleotide database
(GenBank).

o Using established protocols (Versalovic, Koeuth et al. 1991,
Versalovic, Schneider et al. 1994, Griffin, Quiniou et al. 2013,
Griffin, Ware et al. 2014) repetitive extragenic palindromic PCR
(rep-PCR) will be performed on bacterial isolates to generate
DNA fingerprints.
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o Plasmid isolation for each isolate will be accomplished using
QIAprep Spin Miniprep Kit. Isolated plasmids will then be
sequenced by the Center for Computational and Integrative
Biology at Massachusetts General Hospital. Resulting plasmids
will then be annotated and compared for composition and
alignment.

e This analysis will clearly articulate the phenotypic and genotypic
characteristics of the members of Edwardsiella and serve as a resource
for future investigations into the genus while allowing for comparisons
with work done using historical taxa classification.

1.3.4 Objective 4 Approach

e Several different challenge models will be investigated using
Edwardsiella tarda, Edwardsiella piscicida, and Edwardsiella
piscicida-like sp. in channel catfish. These models will include bath
immersion, coated feed, mucus removal, and intraperitoneal (IP)
injection.

e After establishing a disease challenge model, investigations into the
median lethal dose (LDso) (Reed 1938), histopathological lesions, and
posterior kidney clearance rates will be established for each of the
Edwardsiella spp. in channel catfish.

¢ Briefly, for each challenge model, channel catfish will be exposed to a
range of bacterial dilutions. The LDso will be calculated based on the
cumulative mortality observed for each bacterial dose.

e Using the above information, a disease challenge model will be selected
and channel catfish will be exposed to each Edwardsiella spp. At
determined times after exposure, apparently health fish will be collected
and a biopsy of the posterior kidney will be aseptically obtained.
Genomic DNA will be extracted and the qPCR assay developed in
Objective 2 will be used to determine the amount of target bacterial
DNA copies present.

e This work will establish a disease challenge model for the Edwardsiella
spp. in channel catfish, which can be used in future studies.
Additionally, these studies will provide valuable information regarding
the virulence and pathogenicity of E. tarda, E. piscicida, and E.
piscicida-like sp. in channel catfish.
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1.3.5 Objective 5 Approach
e Using the disease challenge model established in Objective 4, channel
catfish, blue catfish, and their hybrid cross will be exposed to E. tarda,
E. piscicida, and E. piscicida-like sp.

e The LDso will be calculated based on the cumulative mortality observed
for each bacterial dose in each fish group (Reed 1938).

e These studies will highlight the similarities or differences in virulence
and pathogenicity of the three Edwardsiella spp. in the different fish
groups. Information obtained from these investigations will be useful

for the farm-raised catfish industry, which is currently increasing
utilization of hybrid catfish (Li, Robinson et al. 2014).

1.4  Potential Impact

This research will lead to important, practical advancements in the catfish
aquaculture industry. The development of real-time quantitative PCR assays to
differentiate and enumerate Edwardsiella species will be beneficial to researchers and
diagnosticians globally. In addition, these assays, along with the phenotypic and
genotypic characterization of the numerous taxa in Edwardsiella will provide a clear
understanding of the taxonomy in this genera. Characterizing the genotypic and
phenotypic profiles of Edwardsiella species will greatly aid in our understanding of how
these pathogens differ from one another and their interactions with catfish. Generating
complete and annotated genomes of each Edwardsiella taxa will serve as a springboard
for future work focused on the epidemiology, prevention, control and treatment of these
important fish pathogens. Establishing the virulence and pathogenicity differences
between the Edwardsiella spp. in channel catfish, blue catfish, and their hybrid cross will

provide valuable information to the farm-raised catfish industry.
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CHAPTER 1l
REAL-TIME POLYMERASE CHAIN REACTION ASSAYS FOR THE DETECTION
AND QUANTIFICATION OF EDWARDSIELLA TARDA, EDWARDSIELLA
PISCICIDA, AND EDWARDSIELLA PISCICIDA-LIKE SPECIES IN
CATFISH TISSUES AND POND WATER
Previously published: Reichley, S. R., C. Ware, T. E. Greenway, D. J. Wise and M. J.

Griffin (2015). "Real-time polymerase chain reaction assays for the detection and
quantification of Edwardsiella tarda, Edwardsiella piscicida, and Edwardsiella

piscicida-like species in catfish tissues and pond water." Journal of Veterinary
Diagnostic Investigation 27(2): 130-139.

2.1 Introduction

First recognized in the late 1960s (Ewing, McWhorter et al. 1965), Edwardsiella
are a diverse group of enteric Gram-negative bacteria, infecting a wide range of piscine,
avian, reptilian, and mammalian hosts (Meyer and Bullock 1973, Hawke and Khoo 2004,
Mohanty and Sahoo 2007). Until 2013, the genus consisted of only 3 taxa: E. tarda, E.
ictaluri, and E. hoshinae (Abayneh, Colquhoun et al. 2013). There is a dearth of
information regarding E. hoshinae, which is primarily considered a pathogen of birds and
reptiles (Grimont, Grimont et al. 1980, Stock and Wiedemann 2001). By comparison, E.
ictaluri is well studied. Principally considered a pathogen of cultured channel catfish
(Ictalurus punctatus), E. ictaluri can also infect other fish species (Hawke, McWhorter et

al. 1981, Plumb and Sanchez 1983, Geng, Wang et al. 2013). Recent reports have
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implicated E. ictaluri in mortality events outside the farm-raised catfish industry of the
southeastern United States, suggesting a more cosmopolitan distribution than previously
thought (Ye, Li et al. 2009, Soto, Griffin et al. 2012, Hawke, Kent et al. 2013).

Edwardsiella tarda is the most widespread and diverse member of the genus,
infecting a wide range of hosts from a variety of ecological niches (Mohanty and Sahoo
2007). Primarily thought of as a pathogen of marine and freshwater fish, E. farda has
been demonstrated to have extensive genetic and phenotypic diversity. In 2012, a
comparative phylogenomic study of Edwardsiella isolates identified 2 genetically distinct
groups (Edwl and Edwll) among organisms phenotypically classified as E. tarda (Yang,
Lv et al. 2012). The work was supported by multilocus sequence analysis of 8 different
housekeeping genes, which identified 2 distinct genetic taxa (E. tarda—like and ET883-
like) among E. tarda isolates from Europe and Asia (Abayneh, Colquhoun et al. 2012).
Concurrently, researchers in the United States proposed the existence of 2 genetic taxa
within E. farda, based on the existence of 2 distinct genetic groups (DNA group I and
DNA group II) from fishes in the southeastern United States (Griffin, Quiniou et al.
2013). In 2013, based on comparative phylogenomics (Yang, Lv et al. 2012), multilocus
sequence analysis (Abayneh, Colquhoun et al. 2012) and DNA—-DNA hybridization
experiments, the taxon E. piscicida was adopted (Abayneh, Colquhoun et al. 2013).

A 2014 survey of Edwardsiella isolates from diseased catfish in Mississippi
demonstrated that E. piscicida was more commonly associated with disease case
submissions of farm-raised catfish than E. tarda or E. piscicida—like sp. (Griffin, Ware et
al. 2014). Species-specific polymerase chain reaction (PCR) assays targeting the fimbrial
gene cluster were developed for each individual taxa and were demonstrated specific to
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their respective target organisms (Sakai, Yuasa et al. 2009, Griffin, Ware et al. 2014). In
the current study, real-time PCR (qPCR) assays were developed using these established
primer sets and were validated for the detection and quantification of E. tarda, E.
piscicida, and E. piscicida—like sp. from catfish kidney tissues, pond water, and broth

culture.

2.2 Materials and methods
221 Bacterial cultures and isolation of genomic DNA

The Edwardsiella strains used in the validation of the assays in the current study
were characterized as part of an earlier study (Griffin, Ware et al. 2014) and identified by
gyrB sequencing and species-specific PCR (Table 2.1). In addition, an Edwardsiella
hoshinae strain (ATCC 35051), an Escherichia coli strain (ATCC 25922), 2
Flavobacterium columnare strains (94-081 and ATCC 49512), and 2 Aeromonas
hydrophila strains (ML 09-119 and TN 97-08), including a highly virulent strain (ML 09-
119) attributed to disease outbreaks in farm-raised catfish (Hossain, Waldbieser et al.
2013) were also included in the validation process. Bacteria had been maintained at —
80°C in brain—heart infusion (BHI) broth (BD Diagnostic Systems) supplemented with
20% (v/v) glycerol. Frozen cultures were streaked onto Mueller—Hinton agar (BD
Diagnostic Systems) plates supplemented with 5% sheep blood (blood agar plates) and
allowed to incubate for 24 hr at 37°C (E. coli, E. piscicida, E. piscicida—like, and E.
tarda), 24 hr at 28°C (4. hydrophila), or 48 hr at 28°C (E. hoshinae, E. ictaluri, and F.
columnare). Individual colonies were picked for each isolate and expanded overnight in
BHI broth (BD Diagnostic Systems) at 28°C (4. hydrophila, E. hoshinae, E. ictaluri, F.

columnare) or 37°C (E. coli, E. piscicida, E. piscicida—like, E. tarda), respectively.
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Genomic DNA (gDNA) was isolated from the cultured bacteria using a commercial kit
(DNeasy blood and tissue kit, Qiagen), following the manufacturer’s suggested protocol
for Gram-negative bacteria, resuspended in 100 pl of a commercial DNA hydration

solution (DHS; Qiagen), and quantified spectrophotometrically (NanoDrop; Thermo

Fisher Scientific).
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Table 2.1 Specificity of each Edwardsiella real-time polymerase chain reaction
(qPCR) assay for the respective target.

E. tarda E. piscicida E. piscicida—like

Isolate qPCR qPCR qPCR

Aeromonas hydrophila
ML 09-119 — — —
TN 97-08 — — —
Escherichia coli
ATCC 25922 — — —
Edwardsiella hoshinae
ATCC 35051 — — —
Edwardsiella ictaluri
S97-773 — — —
Edwardsiella piscicida
MA 97-004 — 31.2(0.2) —
S11-285 — 30.7 (0.1) —
LADL 97-168 — 31.6 (0.3) —
LADL 99-462 — 32.0(0.2) —
S07-346 — 30.6 (0.1) —
S07-262 — 30.8 (0.1) —
S07-534 — 31.2(0.2) —
S07-275 — 31.2(0.1) —
S07-1019 — 30.9 (0.1) —
S07-348 — 31.6 (0.2) —
Edwardsiella piscicida—like
LADL 05-105 — — 28.2 (0.2)
Edwardsiella tarda
ATCC 15947 26.7 (0.2) — —
RE-04 28.3 (0.1) — —
AL 98-87 28.3 (0.2) — —
LADL 88-209 27.1(0.2) — —
FL 95-01 28.5(0.2) — —
LADL 99-302 27.7 (0.2) — —
Flavobacterium columnare
94-081 — — —
ATCC 49512 — — —
Analysis was performed in triplicate using approximately 50 pg of genomic DNA from
each isolate. Values are reported in terms of the mean (+ the standard deviation)
quantification cycle (Cq) of the triplicate reactions. The user-defined baseline
fluorescence threshold for Cq determination was set at 50 relative fluorescent units for all
runs. Dash (—) indicates no amplification of target DNA.
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2.2.2 Design of primer and probe sets

The development of the qPCR assays specific to E. tarda, E. piscicida, and E.
piscicida—like sp. was based on previously published PCR primers (Sakai, Yuasa et al.
2009, Griffin, Ware et al. 2014). Oligonucleotide probes corresponding to each primer set
were designed using primer design software (Primer3) (Rozen and Skaletsky 2000) and
synthesized commercially (Sigma-Aldrich). Each probe was labeled with the fluorescent
reporter dye, 6-carboxyfluorescein, on the 5’-end, and the quencher dye, black hole
quencher-1, on the 3’-end. Sequences and other relevant information for each primer and

probe set can be found in Table 2.2.

Table 2.2 Real-time polymerase chain reaction primers and probes used in the current
study.
Primer Sequence (5°-3’) %GC | Tm (°C)
Edwardsiella tarda
ET3518F CAGTGATAAAAAGGGGTGGA 45.00 | 57.52
ET3632R CTACACAGCAACGACAACG 52.63 | 56.35
ET3559P AGACAACAGAGGACGGATGTGGC | 56.52 | 66.99
Edwardsiella piscicida
EP14529F CTTTGATCATGGTTGCGGAA 45.00 | 61.95
EP14659R CGGCGTTTTCTTTTCTCG 50.00 | 59.54
EP14615P CCGACTCCGCGCAGATAACG 65.00 | 68.31
Edwardsiella
piscicida—like
EPL1583F GATCGGGTACGCTGTCAT 55.56 | 56.92
EPL1708R AATTGCTCTATACGCACGC 4737 | 56.62
EPL1611P CCCGTGGCTAAATAGGACGCG 61.90 | 67.77

Each oligonucleotide probe was labeled with the fluorescent reporter dye, 6-
carboxyfluorescein, on the 5’-end, and the quencher dye, black hole quencher-1, on the
3’-end. Melting temperatures (Tm) for oligonucleotide primers and probes were
calculated using the default parameters of Primer3. GC = guanine and cytosine content; F
= forward; R = reverse; P = probe.
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2.2.3 Generation of PCR standards

Standards for relative quantification of target DNA were generated from purified
PCR products. Briefly, for each assay, target PCR amplicons were produced from gDNA
isolated from E. tarda (ATCC 15947), E. piscicida (S11-285), and E. piscicida—like
(LADL 05-105) isolates following published protocols (Griffin, Ware et al. 2014). To
confirm the presence of a single, appropriately sized band, amplicons were visualized
under ultraviolet light after electrophoretic passage through agarose in the presence of
ethidium bromide (1 pg/ml). Band sizes were estimated by concurrent passage of a
molecular weight marker (Hyperladder II; Bioline). Lastly, amplicons were purified using
a commercial PCR purification kit (QIAquick; Qiagen), resuspended in DHS, and

quantified spectrophotometrically (NanoDrop; Thermo Fisher Scientific).

2.24 Quantitative PCR

The 15-pl PCR reactions contained 8 pl of PCR master mix (TagMan
Environmental Mastermix; Applied Biosystems), 10 pM of each primer, 1 pM of probe,
DNA template, and nuclease-free water to volume. Amplifications were performed on a
qPCR system (CFX96; Bio-Rad) programmed for 1 cycle of 95°C for 15 min followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Data collection was carried out
following the 60°C annealing/extension step at the end of each cycle. For each plate,

samples, as well as no-template negative controls, were run in triplicate.

2.2.5 PCR specificity, sensitivity, repeatability, and reproducibility

The specificity of each assay was tested against both target and non-target DNA.

Genomic DNA (approximately 50 pg) from E. tarda, E. piscicida, E. piscicida—like, E.
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ictaluri, E. hoshinae, A. hydrophila, F. columnare, and E. coli were analyzed in triplicate
using the reaction conditions and thermal cycling parameters described above.
Quantification cycles (Cq) for each reaction were based on a user-defined baseline
threshold of 50 relative fluorescent units (RFU).

The sensitivity and linear dynamic range of each assay was determined using
serial dilutions of known quantities of target DNA (purified PCR amplicons), ranging
from 1 to 1 x 108 copies of target DNA per 15-pl reaction. Each dilution series was run in
triplicate on 3 separate occasions to assess repeatability and reproducibility of the assay.

The Cq for each reaction was based on a user-defined baseline threshold of 50 RFUs.

2.2.6 Detection of target DNA from broth culture, fish tissue, and pond water

The ability of each assay to detect target DNA from different substrates was
evaluated. Known quantities of E. tarda, E. piscicida, and E. piscicida—like sp. were
added to catfish kidney biopsies, pond water, or processed directly in broth culture.
Initially, cryostocks of E. tarda (ATCC 15947), E. piscicida (S11-285), and E. piscicida—
like sp. (LADL 05-105) were streaked for isolation, and individual colonies were grown
in 9 ml of BHI broth for 5 hr at 37°C without agitation. After a 10-fold serial dilution,
plate counts were performed in triplicate (drop-plate method) on blood agar plates using
20-pl aliquots from each dilution. Additional 20-pl aliquots from each dilution were
transferred to 1.5-ml microcentrifuge tubes and stored at —80°C until processing. These
cryogenically stored aliquots corresponded to aliquots used for plate counts and
represented known quantities of bacteria that could be added to water samples and catfish
kidney biopsies. Three aliquots from each dilution were analyzed for each substrate

(pond water, catfish kidney tissue, and BHI broth) representing colony forming unit
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(CFU) equivalents ranging from 1 to 1 x 10® CFUs per 20-pl aliquot. Isolation of gDNA
from bacteria in broth culture was carried out using a commercial kit (DNeasy; Qiagen),
following the manufacturer’s suggested protocol for Gram-negative bacteria. Isolated
gDNA was resuspended in 100 ul of DHS, and 5 pl of gDNA suspension from each
aliquot was used in qPCR analysis. Each aliquot was run in triplicate on a plate
containing no-template controls (run in triplicate) and standard positive controls (run in
duplicate). Positive controls consisted of purified and quantified PCR amplicons, ranging
from 5 to 5 x 10° copies of target DNA.

To evaluate the ability of the assays to detect target organisms in fish tissues,
cryogenically stored aliquots of known quantities of bacteria were added to posterior
kidney biopsies (approximately 25 mg) collected aseptically from channel catfish reared
for disease research at the holding facility of the Thad Cochran National Warmwater
Aquaculture Center (TCNWAC; Stoneville, Mississippi). Initially, catfish kidney tissues
were confirmed negative for Edwardsiella spp. by culture and by qPCR using the assays
described herein. Three aliquots from each dilution were added directly to individual
kidney tissue samples prior to homogenization. Genomic DNA from spiked kidney
tissues was isolated using a commercial kit (DNeasy; Qiagen), following the
manufacturer’s suggested protocol for animal tissues. The isolated gDNA was
resuspended in 200 pl of DHS, and 5 pl of gDNA from each aliquot was used as template
in gPCR analysis. As above, each aliquot was run in triplicate on a plate containing no-
template controls (run in triplicate) and concurrently run standard positive controls (run

in duplicate).
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Similarly, to determine the ability of the assays to detect and quantify target
organisms in catfish pond water, aliquots of known quantities of bacteria were added to
pond water samples. Prior to the addition of bacteria, pond water used for this analysis
was confirmed negative for Edwardsiella spp. by qPCR. Based on previously established
protocols for the detection of bacteria in catfish pond water (Griffin, Mauel et al. 2011,
Griffin, Goodwin et al. 2013), a water sample (20 L) was collected from a commercial
catfish pond and processed within 24 hr of collection. A subsample (35 ml) of the pond
water was added to a 40-ml round-bottom centrifuge tube and centrifuged at 20,000 x g
for 10 min. The supernatant was removed, and the pellet was resuspended in 1.5 ml of
nuclease-free water and transferred to a 1.8-ml microcentrifuge tube. A 20-ul aliquot
from each broth culture dilution was added directly to each pellet, and DNA isolation was
carried out using a commercial kit (Powersoil DNA Isolation Kit; Mo Bio), following the
manufacturer’s suggested protocol for wet samples. Isolated DNA was resuspended in
100 pl of elution buffer, and 5 ul was used in each individual gPCR, carried out as above.
For the purposes of calculating averages throughout the study, negative reactions were

assigned an RFU of 0, Log;o starting quantities of 0.0, and Cq values of 40.0.

2.2.7 Detection in experimentally infected fish

The ability of the assay to detect target DNA in clinical and subclinical,
experimentally infected fish was evaluated. Channel catfish fingerlings (mean weight:
21.9 g; range: 12.8-30.2 g) were obtained from the TCNWAC fish-rearing facility. For
the challenge, 30 fish were placed in twenty 80-L aquaria containing 20 L of well water
and held under flow-through conditions (1 L/min) with constant aeration. Bacterial

cultures of E. piscicida, E. piscicida—like, and E. tarda were grown as described above.
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Two tanks of channel catfish fingerlings were anesthetized with tricaine
methanesulfonate (MS-222; Western Chemical) and injected intraperitoneally with one of
the treatments (i.e., 1 dilution of 1 of the 3 bacteria): E. piscicida (1.83 x 10°, 1.83 x 10°,
and 1.83 x 107), E. piscicida—like (1.33 x 10°, 1.33 x 10°, and 1.33 x 107), and E. tarda
(2.92 x 10°,2.92 x 10°, and 2.92 x 107). The remaining 2 tanks were negative controls
that were handled similarly but injected intraperitoneally with sterile BHI broth. For each
treatment, 1 tank was designated for sampling (sampling tank) and 1 tank (mortality tank)
was used to estimate the median lethal dose (LDso) of each bacterial strain based on the
number of dead fish observed for each dose (Reed 1938). The mortality tank was checked
twice daily, and the number of dead fish was recorded. Apparently healthy fish (n = 3),
with no outward signs of disease, were collected from the sampling tank at 1, 2, 5, and 7
days post-injection. In addition, dead fish observed in the sampling tanks were also
collected and processed for qPCR. All sampled fish were euthanized using MS-222, and
posterior kidney biopsies (approximately 25 mg) were obtained aseptically, streaked on
blood agar plates, and incubated for 24 hr at 37°C to determine the presence of viable
bacteria. Genomic DNA was isolated from the kidney biopsies using a commercial kit, as
above. The isolated gDNA was resuspended in 200 ul of DHS, and 5 pl of gDNA was

used in each individual qPCR, carried out as above.

