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The U.S. aquaculture industry has become well established in the last three
decades, and channel catfish aquaculture is the most significant component of this
industry. Virulent Aeromonas hydrophila has been a serious disease problem since 2009
in the U.S. catfish aquaculture, and Aeromonas veronii and Edwardsiella piscicida are
emerging pathogens of catfish. Therefore, this study aims to address fundamental
questions on virulence mechanisms of these three fish pathogens, which | expect to
support the development of control measures for preventing these diseases.

In this study, E. piscicida and virulent Aeromonas hydrophila (vAh) genomes
were sequenced, and comparative analyses were conducted using the genome sequences.
Average nucleotide identity (ANI) calculations showed that E. piscicida strains share
high sequence identity, yet they are from diverse host species and geographic regions.
VAh isolates share very high sequence identity, while the other A. hydrophila genomes
are more distantly related to this clonal group. We applied several comparative genomics

approaches to evaluate E. piscicida genomes and E. ictaluri genomes, providing valuable
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information about unique and shared features of these two important pathogens in the
Edwardsiella genus.

Comprehensive secretion system analysis of 55 A. hydrophila genomes and
deletion of tssD and tssl core elements of T6SS from vAh isolate ML09-119 has provided
new knowledge. We sequenced the genome of virulent Aeromonas veronii strain ML09-
123 from catfish indicated that it was highly similar to an A. veronii strain from China.
Evaluation of all 41 A. veronii genomes available in the National Center for
Biotechnology Information (NCBI) provides a base platform to investigate in detail the
molecular mechanism of A. veronii biology and virulence.

Lastly, we constructed deletion mutants vAhAsia, vAhAent, vAhAcol, vAhAhfql,
vAhAhfg2, and vAhAhfqlAhfg2 to determine roles of A. hydrophila secreted proteins and
regulatory proteins on virulence in catfish. Results showed that sialidase (vAhAsia) and

enterotoxin (vVAhAent) mutants were significantly attenuated.
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CHAPTER I

GENERAL INTRODUCTION AND RELATED REVIEW OF LITERATURE

1.1  Aquaculture

The human population is rising exponentially, reaching 7.3 billion in 2017.
According to the United Nations, it is expected to reach 8.5 billion by 2030. This growth
leads to several major challenges for developed and developing countries, particularly in
food security. To overcome this problem, humankind has been developing different
methods to increase the yield of aquatic products for food consumption. Aquaculture is a
manmade system for controlling environmental conditions to raise fish for food, and it
has the potential to provide a vital meat protein source.

Aquaculture began approximately 4000 years ago, Fan li mentioned in his
writings that Asian emperors maintained their favorite fish in ponds (Overturf, 2009). It
is one of the fastest growing agricultural sectors providing almost half of the animal food
for human consumption. Therefore, it could be the best solution for food production
(Bostock et al., 2010; FAO, 2017a). Currently, 567 aquatic species are farmed by
individual producers and multinational companies (FAO, 2017b). According to a FAO

report, worldwide captured fish production has remained relatively static since the early
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1990s, while worldwide aquaculture production is steadily increasing (Figure 1.1) (FAO,

2016).

180
160

MILLION TONNES
@©
o

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 20102014

B Aquaculture production
1 Capture production

Figure 1.1  World capture fisheries and aquaculture production (FAO, 2016).

In the United States of America, the aquaculture industry has become well
established in the last 35 years, and the majority of its production is in catfish (FAO,
2011). Alabama, Arkansas, and Mississippi are the major catfish producing states, using
54.2 thousand acres of surface water for catfish production in July 1 through December
31, 2017 (NASS, 2017). Sales from catfish aquaculture totaled $341 million in 2013
(USDA, 2013). However, the catfish industry suffers heavy losses due to several different

diseases caused by bacteria, fungi, and parasites. A multistate group of scientists and
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agencies have collaborated to address emerging diseases and provide cooperative efforts

to control diseases, but there is still need for effective control methods.

1.2 Some of the diseases affecting channel catfish industry

Some of the important diseases affecting the catfish industry are discussed in

detail below.

1.2.1 Edwardsiella piscicida

Taxonomy
Domain: Bacteria

Phylum: Proteobacteria

Class: Gammaproteobacteria
Order: Enterobacteriales
Family: Enterobacteriaceae
Genus: Edwardsiella
Species: E. piscicida

Edwardsiella piscicida is a Gram-negative facultative anaerobe causing disease in
animals. It is well-known as an etiologic agent of acute to chronic edwardsiellosis in
different aquatic species (Evans et al., 2011). It is motile by peritrichous flagella. The
taxonomy of this species was recently clarified. Initially, in 1965, Edwardsiella was
discovered as a new species under the family Enterobacteriaceae (Ewing et al., 1965).
Edwardsiella tarda was described in 1973 (Meyer, 1973), Edwardsiella hoshinae in 1980
(Grimont et al., 1980), and Edwardsiella ictaluri in 1981 (Hawke et al., 1981). In 2013,

Edwardsiella piscicida was reported for the first time as a new species (Abayneh et al.,
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2013). Previously, E. piscicida strains were classified as E. tarda. After two years,
Edwardsiella anguillarum (Shao et al., 2015) was defined as a separate species from E.
piscicida. Currently, there are five Edwardsiella species described. These new taxonomic
classifications have clarified the relatedness of different Edwardsiella strains.

E. piscicida is associated with gastrointestinal infections that may progress to
hemorrhagic septicemia (Lv et al., 2013). Edwardsiellosis is one of the most important
fish diseases that negatively affects aquaculture industries around the world (Park et al.,
2012). E. piscicida infection begins with small punctate cutaneous erosions, which could
progress to abscesses deep within the musculature in channel catfish (Ictalurus
punctatus) (Evans JJ et al., 2011).

To understand the molecular mechanisms of this disease, several different E.
piscicida and E. piscicida-like isolates from different host species and locations have
been sequenced, including strains from grouper (Reichley et al., 2015), tilapia (Reichley,
et al., 2015), channel catfish (Reichley et al., 2016), turbot (Bujan et al., 2017), and olive
flounder (Oguro et al., 2014). Because some of these were sequenced before the
description of E. piscicida species, they were reported as E. tarda. Examples include
catfish strain C07-087 (Tekedar et al., 2013), striped bass strain FL6-60 (van Soest et al.,
2011), European eel isolate strain ET883 (Abayneh et al., 2012) and turbot isolate strain
EIB202 (Wang et al., 2009). Recent efforts have been made to clarify confusion on the
classification of Edwardsiella strains, and taxonomically mislabeled genomes have been
updated or revised to correct taxonomical misclassification.

Repetitive sequence-mediated PCR for E. piscicida showed that E. piscicida
strains are more prevalent than E. tarda in southeastern USA (Griffin et al., 2014). Real-
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time quantitative polymerase chain reaction (QPCR) assays were developed to detect and
quantify the Edwardsiella species in catfish pond water and tissues (Reichley et al.,
2015). E. piscicida infection in largemouth bass causes multiorgan necrosis and
granulomas (Fogelson et al., 2016).

Two-component systems are important components in virulence of pathogenic
bacteria. For example, two component system EsrA-EsrB in Edwardsiella tarda has a
role in controlling the type 111 secretion system (T3SS) (Zheng et al., 2005). EsrA-EsrB
contribute to virulence regulation in E. tarda along with PhoP-PhoQ (Lv et al., 2012). In
E. piscicida, EsrB is responsible for global regulation of physiological adaptation and
activation of T3SS and its effector components during infection in turbot (Y. Liu et al.,
2017). EsrB also has a role in the regulation of reactive oxygen species (ROS) (Yin et al.,
2017).

Bacterial secretion systems have important roles in transporting proteins from
cytoplasm to periplasm, interaction with other organism, promoting bacterial virulence,
enhancing attachment, scavenging resources from the environment, and disrupting target
cells (Green et al., 2016). In E. piscicida, EseH is a T3SS effector protein that targets
MAPK signaling during infection (Hou et al., 2017). Transposon insertion site
sequencing in E. piscicida strain EIB202 revealed that its plasmid (pEIB202) encodes a
T4SS, and this system is a major genetic mechanism for transferring multi-drug
resistance genes (Y. Liu et al., 2017).

Interactome analysis of E. piscicida and grouper (Epinephelus drummondhayi)
liver proteins showed that bacterial proteins regulate the expression of host innate
immune-related proteins (H. Li et al., 2017). These findings clearly indicate the
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importance of secretome studies, which could contribute to design new vaccine
candidates. In E. piscicida strain CK216, a mutant strain defective in cyclic AMP
receptor protein (Acrp) was proposed as a live attenuated vaccine candidate (Choe et al.,
2017).

Due to the importance of E. piscicida on the aquaculture industry, research is
being conducted to elucidate molecular pathogenesis of this disease. Comparative
genomics of this pathogen against all the other Edwardsiella species has not been

described before and will be discussed in this dissertation.

1.2.2 Aeromonas hydrophila
Taxonomy
Domain: Bacteria
Phylum: Proteobacteria
Class: Gammaproteobacteria
Order: Aeromonadales
Family: Aeromonadaceae
Genus: Aeromonas
Species: A. hydrophila
Aeromonas hydrophila is a Gram-negative motile, polar flagellated, short, rod
shaped, mesophilic species that is ubiquitous in aquatic environments and capable of
causing severe infection in several host species including humans, fish, invertebrates,
amphibians, and reptiles (John et al., 2011; Tekedar et al., 2013). In the genus
Aeromonas, the motile aeromonads are loosely associated species that have similar

serology, biochemistry, and genetics (Cipriano, 2001). Common clinical motile
6
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Aeromonas species and their differentiation are listed in Figure 1.2 (Woo et al., 2011).

According to this list, A. hydrophila is incapable of producing ornithine decarboxylase.

A. veronii A. veronii A.

Characteristic® A. hydrophila bv. sobria bv. veronii A.caviae A. schuberti A.jandaei frota

Aesculin hydrolysis  + - + + - - -

Voges—Proskauer + + + - Vv + -
reaction

Pyrazinamidase + - - + - - -
activity

CAMP-like factor + + + - - A -
(aerobic only)

Arabinose v - - + - - -
fermentation

Mannitol + + + + - + +
fermentation

Sucrose + + + + - - -
fermentation

Ampicillin R R R R R R S
susceptibility

Carbenicillin R R R R R R S
susceptibility

Cephalothin R S S R S R R
susceptibility

Colistin vV S S S S R S
susceptibility®

Lysine + + + - + + +
decarboxylase

Ornithine - - + - - - -
decarboxylase

Arbutin hydrolysis  + - + + - - \')

Indole production  + + + - + +

H,S production + + + - - + +

Gas from glucose  + + - — - + +

Haemolysis (TSA  + + + \ + + \")
with 5% sheep
erythrocytes)

24+, positive for =70% of isolates; —, negative, i.e. positive for <30% of isolates; V. variable; R, resistant; S, susceptible.

EMIC (single dilution), 4 pug/ml.

Figure 1.2 Common clinical motile Aeromonas species and their differentiation (Woo
etal., 2011).

The disease caused by A. hydrophila and other motile aeromonads is referred to as
Motile Aeromonad Septicemia (MAS), which is characterized by destructive systemic

infection (Grizzle et al., 1993). Typical signs of MAS include red sores, necrosis,
7
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ulceration, swelling of tissues, and hemorrhagic septicemia (Karunasagar et al., 1989). In
addition to their capability of causing fish disease, aeromonads can be responsible for
opportunistic disease in humans (Janda et al., 1998).

Feeding infected fish with antibiotic-medicated feed is a common approach for
controlling A. hydrophila infection, but often this is not effective (DePaola et al., 1995).
Currently, there are two FDA approved feed additive, oxytetracycline (Terramycin®) and
florfenicol (Aquaflor®) available in the USA for motile aeromonad septicemia (Plumb et
al., 1995). Use of antibiotic-medicated feed has the disadvantage of potential for
developing antimicrobial resistance. Therefore, antibiotic treatment is not sufficient as a
long-term strategy to control this disease. Another option is vaccination, but currently,
there are no commercially available vaccines to protect farm-raised catfish against MAS.
Passage with rifampicin and/or novobiocin was used to attenuate virulent A. hydrophila
for potential development of a live vaccine to protect channel catfish (Pridgeon et al.,
2011). Probiotics have also been suggested for disease control in aquaculture because this
approach can reduce pathogen attachment to fish intestinal mucus (Vine et al., 2004).