2.3 Results
2.3.1 PCR specificity, sensitivity, repeatability, and reproducibility

Each qPCR assay demonstrated robust amplification from gDNA isolated from
their respective targets, with no amplification from gDNA isolated from non-target

organisms (Table 2.1). Using 10-fold serial dilutions of PCR amplicons, each assay was
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linear over 8 orders of magnitude and sensitive to an estimated 5 copies of target DNA
(Figure 2.1). Reactions with <5 copies of target DNA resulted in inconsistent
amplification, often with no observed signal. Throughout the study, reaction efficiencies
were calculated from the slope of the log-linear portion of concurrently run standards
using equation 2.1 (Bustin, Benes et al. 2009) and were within the generally accepted
range of 90-110% (E. piscicida, range: 91.3-98.0%, mean: 94.8%; E. piscicida—like sp.,
range: 94.7-105.3%, mean: 100.6%; E. tarda, range: 101.8—107.9%, mean: 104.4%).

PCR efficiency = 107V/slore _ | 2.1
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Figure 2.1  Mean quantification cycles for known quantities of Edwardsiella piscicida,
Edwardsiella piscicida—like sp., and Edwardsiella tarda target DNA.

Mean quantification cycles (Cq) for known quantities of Edwardsiella piscicida (A), Edwardsiella
piscicida—like sp. (B), and Edwardsiella tarda (C) target DNA. A 10-fold dilution series of quantified
purified polymerase chain reaction (PCR) product was analyzed for each assay. Error bars indicate standard
deviations generated from dilution series run in triplicate on 3 separate plates. The user-defined baseline
fluorescence threshold for Cq determination was set at 50 relative fluorescent units for all runs. Reaction
efficiencies for each assay were calculated from the slope of the log-linear portion of concurrently run
standards (PCR efficiency = 10°"51°P¢ — 1) and were within the generally accepted range of 90-110% (E.
piscicida: 96.2%; E. piscicida—like sp.: 99.0%; E. tarda: 107.9%).
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2.3.2 Clinical sensitivity and assay variability

Each assay detected target DNA in gDNA preparations from approximately 100
CFU per sample from broth culture. For samples with <100 CFU, amplification was
inconsistent between replicates and occasionally absent, with a proportion (44.4% for E.
tarda; 77.7% for E. piscicida; 44.4% for E. piscicida—like sp.) of reactions from aliquots
of <100 CFU per sample giving negative results. When present, amplification resulted in
Cq values similar to those observed for approximately 100 CFU, demonstrating a plateau
effect common near the quantifiable limits of qPCR assays. In addition, several (55.5%)
reactions corresponding to aliquots of 136 CFU for E. piscicida were negative,
suggesting this quantity was at or below the limits of the quantifiable or detectable range
of the assay. Results from pond water and catfish kidney samples spiked with known
quantities of target bacteria were similar to results obtained from broth culture, although
kidney samples containing <100 CFU resulted in inconsistent amplification between
replicates, with a proportion (44.4% for E. tarda; 33.3% for E. piscicida; 44.4% for E.
piscicida—like sp.) of reactions giving negative results. Again, several (33.3%) reactions
corresponding to aliquots of 136 CFU for E. piscicida were also negative. Each assay was
linear over at least 5 orders of magnitude in these experiments and, under the conditions
used in this study, the 3 assays had a quantifiable limit ranging from 10° (E. piscicida) to
107 (E. piscicida-like and E. tarda) CFU in kidney tissue biopsies (approximately 25

mg), pond water samples (35 ml) and broth culture (20pl; Figure 2.2; Table 2.3).
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Figure 2.2
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Mean quantification cycles for known quantities of Edwardsiella piscicida,
Edwardsiella piscicida—like sp., and Edwardsiella tarda in brain—heart
infusion broth, pond water, or channel catfish (Ictalurus punctatus)
posterior kidney tissue.

Mean quantification cycles (Cq) for known quantities of Edwardsiella piscicida (A), Edwardsiella
piscicida—like sp. (B), and Edwardsiella tarda (C) cells in brain—heart infusion broth, pond water, or
channel catfish (Ictalurus punctatus) posterior kidney tissue. Error bars indicate standard deviations from 3
different sample preparations. The user-defined baseline fluorescence threshold for Cq determination was
set at 50 relative fluorescent units for all runs. For the purposes of plotting, reactions in which no
amplification was observed were assigned Cq values of 40.
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233 Detection in experimentally infected fish

The qPCR assays consistently amplified target DNA from apparently healthy,
subclinically infected fingerlings in all experimental treatment groups up to 5 days post-
injection. Large quantities of target DNA were detected from dead or moribund fish
clinically infected with E. piscicida and E. tarda (Table 2.4), often equating to 4 or more
orders of magnitude above the clinical sensitivity of the assay. In addition, target bacteria
were confirmed by qPCR from culture in 97% (31/32 fish) of E. piscicida mortalities and

100% (7/7 fish) of E. tarda mortalities.
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Regardless of challenge dose or isolate, viable bacteria were recovered from
subclinically infected fish up to 5 days post-challenge. Of the apparently healthy,
subclinically infected fish, 47% (48/102) did not exhibit bacterial growth on culture, and
no viable bacteria were recovered from any fish sampled 7 days post-challenge. For each
of the 3 target bacteria, negligible target DNA amplification was observed from several
culture-negative fish (mean Cq = 37.2), equating to <3 CFU equivalents (Figure 2.2),
below the reliable, clinical sensitivity of the assay. Similarly, amplification of target
DNA from BHI-injected fish was also negligible, corresponding to quantities below the
clinical and analytical sensitivity of the assay (mean Cq: E. tarda, 38.5; E. piscicida,
39.2; E. piscicida—like sp., 39.1).

Based on the cumulative mortalities found 7 days post-injection, the observed
LDs for E. piscicida was 5.77 x 10° CFU. The LDs for E. tarda and E. piscicida-like
sp. could not be determined. Only 17% mortality was observed in fish injected with 2.92
x 10" CFU of E. tarda, with no mortality seen in fish injected with 2.92 x 10° CFU or
2.92 x 10° CFU. Similarly, no mortality was observed in fish injected with E. piscicida—

like sp. (Figure 2.3), even at doses as high as 1.33 x 10”.
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Figure 2.3  Nonreplicated cumulative mortality for channel catfish (Ictalurus
punctatus) challenged with 3 different doses of Edwardsiella piscicida,
Edwardsiella piscicida—like sp., and Edwardsiella tarda.

Sixty fish were challenged to each dose and distributed into 2 separate aquaria (n = 30 fish/tank). Samples
were collected for real-time polymerase chain reaction (QPCR) analysis from one tank (sampling tank) on

days 1, 2, 5, and 7 (data presented in Table 4). No samples were collected from the second tank (mortality

tank). Rather, the mortality tank was checked twice daily over the course of 7 days and dead fish recorded.
The cumulative mortality observed in the mortality tank is reported.

2.4 Discussion

Real-time PCR assays are rapidly becoming more commonplace in fish disease
work, for both research and diagnostic applications (Purcell, Getchell et al. 2011). Assays
have been developed for the detection and quantification of a wide array of viral,
parasitic, and bacterial fish pathogens in both fish tissues and the environment (Griffin,
Pote et al. 2009, Bain, Cornwell et al. 2010, Soto, Bowles et al. 2010, Marancik and

Wiens 2013). In catfish aquaculture, several assays have been developed for the detection
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and quantification of pathogens in the pond environment (Griffin, Pote et al. 2009,
Griffin, Mauel et al. 2011, Griffin, Goodwin et al. 2013).

All 3 assays used in the current study were able to detect target DNA in both
clinically and subclinically infected fish. While negligible amplification (Cq values >
37.0) was observed from some culture-negative fish, it is assumed these high Cq values
are artifacts of carryover contamination, amplification of nonspecific or background
DNA, or degradation of the fluorescent probe (Burns 2008) rather than detection of
nonviable organisms. While arbitrary cutoffs are not ideal (Bustin, Benes et al. 2009),
this inconsistent late amplification represents target copy numbers below the clinical
sensitivity of the assay. As such, it likely represents false-positives and, under the
conditions described herein, Cq values of >37.0 in the absence of viable, cultured
organisms should be considered suspect. In addition, due to differences in environmental
conditions, dose effect, and other factors not accounted for during laboratory challenges,
bacterial loads and qPCR results from naturally infected fish may differ from what is
reported here. Future research will focus on establishing the clinical relevance of the
values observed during experimental infections and how they relate to natural infections.
Lastly, the data further demonstrates the limitations of using qPCR as a stand-alone
diagnostic tool. Instead, qPCR is better employed as a research tool or a confirmatory test
used in conjunction with identification of pathogens in histological sections or the culture
and recovery of viable organisms.

At present, no distinguishing phenotypic trait has been identified to discriminate
between E. tarda, E. piscicida, and E. piscicida—like sp. (Griffin, Quiniou et al. 2013,
Griffin, Ware et al. 2014). However, the qPCR assays described herein were
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demonstrated to be highly reproducible and repeatable, with limited variability between
runs. These assays provide rapid identification and differentiation of these phenotypically
comparable organisms in both apparently healthy and clinically affected fish, a valuable
aide for diagnostic assessments. In addition, the assays provide a means to detect and
quantify these Gram-negative pathogens in catfish pond water, providing an invaluable
tool for researchers and diagnosticians to evaluate the epidemiology of these organisms in
cultured fish.

All surviving experimentally infected fish were culture negative by day 7,
regardless of challenge dose or isolate. This is consistent with previous work
investigating E. tarda pathogenesis in channel catfish (Darwish, Plumb et al. 2000).
However, the current study demonstrated an apparent difference in virulence between E.
piscicida, E. piscicida—like sp., and E. tarda. This variability warrants further
investigation to better understand the pathogenicity of these Edwardsiella spp. in channel
catfish.

Historically, E. tarda has been perceived as a pathogen of low occurrence in
catfish aquaculture. However, according to summaries of diagnostic case submissions to
the Aquatic Research and Diagnostic Laboratory in Stoneville, MS

(http://tcnwac.msstate.edu/publications.htm), there has been a relative increased

incidence of E. tarda infections in farm-raised catfish in Mississippi over the last decade.
Until 2013, all genetic variants of E. farda were considered to be members of a
genotypically diverse, yet phenotypically homogenous species. Research has
demonstrated the E. tarda taxa is comprised of at least 2, possibly 3 phenotypically

ambiguous, yet genetically distinct taxa, namely E. tarda, E. piscicida, and E. piscicida—
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like sp. (Abayneh, Colquhoun et al. 2012, Yang, Lv et al. 2012, Abayneh, Colquhoun et
al. 2013, Griffin, Quiniou et al. 2013). A survey of E. tarda isolates collected from
diseased fish submissions to the Aquatic Research and Diagnostic Laboratory in
Stoneville, MS from 2007-2012 suggests that E. piscicida is more commonly associated
with disease outbreaks in farm-raised catfish than E. tarda. A total of 44 archived isolates
were examined, all of which were identified phenotypically as E. tarda upon initial
isolation. All 44 were identified as E. piscicida by PCR (Griffin, Ware et al. 2014). The
factors, both biotic and abiotic, that have contributed to the putative trend of increased
incidence of E. piscicida in Mississippi aquaculture are currently unknown. However,
these assays used in the current study will provide a valuable tool in identifying the

aforementioned factors that may be attributing to this escalation.
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CHAPTER III

COMPLETE GENOME SEQUENCES OF EDWARDSIELLA ANGUILLARUM,
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EDWARDSIELLA TARDA ISOLATES RECOVERED FROM
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3.1 Introduction

The genus Edwardsiella was first recognized in the 1960s with the description of
E. tarda (Ewing, McWhorter et al. 1965, Meyer and Bullock 1973). Over the following
decades, two additional taxa within the genus were described, E. hoshinae and E. ictaluri
(Grimont, Grimont et al. 1980, Hawke, McWhorter et al. 1981). Relative to other
Edwardsiella spp., there is limited information regarding E. hoshinae. This bacterium has
been isolated from birds, reptiles, water, and human feces; however, its role as a human
pathogen has not been established and it is not considered a zoonotic agent (Grimont,
Grimont et al. 1980, Farmer and McWhorter 1984, Singh, Singh et al. 2004, Singh, Singh
etal. 2013).

Comparatively, E. tarda and E. ictaluri have been implicated in epizootics in both
wild and cultured fish leading to significant economic losses in global aquaculture. E.
ictaluri is widely considered the most ruinous bacterial disease agent in catfish
aquaculture worldwide (Hawke, McWhorter et al. 1981, Crumlish, Dung et al. 2002,
Wise, Camus et al. 2004, Ye, Li et al. 2009, Liu, Li et al. 2010). In addition to disease
associated with E. ictaluri in silurid culture, E. ictaluri has also been linked to fish kills in
cultured tilapia and laboratory zebrafish colonies (Soto, Griffin et al. 2012, Hawke, Kent
et al. 2013).

Similarly, E. tarda has been implicated in considerable economic losses in more
than 20 species of commercially-important fish worldwide (Xu and Zhang 2014).
Primarily considered a pathogen of marine and freshwater fishes, E. tarda has historically
been considered the most diverse and widespread of the Edwardsiella species (Mohanty
and Sahoo 2007, Wang, Yang et al. 2009). Recent investigations into its heterogeneity
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revealed this previous classification actually encompassed three genetically distinct and
phenotypically ambiguous taxa, namely E. tarda, E. piscicida and E. anguillarum (syn.
E. piscicida-like sp.) (Abayneh, Colquhoun et al. 2013, Oren and Garrity 2013, Oren and
Garrity 2015, Shao, Lai et al. 2015). Edwardsiella piscicida has since been isolated from
a variety of diseased wild and cultured fish (Oguro, Tamura et al. 2014, Camus, Dill et al.
2016, Fogelson, Petty et al. 2016, Shafiei, Viljamaa-Dirks et al. 2016).

In the catfish farming region of the southeastern United States, E. tarda has
historically been associated with emphysematous putrefactive disease of catfish, which
begins as small, cutaneous lesions that can progress to deep, malodorous, putrefactive
abscesses within the musculature (Meyer and Bullock 1973, Hawke and Khoo 2004).
However, recent studies have demonstrated many of these cases may have been
misclassified E. piscicida. Research has shown E. piscicida to be more virulent to
channel catfish than E. tarda or E. anguillarum (Reichley, Ware et al. 2015). Moreover,
recent molecular surveys have demonstrated that E. piscicida is presently more common
in catfish aquaculture than either E. tarda or E. anguillarum and has been increasingly
recovered from diseased farm-raised catfish in the southeastern U.S. over the past ten
years (Griffin, Ware et al. 2014, Reichley, Ware et al. 2015).

Complete and draft genomes of several Edwardsiella isolates are available;
however, several are misclassified and not in line with contemporary Edwardsiella
systematics. While complete genome sequences for E. tarda have been published (Wang,
Yang et al. 2009, van Soest, Stockhammer et al. 2011, Tekedar, Karsi et al. 2013), these
were later determined to be E. piscicida (Abayneh, Colquhoun et al. 2013, Griffin,
Quiniou et al. 2013, Griffin, Ware et al. 2014). The purpose of this study was to provide

55

www.manaraa.com



complete genome sequences for representative Edwardsiella isolates identified in line

with current taxonomic organization.

3.2 Materials and Methods
3.2.1 DNA isolation

Archived isolates for each respective Edwardsiella spp. (Table 3.1) were revived
from cryogenic storage on Tryptic Soy Agar plates supplemented with 5% sheep blood
and grown overnight at 37°C. Individual colonies were expanded overnight in 9 ml
porcine Brain Heart Infusion (BHI) broth at 37°C. Bacterial cultures were pelleted by
centrifugation, resuspended in 600 pul of PureGene Cell Lysis Solution (QIAGEN)
supplemented with 3 ul Proteinase K (20 mg/ml) and digested overnight at 55°C.
Proteins were precipitated by the addition of 200 pl PureGene Protein Precipitation
Solution (QIAGEN) and pelleted by centrifugation. The supernatant was transferred to a
clean 1.5 ml microcentrifuge tube and residual salts were removed by the addition of 600
pl of 100% 2-propanol. DNA was harvested by centrifugation, and the supernatant
removed. The DNA pellet was then washed with 300 pul of 70% ETOH, pelleted by
centrifugation, dried and resuspended in 100 pul PureGene DNA Hydration Solution

(QIAGEN).
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Table 3.1

comparative analysis.

Associated metadata for Edwardsiella spp. genomes sequenced in this
project (bold) and publicly available complete and draft genomes used for

Host Year Locale Reference(s)
g.Aal,;ﬁlglﬂlamm g;?;eppe}ielus aeneus 2011 | Israel 8((:)1(106’)COlOrnl el
1058 gg ‘lgg illarum (T) L?;Itl;ls;;zonica 2008 | Fujian, China Shao, Lai et al. (2015)
i.ThCOéh:t;r;zes . 11\/{1(;2222 lsi;?lrd 1980 | Chad ((irgi;rz)(;nt, Grimont et al.
E. hoshinae (T) Puffin 1980 | France Grimont, Grimont et al.
ATCC 33379 Fratercula arctica (1980)
e |17 A usa | S Gy
R e T e el
R B e o
e T e i
3.2.2 Sequencing
3.2.2.1 Edwardsiella anguillarum EA181011

A total of 567 Mb of Pacific Biosciences (Pac-Bio) sequence (average length 6

kb) was produced from gDNA of E. anguillarum (syn. E. piscicida-like sp.) isolate

EA181011. The longest 40X genome coverage of Pac-Bio reads were error-corrected

with the remaining Pac-Bio data using the PBcR module within Celera Assembler

v.8.2beta (Koren, Schatz et al. 2012, Koren, Harhay et al. 2013), then the longest 25X

coverage of corrected Pac-Bio sequence was assembled into a single, circular

chromosome. To correct variations in homopolymer lengths in the consensus Pac-Bio
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data, we mapped 16X genome coverage of Ion Torrent™ sequencing reads (provided by
R. Thune, Louisiana State University) to the assembled chromosome using Bowtie2
(Langmead and Salzberg 2012) and produced a consensus sequence using

VarScan.v2.3.7 (Koboldt, Zhang et al. 2012).

3.2.2.2 Edwardsiella anguillarum LADL05-105

Genomic DNA from E. anguillarum (syn. E. piscicida-like sp.) isolate LADL05-
105 was sequenced using two methods: Illumina (36X coverage) and Pac-Bio (113X
coverage). The PBcR module of wgs-8.2beta (Celera) (Koren, Schatz et al. 2012, Koren,
Harhay et al. 2013) was used to identify the longest 40X coverage Pac-Bio reads and
corrected with the remaining Pac-Bio data. The longest 25X coverage of corrected
sequence was assembled into a single, circular chromosome. Illumina sequencing reads
were mapped to the assembled chromosome with Bowtie2 (Langmead and Salzberg
2012) to correct variations in homopolymer lengths, and a consensus sequence was

produced using VarScan.v2.3.7 (Koboldt, Zhang et al. 2012).

3.2.2.3 Edwardsiella hoshinae ATCC 35051

Genomic DNA of E. hoshinae isolate ATCC 35051 was sequenced using Pac-Bio
technology to a depth of 25X genome coverage (96.5 Mb). Reads > 8000 bp were error-
corrected with shorter Pac-Bio reads and assembled using Canu v1.0 (Berlin, Koren et al.
2015). llumina sequences (109X coverage, minimum depth of 11X) were mapped to the
Pac-Bio assembly using Burrows-Wheeler Aligner (BWA) v0.7.10-r789 (Li 2013), and
base errors and insertions/deletions were corrected using Pilon v1.16 (Walker, Abeel et

al. 2014) iteratively until no further base corrections were made automatically.
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Overlapping sequence was identified, and the linear contig was circularized and re-
linearized at a position 1 million bases distant from the original position of
circularization. Illumina and Pac-Bio sequences were realigned and visualized using the
Integrated Genome Viewer (Thorvaldsdottir, Robinson et al. 2013) for validation of

contiguity and manual correction of assembly errors.

3.2.24 Edwardsiella piscicida S11-285

Genomic DNA of E. piscicida isolate S11-285 was sequenced using Pac-Bio
technology to 140X coverage. After correction of reads, 25X genome coverage was
assembled into four contigs using Canu v1.0 (Berlin, Koren et al. 2015). [llumina
sequences (30X coverage, minimum depth of 5) were mapped to the Pac-Bio assembly
using BWA v0.7.10-r789 (Li 2013); base errors and insertions/deletions were corrected
using Pilon v1.16 (Walker, Abeel et al. 2014) iteratively until no further base corrections
were made automatically. Ribosomal RNA genes were sequenced using Sanger
sequencing of cloned PCR products spanning the rRNA loci; these genes were then
aligned to the genomic contigs to produce a single contig. The genome sequence was
circularized and re-linearized at a position 1 M bases downstream. [llumina and Pac-Bio
sequences were realigned and visualized using the Integrated Genome Viewer

(Thorvaldsdottir, Robinson et al. 2013) for validation of contiguity.

3.2.2.5 Edwardsiella tarda F1L95-01

Genomic DNA of E. tarda isolate FL95-01 was sequenced using the Illumina
(77X coverage) and Pac-Bio (88X coverage) platforms. The longest 40X coverage Pac-

Bio reads were error-corrected with the remaining shorter Pac Bio reads using the PBcR
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module within Celera Assembler v.8.2beta (Koren, Schatz et al. 2012, Koren, Harhay et
al. 2013). The longest 25X coverage of corrected sequence was assembled into a single,
circular chromosome. To correct variations in homopolymer lengths between Pac-Bio
reads, [llumina sequencing reads were mapped to the assembled chromosome with
Bowtie2 (Langmead and Salzberg 2012), and the Illumina-preferred consensus sequence

was produced using VarScan.v2.3.7 (Koboldt, Zhang et al. 2012).

3.2.2.6 Plasmid sequencing

Native plasmid DNA was harvested from all isolates using the QIAprep Spin
Miniprep Kit (QIAGEN). Plasmids were separated on 0.8% agarose gel, and sizes were
approximated with concurrently run standards (Supercoiled DNA Ladder, New England
Biolabs). Plasmids were sequenced commercially using the complete plasmid sequencing
service of the DNA Core Facility of the Center for Computational and Integrative
Biology at Massachusetts General Hospital (Boston, MA, USA) and assembled using the
MGH CCIB NGS de novo assembler UltraCycler v1.0 (Seed and Wang Unpublished).
Open reading frames (ORFs) were predicted using GeneMark.hmm prokaryotic v3.25
(Besemer and Borodovsky 1999, Zhu, Lomsadze et al. 2010) and Glimmer v3.02
(Salzberg, Delcher et al. 1998, Delcher, Harmon et al. 1999). Putative function of
plasmid ORFs were predicted using a BLASTX search of the National Center for
Biotechnology Information (NCBI) non-redundant protein database using the Bacteria

and Archaea code with e-values >1e-02 considered insignificant.
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3.23 Genome annotation, relatedness and intragenomic 16S heterogeneity

The circularized and complete genomes of each isolate were submitted to the
NCBI Prokaryotic Genomes Annotation Pipeline (PGAP) for annotation and release to
GenBank. Furthermore, the genomes were submitted for Rapid Annotation using
Subsystem Technology (RAST) (Aziz, Bartels et al. 2008, Overbeek, Olson et al. 2014)
annotation using the Glimmer option to gather more detailed information. Publicly
available complete and draft genomes of representative Edwardsiella strains were
downloaded from NCBI (Table 3.1). Average nucleotide identities (ANI) (Goris,
Konstantinidis et al. 2007) and digital DNA-DNA hybridization (dA(DDH) (Auch, von Jan
et al. 2010) estimations were determined using online calculators (ANI: http://enve-

omics.ce.gatech.edu/ani/; dDDH: http://ggdc.dsmz.de/distcalc2.php).

For each strain, ANI to other Edwardsiella genomes was calculated as described
in Goris, Konstantinidis et al. (2007). dDDH values were estimated by dividing the sum
of all identities found in high-scoring segment pairs (HSP) by the overall HSP length
(dDDH Formula 2) (Auch, von Jan et al. 2010), which is independent of genome length
and recommended for incomplete draft genomes. In addition, genomes sequenced in this
work were compared with type strain sequences of representative Edwardsiella spp.
available on NCBI. For unclosed genomes (ET883, ATCC 33379, ATCC 15947, ATCC
33202), pseudocontigs were created from the drafts using the default settings of
CONTIGuator (Galardini, Biondi et al. 2011) and mapped to the appropriate reference
genome assembled in this study. Comparisons of pseudocontigs to closed genomes were
visualized using the BLAST Ring Image Generator (BRIG) (Alikhan, Petty et al. 2011).
Additionally, intragenomic heterogeneity of the 16S SSU was evaluated by BLASTN
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searches of SSU rRNA sequences against the complete genomes of isolates E.
anguillarum LADL05-105, E. hoshinae ATCC 35051, E. ictaluri 93-146, E. piscicida

S11-285 and E. tarda FL95-01.

3.3 Results

The E. anguillarum isolate EA181011 genome consists of one circular
chromosome with 3,934,167 bp and 59.1% GC content. PGAP annotation predicted
3,476 genes encoding 3,122 proteins. RNAmmer (Lagesen, Hallin et al. 2007) predicted
8 rRNA operons. Based on comparative RAST analysis with E. tarda isolate FL95-01,
EA181011 contains 119 unique elements, including components related to mannitol
utilization, type I and type VI secretion systems, and bacteriophage P4 cluster. Isolate
EA181011 does not carry any plasmids. The complete genome sequence for
Edwardsiella anguillarum isolate EA181011 has been deposited in GenBank under the
accession no. CP011364.

The E. anguillarum isolate LADLO05-105 genome consists of one circular
chromosome with 4,142,037 bp and 58.8% GC content. PGAP annotation predicted
3,686 genes encoding 3,159 proteins and 99 tRNAs. RNAmmer (Lagesen, Hallin et al.
2007) predicted 9 rRNA operons. RAST analysis revealed 150 unique subsystems in
LADLO05-105 compared to E. tarda isolate FL95-01, including elements of inositol
catabolism, mannitol utilization and type VI secretion system. The LADLO05-105 genome
does not carry any plasmids. The complete genome sequence for E. anguillarum isolate
LADLO05-105 has been deposited in GenBank under accession no. CP011516.

The E. hoshinae isolate ATCC 35051 genome consists of one circular

chromosome with 3,811,650 bp (56.9% GC content). PGAP annotation predicted 3,401
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genes encoding 3,204 proteins and 101 tRNAs. RNAmmer (Lagesen, Hallin et al. 2007)
predicted 9 rRNA operons. RAST analysis predicted 497 subsystems with 3,526 coding
sequences and 128 RNAs. No plasmids were detected in ATCC 35051. The complete
genome sequence for E. hoshinae isolate ATCC 35051 has been deposited in GenBank
under accession no. CP016043.

The E. piscicida isolate S11-285 genome consists of one circular chromosome of
3,923,603 bp (59.6% GC content) and 1 plasmid of 3,164 bp (48.2% GC content). PGAP
annotation predicted 3,509 genes encoding 3,293 proteins. RNAmmer (Lagesen, Hallin et
al. 2007) predicted 10 rRNA operons. RAST analysis predicted 497 subsystems with
3,779 coding sequences and 136 RNAs. The complete genome sequence for E. piscicida
isolate S11-285 has been deposited in GenBank under accession no. CP016044 and its
plasmid has been deposited under accession no. CP016445.

The E. tarda isolate FL95-01 genome consists of one circular chromosome with
3,620,701 bp and 57.3% GC content. PGAP annotation predicted 3,258 genes encoding
3,091 proteins and 101 tRNAs. RAST analysis predicted 505 subsystems with 3,318
coding sequences and 129 RNAs. Additionally, RNAmmer (Lagesen, Hallin et al. 2007)
predicted 9 rRNA operons. FL95-01 does not carry any plasmids. The complete genome
sequence for E. tarda isolate FL95-01 has been deposited in GenBank under the
accession no. CP011359.

Statistics for each genome sequenced in the current study are listed in Table 3.2.
The ANI and dDDH estimations for Edwardsiella genomes sequenced here, in addition
to publicly available complete and draft genomes of representative Edwardsiella spp., are

displayed in Table 3.3. Conservation and variability in genomic content between different
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Edwardsiella spp. genomes are displayed in Figures 3.1-3.5. Intragenomic 16S rDNA

heterogeneity for each Edwardsiella spp. ranged from 0.0 - 0.6% (Table 3.4).

Table 3.2 Statistics for genomes sequenced and closed in the current study.

Predicted  Predicted Predicted
Number of Number of  Number of
Genes Proteins rRNA Operons

Genome GC
Size (bp) Content

E. anguillarum

T 3,934,167 59.1% 3,476 3,122 8
fﬂf‘é’éf’é@m 4,142,037 58.8% 3,686 3,159 9
iThC"éh;”;‘(‘)esl 3,811,650 56.9% 3,401 3,204 ?
E. piscicida

g i 3,923,603 59.6% 3,509 3,293 10
lf-Lfgasrj'éal 3,620,701 57.3% 3258 3,091 9

Number of genes and proteins were predicted using the NCBI Prokaryotic Genomes
Annotation Pipeline (PGAP). Predicted number of rRNA operons were determined by
RNAmmer (Lagesen, Hallin et al. 2007).
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Table 3.4 Intragenomic heterogeneity of the 16S SSU for representative Edwardsiella
genomes sequenced in this study.

No._of 16S Copies # of Differences (bp) Dissimilarity
in Genome Range
E. anguillarum 0 o
LADL05-105 9 0-4 0.0% - 0.3%
E. hoshinae o o
ATCC 35051 9 0-3 0.0% - 0.2%
o fetaturs 8 0-3 0.0% - 0.2%
§'{ff§§’§""’ 10 0-6 0.0% - 0.4%
£ tarda 9 0-9 0.0% - 0.6%
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080813

W 100% identity

W 0% identity
60% identity

93-146

W 100% identity

B 0% identity
60% identity

S511-285

W 100% identity

W 80% identity
60% identity

FL95-01

W 100% identity

W 80% identity
60% Identity

ATCC 35051

W 100% identity

W 50% identity
60% identity

LADLO5-105

4142037 bp

Figure 3.1  Sequence identity of Edwardsiella genomes, using E. anguillarum isolate
LADLO5-105 as the reference. Image created using the BLAST Ring
Image Generator (BRIG).

Each ring represents a query sequence, colored to indicate the presence of hits to the
reference sequence. The order of rings from inner-most to outer-most is: 080813 (£.

anguillarum), 93-146 (E. ictaluri), S11-285 (E. piscicida), F1L.95-01 (E. tarda) and ATCC
35051 (E. hoshinae).
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ATCC 33379
W 100% identity
W 50% identity
60% identity
FL95-01
W 100% icentity
W 50% identity
60% identity
S$11-285
W 100% identity
W 30% identity
60% identity
LADL 05-105
M 100% icentity
I 80% identity
60% identity
93-146
B 100% iclentity
[ 80% identity
60% identity

ATCC 35051

3811650 bp

“_\,l\ A O
mm\‘“%ﬁ? i

Figure 3.2  Sequence identity of Edwardsiella genomes, using E. hoshinae isolate
ATCC 35051 as the reference. Image created using the BLAST Ring Image
Generator (BRIG).

Each ring represents a query sequence, colored to indicate the presence of hits to the
reference sequence. The order of rings from inner-most to outer-most is: ATCC 33379
(E. hoshinae) F1L95-01 (E. tarda), S11-285 (E. piscicida), LADL05-105 (E. anguillarum)
and 93-146 (E. ictaluri).
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ATCC 33202
B 100% identity
10 80% identity
50% identity
LADL 05-105
B 100% identity
B 80% icentity
60% identity
S11-285
W 100% identity
W 80% identity
60% identity
FLS5-01
W 100% identity
W 80% identity
60% identity
ATCC 35051
W 100% identity
B 0% identity
60% identity

93-146

1000 kbp -

3812301 bp

Figure 3.3  Sequence identity of Edwardsiella genomes, using E. ictaluri isolate 93-
146 as the reference. Image created using the BLAST Ring Image
Generator (BRIG).

Each ring represents a query sequence, colored to indicate the presence of hits to the
reference sequence. The order of rings from inner-most to outer-most is: ATCC 33202

(E. ictaluri), LADLO5-105 (E. anguillarum), S11-285 (E. piscicida), FL95-01 (E. tarda)
and ATCC 35051 (E. hoshinae).
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ET883
W 100% identity
B 30% identity
60% identity
LADL 05-105
W 100% identity
B 80% identity
80% identity
93-146
B 100% identity
I 80% identity
60% identity
FL95-01
W 100% identity
W 50% identity
60% identity
ATCC 35051
W 100% identity
I 50% identity
60% identity

S11-285

3923603 bp

Figure 3.4  Sequence identity of Edwardsiella genomes, using E. piscicida isolate S11-
285 as the reference. Image created using the BLAST Ring Image
Generator (BRIG).

Each ring represents a query sequence, colored to indicate the presence of hits to the
reference sequence. The order of rings from inner-most to outer-most is: ET883 (E.

piscicida), LADLO5-105 (E. anguillarum), 93-146 (E. ictaluri), FL95-01 (E. tarda) and
ATCC 35051 (E. hoshinae).

70

www.manharaa.com




ATCC 15947

B 100% identity

B 80% identity
60% identity

ATCC 35051
W 100% identity
W 0% identity
B0% identity
511-285
B 100% identity
W 80% identity
60% identity
LADL 05-105
B 100% identity
I 80% identity
\ = 60% identity
73000 kbp \e | 93146
B 100% identity
[0 80% identity
60% identity

FL95-01

3620701 bp

Figure 3.5  Sequence identity of Edwardsiella genomes, using E. tarda isolate FL95-
01 as the reference. Image created using the BLAST Ring Image Generator
(BRIG).

Each ring represents a query sequence, colored to indicate the presence of hits to the

reference sequence. The order of rings from inner-most to outer-most is: ATCC 15947

(E. tarda), ATCC 35051 (E. hoshinae), S11-285 (E. piscicida), LADL05-105 (E.

anguillarum) and 93-146 (E. ictaluri).

34 Discussion

Reductions in economic constraints of next-generation DNA sequencing
technology, as well as more resolute and user friendly methods of analyses, has led to
increased utilization of genomic tools in bacterial identification and classification. These

technologies have aided in the determination of bacterial species, although they can be
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impacted by genome size and are often reliant on unverified publicly available datasets
(Clarridge 2004, Konstantinidis, Ramette et al. 2006). As these databases continue to
grow, the definition of a bacterial species needs to be revisited as antecedent
classifications schemes, largely based on pheno-biochemical characteristics, often fail to
differentiate between phenotypically ambiguous yet genetically discrete taxa. Further
confounding this issue is the misplaced reliance on the National Center for Biotechnology
Information’s (NCBI) GenBank and the International Nucleotide Sequence Database
Collaboration nomenclature as taxonomic authorities when identifying isolates from
disease outbreaks or those used in research studies.

This is especially important for taxa undergoing reclassification, such as the
Edwardsiella spp. When using GenBank to identify a bacterial isolate, many scientists
rely on comparisons of partial 16S rRNA sequence data to publicly accessible databases,
in spite of the fact these databases are not authoritative sources for classification or
nomenclature. The NCBI website provides a disclaimer stating as such and recommends
investigators consult relevant scientific literature for the most reliable and up-to-date
taxonomic information. Numerous studies have demonstrated the limitations of 16S
rRNA sequences for determining species and confusion still exists regarding its use for
this purpose. Research into the inter- and intraspecies variation amongst some groups of
bacteria has demonstrated that while 16S rRNA sequences are appropriate to establish
relationships between genera or well-resolved taxa, they lack sufficient resolution to
discriminate between recently diverged species (Fox, Wisotzkey et al. 1992, Turenne,

Tschetter et al. 2001, Clarridge 2004).
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Identifications based on 16S rRNA sequences can also be misleading when
employing an arbitrary similarity cutoff of 98% - 99%, as has been previously suggested
(Kim, Oh et al. 2014). This cutoff is contradictory to previous reports that demonstrated
strains with > 97% similarity may or may not belong to the same species (Stackebrandt
and Goebel 1994). Still other publications report acceptable divergence cutoffs for
species delimitation ranging from 0.5% - 1.5% (Janda and Abbott 2002, Clarridge 2004),
depending on genus. Further complicating the utility of universal cutoffs is the presence
of intragenomic 16S heterogeneity exceeding 1% for some species. While intragenomic
16S heterogeneity in the Edwardsiella is not this extreme, values range from 0% - 0.6%
which supports intraspecific variation (0.1% - 0.7%) reported for the some Edwardsiella
spp. in previous studies (Janda and Abbott 2002, Griftin, Quiniou et al. 2013). This
supports recent assertions that 16S SSU sequencing has limited utility for species
delineation within Edwardsiella (Griftin, Quiniou et al. 2013, Griffin, Ware et al. 2014,
Griffin, Reichley et al. 2016). Taken collectively, establishment of a universal 16S rRNA
similarity/dissimilarity cutoff for species delineation for all bacterial genera is unlikely.

Alternatively, in instances when 16S rRNA is insufficient to differentiate closely
related congeners, alternative reference genes with greater taxonomic resolution should
be considered (Woo, Lau et al. 2008). For example, the single-copy gyrB gene, present in
all bacteria, has been proposed as a more reliable marker to discern between closely
related bacterial species within Enterobacteriaceae, including the Edwardsiella (Dauga
2002, Griffin, Quiniou et al. 2013, Griffin, Ware et al. 2014, Griffin, Reichley et al.

2016). Likewise, sodB, rpoB and dnaK have all been proposed as suitable alternatives to
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16S rRNA sequencing for identification and classification of unknown bacteria (Yamada
and Wakabayashi 1999, Dahllof, Baillie et al. 2000, Stepkowski, Czaplinska et al. 2003).

With the rapidly expanding dataset of closed genomes, it is prudent for
researchers to ensure accurate and appropriate bacterial identification prior to releasing
genomes and amend existing taxonomic errors present in databases. This issue has been
previously raised for other genera and should apply to Edwardsiella as well (Beaz-
Hidalgo, Hossain et al. 2015). Historically, bacterial strains exhibiting more than 70%
DNA-DNA hybridization (DDH) estimations were considered members of the same
species (Wayne, Brenner et al. 1987). While this 70% DDH standard is pragmatic and
generally applicable, it has recently received significant criticism, largely due to the
difficulty in implementation, the large phenotypic variation within many named
prokaryote taxa, inability to generate archival data and failure to recognize genomic
evolution and ecological adaptation (Cohan 2002, Gevers, Cohan et al. 2005). This has
led many in the scientific community to question the utility of DDH in light of recent
developments in genomic sequencing technologies and bioinformatics, while citing the
need for a revalidation of the definition of bacterial species. At present, no universal
criteria have been agreed upon (Konstantinidis, Ramette et al. 2006, Gao and Gupta
2012).

Average nucleotide identity and genome-to-genome sequence comparison have
recently been introduced as alternatives to DNA-DNA hybridization, with notable
advantages. Average nucleotide identity (ANI) is a robust measure of the genetic and
evolutionary distance between bacterial species and is not affected by lateral transfer or

recombination of genes; thus providing advantages over DDH (Konstantinidis and Tiedje

74

www.manaraa.com



2005, Gao and Gupta 2012). Using 28 bacterial strains from 7 different genera, Goris,
Konstantinidis et al. (2007) demonstrated a 95% ANI corresponds to the traditional cut-
off point of 70% DDH for species delineation.

Similarly, genome-to-genome sequence comparison is another tool that has been
shown to be valuable in reconstructing trees in both Archaea and Bacteria (Wollf,
Rogozin et al. 2001). This tool is advantageous over traditional DDH because it is in
silico which allows for the reuse of genomes indefinitely. It also works well for draft
genomes and has been suggested to outperform ANI (Auch, von Jan et al. 2010). Digital
DDH (dDDH) performed in silico using sequence-based genome blast distance
phylogeny strongly correlates with wet-lab DDH and provides increased accuracy
(Meier-Kolthoff, Auch et al. 2013).

Each of the genomes presented in the current study adhere to established
guidelines (>70% dDDH and >95% ANI) for species delineation by genome-to-genome
comparison (Goris, Konstantinidis et al. 2007, Auch, von Jan et al. 2010). This is an
important finding, as it highlights the need for more robust discriminatory methods to
differentiate between E. anguillarum, E. piscicida and E. tarda. The inability to
discriminate amongst these Edwardsiella spp. by phenotypic characteristics using
common commercial phenotypical and/or biochemical identification systems, coupled
with the limited discriminatory power of 16S rRNA sequence comparison, can result in
erroneous classification and has led to ambiguous reporting within the literature (Kim,
Kang et al. 2014, Zhou, Geng et al. 2014, Lu, Wang et al. 2015, Mo, Zhou et al. 2015).
ANI and dDDH results from this study support previous research (Griffin, Ware et al.
2014) and demonstrates E. anguillarum and E. piscicida are more closely related to E.
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ictaluri, resulting in a clustering of fish pathogenic Edwardsiella, separate from E.
hoshinae and E. tarda, which are now generally recognized to be associated with
reptilian, avian and mammalian hosts; although sporadic reports of E. tarda, as it is
currently defined, still exist.

Consistent identification and classification of subject organisms lays the
foundation for infectious disease research and fosters more reliable reporting among
different laboratories and within the scientific literature. The collection of closed
genomes reported herein were submitted to GenBank in line with contemporary
taxonomic nomenclature consistent with current Edwardsiella systematics. These
genomes will better facilitate proper taxonomic assignment and minimize erroneous
classifications of Edwardsiella isolates in future research. Moreover, these closed
genomes will assist in further studies investigating the biology of these important bacteria
and help researchers gain a better understanding of their interactions in the environment

and within different hosts.
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CHAPTER 1V

ADVANCING OUR KNOWLEDGE OF THE EDWARDSIELLA: A COMPARATIVE
PHENOTYPIC AND GENOTYPIC ANALYSIS OF EDWARDSIELLA SPP.

ISOLATES FROM DIFFERENT HOSTS AND GEOGRAPHIC ORIGINS

4.1 Introduction

The Edwardsiella genus was first recognized in the 1960s to describe a group of
isolates that did not fit within any known group of Enterobacteriaceae. Initially referred
to simply as “bacterium 1483-1459,” this group included representatives of the
“Bartholomew” group first isolated from a human patient with enteric fever and acute
gastroenteritis (King and Adler 1964) and possessed many phenotypic similarities to the
“Asakusa” group reported from snakes in Japan (Sakazaki and Murata 1962, Sakazaki
1965, Sakazaki 1967). Based on phenotypic differences between the 1483-1459 strains
and other groups of Enterobacteriaceae, the genus was designated Edwardsiella and the
species tarda was adopted to represent this previously undescribed group (Ewing,
McWhorter et al. 1965).