As of September 2017, 62 Aeromonas hydrophila genomes from different sources
have been sequenced, 14 of which are completely closed. The rest are in draft version
(NCBI, 2017). Our group contributed to this numbers by providing two complete
genomes (Tekedar et al., 2015; Tekedar et al., 2013) and eight draft genomes (Tekedar et
al., 2017; Tekedar et al., 2016a, 2016b).

Since 2009, A. hydrophila epidemics have been affecting catfish producers in the
U.S. The catfish industry has lost more than 5.5 million pounds of market-size fish. By
sequencing a panel of A. hydrophila isolates, it was determined that the outbreaks were
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caused by an emergent clonal group of A. hydrophila isolates with evidence of lateral
genes transfer that contributed to their virulent phenotype (Hossain et al., 2013). This
clonal group was named virulent A. hydrophila (vAh). Further investigation revealed that
vAh from channel catfish in the U.S. is highly similar to an Asian clonal virulent group of
A. hydrophila, suggesting a possible Asian origin for vAh in the U.S. through imported
carp (Hossain et al., 2014). Genomic comparison of the Asian and U.S. vAh confirmed a
large number of conserved genomic islands with a few notable differences (Pang et al.,
2015). Our group recently reported histopathological and ultrastructural changes in
channel catfish during vAh infection (Abdelhamed et al., 2017).

Recombinant vAh outer membrane proteins and fimbrial proteins show potential
as protective vaccine antigens (Abdelhamed et al., 2017; Abdelhamed et al., 2016; Dash
etal., 2014; Yadav et al., 2014). However, effective control of vAh epidemics has still
not been successfully achieved due to lack of essential information. Therefore, there is

still an urgent need to understand the pathogenic mechanisms of vAh.

123 Aeromonas veronii
Taxonomy
Domain: Bacteria
Phylum: Proteobacteria
Class: Gammaproteobacteria
Order: Aeromonadales
Family: Aeromonadaceae
Genus: Aeromonas

Species: A. veronii
9
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Aeromonas veronii is a Gram-negative, rod-shaped, mesophilic, motile species
that also causes motile aeromonad septicemia (MAS) (Janda et al., 2010). It can affect
several different species but is mostly encountered in immunocompromised hosts with
skin lesions causing wound infection with soft tissue destruction. Lesions can progress to
ulcers and hemorrhagic septicemia (Austin et al., 2012; McGarey et al., 1991). A. veronii
infection has been reported from different ornamental and aquatic animals including
tilapia (Hassan et al., 2017), rainbow trout (Zepeda-Velazquez et al., 2015), sea bass
(Uzun et al., 2015), channel catfish (D. Liu et al., 2016), and oscar cichlid (Sreedharan et
al., 2011). Compared to A. hydrophila, A. veronii encode ornithine decarboxylase as a
unique characteristic, whereas they lack pyrazinamidase activity and arabinose
fermentation capabilities (Figure 1.2).

A. veronii is not typically considered a primary pathogen for aquaculture species.
However, it was recently isolated from outbreaks of fish disease in different regions
including China (D. Liu et al., 2016) and Saudi Arabia (Hassan et al., 2017). A. veronii is
also the causative agent of the ulcerative syndrome in catfish (Cai et al., 2012).

Metatranscriptomics (Bomar et al., 2011) and metagenomics (Maltz et al., 2014)
studies indicated that A. veronii is present in the leech gut as the second most prevalent
symbiotic bacteria. A. veronii strains were also isolated with other Aeromonas species
such as A. sobria from turtle (soft shell disease) (C. Chen et al., 2013) and A. jandai from
Nile tilapia (Dong et al., 2017). Although the role of A veronii in each of these systems is
not defined, it is interesting to note that it is often isolated with other bacteria either in a

pathogenic or symbiotic relationship with a host.
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Aeromonas species demonstrate different antimicrobial susceptibilities. For
example, in one case Aeromonas caviae was more susceptible to ticarcillin than other
evaluated A. veronii and A. hydrophila species (Igbinosa et al., 2012). Another study
evaluated 47 A. veronii isolates from two different hosts, Anguilla japonica and Cyprinus
carpio, and found that they tend to carry insertion elements and antibiotic resistance

genes (Chung et al., 2017).

1.3 Some of the virulence factors in Gram-negative bacteria
131 Sialidase, Collagenase, Enterotoxin, and Hfq genes

To colonize and spread in host tissues, bacteria often produce extracellular
enzymes that degrade tissues and proteins to serve as an energy source and to facilitate
spreading and dissemination (Duarte et al., 2016; Janda et al., 2010). A. hydrophila is
capable of producing a large number of extracellular enzymes and toxins that contribute
to host inflammation and promote spreading in the tissues. Major extracellular proteins
(ECPs) of A. hydrophila have been characterized (Yu et al., 2007); some are considered
to be essential virulence factors and play an important role in the invasion of host cells
and tissues. In particular, protease (Wu et al., 2012), exotoxin (Grim et al., 2013;
Ponnusamy et al., 2016), hemolysin, and enterotoxin (Grim et al., 2013) contribute to
Aeromonas disease. A recent study showed that hemolysin, aerolysin, and elastase are
found in virulent isolates; also, hemolysin, protease, and nuclease activity were higher in
virulent A. hydrophila (vAh) isolates (Pridgeon et al., 2013).

Vaccination using extracellular products of A. hydrophila provided protection
against infection (Zhang et al., 2014). Recombinant aerolysin and hemolysin show

potential as general immunogens for future development of recombinant vaccines (Zhang
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et al., 2015). Several A. hydrophila and Aeromonas extracellular proteins and toxins have
been studied for detection of the pathogen as well as for phenotypic and molecular
characterization (Furmanek-Blaszk, 2014).

In Chapter VI of this dissertation, the role of sialidase as a virulence factor for A.
hydrophila was investigated. Sialic acid-based pattern recognition contributes to
microbial virulence, which strongly supports sialidase inhibition for dampening
inflammation caused by infection (G. Y. Chen et al., 2011). Sialidase also plays an
important role in the pathogenesis of E. tarda and Porphyromonas gingivalis, and it has
potential as a vaccine candidate for E. tarda (Aruni et al., 2011; Chigwechokha et al.,
2015; Jin et al., 2012). Moreover, sialidase of Streptococcus intermedius was identified as
a virulence factor that modifies sugar chains (Takao et al., 2010). Sialidase is responsible
for reducing biofilm formation and capsule biosynthesis of Porphyromonas gingivalis (C.
Li et al., 2012). Sialidase can also modulate the host immune response (Carlson et al.,
2010; Kuroiwa et al., 2009).

Bacterial collagenases are known for mediating degradation of extracellular
matrices in the host due to their capability to digest native collagen (Duarte et al., 2016).
Collagenolytic activity in Aeromonas strains is an example (Duarte et al., 2015; Han et
al., 2008). In Aeromonas veronii, collagenase activity is not a main virulence factor, but it
has a role in initial penetration (Han et al., 2008). On the other hand, in Leptospira
collagenase is a critical virulence factor for transmission and invasiveness (Kassegne et
al., 2014).

A. hydrophila strains produce a large number of exotoxins. Deletion of
enterotoxin in a human isolate caused attenuation, and it was suggested that it could be
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used as a potential vaccine candidate (J. Sha et al., 2002). It should be noted that many of
the human A. hydrophila isolates have been reclassified into a separate species, A.
dhakensis. Therefore, the majority of the enterotoxin studies reported in A. hydrophila
were actually conducted with A. dhakensis. However, at least one study confirmed that
T3SS and cytotoxic enterotoxin contribute to virulence of A. hydrophila (J. Sha et al.,
2005). Enterotoxin is one of four virulence factors (enterotoxin, exotoxin A, and T3SS
and T6SS effectors AexU and Hcp) found in the genomes of virulent isolates from a
panel of Aeromonas (Grim et al., 2014). A. hydrophila also produces RtxA toxins that are
responsible for host cell rounding and apoptotic death. Redundancy in toxin functions of
A. hydrophila may be necessary for a successful infection (Suarez et al., 2012).

Hfq is an essential component for the activity and stability of most small RNAs
(sSRNAs) in bacteria. It is considered to be a master regulator of gene expression in
bacteria. It has a role in virulence and fitness of several pathogens, and it contributes to
the regulation of virulence factors, secretion systems, cellular processes, and iron
metabolism (Feliciano et al., 2016). Hfg contributes to virulence of several bacterial
pathogens organisms including Vibrio cholerae (Ding et al., 2004), Listeria
monocytogenes (Christiansen et al., 2004; Nielsen et al., 2010), Edwardsiella tarda (Y.
H. Hu et al., 2014), Borrelia burgdorferi (Lybecker et al., 2010), Agrobacterium
tumefaciens (Wilms et al., 2012), Yersinia pestis (Geng et al., 2009), and Brucella
abortus (Robertson et al., 1999). However, in Legionella pneumophila (McNealy et al.,
2005) and Neisseria gonorroeae (Dietrich et al., 2009), deletion of hfg genes did not
affect virulence. In Vibrio alginolyticus, Hfq is responsible for the oxidative envelope
stress response, nutrient utilization, and colony morphology (Y. Deng et al., 2016).
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1.3.2 Secretion systems in Gram-negative bacteria

Bacterial secretion systems translocate enzymes, toxins, and effector proteins that
facilitate bacterial pathogenicity (Costa et al., 2015; Russell et al., 2014). Secretion
systems also play an important role in defending against competitor organisms or
chemical agents. In addition, they are sometimes responsible for nutrient acquisition. Our

current understanding of their structure and composition is illustrated in Figure 1.3.

Host environment

virs11—@D)

Bacterial cytosol

b

RND pump
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Barrell Barrel Il & Hepl

Bacterial cytosol R
ClpV-
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Figure 1.3  Schematic representation of the structure of the secretion systems in Gram-
negative bacteria.

(a) Putative locations of each protein in the specific secretion systems are shown. (b)
Structural models of each secretion system are represented (Costa et al., 2015).
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Type | secretion system (T1SS) mediates one-step transportation of unfolded
substrates, bypassing the periplasm and directly releasing the protein into extracellular
space (Kanonenberg et al., 2013). T1SS facilitates secretion of some destructive enzymes
and exotoxins with repeats-in-toxins (RTX) motifs.

Type Il secretion system (T2SS) system is located in the outer membrane; it
transports folded proteins from periplasm into the extracellular environment. It exports
some hydrolytic enzymes, virulence factors, and toxins (including lipases, proteases, and
several other proteins that process carbohydrates and substrates). (Green et al., 2016;
Korotkov et al., 2012). T2SS is important in A. hydrophila (Ast et al., 2002; Cianciotto,
2005).

Type 111 secretion system (T3SS) is a protein transport nanomachine, and it is
considered one of the essential virulence factors for many pathogens. T3SS secreted
effectors are secreted directly from bacterial cytoplasm to host cell cytoplasm, and they
modulate host cellular processes, host immune responses, and vesicle transport (Buttner,
2012; W. Deng et al., 2017). Many extracellular pathogens use T3SS to regulate the host
cytoskeleton and immune response.

Type IV secretion system (T4SS) is a trans-envelope-spanning nanomachine
found in many bacteria. It is responsible for transporting diverse substrates ranging from
DNA to effector proteins (Darbari et al., 2015). T4SS mediates the exchange of mobile
genetic elements, which facilitates adaptation to environmental changes and spread of
antimicrobial resistance among bacteria (Wallden et al., 2010).