Prior to 2013, the genus consisted of only 3 taxa: E. tarda, E. ictaluri and E.
hoshinae (Abayneh, Colquhoun et al. 2013), which represented a diverse group of Gram-
negative bacteria infecting a wide range of piscine, reptilian, avian and mammalian hosts
(Mohanty and Sahoo 2007). There are limited reports of E. hoshinae from a small

number of avian and reptilian hosts (Grimont, Grimont et al. 1980, Singh, Singh et al.
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2004). Conversely, E. ictaluri is well-studied and is the causative agent of enteric
septicemia of catfish (ESC) in catfish aquaculture in the southeastern United States
(Hawke, McWhorter et al. 1981). Although predominantly considered a pathogen of US
farm-raised channel catfish, reports have implicated E. ictaluri in mortality events in
catfish aquaculture in Asia (Crumlish, Dung et al. 2002, Yuasa, Kholidin et al. 2003, Ye,
Li et al. 2009, Suanyuk, Rogge et al. 2014) and Pangasius catfish imported into the
Caribbean (Phillips, Reichley et al. 2016). Moreover, E. ictaluri was recently reported
from mortality events in tilapia pond-culture in Central America, laboratory populations
of zebrafish in the United States and wild populations of ayu (Plecoglossus altivelis) in
Japan (Sakai, Kamaishi et al. 2008, Soto, Griffin et al. 2012, Hawke, Kent et al. 2013).

Comparatively, Edwardsiella tarda is cited as the causative agent of
edwardsiellosis in fish and has been reported from over 20 fish species across seven
continents (Hawke and Khoo 2004, Mohanty and Sahoo 2007). It has also been isolated
from reptiles, birds and mammals, and it has moderate zoonotic potential in young,
elderly and immune-compromised individuals (Sharma, Kaura et al. 1974, Tan and Lim
1977, Nucci, Silveira et al. 2002, Mohanty and Sahoo 2007, Leotta, Pifieyro et al. 2009,
Wang, Yan et al. 2012). Despite its wide host range, E. tarda has mostly been implicated
in disease outbreaks in cultured fish and is one of the most important bacterial pathogens
in global aquaculture (Kodama, Murai et al. 1987, Castro, Toranzo et al. 2006, Xu and
Zhang 2014).

Primarily viewed as a pathogen of marine and freshwater fish, E. tarda has
extensive phenotypic and genetic diversity. In 2012, a comparative phylogenomic study

demonstrated isolates phenotypically identified as E. farda comprised two genetically
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distinct, polyphyletic groups (Yang, Lv et al. 2012). This work was supported by
concurrent investigations utilizing multilocus sequence analysis of E. tarda isolates in
Asia and Europe, as well as genotypic and phenotypic analysis of E. tarda isolates from
fish in the United States (Abayneh, Colquhoun et al. 2012, Griffin, Quiniou et al. 2013).
These studies concluded that isolates historically classified as E. tarda actually
represented three genetically distinct, yet phenotypically indistinguishable species.
Further phenotypic characterization, DNA-DNA hybridization and phylogenetic analysis
led to the adoption of E. piscicida as a fourth member of the genus in 2013 (Abayneh,
Colquhoun et al. 2013). Expanding on these analyses, polyphasic phenotypic and
genomic characterization of Edwardsiella 1solates from diseased eels led to the addition
of a fifth species of Edwardsiella, E. anguillarum,in 2015 (Shao, Lai et al. 2015).

Previous research documenting phenotypic and genotypic diversity of E. tarda
resulted in multiple generalized designations to account for the extensive intraspecific
variability (Yamada and Wakabayashi 1999, Matsuyama, Kamaishi et al. 2005, Castro,
Toranzo et al. 2006, Sakai, lida et al. 2007, Wang, Wang et al. 2011, Xu and Zhang
2014). As a result, isolates of E. tarda primarily fell into one of three different categories:
1) typical motile fish pathogenic E. tarda; 2) atypical non-motile fish pathogenic E.
tarda; and 3) fish non-pathogenic E. tarda (Yamada and Wakabayashi 1999, Nakamura,
Takano et al. 2013). The recent segregation of E. tarda into three discrete taxa suggests
these designations likely correspond with this separation (Griffin, Ware et al. 2014, Shao,
Lai et al. 2015). The purpose of the current study was to utilize routine phenotypic and
genotypic analyses, coupled with popular microbial identification systems and

confirmatory methods, to evaluate current bacterial identification procedures for

87

www.manaraa.com



differentiating the Edwardsiella. Furthermore, an ancillary goal of this work was to link
historical records of different E. tarda categories to current phylogenomic assignments

with contemporary taxonomic nomenclature.

4.2 Materials and Methods
4.2.1 Bacterial Isolates

Isolates of E. anguillarum, E. hoshinae, E. ictaluri, E. piscicida and E. tarda were
obtained from collaborators and various biological collections and expanded in porcine
brain heart infusion broth (Bacto™, Becton Dickenson and Company) (BHIb) at optimal
growth temperatures for each isolate (37°C: E. anguillarum, E. hoshinae, E. piscicida, E.
tarda; 28°C: E. ictaluri). Aliquots of these broth cultures were stored cryogenically (-
80°C) with 15% v/v glycerol. A panel of 47 representative isolates from 10 countries and
19 host species, isolated over a 47 year period, were chosen for analysis (Table 4.1). Of
note, isolate Edwardsiella 9.1 was isolated during the original description of
emphysematous putrefactive disease in channel catfish (Ictalurus punctatus; Meyer and
Bullock 1973). For all phenotypic analyses, cryostocks of archived isolates were revived
by isolation streaking on Mueller-Hinton II Agar (BBL™, Becton Dickinson and
Company) supplemented with 5% defibrinated sheep blood (Hemastat Laboratories,
Dixon CA) and grown for 24 (E. anguillarum, E. hoshinae, E. piscicida, E. tarda) or 48

(E. ictaluri) hr at optimal temperatures for each respective isolate.
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Table 4.1

Edwardsiella spp. isolates analyzed in the current study.

Isolate Species Host Geographic Origin Year of Isolation
EA181011 E. anguillarum White grouper Israel 2011
LADLO05-105 E. anguillarum Tilapia Louisiana, USA 2005
43472 E. anguillarum Blue striped grunt Maryland, USA 2003
43664 E. anguillarum Striped bass Maryland, USA 1994
43473 E. anguillarum Tilapia Maryland, USA 1997
43659 E. anguillarum Tilapia Maryland, USA 1998
43651 E. anguillarum Tilapia Maryland, USA 1999
ATCC35051 E. hoshinae Monitor Chad 1978
11-149A E. ictaluri Zebrafish Florida, USA 2011
S97-773 E. ictaluri Channel catfish Mississippi, USA 1997
RUSVM-1 E. ictaluri Tilapia W. Hemisphere 2012
PB 07-309 E. piscicida Smallmouth bass Arkansas, USA 2007
NFAVS-1 E. piscicida Largemouth bass Florida, USA 2014
F373.2 E. piscicida Turbot France 2012
HL1 E. piscicida Turbot Holland 2006
HL25 E. piscicida Turbot Holland 2006
HL32 E. piscicida Turbot Holland 2006
WFE1 E. piscicida Fluke Japan 2002
S11-285 E. piscicida Channel catfish Mississippi, USA 2011
C1490 E. piscicida Largemouth bass New York, USA 2014
CMT 8211-1 E. piscicida Rainbow trout North Carolina, USA 2014
REDS 81911-E E. piscicida Rainbow trout North Carolina, USA 2014
RBR8 E. piscicida Turbot Portugal 2008
SC 09-03 E. piscicida Smallmouth bass South Carolina, USA 2009
ACC69 E. piscicida Turbot South Europe 2005
CAQ8.10 E. piscicida Turbot Spain 2009
CAQ 10.10 E. piscicida Turbot Spain 2009
CAQ 39 E. piscicida Turbot Spain 2009
A15-02670 E. piscicida Blotched fantail stingray Georgia, USA 2015
43628 E. piscicida Koi Maryland, USA 2000
43662 E. piscicida Seatrout Maryland, USA 1988
43644 E. piscicida Striped bass Maryland, USA 1994
43475 E. piscicida Striped bass Pennsylvania, USA 1996
43658 E. piscicida Striped bass Pennsylvania, USA 1996
43468 E. piscicida Striped bass Maryland, USA 1999
43656 E. piscicida Striped bass Maryland, USA 2000
Edwardsiella 9.1 E. tarda Channel catfish Arkansas, USA 1969
Edwardsiella 9.2 E. tarda Channel catfish West Virginia, USA 1977
Edwardsiella 9.3 E. tarda Flounder Virginia, USA 1984
Edwardsiella 9.4 E. tarda Channel catfish Georgia, USA 1979
FL95-01 E. tarda Channel catfish Florida, USA 1995
070720-1 3A E. tarda Tilapia Michigan, USA 2007
070720-1 2HLDOM E. tarda Tilapia Michigan, USA 2007
43657 E. tarda Bottlenose dolphin Maryland, USA 2000
43650 E. tarda Hooded seal Maryland, USA 2004
43627 E. tarda Tilapia Pennsylvania, USA 2000
43663 E. tarda Toadfish Maryland, USA 1988
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4.2.2 DNA isolation

Cryostocks were revived as above, and individual colonies were expanded for 24-
48 hr in static BHIb at appropriate temperatures for each isolate. Cultures were pelleted
by centrifugation and genomic DNA (gDNA) was isolated using a commercial DNA
isolation kit following the manufacturer’s suggested protocols for Gram-negative bacteria
(Gentra® Puregene® DNA isolation kit; QIAGEN). Isolated gDNA was resuspended in
100 pl of DNA hydration solution (DHS, Gentra® Puregene® DNA isolation kit;
QIAGEN), quantified spectrophotometrically (NanoDrop 2000, ThermoFisher
Scientific), diluted with DHS to a final concentration of 10 ng/pl and cryogenically

stored (-80°C) until further use.

4.2.3 Motility and TSI

Individual colonies of Edwardsiella sp. isolates were stabbed into motility
medium (Difco, 1998) and evaluated for motility after 48 hr at 37°C (E. anguillarum, E.
hoshinae, E. piscicida, E. tarda) or 28°C (E. ictaluri). Glucose, sucrose and lactose
fermentation, in addition to hydrogen gas and/or hydrogen sulfide production in triple
sugar iron medium (TSI; Oxoid LTD), was determined using similar incubation

conditions.

4.2.4 Microbial identification systems

The commercial API-20E system (BioMerieux) was used for all bacterial species
in accordance with the manufacturer’s instructions. Briefly, after incubation (24 hr at
37°C for E. anguillarum, E. hoshinae, E. piscicida, E. tarda; 48 hr at 28°C for E.

ictaluri), all reagents were added and a seven digit profile number was generated. Profile
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numbers were submitted to BioMerieux for microbial identification. Additionally,
isolates were analyzed using the Biolog Microbial Identification System (Biolog)
according to manufacturer’s instructions. In short, isolates were streaked from archived
cryostocks on Biolog Universal Growth (BUG) agar with 5% sheep blood (Biolog). After
24 hr at 28°C, colonies were picked and added to the inoculating fluid (Biolog) to reach
92% - 98% transmittance (%T). Gen III microplates were inoculated and incubated at
28°C for 24 hr, after which reactions were read and identification performed using
OmniLog® Data Collection software (Biolog).

Lastly, bacterial isolates were subjected to the BBL Crystal Enteric/Nonfermentor
Identification Kit (Becton Dickinson and Company). Cryostocks were streaked for
isolation on Mueller-Hinton II Agar (BBL™; Becton Dickinson and Company)
supplemented with 5% defibrinated sheep blood (Hemastat Laboratories, Dixon CA).
Individual colonies were picked using a sterile toothpick and resuspended in inoculating
fluid to achieve 0.5 McFarland standard turbidity before addition to the assay panel.
Panels were incubated at 28°C for 24 - 48 hr, and reactions were visualized and recorded.

A commercial matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometer (Bruker MALDI-TOF Biotyper LT) was used for bacterial
identification and generation of peptide mass spectral profiles. Bacterial colonies were
applied to a spot on the MALDI-TOF target plate and overlaid with freshly made 70%
formic acid and a-cyano-4-hydroxycinnamic acid matrix solution following the
manufacturer’s recommended protocol. The spectra were captured in positive linear
mode in a mass range of 2 - 20 kDa with a laser frequency of 60 Hz (IS1: 20 kV; IS2: 18
kV; lens: 6 kV; extraction delay time: 100 ns). Spectra were acquired in automatic mode
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by accumulating a maximum of 240 profiles (6 x 40 laser shots from different positions
of the target spot). Bacterial identification was performed using default settings of the
software provided with the Bruker MALDI-TOF system. A score value >2 indicated
highly probable bacterial genus and species identification. The peptide spectra were

collected and analyzed using Flexanalysis software (Bruker).

4.2.5 Fatty acid methyl ester (FAME) analysis
4.2.5.1 Preparation of bacterial isolates

The 47 Edwardsiella spp. isolates used for fatty acid methyl ester (FAME)
extraction analysis were grown under identical conditions. Frozen stock from each isolate
was streaked onto sheep blood agar (SBA; Remel, Lenexa, KS) and incubated for 24 h at
28°C. Following incubation, an average of 35 mg of bacteria (wet weight) were harvested
from each plate by carefully scraping the surface of the agar plate. Bacterial cells were
placed into individual Pyrex glass tubes, centrifuged for 1 min at 5,250 x g and then used

for the fatty acid extraction.

4.2.5.2 Fatty acid methyl ester extraction

Bacteria were saponified by adding 1.0 ml of Saponification Reagent (150 ml of
deionized distilled water combined with 150 ml of HPLC grade methanol and 45 grams
of sodium hydroxide [certified ACS]) to each of the tubes. Each tube was then
immediately vortexed for 5-10 s and boiled for 5 min in water at 100°C. The tubes were
vortexed for 10 s then boiled for 25 min at 100°C. Samples were then methylated by the

addition of 2.0 ml Methylation Reagent (162.5 ml of 6.0N hydrochloric acid with 137.5
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ml of HPLC grade methanol), vortexed for 10 s, then immediately cooled on ice for 10
min.

Following methylation, FAMEs were extracted by the addition of 1.25 ml
Extraction Solvent (200 ml of HPLC grade hexane combined with 200 ml of HPLC grade
methyl-tert-butyl ether) to each sample. The samples were immediately loaded into a
circular rotator and centrifuged for 10 min at 3,000 x g to ensure adequate combination of
sample and Extraction Solvent. The tubes were centrifuged for 1 min at 5,250 x g to
separate extraction waste from the sample. The bottom phase was removed and discarded
from each of the samples using a long tip Pasteur pipette. Three ml of Base Wash (5.4
grams of sodium hydroxide diluted in 45 ml of distilled water) was added to the top phase
of each sample and then immediately centrifuged for 5 min at 3,000 x g. The samples
were then held upright at room temperature to complete the separation between the
bottom and top phases. The top phase (100 uL) from each sample was removed and
transferred into a glass vial (National Scientific Target Vials C4011-1) fitted with 100 pl

glass insert with polymer feet and lid.

4.2.5.3 Gas Chromatography Conditions and Analysis

For gas chromatography, an HP-Ultra-2 column with a length of 25 mm, diameter
0f 0.200 mm and a film of 0.33 pm was used. The RCLIN6 method was used for the
chromatography; the temperature was increased at 28°C/min from 170°C to 288°C, the
split ratio was 40:1, and the total run was 6.23 min. Following gas chromatography,
samples were analyzed using the Sherlock Microbial Identification System (MIS)

RCLING 6.2 library.
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4.2.6 Antimicrobial susceptibility profiles

The minimum inhibitory concentration (MIC) of 39 different antimicrobial agents
was determined for all 47 Edwardsiella spp. isolates for potential identification of
specific inherent resistance/susceptibility that could be exploited to differentiate among
the Edwardsiella spp. MICs were evaluated using the Sensititre® GN4F and AVIANI1F
plate formats (Trek Diagnostic System) using the manufacturer’s suggested protocol.
Escherichia coli ATCC25922 was used as the quality control strain. Inocula were
prepared by suspending individual colonies in sterile distilled water to a 0.5 McFarland
standard turbidity; 30 pl of the suspension was added to 11 ml of cation-adjusted
Mueller-Hinton Broth (Sigma-Aldrich), and 50 pl of the inoculum was added to each
well. Plates were covered with an adhesive seal (provided by the manufacturer) and
incubated (24 hr at 37°C for E. anguillarum, E. hoshinae, E. piscicida, E. tarda; 48 hr at
28°C for E. ictaluri). Following incubation, plates were checked visually and MIC values

were defined as the lowest drug concentration exhibiting no visible growth.

4.2.7 Phylogenetic analysis

Three different gene targets were chosen for amplification and sequencing to link
historical E. tarda 1solates to contemporary phylogenomic assignments. Primers used for
amplification and sequencing of the 16S rRNA, gyrB and sodB genes are listed in Table
4.2. Amplification reactions (50 ul) were performed using 43 pl of Platinum® High
Fidelity PCR SuperMix (Invitrogen), 20 pmol of each primer, ~50 ng of gDNA and
nuclease-free water to volume. Amplifications were performed using a C1000 Touch
thermal cycler (Bio-Rad Laboratories, Inc.). For 16S rRNA and gyrB, the following

cycling conditions were used: 3 min denaturation at 94°C; 45 cycles of 30 sec at 94°C, 30
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sec at 52°C, 2 min at 68°C; and 7 min extension at 68°C. For sodB the following cycling
conditions were used: 2 min denaturation at 94°C; 35 cycles of 30 sec at 94°C, 30 sec at
42°C, 30 sec at 72°C; and 7 min extension at 72°C. Amplicons were visualized with UV
light after electrophoretic passage through a 0.8% agarose gel containing ethidium
bromide (0.5 pg/ml), excised, and purified using Qiaquick™ columns (QIAGEN).
Purified PCR products were sequenced commercially using the same primers employed
to generate the amplicons (Eurofins Genomics, Louisville, KY). Contiguous sequences
were assembled, and ambiguous base calls were manually determined from

corresponding chromatograms using Geneious v10.0.7 (Biomatters, Ltd.) (Kearse, Moir

et al. 2012).
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Table 4.2

Primers and probes used in the current study.

Primer Sequence (5°-3”) Source
16S seaquencing
27F GAGTTTGATCCTGGCTCAG Rainey et al. (1996)
1525R AGAAAGGAGGTGATCCAGCC
gyrB sequencing
GyrB630F GGATAACGCGATTGACGAAG
GyrB1245R ATCRTCYTTCATGGTCGARA Griffin et al. (2014)
GyrB2198F TAAAGACGATGAGGCGATGG
GyrB2540R GCCGTGARCAAARTCRAA
sodB sequencing
EIF ATGTCRTTCGAATTACCTGC Yamada and Wakabayashi (1999)
497R TCGATGTARTARGCGTGTTCCCA
Repetitive extragenic palindromic PCR
BOX CTACGGCAAGGCGACGCTGACG Versalovic et al. (1991, 1994)
ERICI ATGTAAGCTCCTGGGGATTCAC Versalovic et al. (1991, 1994)
ERICII AAGTAAGTGACTGGGGTGAGCG Versalovic et al. (1994)
GTGs GTGGTGGTGGTGGTG Versalovic et al. (1994)
Multiplex real-time PCR
E. tarda
ET3518F CAGTGATAAAAAGGGGTGGA
ET3632R  CTACACAGCAACGACAACG Reichley et al. (2015)
ET3559P AGACAACAGAGGACGGATGTGGC
E. piscicida
EP14529F CTTTGATCATGGTTGCGGAA
EP14659R  CGGCGTTTTCTTTTCTCG Reichley et al. (2015)
EP14615P CCGACTCCGCGCAGATAACG
E. anguillarum
EA1583F  GATCGGGTACGCTGTCAT
EA1708R  AATTGCTCTATACGCACGC Reichley et al. (2015)
EA1611P  CCCGTGGCTAAATAGGACGCG
E. ictaluri
EI481F ACTTATCGCCCTCGCAACTC
EI658R CCTCTGATAAGTGGTTCTCG Griffin et al. (2011)
EI561P CCTCACATATTGCTTCAGCGTCGAC
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Sequences from 16S rRNA, gyrB and sodB were trimmed and aligned using the
Multiple Sequence Comparison by Log-Expectation (M.U.S.C.L.E.; Edgar 2004)
application of MEGA v6 (Tamura, Stecher et al. 2013), and pairwise sequence
similarities were determined. Moreover, sodB sequences of Edwardsiella spp. were
compared to sodB sequences of typical motile fish pathogenic E. tarda (GenBank
AB009853); atypical non-motile fish pathogenic E. tarda (GenBank AB009584); and
fish non-pathogenic E. tarda (GenBank AB009850) (Yamada and Wakabayashi 1999).
Bayesian Inference Criterion identified the Kimura 2-parameter model with gamma
distribution (16S rRNA), Tamura-Nei model with gamma distribution (gyrB) and Tamura
3-parameter model with gamma distribution (sodB) as the best-fit nucleotide substitution
model for Maximum Likelihood analysis (Nei and Kumar 2000). All positions containing
gaps and missing data were eliminated. The final trees were constructed from 1000
bootstrap replicates. Sequences for 16S rRNA, gyrB and sodB genes were deposited in

GenBank.