Type VI secretion system (T6SS) delivers secreted proteins directly into
competitor bacteria or host cells (Zoued et al., 2014). It mediates interaction with the
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environment and is a versatile defense mechanism against host and competitor organisms
(Cianfanelli et al., 2016). T6SS augments bacterial adaptation to specific niches
(Cianfanelli et al., 2016) and is used as a strategy to control interactions between bacterial
species (Basler et al., 2013). Two T6SS proteins, in particular, Hcp and VgrG, have dual
roles as effector proteins and as structural components (Pukatzki et al., 2009; Silverman
etal., 2012). In A. dhakensis strain SSU (formerly A. hydrophila), deletion of these genes
affected some virulence-associated features (Jian Sha et al., 2013).

Lastly, type IX secretion system (T9SS) is discovered in the Bacteroides group. It
has two functions: gliding motility and protein secretion, which can contribute to

virulence (Lasica et al., 2017).

1.3.3 Mobilome elements

The mobilome is defined as a set of dynamic genes located within mobile genetic
elements responsible for bacterial evolution and adaptation, allowing interchangeable
shuffling of genes in between close or distantly related organisms (Jorgensen et al., 2014;
Piotrowska et al., 2015). For example, integrons, insertion elements, genomic islands,
plasmids, phage elements, and antibiotic resistance genes are considered mobilome
elements.

Integrons are well-known for facilitating spread of antibiotic resistance genes, and
a recently developed tool helps identify integron elements in bacterial genomes (Cury et
al., 2016). Typical integron structure is shown in Figure 1.4, consisting of an integrase
gene, an attl recombination site, and gene cassettes (Cury et al., 2016). There are three
different classes of integrons (Hall et al., 1999), and Aeromonas species tend to have

more class 1 integrons on the oxytetracycline resistance plasmids (Schmidt, Bruun,
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Dalsgaard et al., 2001). However, there have been some conflicting results on the
correlation between presence of oxytetracycline resistance in Aeromonas and class |
integrons, with one study not finding a correlation (Jacobs et al., 2007) and another
finding a positive correlation between carrying an integron and tet genes (Moura et al.,

2012).

®

o attC ‘@
G )

cassette

Pintt attl

Figure 1.4  Representation of an integron element identified by IntegronFinder.

Integrons mainly consist of an integron integrase gene (intl, orange) including its own
promoter (Pintl), an attl recombination site (red), gene cassettes (blue, yellow, and green)
along with one constitutive promoter (Pc) (Cury et al., 2016).

Genomic islands are one of the main elements in the evolution of microbial
genomes. Depending on the gene functions they carry, they can be referred to as
pathogenicity islands, symbiosis islands, metabolic islands, resistance islands, or fitness
islands (Dobrindt et al., 2004; Juhas et al., 2009) (Figure 1.5.). Pathogenicity islands can

contribute significantly to bacterial virulence or reduced virulence. In Aeromonas caviae,
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a small genomic island is involved in flagellin glycosylation and lipopolysaccharide

(LPS) O-antigen biosynthesis (Tabei et al., 2009).
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Figure 1.5

Pathogenicity islands
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Metabolic islands

Resistance islands

Fitness islands

They typically harbor genes encoding proteins involved in pathogenicity, symbiosis,
metabolism, antimicrobial resistance, or fitness for a specific environment (Juhas et al.,

2009).

Bacteriophages have specific mechanisms that affect bacteria, including

attachment, invasion, and survival (Boyd et al., 2012). Bacteriophages can change the

genomic structure of bacteria to affect their virulence. Bacteriophages have been

investigated as a treatment against bacterial pathogens. Since 1981, bacteriophages have

been investigated as treatment for several bacteria (Figure 1.6) (Gon Choudhury et al.,
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2017). Lytic bacteriophage (VTCCBPA®) isolated from the sewage of an organized

equine breeding farm has the potential for use against A. hydrophila (Anand et al., 2016).

First FDA regulatory approval

Jfor application of
bacteriophages in meat, poultry
product (ListshieldTM, Listex
Pl00)
Tiwvort observes the Flavobacterium coluninare
antibacterial acrivity of phage Phage therapy against f- Pphages for therapy to control
P "‘E{ therapy to Lactococcus hemolytic Streptococcicosis Colummaris disease (Prasad et
garvieae (Park et al., 1997) (Matsuoka et al., 2007) al, 2011)
First use of phage to control ‘B iocon "7’"" "f ) Potential of Flavobacterium
Jish disease caused by Tuminous "’_‘b" Tosis iy psvchrophilum phages in Vibrio anguillarum phages
Aeromonas hvdrophila in hatc hl"" using V’_b’ L treating RTFS and CWD protect vibriosis in Atlantic
Aquaculture (Wu et al., 1981) harveyi !:"'agf (Vinod (Stenholm et al., 2008) saimon (Higuera et al. 2013)
i el al., 2006) l l

1915 1917 1981 1983 1997 2000 2006 2006 2006 2007 2008 2008 2010 2011 013 2013

Felix d' Herelle discovered,

characterized Viral nature of bacteriophage therapy for
ph 'ag;:fd;m;md iy Isolation of Pseudomonas Potential use as phage therapy conrrolling "_’em”o‘ﬁf'[m’mm'
sriopraage Pplecoglossicida phage as a to the catfish pathogen, P"ﬂﬁ'l ous Psef {"oé.m 5
candidate for fish disease Edwardsiella ictaluri (Walakira "'"'3’2;'05" "d“'m;" ','; ; :"ﬁ“
control (Park et al., 2000) et al., 2008) Prmar o th 20037
Phage therapy 1o control Use of bacteriophages to Occurrence of Vibrio
Edwardsiella tarda (Wu and prevent Furnnculosis caused by parahaemolvticus and its
Chao, 1982) Aeromonas salmonicida specific phages from Shrimp
(Imbeault et al., 2006) Ponds (Alagappan et al., 2010)

Figure 1.6 Major contributions to phage research in fish and shellfish research (Gon
Choudhury et al., 2017).

Insertion elements are also important in genome evolution; they can mediate gene
inactivation, genome structure rearrangement, or genome reduction. They can also
incorporate genes that contribute to pathogenicity (Siguier et al., 2014; Touchon et al.,
2007). In Aeromonas salmonocida, temperature directly affects insertion elements, which
contribute to survival in harsh conditions and maintains genome structure (Vincent et al.,
2016). An insertion sequence-dependent plasmid rearrangement in A. salmonicida caused

loss of the T3SS (Tanaka et al., 2012). A. salmonicida insertion sequence AS5 (ISAS5) is
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another active mobile genetic element involved in genomic plasticity of A. salmonicida
(Trudel et al., 2013).

CRISPR-Cas systems are used by bacteria as an adaptable defense mechanism.
They are used by many bacteria to combat predation and exposure to plasmids and
viruses (Horvath et al., 2010; Sander et al., 2014). The system consists of two main
components: CRISPR array and CRISPR associated genes (Cas), which are separated by
spacers (Grissa et al., 2007). Plasmids are another mobilome element, the majority of
which enable an advantage in a specific environment. Often they carry genes such as
antimicrobial resistance, metal resistance, and virulence factors. Aeromonas species

frequently tend to carry resistance plasmids (R-plasmids) (Piotrowska et al., 2015).

1.4 Genomics

The genome era has been a game changer to study any organism in detail. Due to
rapid sequencing technology improvements and cost decreases, a quality draft genome
can be generated in a couple of hours. According to NIH data, genome sequencing prices
went down from $100 million per genome to $1000 in 14 years (Figure 7) (NHGRI,

2017).
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Figure 1.7 DNA Sequencing costs reduction over the years (NHGRI, 2017).

Studying pathogen genomics can decipher the origins of a pathogen; for instance,
in 2011, pathogen genomics identified the origin of a Middle East respiratory syndrome
(MERS) coronavirus epidemic in Europe (Luheshi et al., 2015). In 2012, two scientists
from National Institutes of Health were able to track down patient-to-patient routes of
transmission of highly virulent multidrug-resistant Klebsiella pneumoniae by applying
real-time genomic sequencing (NIH, 2014). Similarly, the origin of virulent A.
hydrophila in catfish aquaculture was determined using genomics (Hossain et al., 2014).
Therefore, adoption of innovative genomics applications can be an effective and powerful

strategy for solving disease outbreaks.
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1.4.2 Genome sequencing

Whole Genome Sequencing (WGS) has been one of the most widely used
applications of Next Generation Sequencing (NGS). It gives a comprehensive overview
of genome structure and biological functions (Cirulli et al., 2010). Genome sequencing
started in the mid-seventies by the development of the first generation of genome
sequencing: chain termination by dideoxyribonucleotides (Sanger sequencing) (Maxam et
al., 1977)(Sanger et al., 1975). Automation and improvements enabled the first genomes
to be sequenced, but it was only feasible in large sequencing centers, and it was
expensive.

Second generation sequencing was proposed by Ronanghi (Ronaghi et al., 1996)
based on the sulfurylase-luciferase reaction (real-time sequencing) (Nyren, 1987). Roche
454 (pyrosequencing) was the first second generation sequencing method released, which
was followed by Illumina Solexa (sequencing by synthesis) and later Helicos
(Sequencing by Oligonucleotide Ligation and Detection or SOLID). lon Torrent and
other alternatives were also developed. Third-generation sequencing (single-molecule
sequencing) can produce longer reads than previous methods. MinlON (Mikheyev et al.,
2014; Quick et al., 2014, 2015) and Pacific Biosciences (PacBio) (Brown et al., 2014;
Terabayashi et al., 2014) are examples. Milestones of bacterial genome sequencing are

illustrated in Figure 1.8 (Loman et al., 2015).
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Figure 1.8 Development of bacterial genome sequencing (Loman et al., 2015).
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143 Comparative genomics

Since the first generation of sequencing, understanding organisms at the DNA
level has been the goal. Comparing either closely or distantly related genomes provides
extensive information on intra- and inter-species diversity (Pallen et al., 2007). Evolution
of pathogens occurs through horizontal acquisition of genetic information including
plasmids, bacteriophages, integrons, and insertion elements (Maurelli, 2007). Random
mutations, which can cause gene loss or gene variation, are another genetic mechanism
affecting bacterial virulence without horizontal genetic material transfer of specific
virulence factors (Sokurenko et al., 1999). Several factors contribute to bacterial genome
dynamics (Figure 1.9), but briefly gene loss, gene gain, and gene change are the main
reasons (Pallen et al., 2007). By applying comparative genomics methods, changes in
genomic structure can be identified. Identification of lost or gained genes can also yield
specific information about interactions with other organisms, including host-pathogen

interactions.

Gene duplication Horizontal gene transfer

by phages, plasmids and
pathogenicity islands

Marked downsizing in
isolated intracellular niches

N

Accumulation of
pseudogenes and

Rapid emergence of

Bacterial genetically uniform

insertion elements genome — pathogens from

after shift to new dynamics variable ancestral

niche populations
Recombination and Single-nucleotide
rearrangement polymorphisms

Patho-adaptation

Figure 1.9  Potential effects caused by bacterial genome dynamics (Pallen et al., 2007).
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Comparative genomics has yielded valuable information about several different
organisms. Avian genome evolution and adaptation (G. Zhang et al., 2014) is a good
example. Another example is the genomic changes underlying phenotypic convergence
and adaptation of giant and red pandas to a specialized bamboo diet (Y. Hu et al., 2017).
Convergence rates of evolution in ant-plant mutualisms (Rubin et al., 2016) is another
good example. Comparative genomics research revealed high biological diversity and
specific adaptations in the genus Aspergillus, which is a medically and industrially

important organism (de Vries et al., 2017).

1.5  Significance of this study and objectives

Globally, aquaculture is one of the fastest growing agricultural sectors and
provides almost half of the animal food for human consumption (Bostock et al., 2010). In
the United States of America, the aquaculture industry has become well established in the
last 35 years, and the majority of its production is in catfish (FAO, 2011). Sales from
catfish aquaculture totaled $341 million in 2013 (USDA, 2013). Due to importance of
catfish industry, multistate groups have collaborated to address emerging diseases and
provide cooperative efforts to control the disease. In 2009 and 2010, catfish producers
lost more than 5.5 million pounds of market size fish because of A. hydrophila epidemics.
Genome sequencing revealed that these outbreaks were caused by an emergent clonal
group of A. hydrophila strains referred to as virulent A. hydrophila (vAh). A. hydrophila
produces a large number of extracellular enzymes and toxins that contribute to host
inflammation and promote spreading in the tissues, and master regulator genes have not
been studied extensively. Even though E. piscicida was recently identified and

genetically characterized as a new taxon, it has been affecting U.S. aquaculture
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negatively as well. Another potential problem is that non-native A. veronii species may
have been introduced to U.S. aquaculture, which poses a potential problem.

However, to date, effective control measures for vAh have not been developed to
reduce the impact of this pathogen on U.S. aquaculture. Furthermore, E. piscicida and A.
veronii are emerging pathogens that threaten catfish production in the U.S. Therefore,
there is a critical gap in our knowledge of molecular mechanisms of these pathogens and
their potential virulence genes. Understanding of molecular mechanisms of these
pathogens is an imperative step to fully understand their dissemination and how they
induce inflammation. The overall objectives of the study are to sequence E. piscicida, A.
hydrophila, and A. veronii and analyze specifically chosen invasins, toxins, and master
regulator genes to understand their physiological and pathological roles in disease
pathogenesis. Therefore, understanding molecular mechanism of these pathogens may
allow design of novel control and/or treatment strategies. | accomplished my overall

objective by pursuing the following specific aims:

151 Specific aim #1. Genome sequencing of E. piscicida and A. hydrophila
isolates.

The working hypothesis was that genome sequencing of E. piscicida and A.
hydrophila would accelerate comparative studies to delineate pathogenic mechanisms of
these pathogens. This objective was accomplished using lllumina genome analyzer I1x
and 454 GS-FLX Titanium platforms, resulting in a complete genome sequence of E.
piscicida C07-087, one complete and four draft virulent A. hydrophila (vAh) genome
sequences, and one complete and four draft genome sequences of other A. hydrophila

strains.
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15.2 Specific aim #2. Comparative genome analysis of E. piscicida and E.
ictaluri genomes

The working hypothesis was that comparative genome studies would help to
identify unique and shared characteristics of each pathogen, which could lead to
designing a novel treatment method. This objective was accomplished applying several
different comparative genomics approaches.

153 Specific aim #3. Comparative analysis of secretion systems of virulent

Aeromonas hydrophila strains and mutation of tssD and tssl genes from
T6SS.

The working hypothesis was that secretion system and effector proteins play an
important role in disease pathogenesis of A. hydrophila. This objective was accomplished
applying several different comparative genomics and along with in-frame deletion of

tssD and tssl genes from T6SS.

154 Specific aim #4. Comparative genomics insights into pathogenicity of A.
veronii

The working hypothesis was that virulent A. veronii strains may have been
transferred from China to U.S., which would pose a risk for U.S. aquaculture. This
objective was accomplished by applying several different comparative approaches to all
the available A. veronii genomes in NCBI (as of 9/27/2017) along with our A. veronii

genome.
155 Specific aim #5. Mutate selected A. hydrophila genes encoding secreted
proteins (sialidase and collagenase), enterotoxin, and master regulator
(Hfqg) to determine their role in A. hydrophila virulence.
The working hypothesis was that mutation of selected A. hydrophila genes would

result in decreased virulence of A. hydrophila. This objective was accomplished by in-
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frame deletion mutation of selected A. hydrophila genes and determining virulence in

catfish
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CHAPTER II

COMPLETE AND DRAFT GENOME SEQUENCES OF EDWARDSIELLA PISCICIDA

AND AEROMONAS HYDROPHILA ISOLATES RECOVERED FROM OUTBREAKS

2.1  Edwardsiella piscicida

Edwardsiella piscicida is the etiologic agent of acute to chronic edwardsiellosis in
fish and other species (Evans JJ et al., 2011). It is a Gram-negative facultative anaerobe
that is motile by peritrichous flagella. Edwardsiellosis is an important fish disease that
negatively impacts aquaculture industries throughout the world (Park et al., 2012).
Moreover, E. piscicida can cause disease in humans, where it is typically associated with
gastrointestinal infections that may progress to hemorrhagic septicemia (Lv et al., 2013).
Historically, E. piscicida causes a sporadic disease in channel catfish (Ictalurus
punctatus) called emphysematous putrefactive disease, which may begin as small
punctate cutaneous erosions that progress to abscesses deep within the musculature
(Evans JJ et al., 2011). However, E. piscicida is being increasingly isolated from large
outbreaks of gastrointestinal septicemia in commercial channel catfish operations. E.
piscicida isolate C07-087 is from an outbreak of gastrointestinal septicemia in a

commercial catfish pond in Mississippi.
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2.2 Aeromonas hydrophila

Aeromonas species are Gram-negative facultative anaerobes that are ubiquitous in
aquatic environments and cause infections in several host species, including humans,
invertebrates, reptiles, and amphibians (Chao et al., 2013; Huys et al., 2003; Noonin et
al., 2010; Orozova et al., 2012; Saejung et al., 2011). In particular, many of the
Aeromonas species are pathogenic to fish, causing septicemia in carp, tilapia, perch,
salmon, catfish, and other species (Janda et al., 2010). In channel catfish aquaculture,
Aeromonas hydrophila is historically considered an opportunistic pathogen. However,
since 2009 a clonal group of virulent A. hydrophila (vAh) isolates have been causing
large-scale disease outbreaks in Alabama and Mississippi (Griffin et al., 2013). Strain
ML09-119 is an isolate from a disease outbreak on a commercial catfish farm, and it is
representative of this clonal group. We reported the complete genome sequence of A.
hydrophila ML09-119 (Tekedar et al., 2013). For comparative purposes, we next reported
the complete genome sequence of A. hydrophila AL06-06 (Tekedar et al., 2015), which
was isolated from a diseased goldfish in 2006 from the Auburn University Southeastern
Cooperative Fish Disease Laboratory in Greensboro, Alabama. We subsequently reported
the draft genome sequence of strain TN97-08, which was isolated in 1997 from diseased
bluegill (Lepomis macrochirus) (Tekedar et al., 2016a). We have also reported four draft
genomes of vVAh strains isolated from farm-raised catfish in 2009 and 2010 (strains
AL10-121, AL09-79, ML09-121, and ML09-122) (Tekedar et al., 2016b). Lastly, we
reported the draft genomes of three additional A. hydrophila genomes for comparison
purposes, one isolated from diseased catfish (strain Arkansas 2010) and two isolated from
diseased tilapia (strains AL97-91 and MN98-04) (Tekedar et al., 2017).
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Therefore, we have released one complete genome (strain ML09-119) (Tekedar,
Waldbieser, et al., 2013) and four draft genomes (strains AL10-121, AL09-79, ML09-
121, and ML09-122) that represent this clonal group of vAh affecting catfish (Tekedar et
al., 2016b). For comparison, we have also released one complete genome (strain ALO6-
06, goldfish isolate) (Tekedar et al., 2015) and four draft genomes (TN97-08, bluegill
isolate; Arkansas 2010, catfish isolate; and AL97-91 and MN98-04, tilapia isolates) of
strains representing various A. hydrophila clades (Tekedar et al., 2016a). Comparative
genomics of these strains will enable a better understanding of the variation in virulence

genes and antigenic structures of fish-pathogenic A. hydrophila.

2.3  Material and methods
2.3.1 Sequencing
2.3.1.1 Edwardsiella piscicida C07-087

To determine the circularized E. piscicida C07-087 genome sequence, genomic
DNA was shotgun sequenced using two different methods: Illumina genome analyzer I1x
(8,144,858 reads with 76x coverage) (Illumina, Inc., San Diego, CA) and 454 GS-FLX
Titanium platform (312,969 reads with 180x coverage) (Roche Applied Science,
Indianapolis, IN, USA). CLC Workbench 5.0.1 (CLC bio, Cambridge, MA) and
Sequencher 5.1 (Gene Codes Corporation, Ann Arbor, MI) were used to trim sequences,
and reads were de novo assembled using the CLC Workbench. Unscaffolded gaps were
amplified and sequenced by single-primer PCR (Karlyshev et al., 2000). rRNA gene

operons were amplified and sequenced to resolve misassemblies.
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23.1.2 Aeromonas hydrophila ML09-119

The genome sequence of Aeromonas hydrophila ML09-119 was completed using
a combination of lllumina Genome Analyzer 11x next-generation sequencing (a total of
4,077,018 reads with 104x coverage) (Hossain et al., 2013) and the 454 GS-FLX titanium
platform (a total of 96,601 reads with 308x coverage). Sequences from both platforms
were assessed for errors and trimmed for quality using CLC workbench 5.0.1 and
Sequencher 5.1 (Gene Codes Corporation). Assembly was performed by CLC workbench
5.0.1. Scaffolded gaps were closed by Sanger sequencing of PCR amplicons.
Unscaffolded gaps were closed by sequencing single-primer PCR amplicons (Karlyshev
et al., 2000). rRNA operons and other repeat regions were amplified and sequenced to

resolve misassemblies.

2.3.1.3 Aeromonas hydrophila AL06-06

The genome of A. hydrophila AL06-06 was fully sequenced using an Illumina
Genome Analyzer 1Ix (a total of 6,629,874 reads with 150x coverage). Trimming, error
correction, contig creation, and quality control of sequence reads were conducted using
CLC Workbench 6.5.1 and Sequencher 5.2.3. De novo assembly was performed by CLC
Workbench 6.5.1. Scaffolded gaps were closed by Sanger sequencing of PCR amplicons.
For the unscaffolded gaps, single-primer PCR was used for amplification of sequence
templates (Karlyshev et al., 2000). Ribosomal operons and other repetitive regions were

amplified and completely resequenced to create a reliable assembly.
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23.14 Aeromonas hydrophila TN97-08

The A. hydrophila TN97-08 genome was sequenced using an Illumina Genome
Analyzer 11x (9,280,112 reads with 243x coverage). Adaptor trimming, contig creation,
and quality control of sequence reads were conducted using CLC Workbench 6.5.1 and
Sequencher 5.3. De novo assembly was performed by CLC Workbench 6.5.1. To reduce
contig numbers, some of the scaffolded gaps were closed by Sanger sequencing of PCR
amplicons. Additionally, some of the unscaffolded gaps were closed by single-primer

PCR (Karlyshev et al., 2000).

2.3.15 Aeromonas hydrophila AL10-121, AL09-79, ML09-121, ML09-122

A. hydrophila AL10-121, AL09-79, ML09-121, and ML09-122 genomes were
sequenced using an lllumina Genome Analyzer 11x. The total number of reads and fold
genome coverages were as follows: 8,107,077 reads with 224x coverage (AL10-121);
7,613,846 reads with 206x coverage (AL09-79); 7,094,460 reads with 192x coverage
(ML09-121); and 6,199,052 reads with 176x coverage (ML09-122). Adaptor trimming,
contig creation, and quality control of sequence reads were conducted using CLC
Workbench version 6.5.1 and Sequencher version 5.4. De novo assembly was performed

by CLC Workbench version 6.5.1.

2.3.1.6 Aeromonas hydrophila Arkansas 2010, AL97-91, MN98-04

A. hydrophila Arkansas 2010, AL97-91, and MN98-04 were sequenced using an
[llumina Genome Analyzer IIx (11,143,909 reads with 301x coverage, 6,018,377 reads

with 168x coverage, and 7,578,657 reads with 211x coverage, respectively). Read
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trimming, error correction, and contig creation were conducted using CLC Genomics

Workbench version 6.5.1 and Sequencher version 5.4.5.

2.3.2 Plasmid sequencing

Native plasmid DNA was isolated from the strains using QlIAprep Spin Miniprep
Kit (QIAGEN, Maryland, USA). Plasmids were separated on 1% agarose gel, and size of
the plasmids was estimated with concurrently run standards (Supercoiled DNA ladder,
New England Biolabs, Ipswitch, MA, USA). Isolated 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 acquired sequences from this service were assembled

by MGH CCIB NGS de novo assembler UltraCycler v1.0 (Seed and Wang Unpublished).