4.2.8 Genetic fingerprinting

Repetitive extragenic palindromic PCR (rep-PCR) fingerprinting was performed
on isolates using previously published primer sets (Table 4.2) and modifications to
existing protocols (Versalovic, Koeuth et al. 1991, Versalovic, Schneider et al. 1994,
Griffin, Quiniou et al. 2013, Chou, Griffin et al. 2014, Griffin, Ware et al. 2014). Briefly,
50 pl reactions comprising 25 pl of IQ Supermix (BioRad; Hercules, CA), 20 pmol
(ERIC I & 1I) or 40 pmol (ERIC II; BOX; GTGs) of primer, 10 ng of DNA template and
nuclease-free water to volume. Amplifications were performed on a C1000 Touch

thermal cycler (Bio-Rad Laboratories, Inc.) with the following temperature profiles:
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BOX, ERIC II, ERIC 1&I1, 1 cycle at 95°C for 10 min; 5 cycles of 95°C for 1 min, 40°C
for 1 min, and 72°C for 5 min; and 35 cycles of 95°C for 1 min, 55°C for 1 min, and
72°C for 5 min; GTGs, 1 cycle at 95°C for 10 min; 45 cycles of 95°C for 1 min, 46°C for
1 min, and 72°C for 3 min with a final extension at 72°C for 10 min. Aliquots of each
amplification reaction (10 pl each) and a molecular weight standard (Hyperladder 50 bp;
Bioline) were electrophoresed through a 1.5% (wt/vol) agarose gel with ethidium
bromide (0.5 pg/ml) and visualized under ultraviolet light. Genetic fingerprints generated
by the BOX primer were analyzed using Quantity One software v. 4.6.9 (Bio-Rad
Laboratories, Inc.). Band sizes were estimated by comparison with concurrently run
standards, and distinct bands were manually annotated to calculate Dice coefficients and
generate a dendrogram based on the unweighted pair-group method using arithmetic

averages (UPGMA).

4.2.9 Multiplex real-time PCR

A real-time, multiplex polymerase chain reaction (mPCR) specific to E.
anguillarum, E. ictaluri, E. piscicida and E. tarda was developed based on previously
published primers, probes and protocols (Sakai, Yuasa et al. 2009, Griffin, Quiniou et al.
2013, Reichley, Ware et al. 2015). Primers and probes (Table 4.2) were synthesized
commercially (Eurofins MWG; Louisville, KY); each probe was labeled with a
fluorescent reporter dye (E. anguillarum, Texas Red; E. ictaluri, 5S-HEX; E. piscicida, 6-
FAM; E. tarda, CyS) on the 5’-end and appropriate quencher dye (black hole quencher-1
for HEX and 6-FAM; black hole quencher-2 for Texas Red and Cy5) on the 3’-end. The
25-pl reaction contained 12 pl of PCR master mix (TagMan Environmental Mastermix

2.0, Applied Biosytems), 5 pM of each primer, 0.5 pM of each probe, DNA template and
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nuclease-free water to volume. Amplifications were performed on a CFX96 thermal
cycler (Bio-Rad Laboratories, Inc.) with the following temperature profile: 1 cycle of
95°C for 15 min followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Data
collection occurred following the 60°C annealing/extension step at the end of each cycle.
Specificity of the mPCR assay was tested against both target and non-target
Edwardsiella gDNA. Additionally, the specificity and sensitivity of the assay was tested
using serial ten-fold dilutions of target gDNA, supplementing each reaction with an equal
mixture of ~10,000 copies of each non-target Edwardsiella sp. gDNA to ensure large
quantities of non-target DNA did not impair reaction efficiency. Samples, as well as no-
template controls, were run in triplicate using the reaction conditions above. Each plate
was run in triplicate on three separate occasions to assess the repeatability and
reproducibility of the assay. Quantification cycles (Cq) for each reaction were based on a

user-defined baseline threshold of 50 relative fluorescent units (RFUs).

4.2.10  Plasmid analysis

For all isolates, plasmid DNA was harvested from 3 ml of expanded BHIb
cultures using the QIAprep Spin Miniprep Kit (QIAGEN). Plasmids were identified by
separation on a 0.8% agarose gel. When present, plasmid sizes were approximated with
concurrently run standards (Supercoiled DNA Ladder, New England Biolabs). Harvested
plasmids were submitted to the complete plasmid sequencing service of the DNA Core
Facility of the Center for Computational and Integrative Biology at Massachusetts
General Hospital (Boston, MA, USA) for sequencing. Open reading frames (ORFs) were
predicted using GeneMark.hmm prokaryotic v3.25 (Besemer and Borodovsky 1999, Zhu,

Lomsadze et al. 2010) and Glimmer v3.02 (Salzberg, Delcher et al. 1998, Delcher,
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Harmon et al. 1999). Putative function of plasmid ORFs were predicted using a BLASTX
search of the NCBI non-redundant protein database using the Bacteria and Archaea code

with e-values >1e-02 considered insignificant.

4.3 Results
4.3.1 Motility and TSI

The motility and TSI results for each isolate are listed in Table 4.3. The E.
hoshinae isolate and all E. piscicida isolates were motile; motility was also observed
from the three E. ictaluri isolates, although dispersion was not as widespread. Observed
motility of E. anguillarum and E. tarda isolates varied by isolate. All Edwardsiella spp.
isolates tested positive for glucose fermentation. No hydrogen sulfide production was
observed in the E. hoshinae or E. ictaluri isolates; production from E. anguillarum
isolates was weak. All E. piscicida and E. tarda isolates were positive for hydrogen
sulfide production. Gas production was present in 6/7 E. anguillarum, 1/1 E. hoshinae,

0/3 E. ictaluri, 25/25 E. piscicida and 10/11 E. tarda isolates.
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Table 4.3

Motility and triple sugar iron (TSI) analysis of the isolates used in the

current study.

Isolate Motility TSI
E. anguillarum
EA181011 - K/A + gas + H2S (weak)
LADLO05-105 + K/A + gas + H2S (weak)
43472 + (weak) K/A + gas + H2S (weak)
43664 + (weak) K/A + H2S (weak); no gas
43473 + K/A + gas + H2S (weak)
43659 + K/A + gas + H2S (weak)
43651 + K/A + gas + H2S (weak)
E. hoshinae
ATCC35051 + A/A +gas
E. ictaluri
11-149A + (weak) K/A
RUSVM-1 + (weak) K/A
S97-773 + (weak) A/A
E. piscicida

PB 07-309 + K/A + gas
NFAVS-1 + K/A + gas +H2S
F373.2 + K/A + gas +H2S
HLI1 + K/A + gas +H2S
HL25 + K/A + gas +H2S
HL32 + K/A + gas +H2S
WFE1 + K/A + gas +H2S
S11-285 + K/A + gas +H2S
C1490 + K/A + gas +H2S
CMT 8211-1 + K/A + gas +H2S
REDS 81911-E + K/A + gas +H2S
RBRS8 + K/A + gas +H2S
SC 09-03 + K/A + gas +H2S
ACC69 + K/A + gas +H2S
CAQ8.10 + K/A + gas +H2S
CAQ 10.10 + K/A + gas +H2S
CAQ 39 + K/A + gas +H2S
A15-02670 + K/A + gas +H2S
43628 + K/A + gas +H2S
43662 + K/A + gas + H2S (weak)
43644 + K/A + gas +H2S
43475 + K/A + gas +H2S
43658 + K/A + gas +H2S
43468 + K/A + gas +H2S
43656 + K/A + gas +H2S

E. tarda
Edwardsiella 9.1 + K/A + gas +H2S
Edwardsiella 9.2 + K/A + gas +H2S
Edwardsiella 9.3 + K/A + gas +H2S
Edwardsiella 9.4 + K/A + gas +H2S
FL95-01 + K/A + gas +H2S
070720-1 3A + K/A + gas +H2S
070720-1 2HLDOM + K/A + gas +H2S
43657 - K/A + gas +H2S
43650 + K/A + gas +H2S
43627 + K/A + gas +H2S
43663 - K/A +H2S
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4.3.2 Microbial identification systems

The API 20E system correctly identified all PCR-confirmed E. tarda and E.
hoshinae 1solates with >99% confidence. The three E. ictaluri isolates from three
different fish hosts all produced API codes in line with previous reports (Soto, Griffin et
al. 2012, Hawke, Kent et al. 2013), which resulted in an identification of E. coli with a
52.7% confidence (CL). Of the E. piscicida isolates tested, 64% (16/25) were identified
as E. tarda (CL: 96.7% to 99.9%). The remaining 36% (9/25) of E. piscicida isolates
produced codes that were non-definitive as they represented multiple species. Similarly,
29% (2/7) of E. anguillarum isolates produced non-definitive ambiguous codes. Of the
remaining E. anguillarum isolates, 4/7 (57%) were identified as E. tarda (CL: 96.7% -
99.4%) and 1/7 (14%) was identified as Vibrio parahaemolyticus (CL: 53.2%). AP1 20E
results are consistent with those reported previously for Edwardsiella (Yamada and
Wakabayashi 1999, Alcaide, Herraiz et al. 2006, Castro, Toranzo et al. 2006) and can be

found in Table 4.4.
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Table 4.4 Antimicrobial identification system results for isolates analyzed in the
current study.

Isolate API 20E Biolog BBL Crystal Nonfermentor | MALDI-TOF
Code | ID | cL ID | cL Code | ID | CL ID | CS

E. piscicida
PB 07-309 6364000* E. tarda 65% ]2403010113 |E. tarda 99.9% |E. tarda 2.23
NFAVS-1 6764000* E. tarda 81% |2002010113 |E. tarda 99.5% |E. tarda 2.12
F373.2 4744000 |E. tarda 99.4% |E. tarda 87% |2003010113 |E. tarda 99.2% |E. tarda 2.18
HL1 4744000 |E. tarda 99.4% |E. tarda 83% |2003110113 |E. tarda 70.3% |E. tarda 2.25
HL25 4344000 |E. tarda 99.4% |E. ictaluri 67% J2003110113 |E. tarda 70.3% |E. tarda 2.21
HL32 4744000 |E. tarda 99.4% |E. tarda 58% J2003110113 |E. tarda 70.3% |E. tarda 2.24
WFE1 4764000 |E. tarda 96.7% |E. tarda 59% 2003100113 |E. tarda 98.7% |E. tarda 2.23
S11-285 4744000 |E. tarda 99.4% |E. tarda 95% J2403110113 |E. tarda 99.9% |E. tarda 2.25
C1490 6764000* E. tarda 68% 2002000113 |E. tarda 99.9% |E. tarda 2.13
CMT 8211-1 6764000* E. tarda 86% |2003000113 |E. tarda 99.7% |E. tarda 2.24
REDS 81911-E 4764000 |E. tarda 96.7% |E. tarda 58% 2003100113 |E. tarda 98.7% |E. tarda 2.21
RBRS 6564000* E. ictaluri 62% 12003000113 |E. tarda 99.7% |E. tarda 2.26
SC 09-03 4764000 |E. tarda 96.7% |E. tarda 94% 10403010113 |E. tarda 99.9% |E. tarda 2.20
ACC69 6564000* E. tarda 62% |2003000113 |E. tarda 99.7% |E. tarda 2.18
CAQ 8.10 6565000* E. ictaluri 80% 2002000113 |E. tarda 99.9% |E. tarda 222
CAQ 10.10 4564000 |E. tarda 97.4% \E. ictaluri 81% 2003000113 |E. tarda 99.7% |E. tarda 2.18
CAQ 39 4544000 |E. tarda 99.9% |E. ictaluri 62% |2002000113 |E. tarda 99.9% |E. tarda 2.25
A15-02670 4344000 |E. tarda 99.4% |E. tarda 81% 2003110113 |E. tarda 70.3% |E. tarda 2.24
43628 4764000 |E. tarda 96.7% |E. tarda 83% 2003110113 |E. tarda 70.3% |E. tarda 2.24
43662 6364000* E. tarda 83% 2003110113 |E. tarda 70.3% |E. tarda 2.24
43644 6764000* E. tarda 74% |2003100113 |E. tarda 98.7% |E. tarda 2.18
43475 4744000 |E. tarda 99.4% |E. tarda 62% |2003110113 |E. tarda 70.3% |E. tarda 2.28
43658 4744000 |E. tarda 99.4% |E. ictaluri 88% 2003110113 |E. tarda 70.3% |E. tarda 2.14
43468 6744000 |E. tarda 99.4% |E. ictaluri 69% |2003110113 |E. tarda 70.3% |E. tarda 2.23
43656 4344000 |E. tarda 99.4% |E. ictaluri 67% |2003110113 |E. tarda 70.3% |E. tarda 2.17
E. anguillarum
EA181011 4744000 |E. tarda 99.4% |E. tarda 70% |2002010113 |E. tarda 99.5% |E. tarda 2.15
LADLO05-105  |4344100 | V. parahaemolyticus | 53.2% |E. ictaluri 68% |2403014113 |E. tarda 99.9% |E. tarda 2.17
43472 6744100 |E. tarda 99.4% |E. tarda 76% |2003114113 |B. gladioli | 94.4% |E. tarda 231
43664 4764000 |E. tarda 96.7% |E. hoshinae | 69% |2003114113 |B. gladioli | 94.4% |E. tarda 2.29
43473 6744100 |E. tarda 99.4% |E. ictaluri 76% 2003110113 |E. tarda 70.3% |E. tarda 2.23
43659 6745100* E. ictaluri 97% |2003114113 |B. gladioli | 94.4% |E. tarda 2.20
43651 6345100* E. ictaluri 86% 2003114113 |B. gladioli | 94.4% |E. tarda 2.26
E. hoshinae
ATCC35051  [4744120 [E. hoshinae [ 99.9% [E. hoshinae | 98% 0443014013 [E. hoshinae | 99.9% |E. hoshinae | 2.26
E. ictaluri
11-149A 4004000 |E. coli 52.7% |E. ictaluri 97% |2003010023# E. ictaluri | 2.31
RUSVM-1 4004000 |E. coli 52.7% |E. ictaluri 72% }2002000103# E. ictaluri | 2.02
S97-773 4004000 |E. coli 52.7% |E. ictaluri 70% 2002000113 |E. tarda 78.6% |E. ictaluri 2.32
E. tarda
Edwardsiella 9.1]4744000 |E. tarda 99.4% |E. tarda 62% 2002000113 |E. tarda 99.9% |E. tarda 233
Edwardsiella 9.2]4744000 |E. tarda 99.4% |E. ictaluri 67% 0403110013 |E. tarda 99.9% |E. tarda 233
Edwardsiella 9.3]4744000 |E. tarda 99.4% |E. tarda 94% 0402000013 |E. tarda 99.9% |E. tarda 2.29
Edwardsiella 9.4]4744000 |E. tarda 99.4% |E. tarda 71% 2402000013 |E. tarda 99.9% |E. tarda 2.49
FL95-01 4744000 |E. tarda 99.4% |E. tarda 96% |2002010113 |E. tarda 99.5% |E. tarda 2.39
070720-13A  |6744000 |E. tarda 99.4% |E. tarda 72% |2003110113 |E. tarda 70.3% |E. tarda 243
217-1()5]%%]1/[ 6744000 |E. tarda 99.4% |E. tarda 72% |2002000113 |E. tarda 99.9% |E. tarda 2.26
43657 6744000 |E. tarda 99.4% |E. tarda 96% |2003110113 |E. tarda 70.3% |E. tarda 2.34
43650 4744000 |E. tarda 99.4% |E. tarda 96% |2003110113 |E. tarda 70.3% |E. tarda 2.34
43627 4744000 |E. tarda 99.4% |E. tarda 96% |2003010113 |E. tarda 99.2% |E. tarda 247
43663 6744000 |E. tarda 99.4% |E. tarda 94% 2003010113 |E. tarda 99.2% |E. tarda 2.30

CL = Confidence Level; CS = Confidence Score; *unacceptable profile in API, multiple species ID
possible; #profile not in BBL database, unable to provide an ID.
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The Biolog Microbial Identification System identified all study isolates as
members of Edwardsiella (E. hoshinae, E. ictaluri or E. tarda) (Table 4.4) with various
levels of confidence. The E. hoshinae isolate (CL: 98%) and the E. ictaluri isolates (CL:
70% - 97%) were both correctly identified. E. tarda isolate Edwardsiella 9.2 was
identified as E. ictaluri (CL: 67%). All other E. tarda isolates (10 of 11; 91%) were
identified as E. tarda, in agreement with PCR results (CL: 62% - 96%). Similarly, E.
piscicida isolates were identified as either E. tarda (17 of 25; 68%; CL: 58% - 95%) or E.
ictaluri (8 of 25; 32%; 62% - 88%). The E. anguillarum isolates also generated multiple
codes, resulting in identifications of E. ictaluri (4/7; 57%; 68% - 97%); E. tarda (2/7;

29%; CL: 70% - 76%); or E. hoshinae (1/7; 14%; CL: 69%).

The BBL Crystal Enteric/Nonfermentor Identification Kit also correctly identified
the E. hoshinae isolate (CL: 99.9%) and all E. tarda isolates (CL: 70.3% - 99.9%). Of the
three E. ictaluri isolates, only one (S97-773, isolated from diseased catfish) produced a
code present in the BBL database, which identified it as E. tarda (78.6%). The E.
piscicida isolates produced a variety of codes, all resulting in an identification of E. tarda
from the BBL database with confidence levels ranging between 70.3% and 99.9%. Of the
seven E. anguillarum isolates, four (57%) produced identical codes, which resulted in an
identification of Burkholderia gladioli (CL: 94.4%). The remaining three E. anguillarum
isolates produced similar codes resulting in an identification of E. tarda (CL: 70.3% -
99.9%). BBL Crystal codes are consistent with those reported previously for
Edwardsiella (Griffin, Quiniou et al. 2013, Griffin, Ware et al. 2014) and listed in Table

4.4.
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The MALDI identification score for each isolate, based on the Bruker Biotyper
RTC v. 3.1 and microbial peptide mass spectra database V5.0.0.0, (Bruker Daltonics,
Billerica, MA), is displayed in Table 4.4. Bruker MALDI-TOF correctly identified all the
E. tarda, E. ictaluri and E. hoshinae isolates examined with an identification score above
2.0. All E. piscicida and E. anguillarum isolates tested were identified as Edwardsiella
tarda with a score above 2.0. However, unique species-specific peptide mass peaks (m/z)
at 8793, 7629 and 4252 were observed in the spectral profiles for E. piscicida, E.

anguillarum and E. tarda, respectively.

4.3.3 Fatty acid methyl ester (FAME) analysis

The major fatty acid constituents of the Edwardsiella isolates were 14:0, 16:0,
17:0 cyclo, summed feature 3 (16:1 w7¢/16:1 woéc, 16:1 woc/16:1 w7¢) and summed

feature 8 (18:1 w7c, 18:1 wobc). Fatty acid analysis results are displayed in Table 4.5.
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Table 4.5 Mean (standard deviation) fatty acid content of Edwardsiella spp. analyzed
in the current study.

Fatty acid E. hoshinae* E. ictaluri E. piscicida E. anguillarum E. tarda
12:0 1.80 1.62 (0.08) 0.97 (0.18) 1.05 (0.16) 2.45(0.18)
13:0 2.21 0.41 (0.15) 1.23 (0.49) 0.67# (0.18) 0.69 (0.22)
14:0 9.41 11.15 (0.40) 15.06 (1.13) 14.10 (1.01) 11.22 (0.98)
16:0 22.51 28.29 (2.07) 26.65 (1.49) 30.83 (1.91) 29.24 (0.85)
17:0 cyclo 11.12 8.84 (3.91) 21.47 (5.02) 15.07 (3.11) 13.83 (2.79)
17:0 1.79 0.48 (0.17) 1.24 (0.36) 0.72 (0.37) 0.86 (0.27)
18:1 w9c 1.14 1.57 (0.16) 1.47 (0.22) 1.36 (0.16) 1.52 (0.12)
18:0 1.24 1.65 (0.44) 1.12 (0.21) 1.10 (0.17) 1.28 (0.16)
19:0 cyclo w8¢ 0.61 2.02 (1.44) 1.12 (0.50) 1.37 (0.40) 1.52 (0.44)
Summed Feature 2 4.00 4.57 (0.52) 4.83 (0.46) 4.54 (0.35) 4.35 (0.26)
Summed Feature 3 27.40 31.07 (3.58) 15.68 (5.70) 22.89 (4.29) 23.71 (3.43)
Summed Feature 5 0.90 1.28 (0.08) 1.10 (0.21) 0.85 (0.16) 0.80 (0.06)
Summed Feature 8 11.75 5.67 (1.97) 5.99 (1.01) 4.54 (0.56) 7.61 (1.09)

* standard deviation cannot be calculated, only 1 E. hoshinae isolate was analyzed.
# fatty acid was only present in 5 of 7 E. anguillarum isolates analyzed.

4.3.4 Antimicrobial susceptibility profiles

The minimal inhibitory concentration of 39 antimicrobial compounds was tested
for all 47 Edwardsiella isolates in the current study, resulting in a range of intraspecific
and interspecific variation for each antimicrobial compound (Table 4.6 and 4.7).
However, no discriminatory antimicrobial compound was identified. For many of the
carbapenems, cephalosporins and macrolides, the MICs for different isolates within each
Edwardsiella species were largely consistent. Greater variation amongst MICs were
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present for aminoglycosides and tetracyclines. Susceptibility of E. piscicida isolates to
amoxicillin was more variable than the other Edwardsiella spp. with MICs ranging from
<0.5 to 4 mg/L. Similarly, the resistance patterns of E. anguillarum isolates to penicillin
displayed a greater degree of intraspecific variation than the other Edwardsiella spp. All
Edwardsiella isolates exhibited a MIC of <0.5 mg/L for florfenicol. E. anguillarum, E.
hoshinae and E. ictaluri isolates displayed MICs for oxytetracycline ranging from <0.5 to

2 mg/L; in comparison, E. piscicida and E. tarda oxytetracycline MIC ranged from <0.5

to 16 mg/L.
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Table 4.6

Antimicrobial susceptibility to single compounds of Edwardsiella spp.
isolates analyzed in the current study.