2.3.3 Genome annotation and relatedness

The circularized and completed genome of E. piscicida strain C07- 087 and A.
hydrophila strains were submitted to two different annotation pipelines. The NCBI
Prokaryotic Genome Automatic Annotation Pipeline (PGAAP) (Angiuoli et al., 2008)
was used for annotation and submission to GenBank, and Rapid Annotations using
Subsystems Technology (RAST) (Aziz et al., 2008) with the Glimmer option was used to
facilitate comparative analysis of the E. piscicida and A. hydrophila genomes.
Furthermore, publicly available complete and draft E. piscicida genomes (Table 2.1) and
A. hydrophila genomes (Table 2.2) were downloaded from NCBI, and average nucleotide
identities (ANI) were determined by EDGAR (Figures 2.1 and 2.3) (Goris et al., 2007;

Konstantinidis et al., 2006; Konstantinidis et al., 2005). BLAST Ring Image Generator
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(BRIG) (Alikhan et al., 2011) was used to compare E. piscicida and A. hydrophila

genomes (Figures 2.2 and 2.4). To accomplish this, nucleotide files were downloaded

from NCBI, and BRIG analysis was performed using default criteria: upper identity

threshold (%) 70, lower identity threshold (%) 50, and ring size 30; ring height and

weight were 2250 pixels.

Table 2.1 Features of Edwardsiella piscicida genomes used for analysis.
These strains are classified as E. tarda in NCBI, but ANI results show they are E.
piscicida.
Genome
. close Size
# Species Strain Locnatlo Source level/conti (Mb) GC Pla Accession Reference
g numbers % smi
d
(Abayneh,
1 E.tarda* ET883  Norway European eel 3.82967 59.60 PRINA259400  etal.,
Contig/167 2012)
1 (van Soest
2 E.tarda* FL6-60 USA  Striped bass Complete 57288 59.70 NC_017309 etal,
2011)
3 E.piscicida ETWAL Korea  Eelpondwater Cromosome 396904 5948 1 \u cphrgaan  N/A
4 Episcicida  JF1305 Japan  Olive Flounder ~ COMiO/72 371682 59.80 PRIDB1727 ;?gg(rﬁj)t
5 E.tarda* EIB202 China  Turbot Complete 380417 5967 1\ 13508 g\I’VZ"Z’B%g;
(Tekedar
6 E.piscicida  CO7-087 USA  Chamnel catfish  Complete 502704 5960 NC_020796 ctal.,
2013)
7 E.piscicida  ACC351 Europe  Turbot 3.84163 59.70 PRINA353909 (Buian et
al., 2017)
Scaffold
(Reichley
8 E. piscicida S11-285 USA Channel catfish NZ_CP016044 etal.,
P Complete ~ 3:92677 5959 S )
1
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24  Results
24.1 Edwardsiella piscicida

The E. piscicida genome consists of one circular chromosome with 3,857,040 bp
and 59.6% G+C content. PGAAP annotation predicted 3,525 genes coding for 3,405
proteins. tRNAscan-SE (Lagesen et al., 2007) and RNAmmer (Lowe et al., 1997)
predicted 95 tRNAs and 8 rRNA operons, respectively. Griffin et al. (Griffin et al., 2013)
showed that E. piscicida consists of two genetic subtypes, DNA groups | and Il. Based on
sequence comparison and G+C content, C07-087 is in DNA group Il. Two E. piscicida
genome sequences from DNA group 11 were previously reported: that of EIB202, which
was isolated from diseased turbot in China (Wang et al., 2009), and FL6-60, which was
isolated from catfish (Pressley et al., 2005). Plasmid preparations showed that E.
piscicida C07-087 does not carry any plasmids. However, strain C07-087 has 31,387 bp
in its chromosome that is identical to part of a 44,194-bp plasmid isolated from E.
piscicida FL6-60. Integration of this partial plasmid sequence into the E. piscicida strain

C07-087 chromosome was confirmed by PCR.

2.4.2 Aeromonas hydrophila

General features of the complete and draft A. hydrophila genomes (A. hydrophila
ML09-119, A. hydrophila AL09-79, A. hydrophila Arkansas 2010, A. hydrophila MLQ9-
122, A. hydrophila AL10-121, A. hydrophila ML09-121, A. hydrophila MN98-04, A.
hydrophila AL97-91, A. hydrophila AL06-06, and A. hydrophila TN97-08) are
summarized in Table 2. Results indicate that all the complete or draft vAh genomes are
quite similar in terms of genome size, G+C content, number of coding genes, and tRNA

number.
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Table 2.2

Features of Aeromonas hydrophila genomes used in this analysis

Species

Strain

Locatio
n

Source

Genome close
level/contig numbers

Size
(Mb)

GC
%

Accessio
Plasmid n

. hydrophila

Arkansas
2010

USA

Catfish

NZ

LYZH00000000.

1

4.97356

60.90

(Tekedar et
al., 2017)

. hydrophila

ML09-119

USA

Catfish

021290.1

NC

5.0245

60.80

(Tekedar
Waldbieser

etal., 2013)

. hydrophila

ML09-122

USA

Catfish

LRRY00000000.

4.96999

60.90

(Tekedar et
al., 2016b)

. hydrophila

ML09-121

USA

Catfish

LRRX00000000.

4.96594

60.90

(Tekedar et
al., 2016b

. hydrophila

AL10-121

USA

Catfish

LRRWO00000000

4.96991

60.90

(Tekedar et
al., 2016b

. hydrophila

TN-97-08

USA

Bluegill

LNUR00000000.

5.08731

60.80

(Tekedar et
al., 2016a)

. hydrophila

AL09-79

USA

Catfish

LRRV00000000.

NZ
1
NZ
1
NZ
A
NZ
1
NZ
1

4.96786

60.90

(Tekedar et
al., 2016b

. hydrophila

AL06-06

USA

Goldfish

NZ

CP010947.1

4.90139

61.37

3 (Tekedar et
al., 2015)

. hydrophila

AL97-91

USA

Tilapia

NZ

NZ_CM004591.1

4.83027

61.19

1 (Tekedar et
al., 2017

10

. hydrophila

MN98-04

USA

Tilapia

NZ

NZ_CM004592.1

4.88294

61.10

1 (Tekedar et
al., 2017)

The final closed-circle version of the A. hydrophila ML09-119 genome sequence

was submitted to PGAAP (Angiuoli et al., 2008) for annotation, followed by submission

to GenBank. The total A. hydrophila genome comprises 5,024,500 bp with 60.8% GC

content. It contains 4,577 predicted genes, of which 4,434 are protein-coding sequences.

A total of 112 tRNAs and 10 rRNA operons were predicted by using tRNAscan-SE

(Lowe et al., 1997) and RNAmmer 1.2 (Lagesen et al., 2007), respectively. The ML09-

119 reads were assembled against the A. hydrophila ATCC 7966 T genome

(NC_008570.1) in CLC workbench 5.0.1 to identify contiguous regions of the ML09-119

genome that are not present in the ATCC 7966T genome. Functional analysis of
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predicted open reading frames (ORFs) in these unique contigs indicated that strain
ML09-119 has a complete inositol utilization pathway that is not present in ATCC
7966T. More than 20 unique prophage-linked ORFs and several transposons were
identified, and several putative virulence loci appear to be linked to prophage elements.
Relative to strain ATCC 7966T, ML09-119 contains a unique 33-kb O polysaccharide
biosynthesis gene cluster with 29 total predicted ORFs. Twenty-four of these do not have
any similarity to ATCC 7966T genes. Thus, it appears that ML09-119 has a different O
antigen serotype than ATCC 7966T. In summary, the A. hydrophila ML09-119 genome
encodes putative proteins suggesting that it has unique biochemical and serological
features relative to strain ATCC 7966T.

The complete genome of A. hydrophila AL06-06 comprises 4,884,823 bp with
61.3% G+C content. It contains 4,453 predicted genes, of which 4,235 are protein coding.
A total of 112 tRNAs and 10 rRNA operons were predicted by PGAAP. The A.
hydrophila AL06-06 genome was also annotated by RAST (Overbeek et al., 2014) to
facilitate comparison with the A. hydrophila ML09- 119 genome. Based on functional
comparative results, A. hydrophila AL06-06 encodes 81 unique proteins including arsenic
resistance proteins, heme and hemin uptake-utilization systems, some membrane
transport proteins for type | and type V secretion systems, transposable elements, and
nitrogen metabolism proteins. In particular, strain AL06-06 has a specific arsenic
resistance mechanism that is missing in the A. hydrophila ML09-119 genome. Due to its
ubiquitous distribution in the environment, A. hydrophila is prone to arsenic exposure
(Goswami et al., 2011). The A. hydrophila AL06-06 genome also has three plasmids
compared to strain ML09-119, which does not carry any plasmids.
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The draft genome of A. hydrophila TN97-08 is composed of 16 contigs and
5,087,310 bp. It contains 4,602 predicted genes, of which 4,445 are protein coding genes.
The annotated A. hydrophila TN97-08 genome was compared against the genomes of A.
hydrophila ML09-119 and AL06-06. The results indicated that A. hydrophila TN97-08
has 100 and 74 unique proteins compared to strains ML09-119 and AL06-06,
respectively. One of the unique features identified is a type VI secretion system, which is
considered a virulence factor involved in the translocation of potential effector proteins
into host cells (Bingle et al., 2008). Other unique elements include multidrug resistance
efflux pumps, cobalt zinc cadmium resistance, stress response proteins, phage and
prophage elements, and toxin-antitoxin replicon stabilization system proteins. In contrast
to the AL06-06 genome, TN97-08 does not carry any plasmids. The estimated average
nucleotide identity (ANI) (http://enve-omics.ce.gatech.edu/ani/) between the strain TN97-
08 genome and the strain ML09-199 genome was 96.61%, and ANI was 96.72% between
TN97-08 and AL06-06 (Goris et al., 2007).

The ANI between each of the four draft vAh genomes and the complete genome
of vAh strain ML09-119 was 99.99% (Goris et al., 2007). By comparison, the ANI
between A. hydrophila strain AL06-06 and the four vAh draft genomes was 96.6%.
Functional comparison of the annotated vAh draft genomes against A. hydrophila ML09-
119 showed that the vAh strains share the same functional elements except a few
metabolic genes in glycine and serine utilization as well as cysteine, biotin, and
molybdenum biosynthesis. On the other hand, the vAh strains all encode several
pathways that are missing in other A. hydrophila strains such as AL06-06. For example,
VAN strains carry an inositol catabolism pathway, phage elements, and an RTX toxin
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cluster that are missing in A. hydrophila strain AL06-06. In contrast to the AL06-06
genome, none of the vAh strain genomes carry plasmid.

The draft genomes from Arkansas 2010, AL97-91, and MN98-04 and their
plasmids were submitted to the NCBI Prokaryotic Genome Annotation Pipeline (PGAP)
(Angiuoli et al., 2008) for annotation. The draft genomes were submitted to the (RAST)
server for additional annotation and analyses (Aziz et al., 2008; Overbeek et al., 2014).
The ANI mean against the genomes of previously sequenced strains ML09-119 and
AL06-06 were calculated using EDGAR (Blom et al., 2009). Interestingly, the ANI mean
between the genomes of strain Arkansas 2010 and vAh strain ML09-119 indicate that
Arkansas 2010 is a member of the vAh clonal group. Strain Arkansas 2010 resulted from
VAh-infected fish being transported from Alabama to Arkansas. Compared to previously
published A. hydrophila genomes (Tekedar et al., 2015; Tekedar et al., 2013), the
genomes of strains Arkansas 2010, AL97-91, and MN98-04 carry toxin-antitoxin
replicon stabilization system components. Additionally, the AL97-91 and MN98-04

genomes are unique in that these strains are capable of utilizing taurine.

25 Discussion

In the current study, we applied genome sequencing to two different bacterial
pathogens affecting U.S. aquaculture to accelerate research on their pathogenic
mechanisms. Edwardsiella was identified in 1965 as a new genus in the
Enterobacteriaceae (Ewing et al., 1965). Three Edwardsiella species have since been
added to this genus: Edwardsiella tarda in 1973 (Meyer et al., 1973), Edwardsiella
hoshinae in 1980 (Grimont et al., 1980), and Edwardsiella ictaluri in 1981 (Hawke et al.,

1981). We originally reported E. piscicida C07-087 as E. tarda, but recently two new
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Edwardsiella species were defined, Edwardsiella anguillarum (Shao et al., 2015) and
Edwardsiella piscicida (Abayneh et al., 2013). This clarification allowed us to clearly
place strain CO7-087 in the correct taxonomic designation of E. piscicida.

We evaluated the relatedness of all the available Edwardsiella tarda and piscicida
genomes (Table 1) by applying ANI, which has become the preferred tool to estimate
genome differences (Kim et al., 2014). Strains ET883, FL6-60, and EIB202, although
classified as E. tarda in NCBI, are actually E. piscicida based on ANI values over 99%
(strains with >95% ANI are classified as the same species); thus, we labeled these strains
as E. piscicida in Figures 2.1 and 2.2 It is interesting that these E. piscicida strains share
high sequence identity, yet they are from diverse host species and geographic regions.
These findings suggest ANI calculation is a reliable method to classify bacterial

genomes.
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Figure 2.1  Average nucleotide identities (ANI) for E. piscicida genomes (analysis
conducted on 9/13/2017).
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E. piscicida EIB202
E. piscicida ET883
E. piscicida ETW41
E. piscicida FL6-60

E. piscicida JF1305

l E. piscicida $11-285

Figure 2.2  Sequence identity of E. piscicida genomes using E. piscicida C07-87 as the
reference.

Image was created using the BLAST Ring Image Generator (BRIG). Each ring represents
a query genome, and each genome is colored to indicate the presence of orthologous
proteins to the reference genome (Edwardsiella piscicida C07-087). The order of rings
from inner to outer is as follows: G+C content, G+C skew, E. piscicida ACC35.1, E.
piscicida EIB202, E. piscicida ET883, E. piscicida ETW41, E. piscicida FL6-60, E.
piscicida JF1305, and E. piscicida S11-285.

The fully sequenced circular E. piscicida C07-087 genome has unique features
relative to previously sequenced E. piscicida genomes and will be useful for helping to
delineate the pathogenesis of gastrointestinal septicemia caused by E. piscicida in
channel catfish. Using BRIG analysis to compare it to other E. piscicida genomes, the

majority of genome regions unique to E. piscicida C07-087 encode mobile elements.
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Since 2009, vAh has been affecting the U.S. catfish aquaculture industry.

However, the pathogenic mechanisms of this clade that cause increased virulence are

largely unknown. To accelerate pathogenesis research on vAh, we conducted genome

sequencing of 10 A. hydrophila strains (6 vAh strains and 4 A. hydrophila strains from

other fish species). It was previously reported that many Aeromonas species were

taxonomically labeled incorrectly in NCBI, and it was recommend to use ANI for

determining taxonomic affiliations (Beaz-Hidalgo et al., 2015). Therefore, we determined

ANI of our 10 genomes, and results showed that all of them are A. hydrophila (Figure

2.3). ANl also clearly showed that vAh isolates share very high sequence identity (Figure

2.3), while the other A. hydrophila genomes are more distantly related to this clonal

group.

Figure 2.3
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BRIG analysis of strain ML09-119 compared to the other A. hydrophila strains
show that vAh strains have several unique genomic regions (Figure 2.4), suggesting that
lateral gene transfer contributed to the virulent phenotype of vAh (Hossain et al., 2013).
It has been reported that an Asian clonal group of virulent A. hydrophila was introduced
to the U.S. catfish aquaculture industry and may be the source of vAh in the U.S.

(Hossain et al., 2014).

A. hydrophila AL0O9-79

A. hydrophila Arkansas 2010
A. hydrophila ML09-122
MLO91119 il - A. hydrophila AL10-121
5024500 bp

A. hydrophila ML09-121

A. hydrophila MN98-04

A. hydrophila AL97-91

A. hydrophila AL0O6-06

A. hydrophila TN97-08

Figure 2.4 Sequence identity of A. hydrophila genomes using A. hydrophila ML09-
119 as the reference.

Image was created using the BLAST Ring Image Generator (BRIG). Each ring represents
a query genome, and each genome is colored to indicate the presence of orthologous
proteins to the reference genome (A. hydrophila ML09-119). The order of rings from
inner to outer is as follows: G+C content, G+C skew, A. hydrophila AL09-79, A.
hydrophila Arkansas 2010, A. hydrophila ML09-122, A. hydrophila AL10-121, A.
hydrophila ML09-121, A. hydrophila MN98-04, A. hydrophila AL97-91, A. hydrophila
AL06-06, A. hydrophila TN97-08.
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In summary, the complete and draft genomes of E. piscicida, vAh strains, and
other strains of A. hydrophila will contribute to our knowledge of virulence and
environmental adaptations in these important fish pathogens. Our findings are also useful
for comparison between fish- and human-pathogenic A. hydrophila and E. tarda strains.
We expect that unique characteristics uncovered in the genomes of vAh and E. piscicida

will enable us to develop new control strategies to prevent these diseases impacting U.S.

aquaculture.
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CHAPTER IlI

COMPLETE GENOME SEQUENCING AND COMPARATIVE GENOMICS OF THE
FISH PATHOGENS EDWARDSIELLA ICTALURI 93-146 AND EDWARDSIELLA

PISCICIDA C07-087

3.1 Abstract

Edwardsiella ictaluri and Edwardsiella piscicida are important fish pathogens
affecting cultured and wild fish worldwide. To investigate the molecular mechanisms of
each species, we sequenced the E. ictaluri 93-146 and E. piscicida C07-087 genomes and
compared them to other available Edwardsiella species. Average Nucleotide Identity and
core genome phylogenetic tree analyses indicated that the five Edwardsiella species
separated from each other clearly. Pan-Core genome analysis showed that Edwardsiella
genus members have 9,436 genes in their pan-genome while the core genome consists of
1,426 genes. Orthology clusters analysis showed that E. ictaluri and E. piscicida genomes
have the most shared clusters. However, E. ictaluri and E. piscicida also have unique
features; for example, the E. ictaluri genome encodes urease enzymes and cytochrome o
ubiquinol oxidase subunits, whereas E. piscicida genomes encode tetrathionate reductase
operons, capsular polysaccharide synthesis enzymes, and vibrioferrin related genes.

Additionally, we report for the first time that E. ictaluri 93-146 and three other E. ictaluri
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genomes encode a Type IV secretion system (T4SS), whereas none of the E. piscicida
genomes encode this system. Additionally, the E. piscicida CO7-087 genome encodes two
different Type VI secretion systems (T6SS). E. ictaluri genomes tend to encode more
insertion elements, phage regions, and genomic islands than E. piscicida. We speculate
that the T4SS could contribute to the increased number of mobilome elements in E.
ictaluri compared to E. piscicida. Two of the E. piscicida genomes encode full CRISPR-
Cas regions, whereas none of the E. ictaluri genomes encode Cas proteins. Overall,
comparison of the E. ictaluri and E. piscicida genomes can provide new insights on

pathogenicity and host adaptation of the two species.

3.2 Introduction

The genus Edwardsiella is classified in the Enterobacteriaceae family and
contains several species that are facultative intracellular pathogens (Ewing et al., 1965).
E. ictaluri is a primary bacterial pathogen that was originally identified as the causative
agent of enteric septicemia of catfish (ESC) in channel catfish in the U.S. (Hawke et al.,
1981). It is known to infect a broad range of other freshwater fish species in North
America and Asia (Crumlish et al., 2002; Hawke et al., 2013; J. Y. Liu et al., 2010;
Plumb et al., 1983; Sakai et al., 2008; Soto et al., 2012; Yuasa et al., 2003). E. ictaluri
isolates from catfish, zebrafish, and tilapia have distinct genotypes and plasmid profiles
(Griffin et al., 2016). Comparison of U.S. and Vietnamese catfish isolates revealed no
detectable genetic difference, but they had distinct plasmid profiles (Rogge et al., 2013).
E. piscicida has been recently identified and genetically characterized as a new species. It
was previously classified as E. tarda based on phenotypic and biochemical tests, but

genetically it is distinguishable from E. tarda strains (Abayneh et al., 2013). E. piscicida
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has been isolated from diseased catfish, whitefish, sea bream, and bass in North America
and Europe (Fogelson et al., 2016; Griffin et al., 2014; Katharios et al., 2015; Shafiei et
al., 2016).

E. ictaluri survives in pond water and sediment under variable environmental
conditions (Plumb et al., 1986). It can actively invade healthy fish through multiple
routes of entry and establish either acute or chronic infection (Baldwin et al., 1993;
Morrison et al., 1994; Nusbaum et al., 1996). E. ictaluri can evade innate immune
mechanisms (Miyazaki et al., 1985; Shoemaker et al., 1997) and replicate inside
professional phagocytic cells (Booth et al., 2006) despite triggering oxidative and
nitrosative response (Chen et al., 1991; Yao et al., 2014; Yeh et al., 2013). Type Il
secretion system (T3SS) and type VI secretion system (T6SS) transfer effector proteins
directly into host cells to manipulate host cell function and enable intracellular replication
(Nakamura et al., 2013; Zheng et al., 2007). The pathogenesis of E. piscicida is not well
known, but clinical signs of the disease it causes and its virulence factors are similar to E.
ictaluri. To understand the pathogenic properties of these two aquaculture pathogens, our
research group sequenced the E. ictaluri 93-146 (Williams et al., 2012) and E. piscicida
C07-87 (Tekedar et al., 2013) genomes. Here we report a comparison of these two
genomes to identify unique and shared features, as well as a broader analysis of these two
species compared to other species in the Edwardsiella genus.

Based on average nucleotide identity (ANI) and core genome phylogenetic
analysis, E. ictaluri and E. piscicida are more closely related to each other than E.
hoshinae and E. tarda. The two species have some unique features. E. ictaluri genomes
contain urease production operons and encode cytochrome o ubiquinol oxidase subunits,
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whereas E. piscicida genomes encode tetrathionate reductase operons, capsular
polysaccharide synthesis enzymes, and vibrioferrin related genes. E. piscicida C07-087
encodes two different T6SSs (T6SS-type | subtype i4b and T6SS-type | subtype i2),
whereas E. ictaluri 93-146 genomes encode T4SS-typeG. E. ictaluri contains more
mobilome elements than E. piscicida, which could be explained by the presence of a
T4SS. In summary, this analysis provides valuable information about unique and shared

features of two important pathogens in the Edwardsiella genus.

3.3 Material and Methods
3.3.1 Bacterial strains and Edwardsiella genomes

E. ictaluri 93-146 was isolated from a natural outbreak in Louisiana in 1993, and
E. piscicida C07-87 was isolated from catfish with gastrointestinal septicemia in a
commercial aquaculture pond in Mississippi. For comparative genomics, all the available
genomes in the Edwardsiella genus were obtained from NCBI (as of 07/28/2017), which

are listed in Table 1.

Table 3.1 Edwardsiella genomes used in the comparative genomic analyses.