Number of Strains with MIC (mg/1) of

Antibiotic Taxon <0.5| 1 |2] 4 |8]16]32]64]128]>256
AMINOGLYCOSIDES
Amikacin all strains 47
Gentamicin all strains 36 |11
Neomycin all strains 47
Spectoinomycin all strains 39 6 |1 1
Streptomycin all strains 45 1 1
Tobramycin all strains 47
CARBAPENEMS
Doripenem all strains 47
Ertapenem all strains 47
Imipenem all strains 47
Meropenem all strains 47
CEPHALOSPORINS
Cefapime all strains 46 1
Cefazolin all strains 30 15] 2
Ceftazidime all strains 46 1
Ceftiofur all strains 47
Ceftriaxone all strains 47
MACROLIDES
Erythromycin all strains 1] 3143
Tylosin tartrate all strains
PENCILLINS
Amoxicillin E. anguillarum 1 6
E. hoshinae 1
E. ictaluri 3
E. piscicida 1 9 (11 4
E. tarda 10 1
Ampicillin all strains 47
Penicillin E. anguillarum 13 ]2]1
E. hoshinae 1
E. ictaluri 2 1
E. piscicida 4 (10] 11
E. tarda 63 ]|2
Piperacillin all strains 46 1
QUINOLONES
Ciprofloxacin all strains 46 1
Enrofloxacin all strains 45 1
Levofloxacin all strains 47
TETRACYCLINES
Minocycline E. anguillarum 1 313
E. hoshinae 1
E. ictaluri 3
E. piscicida 5 100 6 |1] 3
E. tarda 11
Oxytetracycline E. anguillarum 2 4 11
E. hoshinae 1
E. ictaluri 3
E. piscicida 10 8 |2 1| 4
E. tarda 2 6 |1 2
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Table 4.6 (continued)

e . Number of Strains with MIC (mg/l) of
Antibiotic Taxon <05 | 1 |2] 4 |8[16]32]64]128]>256
Tetracycline E. anguillarum 2 5
E. hoshinae 1
E. ictaluri 2 1
E. piscicida 18 | 2|1 4
E. tarda 6 3 2
OTHER
Aztreonam all strains 46 1
Clindamycin all strains 2 1]12]32
Florfenicol all strains 47
Nitrofurantoin all strains 46 1
Novobiocin all strains 5 3136 (30
Sulphadimethoxine all strains 4 1 42
Sulphathiazole all strains 3 1 1 42
Tigecycline all strains 43 4

Minimal inhibitory concentrations (MICs) were obtained by the broth microdilution method using the
Sensititre® GN4F and AVIANIF plates, following the manufacturer’s protocol.

Table 4.7 Antimicrobial susceptibility to combinatory compounds of Edwardsiella
spp. isolates analyzed in the current study.

Number of Strains with MIC (mg/1) of
Antibiotic Taxon <4/2 8/4 >16/8
Ampicillin/sublactam all strains 47

Number of Strains with MIC (mg/1) of
Antibiotic Taxon <0.5/9.5 1/19 2/38 >4/76

Trimethoprim/sulfamethoxazole all strains 26 7 14

Number of Strains with MIC (mg/1) of
Antibiotic Taxon <8/2 16/2 32/2 >64/2

Ticarcillin/clavulanic acid all strains 47

Number of Strains with MIC (mg/1) of
Antibiotic Taxon <8/4 16/4 32/4 64/4 >128/4

Piperacillin/tazobactam all strains 47

Minimal inhibitory concentrations (MICs) were obtained by the broth microdilution method using the
Sensititre® GN4F and AVIANIF plates, following the manufacturer’s protocol.
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4.3.5 Phylogenetic analysis

Within groups, partial 16S rRNA sequences (1,062 bp) displayed high
intraspecific similarity (99.90% - 100%). However, 16S rRNA had low discriminatory
power among Edwardsiella congeners, with 99.15% - 99.91% interspecific similarity
among them (Figure 4.1, Table 4.8). Conversely, gyrB (1,800 bp) and sodB (461 bp)
displayed high discriminatory power among Edwardsiella congeners (84.02% - 95.88%
and 83.95% - 97.16%, respectively); while at the same time maintaining high
intraspecific similarity (99.47% - 100% and 99.72% - 100%, respectively; Figures 4.2
and 4.3; Tables 4.9 and 4.10). E. anguillarum and E. piscicida shared the highest
similarity with one another, with 95.88% at gyrB and 97.16% at sodB. Conversely, E.
hoshinae and E. ictaluri were the most divergent, with 84.02% identity at gyrB and

83.95% at sodB.
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Figure 4.1

Serrafia

E. piscicida

E. anguillarum

E. ictaluri

E. hoshinae

E. tarda

Phylogenetic relationships of Edwardsiella spp. based on partial 16S rRNA
gene sequence.

Phylogenetic relationships of Edwardsiella spp. analyzed in the current study.
Relatedness was inferred from the maximum likelihood method based on 1,062 bp of 16S
rRNA gene sequence and rooted at Serratia marcesens. The percentage of replicate trees
in which the associated sequences clustered together in the bootstrap test (1000
replicates) is shown next to the branches.
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Table 4.8

16S rRNA similarity matrix between Edwardsiella spp. used in the current

study.

EA EH EI EP ET

EA
EH
El
EP
ET

100.00

99.15 100.00

9991 99.25 100.00

99.72 99.05 99.63 99.99
99.34  99.81 99.26 99.24 99.90

Values represent the percent similarity across 1,062 bp of the 16S locus. EA =E.
anguillarum; EH = E. hoshinae; E1 = E. ictaluri; EP = E. piscicida; ET = E. tarda.
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Figure 4.2  Phylogenetic relationships of Edwardsiella spp. based on partial gyrB gene
sequence.

Phylogenetic relationships of Edwardsiella spp. analyzed in the current study.
Relatedness was inferred from the maximum likelihood method based on 1,800 bp of
gyrB gene sequence and rooted at Serratia marcesens. The percentage of replicate trees
in which the associated sequences clustered together in the bootstrap test (1000
replicates) is shown next to the branches.
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Table 4.9 gyrB similarity matrix between Edwardsiella spp. used in the current study.

EA EH El EP ET
EA 99.94
EH 84.05  100.00
El 94.61 84.02  99.73
EP 95.88 84.72  94.82  99.78

ET 85.02 88.86 8470  85.81 99.47

Values represent the percent similarity across 1,800 bp of the gyrB locus. EA = E.
anguillarum; EH = E. hoshinae; E1 = E. ictaluri; EP = E. piscicida; ET = E. tarda.
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Figure 4.3
sequence.

Serratia marcescen:

Phylogenetic relationships of Edwardsiella spp. based on partial sodB gene

Phylogenetic relationships of Edwardsiella spp. analyzed in the current study and isolates
described by Yamada and Wakabayashi 1999. Relatedness was inferred from the
maximum likelihood method based on 461 bp of the sodB gene sequence and rooted at
Serratia marcesens. The percentage of replicate trees in which the associated sequences
clustered together in the bootstrap test (1000 replicates) is shown next to the branches.
*isolate described by Yamada and Wakabayashi 1999.
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Table 4.10  sodB similarity matrix between Edwardsiella spp. used in the current study.

EA EH EI EP ET
EA 99.81
EH 86.86  100.00
EI 92.56 83.95 99.81
EP 97.16 86.99 92.39 99.97

ET 88.54 91.38 86.16 89.12 99.72

Values represent the percent similarity across 461 bp of the sodB locus. EA = E.
anguillarum; EH = E. hoshinae; E1 = E. ictaluri; EP = E. piscicida; ET = E. tarda.

4.3.6 Genetic fingerprinting

Similar to the phylogenetic analysis, rep-PCR profiles for Edwardsiella spp.
isolates formed five distinct clusters representing the five taxa of Edwardsiella,
regardless of primer set. Of the four primer sets evaluated, the BOX and GTGs primers
demonstrated the least amount of intraspecific variability (Figure 4.4), with the BOX
primer generating the most consistent patterns within groups. UPGMA analysis based on
the BOX primer placed these five clusters within two larger phylogroups. In line with
previous reports, Edwardsiella piscicida, E. anguillarum and E. ictaluri formed one
cluster, and the other group contained E. tarda and E. hoshinae isolates. The genetic
profiles of E. anguillarum, E. ictaluri and E. piscicida all shared greater than 90%
similarity within their respective taxa. The profiles of E. tarda isolates demonstrated the
greatest intraspecific variability, with only 60% — 96.4% similarity amongst isolates

(Figure 4.5).
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Figure 4.4  Genetic fingerprints of Edwardsiella spp. analyzed in the current study.

Repetitive extragenic palindromic PCR amplification of gDNA from Edwardsiella
hoshinae (Lane 1), E. ictaluri (Lanes 2-4), E. piscicida (Lanes 5-29), E. anguillarum
(Lanes 30-36) and E. tarda (Lanes 37-47); using E. coli as an outlier (ATCC 25922, Lane
48), no template control (Lane E) and concurrently run standards (Hyperladder 50bp;
Lane L). Genetic profiles were generated using A) Box; B) ERIC I&II; C) ERIC II; and
D) GTGs primers.
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Figure 4.5  Dendrogram of Edwardsiella spp. generated from BOX repetitive
extragenic palindromic PCR profiles.

Dendrogram of Edwardsiella spp. generated from BOX repetitive extragenic palindromic
PCR profiles using unweighted pair-group arithmetic average (UPGMA) cluster analysis
rooted at E. coli (ATCC 25922). Dice coefficients are displayed above the dendrogram.
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4.3.7 Multiplex PCR

The mPCR assay was repeatable and reproducible, with linear dynamic ranges
covering at least 5 orders of magnitude. Disproportionately large quantities of non-target
DNA had no marked effect on amplification efficiency; dilution curves and amplification
plots were comparable when run with each Edwardsiella spp. target gDNA alone or in
the presence of non-target gDNA (Table 4.11; Figure 4.6) with a quantifiable limit of
~100 copies of target DNA. Reaction efficiencies were calculated using equation 4.1
(Bustin, Benes et al. 2009) from the slope of the log-linear portion of the serial ten-fold
dilutions for each Edwardsiella sp. and were within the generally accepted range of 90%
- 110%.

PCR efficiency = 1071/51°P° _ | 4.1)

Table 4.11  Specificity of the multiplex real-time polymerase chain reaction (mPCR)
assay to each respective target.

. E. ictaluri  E. piscicida E. tarda All Edwardsiella
E. anguillarum

oDNA alone gDNA gDNA gDNA spp. gDNA mixed
alone alone alone together
E. anguillarum 23.28 (0.07) - - - 23.21 (0.09)
. . 22.61
E. ictaluri - (0.10) - - 22.49 (0.05)
E. piscicida - - 22.63 (0.15) - 22.50 (0.09)
22.93
E. tarda - - - (0.13) 22.50(0.12)

Values are reported in terms of the mean (standard deviation) quantification cycle (Cq). The user-
defined fluorescence threshold for Cq determination was set at 50 relative fluorescent units. Dash
(- ) indicates no amplification of DNA.
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Figure 4.6  Multiplex real-time PCR assay validation results.

Mean quantification cycles (Cq) for known serial 10-fold dilutions of A) E. anguillarum;
B) E. ictaluri; C) E. piscicida; and D) E. tarda. Dilution series for each assay was
performed in the presence of an equal mixture of ~10,000 copies of each non-target
Edwardsiella sp. gDNA. Error bars indicate standard deviations generated from samples

run in triplicate on 3 separate plates. The user-defined baseline threshold for Cq
determination was set at 50 relative fluorescent units for all runs.

4.3.8 Plasmid analysis

Twenty-one (45%) of the Edwardsiella spp. isolates carried plasmids. Summaries
of open reading frames and the putative functions of their predicted proteins from E.
piscicida and E. tarda plasmids can be found in Tables 4.12 and 4.13. Physical maps of
isolated plasmids are available in Figures 4.7 — 4.9. Each of the three E. ictaluri isolates
carried two plasmids, consistent with previous reports for these isolates (Griffin, Reichley
et al. 2016). Nine of the E. piscicida isolates (F373.2, HL1, HL25, HL32, RBRS, ACC69,

CAQ 8.10, CAQ 10.10 and CAQ 39) recovered from turbot between 2005 and 2012 in
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Europe shared an identical plasmid of 3,782 bp. Four additional E. piscicida isolates (PB
07-309, S11-285, SC 09-03 and 43644) from various hosts carried plasmids of different
sizes and compositions. The 3,164 bp plasmid identified in isolate S11-285 was in
agreement with previous reports (Reichley, Waldbieser et al. 2016). Several E. tarda
isolates carried two plasmids; 070720-3A (2,241 bp, 6,544 bp), Edwardsiella 9.1 (4,102
bp, 4,067 bp), Edwardsiella 9.3 (2,328 bp, 3,189 bp) and Edwardsiella 9.4 (6,920 bp,
65,317 bp). Additionally, E. tarda isolate Edwardsiella 9.2 carried one plasmid of 27,938
bp. No plasmids were detected in any of the E. anguillarum isolates or E. hoshinae
isolate ATCC 35051, consistent with previous reports (Reichley, Waldbieser et al. 2015,

Reichley, Waldbieser et al. 2015, Reichley, Waldbieser et al. 2017).
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Predicted function of plasmids encoded ORFs
[l = plasmid replication
= virulence factor
B =plasmid stability
. = antibiotic resistance
. = plasmid mobilization
[l = protein modification
= unknown function

Figure 4.7  Physical maps of plasmids harvested from E. piscicida isolates.
Physical maps of complete nucleotide sequences of plasmids harvested from E. piscicida isolates
A) Group; B) PB 07-309; C) 43644; D) SC 09-03; and E) S11-285. Maps indicate locations of

predicted open reading frames (ORFs), which are color-coded according to predicted function.
Predicted products and putative function of ORFs is provided in Table 4.12.
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Predicted function of plasmids encoded ORFs
[l = plasmid replication
= virulence factor
B = plasmid stability
. = antibiotic resistance
. = plasmid mohilization
B - protein modification
= unknown function

Figure 4.8  Physical maps of plasmids harvested from E. tarda isolates.
Physical maps of complete nucleotide sequences of plasmids harvested from E. tarda isolates A)
and B) 070720-1 3A; C) and D) Edwardsiella 9.1; and E) Edwardsiella 9.2. Maps indicate

locations of predicted open reading frames (ORFs), which are color-coded according to predicted
function. Predicted products and putative function of ORFs is provided in Table 4.13.
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Predicted function of plasmids encoded ORFs

[l = plasmid replication
= virulence factor

B = plasmid stability

. = antibiotic resistance

. = plasmid mobilization

[l = protein modification
= unknown function

Figure 4.9  Physical maps of plasmids harvested from E. tarda isolates.

Physical maps of complete nucleotide sequences of plasmids harvested from E. tarda isolates A)
and B) Edwardsiella 9.3; C) and D) Edwardsiella 9.4. Maps indicate locations of predicted open
reading frames (ORFs), which are color-coded according to predicted function. Predicted
products and putative function of ORFs is provided in Table 4.13.
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4.4 Discussion

Since 1981 the Edwardsiella genus has been comprised of three taxa: E. tarda, E.
hoshinae and E. ictaluri. More recent investigations into the phenotypic and genotypic
variation of E. tarda have led to the recognition that isolates previously classified as E.
tarda actually represent three distinct taxa: E. tarda, E. piscicida and E. anguillarum. In
light of these findings, the current study was intended to characterize the five
Edwardsiella species using common phenotypic and genotypic analyses and demonstrate
the importance of updating microbial identification systems to reflect contemporary
taxonomy.

Previous work demonstrated variations in biochemical profiles of Edwardsiella
isolates from different fish hosts and geographic origins (Matsuyama, Kamaishi et al.
2005, Sakai, Yuasa et al. 2009, Park, Aoki et al. 2012). The work described here is
consistent with these previous studies, with extant intraspecific phenotypic variation
within some groups. This is not surprising, given the broad diversity of fish hosts, broad
geographic distribution and wide temporal range of these isolates. Marked inter- and
intraspecific variation was also present in fatty acid content; however no discriminatory
fatty acid was identified, similar to previous findings (Griffin, Quiniou et al. 2013).
Although conventional phenotypic methods are user-friendly and relatively inexpensive,
certain groups of bacteria are difficult to identify using conventional techniques,
specifically rare isolates or isolates with ambiguous profiles (Woo et al. 2008).

The four microbial identification systems analyzed in this study all correctly
identified Edwardsiella taxa recognized and validated for each respective system.
However, at present, none of four databases associated with the systems used here
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recognize E. anguillarum or E. piscicida. The increasing use of molecular techniques and
growing number of new bacterial taxa identified using genomic technology poses a
problem for phenotype database management, resulting in prokaryote databases that lag
behind evolving systematics (McMeekin, Baranyi et al. 2006). Moreover, commercial
test panel configurations are relatively constant over time, and as new species are
defined, more appropriate discriminatory metabolic phenotypic tests may not be present
in current test panel arrangements (Janda and Abbott 2002). Furthermore, many
microbial identification databases still consider 16S rRNA as the gold standard for taxon
identification, the limitations of which are discussed below.

Within the species formerly classified as E. tarda (E. tarda, E. piscicida and E.
anguillarum), no distinct phenotypic pattern emerged amongst API 20E and BBL Crystal
codes. In addition, no confirmative identifying profile was apparent using the Biolog
Microbial identification system. It is worth noting, however, intraspecific variation in
phenotypic characteristics were noted within Edwardsiella species. This is consistent
with previous work that did not identify a discriminatory metabolic fingerprint to
differentiate among different E. tarda phylogroups (Griffin, Quiniou et al. 2013),
suggesting that isolates identified phenotypically as E. tarda, regardless of identification
system employed, require supplemental molecular confirmation. In light of these
findings, and given the rapidly increasing number of representative Edwardsiella
genomes available, further work establishing a discriminatory metabolic profile for each
Edwardsiella sp. is warranted.

Similarly, the role of 16S rRNA sequence for differentiation of the Edwardsiella
species has recently been called into question (Griffin, Quiniou et al. 2013, Griffin, Ware

147

www.manaraa.com



et al. 2014, Griffin, Reichley et al. 2016). The utility of 16S rRNA for bacterial
identification has long been a topic of debate, largely due to the high percentage of
sequence similarity between some closely related species, the lack of a definitive
intraspecific dissimilarity value and absence of universal guidelines (Fox, Wisotzkey et
al. 1992, Janda and Abbott 2002, Clarridge 2004). Moreover, some organisms possess
rRNA genes in multiple heterogeneous copies, complicating the differentiation between
closely related species because intragenomic heterogeneity in some species can exceed
1% (Huang 1996, Janda and Abbott 2007). The intragenomic heterogeneity among
Edwardsiella spp. 16S rRNA sequences ranges from 0.0 - 0.6% (Reichley, unpublished
data).

As a result of these limitations, high SSU sequence identity (>99%) does not
always imply accuracy in microbial identification to the species level, as previously
described for other genera, such as Aeromonas, Bacillus, Bordetella, Burkholderia,
Campylobacter, Enterobacter, Mycobacteria, Neisseria, Pseudomonas and Streptococcus
(Turenne, Tschetter et al. 2001, Janda and Abbott 2007). This is important to note
because many contemporary studies still rely on partial 16S rRNA sequences for
molecular confirmation of bacterial identification, often citing 16S rRNA sequences
deposited in the National Center for Biotechnology Information’s (NCBI) GenBank and
the International Nucleotide Sequence Database (Nilsson, Ryberg et al. 2006, Wragg,
Randall et al. 2014). These databases are non-peer reviewed and generally accept any
listed name and sequence that is submitted. This can pose a problem when attempting to
identify unknown microorganisms because erroneous identification can occur if archived

sequences are inaccurate or misclassified (Clarridge 2004). This is further complicated by
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SSU searches where inconsistent sequence ends, ambiguous entries, pseudogaps and
insertions can result in misleading sequence matches (Turenne, Tschetter et al. 2001).

Alternatives to using 16S rRNA sequences for appropriately discriminating
between closely related congeners has been demonstrated for several prokaryote genera,
including Edwardsiella (Dauga 2002, Griffin, Ware et al. 2014). Although 16S
sequencing is useful in identifying unknown isolates to genus, the discriminatory power
significantly diminishes at the species level, especially in closely related species (Woo,
Lau et al. 2008). In these instances, alternative reference genes should be considered. The
single-copy gyrB gene, encoding the ATPase domain of DNA gyrase, is essential for
DNA replication and is present in all prokaryotes. It contains conserved motifs that
facilitate the development of genera-specific or family specific primers (Huang 1996).
The gyrB gene has been used to explore the diversity of a wide range of bacteria and is
more resolute than 16S rRNA in differentiating closely related members of the
Enterobacteriaceae, including the Edwardsiella (Dauga 2002, Griffin, Ware et al. 2014).
The utility of gyrB in Edwardsiella classification and identification has been
demonstrated (Griffin, Ware et al. 2014, Griffin, Reichley et al. 2016), and the work
reported here further supports the use of gyrB over 16S rRNA as an appropriate marker
for discrimination of Edwardsiella species.