Genome Size GC PI

# Species Strain Location Source close . (Mb) % as Accession Reference
level/contig mi
numbers d
. . Western S (Reichley et
1 E.ictaluri RUSVM-1 Hemisphere Nile Tilapia Complete NZ_CP020466 al., 2017)
3.63064 57.40
. . ) ] (R. Wang et
2 E.ictaluri LADL11-100 USA Zebrafish Scaffold 3.70126 57.40 1 PRINA285663 al., 2015)
. . ) ] (R. Wang et
3 E.ictaluri LADL11-194 USA Zebrafish Scaffold 3.70614 57.40 2 PRINA285852 al., 2015)
. . Channel (van Soest
4 E.ictaluri ATCC 33202 USA catfish Contig/117 3.70369 57.60 PRINA66365 etal., 2011)
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Table 3.1 (continued)

. . Channel (Williams
5 E.ctaluri  93-146 USA o Complete 38123 5740 NC 012779 G
Lo Red Sea (Oguro et
6 E.piscicida RSB1309 Japan Bream Contig/38 3.83865 59.30 PRJDB1727 al., 2014)
7 E.sp. EA181011 Israel White 3.93417 59.10 NZ_CPo11364 (ReiChley et
grouper Complete — ——— al,2015)
8 E.sp. LADLO5-105 USA Tilapia 4.14204 58.80 NZ_CPo11516 (Reichley et
DELERL0 41, 2015)
Complete
9 E ET080813  China Japanese 432965 58.37 NZ_cpooseea (Shaoetal.
anguillarum eel Complete ' ' 2 —————— 2015)
E. . European Draft NZ_JACP0100 (Shaoetal.,
10 anguillarym ETO81126R  China cel 102 contig 23812 58.50 0006 2015)
E. . Contig/121 NZ_JABY010 (Shaoetal.,
11 anguillarum ET070829 China Marbled eel 4.28636 58.40 00001 2015)
E. . Contig/115 NZ_JABS0100 (Shao et al.,
12 anguillarum ET080729 China Marbled eel 4.15319 58.40 0002 2015)
13 E.tarda ET883 Norway eEeuerpea” 3.82967 59.60 PRINA259400 a(lAbz"’(‘)ylnze)h et
Contig/167 "
14 Etarda  FL6-60 USA Striped bass  COMPIE®® 37088 5970 1 NC 017309 e(t";“ Sz‘éelslt)
15 E.piscicida ETWA41 Korea \'IEVZ'tErO”d Chromosome 5 96004 5948 1 Nz CP019440 N/A
. Olive Contig/72 (Oguro et
16 E.piscicida JF1305 Japan Flounder 3.71682 59.80 PRJDB1727 al., 2014)
17 E.tarda  EIB202 China  Turbot Complete 380417 59.67 1 NC_013508 ;IQ'Z%‘S"‘;‘)Q et
18 E.piscicida C07-087  USA Channel Complete 5 85704 59,60 NC_020796  (Tekedaret
catfish al., 2013)
L (Bujan et
19 E.piscicida ACC351  Europe  Turbot Seaffolg 384163 59.70 PRINA353909 "0
1
L Channel (Reichley et
20 E.piscicida S11-285 USA catfioh 3.92677 59.59 NZ_CPO16044 "0 1S
Complete
21 E.hoshinae ATCC 33379 France  |cmale 3.70661 56.80 PRIDB22g  (Crimontet
puffin . al., 1980)
Contig/110
22 E.hoshinae ATCC 35051 USA Monitor 3.81165 56.90 NZ_cPoi6oa3 (Reichley et
lizard al., 2017)
Complete
23 E.tarda ASE201307  China Swampeel  Scaffold 368479 57.10 PRINA329181 N/A
NBRC Human Contig/34 (Ewing et
24 E.tarda 105688 USA fonos 3.61038 57.30 PRIDB22T ™ol
25 E.tarda  ATCC 23685 USA Human Scaffold 374457 s56.80 PRINA28661 (TWiNg et
feces al., 1965)
Human (Ewing et
26 E.tarda ATCC 15947 USA foos Contigrza7 369469 57.10 PRINA398O7 ™70kl
27 E.tarda  FL95-01  USA Channel 36207 57.40 NZ_cPo11359 (Reichley et
catfish c al., 2015)
omplete
28 E.tarda DT China  Oscarfish ~ COMIY83 375058 5700 PRINA66369 ;IYaz%glg
Unknown (Bujan et
29 E.tarda NCIMB2034 USA fon Contigz1 376083 57.20 PRINA357015 *901
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3.3.2 Sequencing, assembly, and annotation

To determine the circularized genome sequences of E. ictaluri 93-146 and E.
piscicida C07-87, high-throughput shotgun sequencing was used, which was followed by
assembly and annotation as described (Tekedar et al., 2013; Williams et al., 2012). For all
the evaluated genomes in this study, annotation and gene prediction were conducted by
RAST (Rapid Annotation using Subsystem Technology) (Overbeek et al., 2014) and

PGAP (Prokaryotic Genome Annotation Pipeline) (Tatusova et al., 2016).

3.3.3 ANI calculation

Average nucleotide identity (ANI) values (Konstantinidis et al., 2005) were
calculated based on BLASTN results as described (Goris et al., 2007) using EDGAR

(Blom et al., 2016) and JSpecies (Richter et al., 2009).

3.34 Phylogenetic tree creation

Phylogenetic distances were calculated based on the complete core genome
derived from 29 Edwardsiella genomes with two Escherichia genomes as outgroups. All
orthologous gene sets of the core genome were individually aligned using MUSCLE
(Edgar, 2004), the resulting alignments were concatenated, and phylogenetic distances
were calculated using the neighbor-joining method in PHYLIP (Felsenstein, 1989). Tree

topology was validated using 500 bootstrapping iterations.

3.35 Pan-Core genome analysis

Core- and pan-genome analyses were performed using EDGAR 2.0. EDGAR is
based on a generic orthology criterion, which in turn is based on BLAST score ratio

values (SRV). In SRV, BLAST scores are normalized in relation to the best hit possible,
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which is the BLAST result of a query gene against itself. Based on the distribution of
SRVs in the dataset, a cutoff is estimated as described (Blom et al., 2016). In the current
study, orthologs were defined as genes with a reciprocal best BLAST hit and with both

single hits having a SRV above 31%.

3.3.6 Singleton analysis

Singleton genes were identified with EDGAR 2.0. In contrast to the core and pan-
genome calculation, the singleton calculation is not based on reciprocal best BLAST hits,
but on a stricter definition. Only genes that show no BLAST hits with a SRV >31%
against any other analyzed genome are identified as singleton genes. Identified singleton
elements were downloaded and searched against the microbial virulence database

(MVirDB) as described below.

3.3.7 Orthologous gene clusters analysis

Genome-wide analysis of orthologous clusters was calculated for only complete
E. ictaluri and E. piscicida genome sequences using OrthoVenn (Y. Wang et al., 2015).
With this tool, genome wide comparisons and visualization of orthologous clusters from
complete Edwardsiella genomes were created and visualized using the following
parameters: E-value, 1e-5; and inflation value, 1.5. Protein files for each genome were
downloaded from NCBI and uploaded to OrthoVenn
(http://www.bioinfogenome.net/OrthoVenn/) for identification of orthologous clusters.
For accuracy, only complete genomes were used in this analysis. We performed four
different analyses using only complete, circular genomes. First, E. ictaluri 93-146

genome was compared against E. ictaluri RUSVM-1. Second, E. piscicida C07-087 and
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other complete E. piscicida genomes (strains S11-285, EIB202, and FL6-60) were

compared. Third, E. ictaluri 93-146 genome was compared against E. piscicida C07-087.
Finally, 6 Edwardsiella genomes were compared against each other: 2 E. ictaluri (strains
93-146 and RUSVM-1) and 4 E. piscicida (strains C07-087, S11-285, EIB202, and FL6-

60) genomes.

3.3.8 Genome structure variation

Homologous genes in the E. ictaluri (strains 93-146, LADL11-100, LADL11-
194, ATCC33202, and RUSVM-1), E. piscicida (strains C07-087, ACC35.1 ETW41,
JF1305, and S11-285), and E. tarda (strains EIB202, ET883, and FL6-60) genomes were
identified using comparative tools in RAST (Overbeek et al., 2014) to allow for potential

genome-to-genome annotation.

3.3.9 Protein Secretion Systems

To detect secretion systems and their components in the evaluated E. ictaluri and
E. piscicida genomes, bacterial Type I, Il, I11, IV, V, and VI secretion system proteins
were identified by uploading protein sequences to MacSyDB/TXSSdb (Abby et al., 2016;
Abby et al., 2012; Guglielmini et al., 2014). In addition to MacSyDB/TXSSdb, SecRet6
was used to confirm T6SS proteins (Li et al., 2015). A bacterial type IV secretion system
resource, SecRet4, was used to confirm identified elements from this secretion system (Bi

etal., 2013).
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3.3.10 Insertion elements

Issaga was used to identify individual insertion sequences in each E. ictaluri and
E. piscicida genome (Varani et al., 2011). After identification, results were filtered by

removing false predicted elements from the final list.

3.3.11 Genomic Islands (GI)

IslandViewer 4 was used to identify genomic islands in the E. ictaluri and E.
piscicida genomes (Bertelli et al., 2017). Some of the Edwardsiella genus members were
pre-analyzed in IslandViewer. For the unanalyzed genomes, their GBK files were
downloaded from the RAST annotation server, and E. ictaluri 93-146 and E. piscicida
CO07-087 genomes were used as a reference. In this tool, four different island prediction
methods were used, and they are shown in different colors: IslandPick (Green), SIGI-
HMM (Orange), IslandPath-DIMOB (Blue), and Islander (Cyan). In addition, red color
represents identified genomic islands that were predicted by at least one method. For
unfinished genomes, contig boundaries are shown with zigzag marks. Also, a virulence-
associated genes identification search was implemented. The identified genomic islands
(based on integrated results in IslandViewer 4) were downloaded and searched against
MvirDB as described below to assess the potential role of genomic islands in bacterial

virulence.

3.3.12 Prophages

PHASTER (PHAge Search Tool Enhanced Release) was used to identify
prophages in the E. ictaluri and E. piscicida genomes (Arndt et al., 2016). Some of the

genomes were pre-computed in the PHASTER database, and some were not. For those
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with pre-computed genomes, nucleotide files were concatenated to serve as input files
and submitted for phage elements identification in the E. ictaluri and E. piscicida

genomes. Depending on the result from PHAST, identified phage regions were placed
into three categories: 1) if the identified region’s score was >90, these were considered
intact phage regions; if it was between 70-90, it was considered questionable; and if it

was <70, it was classified as an incomplete phage region.

3.3.13  Integron identification

Presence of integron elements in the E. ictaluri and E. piscicida genomes was
investigated by IntegronFinder (Cury et al., 2016) following parameters were used based
on nucleotide sequences; threshold for clustering: 4000 bp; attC e-value:1; maximum

value for attC size:200; minimum value for attC size:40.

3.3.14 CRISPR and Cas elements analysis

To determine CRISPR-Cas systems and their elements in the Edwardsiella genus,
CRISPRfinder (Grissa et al., 2007) and MacSyFinder (Abby et al., 2014) were used. In
MacSyFinder, maximal e-value was set to 1.0, independent E-value was set to 0.001, and
minimal profile coverage parameters were set for Cas elements identification in the
Edwardsiella genus. Results were sorted into three categories: mandatory, accessory, and
forbidden. If the elements were ubiquitous and identifiable, they were considered
mandatory. Accessory components could be essential but not identifiable due to rapid
evolution or other reasons. If the evaluated element was partly homologous, the system

could identify it as a forbidden element.
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3.3.15 Virulence factors

Potential virulence factors of singleton elements and genomic islands in E.
ictaluri 93-146 and E. piscicida C07-087 genomes were assessed by searching them

against MVirDB, which was downloaded from http://mvirdb.lIinl.gov/ (Zhou et al., 2007).

Local BLAST was conducted with all the predicted proteins for all evaluated genomes
using CLC Genomics Workbench (Version 6.5). In this analysis, BLAST results were

considered significant when the E-value was <1 x 10,

34 Results
34.1 Genome Features

Genome summaries and features are listed in Table 1. Edwardsiella genomes
G+C content ranges from 56.8 to 59.80%. E. hoshinae genomes have the lowest G+C
content, whereas E. ictaluri genomes have approximately 57.4%, and E. piscicida
genomes have the highest G+C content (59.7%). Plasmids were present in E. hoshinae
strain ET080813, four E. piscicida genomes (strains FL6-60, ETW41, EIB202, and S11-

285), and two E. ictaluri genomes (strains LADL11-100 and LADL11-194).