Similar to gyrB, the iron-cofactored superoxide dismutase gene (sodB) has high
discriminatory power amongst the Edwardsiella. Prior to the segregation of E. tarda and
the identification of E. piscicida and E. anguillarum as discrete taxa, an internal fragment
of sodB was used to distinguish between fish pathogenic and fish non-pathogenic E.
tarda (Yamada and Wakabayashi 1999). This work raised questions whether fish
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pathogenic E. tarda and fish non-pathogenic E. tarda type strain from humans (ATCC
15947) were truly monophyletic. The present analysis of sodB sequences found similar
groupings and allowed for correlation between these historical analyses and
contemporary nomenclature.

Therefore, the current work confirms what was defined as typical motile fish
pathogenic E. tarda is synonymous with E. piscicida. E. piscicida isolates in the current
study share 99.8% -100% similarity at sodB to typical motile fish pathogenic E. tarda
isolates described by Yamada and Wakabayashi (1999) (GenBank AB009853). Similarly,
sodB sequence analysis showed that atypical non-motile fish pathogenic E. farda are E.
anguillarum, while isolates identified as E. tarda in the current study were found to be
synonymous with fish non-pathogenic E. tarda (including the E. tarda type strain from
humans, ATCC 15947). This agrees with previous genomic assessments demonstrating
high genome sequence homology (>97%) between the typical motile (NUF806) and
atypical non-motile (FPC503) E. tarda strains characterized by Matsuyama et al. (2005)
and the new species E. piscicida and E. anguillarum, respectively (Nakamura, Takano et
al. 2013, Shao, Lai et al. 2015).

Repetitive extragenic palindromic PCR (rep-PCR) fingerprinting is another
common molecular technique used to estimate the relative degrees of similarity between
bacterial isolates (Versalovic, Koeuth et al. 1991, Versalovic, Schneider et al. 1994). The
rep-PCR analysis in this study produced distinctive banding patterns for each member of
the Edwardsiella, with some intraspecific variation. This variation was anticipated and

congruent with previous research (Griffin, Quiniou et al. 2013, Griffin, Ware et al. 2014,
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Griffin, Reichley et al. 2016), demonstrating the ability of rep-PCR to distinguish among
Edwardsiella spp.

Plasmid analysis revealed slightly more than half of the bacterial isolates analyzed
carry at least one native plasmid. Plasmid content included several predicted genes
associated with replication, antibiotic resistance and virulence, although this content
varied by group and by isolate. The plasmids harvested from E. ictaluri isolates in this
study supported previous characterization (Griffin, Reichley et al. 2016). The three E.
ictaluri plasmids are similar in size; however, they differ in composition and
arrangement, which is likely a function of being isolated from different fish hosts in
different geographic locales.

It is not surprising that nine of the E. piscicida isolates (F373.2, HL1, HL2S5,
HL32, RBR8, ACC69, CAQ 8.10, CAQ 10.10 and CAQ 39) all carry an identical
plasmid because these cultures were recovered from a single fish host (turbot) in Europe
during a short temporal range (2005 - 2012). This plasmid encodes a replication initiation
factor and RNA polymerase, along with several hypothetical proteins. The plasmid
harvested from Edwardsiella 9.1, the isolate used in the description of E. farda in channel
catfish (Meyer and Bullock 1973), encoded a DNA polymerase, mobilization protein and
several hypothetical proteins.

Plasmids from remaining isolates all vary in size, composition and arrangement.
This is attributed to the diversity of fish hosts, geographic origins and year isolated. Of
note, 6 of the 13 (46%) remaining plasmids harvested encode mobilization proteins,
nucleases, transposases and various resistance genes. Edwardsiella piscicida isolate SC

09-03 recovered from a smallmouth bass in South Carolina, USA carries an 11,858 bp
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plasmid with several ORFs encoding genes related to tetracycline resistance. During MIC
analysis, SC 09-03 demonstrated resistance to the highest concentrations of tetracycline,
oxytetracycline and minocycline analyzed in the current study. Plasmids from E. tarda
1solates Edwardsiella 9.2 and Edwardsiella 9.4, recovered from channel catfish in the
United States, contain ORFs encoding transposases and conjugal transfer proteins. In
addition, the 27,938 bp plasmid from Edwardsiella 9.2 contains ORFs encoding for
mercury resistance.

It is important to note the methods employed here may be limited in their ability
to isolate very large plasmids or plasmids of low copy number. For example, multidrug
resistance plasmids belonging to the IncA/C family are widely distributed among
enterobacterial isolates (Fricke, Welch et al. 2009) and have been reported from some E.
ictaluri isolates from farm-raised channel catfish in the southeastern United States
(Welch, Evenhuis et al. 2009, LaFrentz, Welch et al. 2011). The IncA/C plasmids are
usually very large and typically present in low copy numbers. While an IncA/C type
plasmid was not observed in any of these isolates, future studies employing more robust
techniques suitable for the harvest of very large and/or low copy number plasmids are
warranted.

Real-time, quantitative PCR (qPCR) assays are becoming more common in fish
disease research and diagnostics. Assays are currently available for a plethora of
bacterial, viral and parasitic fish pathogens (Purcell, Getchell et al. 2011). Previous
research validated qPCR assays for the detection and quantification of E. anguillarum, E.
piscicida and E. tarda in broth culture, pond water and catfish tissue (Reichley, Ware et
al. 2015). The real-time, multiplex PCR developed and validated in this study
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demonstrated appropriate specificity, sensitivity, reproducibility and repeatability to
reliably discriminate among E. anguillarum, E. ictaluri, E. piscicida and E. tarda (Bustin,
Benes et al. 2009). In addition, the presence of large quantities of non-target DNA had no
measurable effect on PCR efficiency suggesting this assay could also have application as
a research tool for environmental DNA (eDNA) assessments in aquaculture systems
similar to other qPCR assays (Griffin, Pote et al. 2009, Griffin, Mauel et al. 2011, Griffin,
Goodwin et al. 2013). Because no distinguishing phenotypic character has been identified
to date for E. anguillarum, E. piscicida and E. tarda, this assay serves as a rapid method
of confirmatory identification for all Edwardsiella species infecting fish.

Lastly, matrix assisted laser desorption/ionization time of flight (MALDI-TOF) is
an emerging technology for microbial identification. MALDI-TOF generates protonated
ions and uses time of flight to generate a peptide mass fingerprint for each sample
(Singhal, Kumar et al. 2015). It can be used for rapid microbial identification from a pure
culture, dramatically improving time to identification (Dixon, Davies et al. 2015). The
use of MALDI-TOF MS for species and subspecies identification has been reported in
several different bacteria (Barbuddhe, Maier et al. 2008, Dieckmann, Helmuth et al.
2008, Seibold, Maier et al. 2010).

Initially, MALDI-TOF classified all E. anguillarum and E. piscicida isolates as E.
tarda. This was expected, because E. anguillarum and E. piscicida are not currently
recognized by the microbial peptide mass spectra database v5.0.0.0 (Bruker Daltonics).
However, observation of individual spectral profiles revealed discriminatory peaks were

present for each Edwardsiella spp. Thus, in spite of deficiencies in the current microbial
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database, MALDI-TOF can reliably discriminate among the five current Edwardsiella
taxa, including the species formerly classified as E. tarda.

Molecular typing methods described here were all in agreement with taxonomic
assignments for all isolates. Despite the lack of a discriminatory metabolic or phenotypic
character, MALDI-TOF correlated with multiplex PCR, gyrB, sodB and rep-PCR
identifications and classifications. While molecular confirmation of suspect Edwardsiella
isolates is ideal in terms of generating archival data for comparison in future studies,
MALDI-TOF offers a reliable, cost effective alternative for clinical laboratories that
require rapid, reliable identification.

Another significant finding that resulted from the current research is the
confirmation that Edwardsiella isolate 9.1, which is from the original description of
emphysematous putrefactive disease in catfish aquaculture in the 1970s, as well as other
suspected E. tarda isolates from catfish aquaculture in the early 1980s, are factually E.
tarda. Recent molecular surveys suggest E. piscicida is far more common in United
States catfish aquaculture than E. tarda, and it was suspected these original isolates and
other reports of E. tarda in fish prior to the adoption of E. piscicida may have been
misclassified (Griffin, Ware et al. 2014). Although this may be the case in some
instances, it does not hold true for all historical isolates. Comparing archived sodB
sequences from previous reports to data generated here, E. tarda as it is currently defined
still occasionally causes disease outbreaks in fish (Yamada and Wakabayashi 1999,
Griffin, Quiniou et al. 2013, Griffin, Ware et al. 2014, Reichley, Ware et al. 2015, Shao,

Yuan et al. 2016).
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Proper identification of bacterial isolates is the foundation on which clinical
diagnostics and infectious disease research is built. Consistent taxonomic assignment of
bacteria facilitates the definition of host-microbe relationships, the development of
therapeutic and preventative strategies and it is the cornerstone of epidemiological
investigations (Janda and Abbott 2002). This is especially true for the Edwardsiella,
because different members of the genus demonstrate varying degrees of pathogenicity to
different hosts (Matsuyama, Kamaishi et al. 2005, Abayneh, Colquhoun et al. 2013,
Reichley, Ware et al. 2015). The methodologies described here provide reliable methods
of identification of the Edwardsiella species and are consistent with current taxonomic
schemes. Moreover, the zoonotic potential of E. farda and the variable pathogenicity of
E. anguillarum, E. piscicida and E. tarda in different hosts makes proper identification of
isolates recovered from fish and aquaculture systems extremely important.

E. tarda plays an important role in zoonotic infections and is one of the principal
pathogens acquired from fish and shellfish, including ornamental pet fish (Vandepitte,
Lemmens et al. 1983, Javier 2012, Haenen, Evans et al. 2013). The clinical disease that
manifests in humans infected with E. farda may be associated with necrotic skin lesions,
gastroenteritis, and in severe cases, a septicemia leading to osteomyelitis, meningitis or
cholecystitis (Gilman, Madasamy et al. 1971). At present, the zoonotic potential of E.
anguillarum and E. piscicida are unknown, and it is unclear if these previous reports are
in reference to E. tarda as it is currently defined or one of the newly recognized species.
Consistent methods of identification in line with contemporary systematic nomenclature
will limit ambiguity in such reports moving forward. Therefore, it is imperative that

nomenclature consistency is applied across different laboratories and throughout different
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countries. The limitations of databases such as GenBank and the unverified taxa
classifications associated with submissions further emphasizes the importance for

researchers and diagnosticians to remain attentive to current literature.
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CHAPTER V

EVALUATION OF THREE DISEASE CHALLENGE MODELS FOR
EDWARDSIELLA PISCICIDA, EDWARDSIELLA TARDA AND
EDWARDSIELLA ANGUILLARUM IN CHANNEL

CATFISH (ICTALURUS PUNCTATUS)

5.1 Introduction

The genus Edwardsiella was first recognized in the 1960s with the description of
E. tarda (Ewing, McWhorter et al. 1965, Meyer and Bullock 1973). Subsequently, two
additional Edwardsiella taxa were described in the early 1980s, namely E. hoshinae and
E. ictaluri (Grimont, Grimont et al. 1980, Hawke, McWhorter et al. 1981). Limited
information is available regarding E. hoshinae. While the species has been isolated from
birds, reptiles, water and human feces, its role as a human pathogen has not been
established, and at present it is not considered a zoonotic agent (Grimont, Grimont et al.
1980, Farmer and McWhorter 1984, Singh, Singh et al. 2004, Singh, Singh et al. 2013).

In contrast, much is known regarding E. tarda and E. ictaluri, both of which have
been implicated in epizootics leading to significant losses in cultured and wild fish.
Edwardsiella ictaluri is widely considered one of the most ruinous bacterial disease
agents in catfish aquaculture worldwide (Hawke, McWhorter et al. 1981, Crumlish, Dung

et al. 2002, Wise, Camus et al. 2004, Ye, Li et al. 2009, Liu, Li et al. 2010). Furthermore,
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E. ictaluri has also been linked to fish kills in cultured tilapia and laboratory zebrafish
colonies (Soto, Griffin et al. 2012, Hawke, Kent et al. 2013).

Similarly, E. tarda has been associated with considerable economic losses in
more than 20 species of commercially-important fish worldwide (Xu and Zhang 2014).
Primarily regarded as a pathogen of marine and freshwater fishes, E. farda has
historically been considered the most diverse and widespread of the Edwardsiella species
(Mohanty and Sahoo 2007, Wang, Yang et al. 2009). Recent investigations into its
heterogeneity revealed this previous classification actually encompassed three genetically
distinct, yet phenotypically ambiguous taxa: E. tarda, E. piscicida and E. anguillarum
(syn. E. piscicida-like sp.) (Abayneh, Colquhoun et al. 2013, Oren and Garrity 2013,
Griffin, Ware et al. 2014, Oren and Garrity 2015, Shao, Lai et al. 2015). Edwardsiella
piscicida has since been isolated from a variety of diseased wild and cultured fish
(Oguro, Tamura et al. 2014, Camus, Dill et al. 2016, Fogelson, Petty et al. 2016, Shafiei,
Viljamaa-Dirks et al. 2016, Bujan, Toranzo et al. 2017).

Farm-raised catfish is the largest aquaculture industry in the United States and is a
vital component of the economies of several southern states (Hargreaves 2002, Stankus
2010, USDA 2014). Sales of food-size fish totaled $345 million in 2014, with Alabama,
Arkansas, Mississippi and Texas accounting for 96% of the industry’s total production.
Mississippi is the top producing state with nearly 45,000 water surface acres dedicated to
catfish production and sales of $190 million in 2014 (USDA 2016). In the catfish farming
region of the southeastern United States, E. tarda has been associated with
emphysematous putrefactive disease of catfish, which begins as small, cutaneous lesions

that can progress to deep, malodorous, putrefactive abscesses within the musculature
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(Meyer and Bullock 1973, Hawke and Khoo 2004). However, recent studies
demonstrated that many of these recent cases should be classified as E. piscicida, which
is more virulent to channel catfish than E. tarda or E. anguillarum (Reichley, Ware et al.
2015). Furthermore, molecular surveys demonstrated E. piscicida is presently more
common in catfish aquaculture than E. tarda, and it has been increasingly recovered from
diseased farm-raised catfish in the southeastern U.S. over the past ten years (Griffin,
Ware et al. 2014, Reichley, Ware et al. 2015).

The research described herein evaluated three different disease challenge models
with isolates originally classified as E. tarda but reclassified in accordance with current
Edwardsiella systematics. Moreover, the pathogenicity, histopathological lesions and
posterior kidney clearance rates were determined in channel catfish exposed to E.

anguillarum, E. piscicida and E. tarda exposed by intraperitoneal injection.

5.2 Materials and Methods
5.2.1 Fish

Fish used in this study were reared for disease research at the Thad Cochran
National Warmwater Aquaculture Center. Prior to challenge, fish were maintained in
2,000 L tanks with 1,000 L of well water (~26°C) under flow-through conditions (4
L/min) with supplemental aeration. For passage and experimental infectivity studies, fish
were held in 80 L aquaria containing 22 L of well water and held under flow-through
conditions (1 L/min) with constant aeration. Prior to challenge, fish were acclimated to a
water temperature of ~30°C over 72 hr and feed was withheld. Following challenge, fish
were maintained in well water (~30°C) under flow-through conditions with constant

aeration and monitored twice daily for morbidity and mortality.
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5.2.2 Bacterial Cultures

Archived cryostocks of Edwardsiella spp. isolates (Table 5.1) were revived by
isolation streaking on Mueller-Hinton II Agar (BBL; Becton Dickinson and Company)
plates supplemented with 5% defibrinated sheep blood (Hemastat Laboratories, Dixon
CA) and incubated for 24 hr at 37°C. Individual colonies of each isolate were expanded
(37°C; 200 rpm; Excella E24, New Brunswick Scientific) in 9 ml of porcine brain-heart
infusion broth (BHIb) (Bacto; Becton Dickinson and Company) and passed through
channel catfish fingerlings (n=3/isolate) on two successive 48 hr passages. To accomplish
this, fish were IP injected with bacteria (E. anguillarum: 5 x 10° CFU; E. piscicida: 1.5 x
10° CFU; E. tarda: 6 x 10° CFU) and euthanized after 48 hr by an overdose of buffered
MS-222. Isolates were recovered from the posterior kidney on Mueller-Hinton II Agar
(BBL; Becton Dickinson and Company) plates supplemented with 5% defibrinated sheep
blood (Hemastat Laboratories, Dixon CA), expanded as above and the procedure was
repeated. After the second 48 hr passage, individual colonies were expanded as above

and stored cryogenically (-80°C; 15% v/v glycerol) until challenge.

Table 5.1 Edwardsiella isolates used in the current study.

Isolate* Species Host Location
LADLO05-105 E. anguillarum  Oreochromis sp. Louisiana, USA

S11-285 E. piscicida Ictalurus punctatus ~ Mississippi, USA

FL95-01 E. tarda Ictalurus punctatus  Florida, USA

*Isolates have previously been described by: Griffin, Quiniou et al. (2013); Griffin, Ware
et al. (2014); Reichley, Ware et al. (2015).
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For each challenge, cryostocks of passed isolates were revived, and individual
isolates were expanded overnight (37°C; 200 rpm) in 9 ml of BHIb. Following overnight
incubation, 300 pl of each culture was added to 250 ml of sterile BHIb and expanded
overnight (37°C; 200 rpm). Cultures were then diluted to achieve approximate targeted
doses for each isolate. Enumeration of bacteria for all studies was accomplished using
serial dilution and colony counts on triplicate drop plates using 20 ul (Herigstad,

Hamilton et al. 2001).

5.2.3 Trial 1: Intraperitoneal injection

For each Edwardsiella sp., fingerling channel catfish (mean 17.3g, £6.4g) were
stocked into 80 L tanks containing 22 L of well water (30 total tanks; 3 isolates; 9
dilutions/isolate; 3 control tanks; 10 fish/tank). After acclimation, fish were anesthetized
with tricaine methanesulfonate (MS-222) and intraperitoneally (IP) injected with 3-fold
serial dilutions of each bacteria ranging from 10° to 10® (E. piscicida and E. tarda) or 10*
to 10® (E. anguillarum) CFU per fish. Three tanks of ten fish were handled similarly but
injected with sterile BHIb to serve as non-infected controls. Fish were monitored twice
daily for 7 days, and the number of dead fish was recorded. The median lethal dose

(LDso) was calculated using methods described by Reed (1938).

5.2.4 Trial 2: Immersion exposure

For each Edwardsiella sp., fingerling channel catfish (mean 36.1g, +£13.1g) were
stocked into 80 L tanks containing 22 L of well water (27 total tanks; 3 isolates; 8
dilutions/isolate; 3 control tanks; 10 fish/tank). After acclimation, water flow into each

tank was stopped and the water level was lowered to 10 L. Serial 3-fold dilutions of each
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bacteria were added to appropriate tanks with exposure doses ranging from 10* to 10®
CFU/ml. Aeration was maintained throughout the exposure. After 4 hr, water flow was
resumed and water level was returned to 22 L. Fish in the remaining three tanks were
handled similarly, but sterile BHIb was added to the tanks to serve as non-infected
controls. Fish were monitored twice daily for 7 days and the number of dead fish was

recorded.

5.2.5 Trial 3: Immersion with mucus removal

For each Edwardsiella sp., fingerling channel catfish (mean 17.4g, £2.9g) were
stocked into 80 L tanks containing 22 L of well water (25 total tanks; 3 isolates; 8
dilutions/isolates; 1 control tank; 10 fish/tank). After acclimation, water flow into each
tank was stopped and the water level was lowered to 10 L. Fish were removed from the
tank, anesthetized with tricaine methanesulfonate (MS-222) and the mucus coat was
manually removed from both lateral aspects of each fish with a dry paper towel. Fish
were returned to the tank, recovered from anesthesia, and serial 3-fold dilutions of each
bacteria were added to appropriate tanks with exposure doses ranging from 10* to 108
CFU/ml (E. piscicida and E. tarda) or 10* to 107 (E. anguillarum). Aeration was
maintained throughout the exposure. After 4 hr, water flow was resumed and water level
was returned to 22 L. Fish in the remaining tank were handled similarly, but sterile BHIb
was added to the tank to serve as non-infected controls. Fish were monitored twice daily

for 7 days and the number of dead fish was recorded.
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5.2.6 Trial 4: Pathology and posterior kidney clearance

Two different in vivo studies were conducted to evaluate the histopathological
changes and posterior kidney clearance rates in channel catfish exposed to E.
anguillarum, E. piscicida and E. tarda by intraperitoneal injection. In the first study, the
histopathological changes and posterior kidney clearance rates were evaluated at doses
approximating the calculated LDso from Trial 1. For each bacterial dose (E. piscicida, 3.4
x 10° CFU; E. tarda, 3.0 x 10" CFU; E. anguillarum, 4.3 x 108 CFU), 30 fingerling
channel catfish (mean 14.5g £8g) were stocked into two 80 L tanks containing 22 L of
well water (8 total tanks; 3 isolates; 2 tanks/dose; 2 control tanks; 30 fish/tank); one tank
was used for posterior kidney clearance sampling, and one tank was used for
histopathology sampling. Two tanks of control fish were handled similarly but injected
with sterile BHIb to serve as non-infected controls. Atdays 1, 3,5, 7, 9 and 11 post-
injection, three fish were arbitrarily sampled from the tanks designated for histopathology
sampling. Fish were euthanized by an overdose of MS-222, a midline incision was made
into the coelomic cavity, the right operculum was excised, the caudle peduncle was
removed and the fish were preserved in 10% neutral buffered formalin until routine
processing at a later date.

On the same day, three fish were arbitrarily sampled from the tanks designated for
posterior kidney clearance sampling, euthanized by an overdose of MS-222 and kidney
biopsies were obtained aseptically using necropsy instruments treated with
DNAse/RNAse (DNA Away™ Surface Decontaminant, Thermo Fisher Scientific)
between fish. Kidney biopsies were streaked on blood agar plates and incubated for 24 hr
at 37°C to determine the presence of viable bacteria. Tissue biopsies were individually
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placed in microcentrifuge tubes and stored at -80°C until processed for qPCR analysis.
Fish were monitored twice daily for 11 days and the number of dead fish was recorded.
As a result of the initial pathology and clearance experiment, a second study was
performed. In the second study, qPCR estimations of bacterial tissue concentrations and
kidney touch cultures were performed on the same fish used for histological analysis. To
better evaluate differences in persistence between different Edwardsiella spp., fish were
injected with comparable doses of each bacteria. As above, 30 fingerling channel catfish
(27.5 g £2.8g) were stocked into an 80 L tank containing 22 L of well water and held
under flow through conditions for each Edwardsiella sp. After acclimation, fish were
anesthetized with MS-222 and IP injected with approximately the same dose for each
Edwardsiella sp. (E. piscicida, 1.9 x 10° CFU; E. tarda, 1.8 x 10° CFU; E. anguillarum,
2.5 x 10° CFU). One tank of 30 fish was handled similarly but injected with sterile BHIb.
At 1, 3,7, 14 and 21 days post-injection (dpi), three fish were arbitrarily sampled from
each tank, euthanized by an overdose of MS-222 and a biopsy (~25mg) was aseptically
obtained from the posterior kidney. Fish were then preserved in 10% neutral buffered
formalin until routine processing at a later date. Posterior kidney biopsies were streaked
on blood agar plates and placed in microcentrifuge tubes for qgPCR analysis. Fish were
monitored twice daily for 21 days for morbidity and mortality and the number of dead

fish was recorded.

5.2.7 Molecular Analysis

Genomic DNA (gDNA) was isolated from kidney biopsies, and qPCR analysis
was performed using previously published primers, probes and amplification protocols

(Reichley, Ware et al. 2015). Briefly, gDNA from kidney biopsies was isolated using a
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commercial kit (DNeasy blood and tissue kit, Qiagen Inc., Valencia, CA) following the
manufacturer’s suggested protocol for animal tissues. Isolated gDNA was resuspended in
200 pl of DNA hydration solution (DHS; PureGene DNA hydration solution, Qiagen
Inc., Valencia, CA), and 5 pl of gDNA from each aliquot was used as template in gPCR
analysis. The 15-ul PCR reactions contained 8 ul of PCR master mix (TagMan
Environmental Mastermix 2.0, Applied Biosystems, Foster City, CA), 10 pM of each
primer, 1 pM of probe, DNA template and nuclease-free water to volume. Amplifications
were performed on a qPCR system (CFX96, Bio-Rad Laboratories, Hercules, CA)
programmed for 1 cycle of 95°C for 15 min followed by 40 cycles of 95°C for 15 sec and
60°C for 1 min. Data collection was conducted following the 60°C annealing/extension
step at the end of each cycle. Samples, as well as no-template negative controls, were run
in triplicate and standards were run in duplicate. Primers and probes used are listed in

Table 5.2.

Table 5.2 Real-time quantitative PCR primers and probes used for detection and
quantification of Edwardsiella spp. in kidney biopsies.

Primer/Probe Sequence (5’-3’)
E. tarda
ET3518F CAGTGATAAAAAGGGGTGGA
ET3632R  CTACACAGCAACGACAACG
ET3559P  AGACAACAGAGGACGGATGTGGC
E. piscicida
EP14529F CTTTGATCATGGTTGCGGAA
EP14659R  CGGCGTTTTCTTTTCTCG
EP14615P CCGACTCCGCGCAGATAACG
E. anguillarum
EA1583F  GATCGGGTACGCTGTCAT
EA1708R  AATTGCTCTATACGCACGC
EA1611P CCCGTGGCTAAATAGGACGCG
Primers and probes described by Reichley, Ware, et al. (2015). Each oligonucleotide probe was
labeled with the fluorescent reporter dye, 6-carboxyfluorescein, on the 5’-end, and the quencher
dye, black hole quencher-1, on the 3’-end. F = forward primer; R = reverse primer; P = probe.
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5.3  Results
5.3.1 Trial 1: Intraperitoneal injection

Cumulative percent mortality and calculated median lethal doses for this trial are
listed in Table 5.3. High cumulative mortality was observed in most of the fish groups
injected with E. piscicida, with less than 50% mortality only observed in doses of 3.3 x
10° CFU and below. Conversely, less than 50% mortality was observed in E. tarda doses
less than 3.6 x 107 CFU and in all doses of E. anguillarum. In BHIb injected fish, 7%
cumulative mortality was observed. The LDso for IP injection of E. piscicida and E. tarda
in fingerling channel catfish was 2.1 x 10* CFU/g and 3.5 x 10° CFU/g, respectively.
Median lethal dose for E. anguillarum could not be established because the maximum

cumulative mortality observed was only 30%.
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Table 5.3 Cumulative percent mortality and LDso from intraperitoneal injection (Trial

1).
Dose Cumulative Percent Median Lethal Dose
(CFU/fish)  Mortality (CFU/g)
7.2E+08 100%
2.4E+08 100%
8.0E+07 100%
2.7E+07 100%
E. piscicida 8.9E+06 90% 2.1E+04
3.0E+06 90%
9.9E+05 100%
3.3E+05 40%
1.1E+05 20%
9.8E+08 90%
3.3E+08 80%
1.1E+08 90%
3.6E+07 40%
E. tarda 1.2E+07 0% 3.5E+06
4.0E+06 0%
1.3E+06 0%
4.5E+05 0%
1.5E+05 0%
3.8E+08 0%
1.3E+08 0%
4.2E+07 10%
1.4E+07 0%
E. anguillarum 4.7E+06 0% NC
1.6E+06 0%
5.2E+05 30%
1.7E+05 0%
5.8E+04 10%
BHI Control N/A 7% N/A

For each dose, channel catfish fingerlings were stocked (n=10 fish/tank) into discrete tanks. Fish
were monitored for morbidity and mortality twice daily for 7 days and the number of dead fish
was recorded. N/A: not applicable, sterile BHI. NC: not calculated, 50% mortality was not
observed.
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5.3.2 Trial 2: Immersion exposure

Eight out of ten (80%) of fish exposed to 2.8 x 10 CFU/ml of E. tarda died the
day of exposure. No mortality was observed in fish exposed to lower doses of E. tarda or
to E. piscicida, E. anguillarum or BHI controls. Cumulative percent mortality for this

trial is listed in Table 5.4.

Table 5.4 Cumulative percent mortality from immersion exposure (Trial 2).

Dose (CFU/ml) Cumulative Percent Mortality

3.48E+08 0%
1.16E+08 0%
3.92E+07 0%
1.31E+07 0%
E. piscicida 4.35E+06 0%
1.45E+06 0%
4.83E+05 0%
1.61E+05 0%
5.37E+04 0%
2.76E+08 80%
9.20E+07 0%
3.11E+07 0%
1.04E+07 0%
E. tarda 3.45E+06 0%
1.15E+06 0%
3.83E+05 0%
1.28E+05 0%
4.26E+04 0%
1.36E+08 0%
4.53E+07 0%
1.53E+07 0%
5.10E+06 0%
E. anguillarum 1.70E+06 0%
5.67E+05 0%
1.89E+05 0%
6.30E+04 0%
2.10E+04 0%
BHI Control N/A 0%

For each dose, channel catfish fingerlings were stocked (n=10 fish/tank) into discrete tanks. Fish
were monitored for morbidity and mortality twice daily for 7 days and the number of dead fish
was recorded.
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5.3.3 Trial 3: Immersion with mucus removal

Mortality was only observed in two E. piscicida treatment groups, 5.2 x 107
CFU/ml and 1.7 x 10" CFU/ml. This groups had cumulative mortality of 70% and 30%,
respectively. No mortality was observed in fish exposed to lower doses or fish exposed to
1.55 x 10 CFU/ml. One out of ten (10%) fish died from the groups exposed to 2.6 x 107
CFU/ml, 8.6 x 10° CFU/ml and 3.2 x 10° CFU/ml of E. anguillarum. No mortality was
observed in fish exposed to E. tarda or the BHIb. Cumulative percent mortality for this

trial is listed in Table 5.5.

Table 5.5 Cumulative percent mortality from immersion exposure with mucus
removal (Trial 3).

Dose (CFU/ml) Cumulative Percent Mortality
1.55E+08 0%
5.17E+07 70%
1.72E+07 30%
E. piscicida 3. 75E+06 0%
1.92E+06 0%
6.39E+05 0%
2.13E+05 0%
7.10E+04 0%
1.75E+08 0%
5.83E+07 0%
1.94E+07 0%
6.47E+06 0%
E. tarda 2.16E+06 0%
7.19E+05 0%
2.40E+05 0%
7.99E+04 0%
7.78E+07 0%
2.59E+07 10%
8.64E+06 10%
E. anguillarum 2.88E+06 0%
9.60E+05 0%
3.20E+05 0%
1.07E+05 0%
3.56E+04 0%
BHI Control N/A 0%

For each dose, channel catfish fingerlings were stocked (n=10 fish/tank) into discrete tanks. Fish were
monitored for morbidity and mortality twice daily for 7 days and the number of dead fish was recorded.
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5.3.4 Trial 4: Pathology and posterior kidney clearance

Histologically, a putative dose response was noted in the histologic lesions
observed during the first study, in which fish were administered doses equating to the
calculated median lethal dose of each Edwardsiella sp. Interstitial nephritis of the anterior
and posterior kidney, hepatitis, splenitis and enteritis were observed in all treatment
groups with cellular damage. In addition, submucosal edema of the gastrointestinal tract,
congestion of the spleen and nephrosis were observed in a majority of the fish injected
with E. tarda. In fish injected with E. anguillarum, necrotizing pancreatitis was observed
beginning the day after injection and continued variably throughout the remainder of the
study. The LD50 doses for E. tarda and E. anguillarum were several orders of magnitude
higher than that for E. piscicida.

In the second study with fish receiving 10® CFU of each Edwardsiella sp., disease
progression varied between individual fish and between different bacterial groups. In
general, changes noted across all treatment groups included interstitial nephritis with
mononuclear infiltrates in both the anterior and posterior kidney, splenitis, hepatitis and
enteritis. Micro- and macrovesicular hepatocellular vacuolation was consistently
observed across all fish groups at all sampling time points. In fish injected with E.
piscicida, splenitis and enteritis was typically more severe, with moderate to severe
lymphoid depletion and a more acute onset relative to other treatment groups. No
significant microscopic lesions were observed in the brain tissue for any fish examined.

For the first clearance study wherein fish were exposed to doses equating to the
approximate median lethal dose for each Edwardsiella sp., E. piscicida was only detected
by qPCR at 1 and 3 dpi, whereas E. tarda and E. anguillarum were detected as late as 11
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dpi (Table 5.6). Growth from kidney biopsies was observed from the majority of fish up
to 7 dpi. There was variable growth from E. tarda and E. anguillarum injected fish 9 dpi.
No growth was observed from any treatment group 11 dpi (Table 5.7). Comparably, in
fish challenged with equivalent exposure doses for each bacteria, bacterial equivalents
per mg of kidney tissue were most numerous one day after injection and decreased as the
challenge progressed. E. piscicida was detected by qPCR out to 21 dpi; whereas E. tarda
and E. anguillarum were detected by qPCR at 14 dpi but not 21 dpi (Table 5.6). Bacterial
growth on blood agar plates was observed from all samples 1 dpi and a majority of

samples 3 dpi. However, no bacterial growth was observed from biopsies from 7 dpi and

beyond (Table 5.7).
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Table 5.6

Mean (range) bacterial equivalents per mg of kidney tissue from Trial 4.

Study 1
Dose (CFU) Day 1 Day 3 Day 5 Day 7 Day9 Day
11
E. piscicida
828.4 16.3 0 0 0 0
3AEF05 (0.2-3177.6) (0-62.7) (0-0) (0-0) (0-0) (0-0)
E. tarda
1.2E+04 3214.6 281.0 719.4 4.9 0.8
3.0E+07 (7.4E+03- (124.0- (27.4- (1.5- (0-
1.9E+04) 8289.6) 899.5) 2062.4) 15.6) (0-2.7)
E. anguillarum
1.1E+04 1.2E+04  1.4E+05 1.1E+04 641.8 30.5
(500.8-
4.3E+08 (5.6E+03-  1233-  (1.4E+04- 3.5E+04 (0- (0-
2.1E+04) 2.7E+04) 2.4E+05) ) 2172.8) 83.5)
BHI
0 0 0 0 0 0
(0-0) (0-0) (0-0) (0-0) (0-0) (0-0)
Study 2
Day 1 Day 3 Day 7 Day 14  Day 21
E. piscicida
7.2E+03 110.7 71.0 17.3 8.7
1.9E+06 (53.8- (4.5- (1.8- (0-62.4) (O-
1.5E+04) 229.6) 144.5) 36.6)
E. tarda
727.4 55.0 13.0 14.7 0
1.8+06 (412.0- (0-207.0)  (0-39.2) (0-64.3) (0-0)
1035.7)
E. anguillarum
6.6E+04 441.1 391.9 10.5 0
2.5E+06 (1.6E+03- (0-958.6) (70.1- (0-45.3) (0-0)
1.8E+05) 1044)
BHI
0 0 0 0 0
(0-0) (0-0) (0-0) (0-0) (0-0)
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Table 5.7 Kidney biopsy growth from Trial 4.

Study 1

Dose (CFU) Fish Dayl Day3 Day5 Day7 Day9 Dayll
E. piscicida

Fish 1 + + + + - -
3.4E+05 Fish 2 + + + + - -

Fish 3 + + - + - -
E. tarda

Fish 1 + + + + + -
3.0E+07 Fish 2 + + + + - -

Fish 3 + + + - - -
E. anguillarum

Fish 1 + + + + + -
4.3E+08 Fish 2 + + + + + -

Fish 3 + + + + - -
BHI

Fish 1 - + - + - -

Fish 2 - - - - - -

Fish 3 - - - - - -

Study 2

Dose (CFU) Fish
E. piscicida

Fish 1
1.9E+06 Fish 2

Fish 3
E. tarda

Fish 1
1.8+06 Fish 2

Fish 3
E. anguillarum

Fish 1
2.5E+06 Fish 2

Fish 3
BHI

Fish 1

Fish 2

Fish 3

Dayl Day3 Day7 Dayl4 Day21

+
+

+ : bacterial growth observed on blood agar plate after 24 hr incubation at 37°C
- : no bacterial growth observed on blood agar plate after 24 hr incubation at 37°C
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54 Discussion

Recent studies have revealed bacteria previously classified as E. tarda actually
encompass three genetically distinct, yet phenotypically ambiguous taxa: E. tarda, E.
piscicida and E. anguillarum (Abayneh, Colquhoun et al. 2013, Shao, Lai et al. 2015).
Subsequent analysis demonstrated E. piscicida is present in the southeast United States
and is more commonly associated with disease outbreaks in U.S. farm-raised catfish than
E. tarda or E. anguillarum (Griffin, Ware et al. 2014). Furthermore, E. piscicida has
relatively increased pathogenicity in channel catfish (Reichley, Ware et al. 2015). The
median lethal doses calculated in the current study further support previously findings,
demonstrating E. piscicida may pose a greater risk to channel catfish than E. tarda. E.
anguillarum has consistently failed to induce mortality over 30% in channel catfish
fingerlings when injected with doses as high as 10’ CFU/fish (Reichley, Ware et al. 2015)
and 108 CFU/fish (the current study).

The immersion challenge performed herein failed to induce notable mortality
associated with E. piscicida, E. tarda and E. anguillarum infection. These results differ
from previously published reports of immersion exposure to E. tarda inducing 70% -
80% mortality in channel catfish 3 - 5 dpi (Wiedenmayer, Evans et al. 2006). Other
researchers abraded channel catfish prior to immersion exposure to evaluate
histopathological findings; however, the mortality associated with this challenge model
was not reported (Darwish, Plumb et al. 2000). Given this study took place prior to the
recognition of E. piscicida as a distinct taxa, it is possible the strain used was E. piscicida

rather than E. farda as it is currently defined. Regretfully, the absence of accompanying
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archived molecular data for the isolates used in previous studies precludes comparisons to
current Edwardsiella systematics.

Interestingly, on the day of exposure, 80% mortality was observed in the group of
fish exposed to 103 CFU/ml of E. tarda. However this acute mortality, occurring within
hours of infection, is unlikely due to infectious septicemia but rather attributed to other
factors, such as poor water quality or possibly the presence of an E. tarda endotoxin or
other extracellular products. Previous work has shown extracellular products are
associated with E. tarda pathogenicity in fish; however, these studies took place prior to
the recognition of E. piscicida and E. anguillarum and the identity of the isolates in
relation to current taxonomic classification is not known (Suprapto, Nakai et al. 1995,
Das, Pattnaik et al. 2001).

In the present study, mucus removal from fish prior to immersion was performed
on both lateral aspects of the fish manually using a paper towel. This method induced
variable mortality in fish exposed to E. piscicida and E. anguillarum. E. tarda mortality
was acute with most mortality occurring in the first 36 - 48 hrs. Comparatively, the IP
injection challenge model produced results consistent with previous findings (Reichley,
Ware et al. 2015) and provided sufficient mortality for E. piscicida and E. tarda LDso
calculation. The negligible mortality observed after IP injection of E. anguillarum was
similar to previous reports, suggesting this species poses minimal risk to channel catfish
under these experimental conditions. Similar to the other studies in the current work, E.
tarda mortality was acute with most mortality occurring in the first 36 - 48 hrs.

Posterior kidney clearance rates observed here demonstrate an acute presence

after injection with diminishing numbers of bacteria for E. piscicida, E. tarda and E.
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anguillarum over two weeks. After two weeks, negligible amounts of E. piscicida were
present, suggesting infection by these Edwardsiella spp. may not readily lead to
chronically infected or latent carriers. Additionally, cultures from kidney biopsies
resulted in variable growth after 7 dpi with no growth 11 dpi and on, consistent with
previous reports of E. tarda in channel catfish (Darwish, Plumb et al. 2000).

Histopathological lesions noted in this study are consistent with those previously
reported from experimentally infected channel catfish and resembled changes typically
seen in septicemias resulting from other similar Gram-negative bacteria (Darwish, Plumb
et al. 2000, Reimschuessel 2008). Numerous reports describe the pathology of E. tarda in
fish; however, these were performed prior to the recognition that bacteria classified at the
time as E. tarda actually represented three genetically distinct taxa: E. tarda, E. piscicida
and E. anguillarum (Miyazaki and Egusa 1976, Kubota, Kaige et al. 1981, Herman and
Bullock 1986, Darwish, Plumb et al. 2000, Uhland, Hélie et al. 2000, Padros, Zarza et al.
2006, Park, Aoki et al. 2012).

Histopathological lesions in the present study were primarily located in the
anterior and posterior kidney, liver and spleen. Interstitial nephritis as well as necrotizing
hepatitis and splenitis were all consistent with lesions in catfish reported by Darwish,
Plumb et al. (2000). Splenitis and nephritis have also been described from E. tarda
infections in turbot, largemouth bass, brook trout and rainbow trout (Francis-Floyd, Reed
et al. 1993, Uhland, Hélie et al. 2000, Padros, Zarza et al. 2006, Rehulka, Marejkova et
al. 2012). In previous reports, distinct granulomas were variably described from the
kidney of E. tarda-infected fish (Francis-Floyd, Reed et al. 1993, Padros, Zarza et al.
2006); these lesions were not observed in the present study which may be due to host
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differences, duration of infection or other factors. Splenitis and nephritis are commonly
associated with infection by Gram-negative bacteria and have been described from fish
infected with Edwardsiella ictaluri and Aeromonas hydrophila (Miyazaki and Plumb
1985, Crumlish, Thanh et al. 2010).

Dorsocranial ulceration and meningoencephalitis reported from infection with
Edwardsiella ictaluri were not noted in the present study; however, these lesions
typically do not appear until weeks after intial exposure and are more indicative of a
chronic infection (Newton, Wolfe et al. 1989). It should be noted the gross lesions
associated with this chronic form of enteric septicemia of catfish (ESC) have been
reported in fish infected with E. piscicida (Plumb and Hanson 2011, Khoo 2013). In the
present study, lesions from fish injected with higher doses resulted in more severe and
prevalent lesions, demonstrating a dose response. The submucosal edema of the
gastrointestinal tract observed in fish injected with 107 CFU of E. tarda and necrotizing
pancreatitis observed in fish injected with 10® CFU of E. anguillarum are likely attributed
to the high bacterial doses, which are unlikely to be encountered naturally.

This is the first study investigating the pathology of molecularly confirmed E.
tarda, E. piscicida and E. anguillarum isolates in channel catfish, and it lays the
foundation for future work investigating the pathogenicity of these bacteria in catfish.
Moreover, this work identifies minimal pathogenicity of these bacteria b