3.4.2 ANI and phylogenetic analysis

ANI showed that all Edwardsiella species (E. ictaluri, E. piscicida, E.
anguillarum, E. hoshinae, and E. tarda) are distinctly different from each other (Figure
1). ANI results indicated that E. anguillarum and E. piscicida are the closest related
species in the genus, followed by E. ictaluri. E. tarda and E. hoshinae are more distantly
related to three other Edwardsiella species. Phylogenetic analysis based on the complete

core genome of 29 Edwardsiella genomes and 2 Escherichia coli genomes (strains 0157-
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http://mvirdb.llnl.gov/

H7 and CFTQ73; used as outliers) was conducted. Results showed that the five
Edwardsiella species formed a slightly conserved branch and were clearly distinguishable
from each other (Figure 2). Except for one branch in the E. tarda subclade [E. tarda
ATCC 23685-E. tarda strain NBRC 105688-E. tarda strain FL95 01] with only 57%

conservation, all branches showed at least 94% bootstrap support.

Figure 3.1  Average nucleotide identities (ANI) of Edwardsiella genomes.

Note that: All the strain names used in the ANI table are extracted from NCBI but should
be named properly. For instance, E. piscicida RSB1309, Edwardsiella sp. EA181011 and
LADLO05-105 should be reclassified as E. anguillarum species. Also, E. tarda strains
ET883, FL6-60, EIB202 should be reclassified under E. piscicida species.
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Edwardsiella anguiliarum ET070829
Edwardsiella anguillarum ET080813
Edwardsiella anguillarum ET080729
Edwardsiella anguillarum ET081126R - E anguillarum
Edwardsiella sp. LADL05-105
Edwardsiella piscicida RSB1309
Edwardsiella sp. EA181011
Edwardsiella piscicida S11-285
Edwardsiella piscicida ACC35.1
Edwardsiella piscicida C07-087
Edwardsiella tarda ET883
Edwardsiella piscicida ETW41
Edwardsiella tarda FL6-60
Edwardsiella tarda EIB202
Edwardsiella piscicida JF1305 _

Edwardsiella ictaluri LADL11-100

Edwardsiella ictaluri LADL11-194

Edwardsiella ictaluri 93-146 ~  Eictaluri

Edwardsiella ictaluri ATCC 33202

Edwardsiella ictaluri RUSVM-1 J

[ Edwardsiella hoshinae ATCC 33379 T E. hoshinae
Edwardsiella hoshinae ATCC 35051  _ :

Edwardsieila tarda ATCC 15947 -

Edwardsiella tarda ATCC 23685

Edwardsiella tarda NBRC 105688

Edwardsiella tarda FL95-01 —  Etarda
Edwardsiella tarda ASE201307

Edwardsiella tarda DT-NZ

Edwardsiella tarda NCIMB2034

—

—  E. piscicida

— Escherichia coli 0157 H7 strain Sakai
“— Escherichia coli CFT073

Figure 3.2  Phylogenetic tree of Edwardsiella genomes based on core genomes.
Note that the main Edwardsiella branch was manually shortened for improved

visualization.

3.4.3 Pan-Core genome analysis

Pan genome analysis of the 29 Edwardsiella strains identified a total of 9,436

genes. On the other hand, there were 1,426 genes identified in the core genome (Figure

3).
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PAN-CORE GENOME ANALYSIS OF EDWARDSIELLA GENUS MEMBERS
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Figure 3.3 Pan vs. Core Plot analysis of Edwardsiella genus members.

Note that, genomes are grouped and ordered by ANI result.

3.4.4 Singleton analysis

Using all 29 Edwardsiella genomes, the E. ictaluri 93-146 genome had 268
identified singletons, whereas the E. piscicida C07-087 genome had 47 singleton genes.
Four of these encode E. ictaluri 93-146 proteins (NTO1EI_2881, NTO1EI_2480,
NTO1EI_ 2479, and NTO1EI_1391) that had significant matches in MVirDB, whereas
only one of the proteins encoded by singletons in the E. piscicida genome

(ETAC_16540) had a significant match in MVirDB.

3.45 Orthology analysis

In our orthology analysis, we used four different combinations. In the first one,
we performed a comparison of proteins encoded by the E. ictaluri 93-146 and E. ictaluri

RUSVM-1 genomes. These two strains shared 2,774 clusters, and only 13 clusters

81

www.manaraa.com



(including insertion sequences, phage, putative glycosyltransferase, 2-dihydro-3-deoxy-
D-gluconate 5-dehydrogenase, and NADH oxidase elements) were unique to E. ictaluri
93-146. Four clusters (including prophage CP4-57 regulatory protein AlpA, type |
restriction enzyme EcoAl R, and anticodon nuclease) were unique to RUSVM-1 (Figure
4-A).

Second, we compared the E. piscicida strains with complete genomes and found
that the E. piscicida S11-285 genome encodes five unique clusters (including putative
lambdoid prophage e14 repressor protein C2, ornithine decarboxylase, and
antitermination protein Q homolog from lambdoid prophage Qin), which is more than the
E. piscicida C07-087, EIB202, and FL06-60 genomes. E. piscicida C07-087 had two
unique clusters (Figure 4-B).

Third, we evaluated orthologous clusters encoded by the E. ictaluri 93-146 and E.
piscicida C07-087 genomes and found that they share 2,708 orthologous clusters.
Specifically, the E. ictaluri 93-146 genome encodes 18 unique clusters (such as insertion
elements, transposons, and invasion IpaB proteins), whereas the E. piscicida C07-087
genome encodes 20 unique clusters (such as probable dipeptidase, platelet binding
protein GspB, sn-glycerol-3-phosphate-binding periplasmic protein UgpB, transcriptional
regulatory protein FixJ, and cellulose synthase catalytic subunits) (Figure 4-C).

Fourth, all the E. ictaluri strains (93-146 and RUSVM-1) and E. piscicida strains
(S11-285, C07-087, EIB202 and FL06-60) that were fully sequenced were evaluated.
They shared 2,495 clusters, and only two hypothetical proteins were uniquely encoded by
the E. piscicida C07-087 genome, whereas the E. ictaluri genome encoded only two
unique insertion element clusters (Figure 4-D).
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Figure 3.4  Putative functions of orthologs and unique clusters for the E. piscicida and
E. ictaluri genomes

3.4.6 Gene variation in the thirteen E. ictaluri and piscicida genomes

Evaluation of gene variation using all the sequenced E. ictaluri and E. piscicida
genomes (complete and draft) showed that the E. ictaluri genomes encode urease and

cytochrome o ubiquinol oxidase subunits. On the other hand, the E. piscicida genomes
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encode tetrathionate reductase, capsular polysaccharide synthesis enzymes, and

vibrioferrin related genes.

3.4.7 Secretion Systems

We evaluated all the secretion elements encoded in the E. ictaluri and E. piscicida
genomes. All of the evaluated E. ictaluri and E. piscicida genomes encoded T1SS, T3SS,
T5SS, and T6SS. Only the E. ictaluri 93-146, LADL11-100, LADL11-194, and ATCC
33202 genomes encoded T4SS-typeG (Figure 5-B; genes listed in Table 3). Intriguingly,
the E. ictaluri RUSVM-1 genome did not encode any of the T4SS. T6SS-type i subtype
i4b was encoded by all the E. ictaluri strains. Moreover, only the E. piscicida C07-087,
S11-285, and ACC35.1 genomes encoded two different T6SS; one is T6SS-type i subtype
i4b, and the other one is T6SS-type | subtype i2 (Figure 5-A). The other evaluated E.
piscicida genomes (strains ET883, FL6-60, ETWA41, JF1305, and EIB202) encoded only
T6SS-type | subtype i4b. Finally, E. piscicida strain EIB202 carried a plasmid that

encodes T4SS elements.
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Figure 3.5  A- T6SS Type-I subtype 14B and 12 in the E. ictaluri and E. piscicida
genomes B-T4SS in E. ictaluri 93-146.
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Table 3.2 Type Four Secretion System genes

# Protein Profile Gene Protein
Hypothetical protein, conjugative transfer region
1 tfc2 Core PilL protein
Hypothetical protein, integrating conjugative element
2 tfc3 HP protein, PFL_4693 family
3 virB1 virB1l Hypothetical protein, lytic transglycosylase
4 tfc5 HP Hypothetical protein
5 tdcp2 TraD Conjugative coupling factor TraD
Hypothetical protein, integrating conjugative element
6 tfc7 HP membrane protein, PFL_4697 family
7 tfc8 HP Conserved hypothetical protein, RAQPRD motif

Hypothetical protein, integrating conjugative element
8 tfc9 Pilin virB2-like  protein

9 tfc10 Pilin virB2-like  Integrating conjugative element membrane protein
Inner
10 tfcll  Scaffold virB3/TraL Hypothetical protein
Inner
11  tfcl2  Scaffold virB8/TraE Integrating conjugative element protein
12 tfcl3 Core TraK Hypothetical protein
Integrating conjugative element protein, Bacterial
13 tfcl4d Core TraB conjugation Trbl-like protein
14 tfcl5 Core TraV Conjugative transfer region lipoprotein
F pilus assembly Type-1V secretion system for
15 virB4 TraC plasmid transfer, TraC
16  tfcl7 HP Hypothetical protein, acetyltransferase
17 tfc24 Integrating conjugative element protein
18 tfc23 Integrating conjugative element protein
19  tfc22 Integrating conjugative element protein
Inner
20 tfcl8  Scaffold virB6/TraG Hypothetical protein
21 tfc19 virB6/TraG TraG_N
Tral_2_C, Conjugative transfer protein MobH,
22  MobH Tral relaxase
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3.4.8 Insertion sequences

Several insertion sequences were identified in the E. ictaluri and E. piscicida
genomes. 1S3 family members (1S407, IS51, and 1S3) were the only family encoded by
all the evaluated E. ictaluri and E. piscicida genomes. The E. ictaluri 93-146, LADL11-
100, ATCC 33202, and RUSVM-1 genomes encoded eleven different IS families,
whereas strain LADL11-194 lacked one insertion element from the ISAs1 family. Thus,
E. ictaluri genomes appeared to have relatively conserved insertion sequences. On the
other hand, E. piscicida genomes showed more variable insertion sequence elements.
Specifically, E. ictaluri genomes encoded more IS1, 1S427, 1S110, 1S256, and ISL3
elements than E. piscicida. 1S481 elements were unique to E. ictaluri, whereas 1550,
ISH8, 1S6, 1S21, 1S91, and Tn3 elements were unique to E. piscicida, but they were

encoded by only some of the E. piscicida genomes (Table 2).
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Insertion elements distribution in the E.

ictaluri and E. piscicida genomes.
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15427 800-1000 36|33 (313168 1 14 39
1S6 700-900 Conintegrate 711 37
1S21 1750-2600 39| 2 (23 31
1591 - 1500-2000 Rolling circle 3|2 27
1S110 1S1111 1200-1500 16(7]9(|16|19]2|3]|3[3]3 2 (3 25
1S200/1S605 f 1300-2000 318([3]3]5 22
Peeland paste
15200 600-750 1(1])1f1]1]1]1 1115 19
15256 1200-1500 Copy and paste 104| 23 (28 | 13 | 47 1(1]|2]|2 2|1 15
1S630 1000-1400 Cut and paste 27119 (2511 |22 5
1SAs1 1200-1500 1(1 (1)1 f1]1j1|1]1|1]1 3
I1SL3 1300-2300 30|13 (12|20 (20 213([3]3[2]3 2
Tn3 >3000 Cointegrate 3|1 1
3.4.9 Genomic islands

The evaluated E. ictaluri strains had more genomic islands (RUSVM-1, 35;

LADL11-100, 40; LADL11-194, 38; ATCC 33202, 39; and 93-146, 36) than E. piscicida

strains (ET883, 34; FL6-60, 23; ETWA41, 34, JF1305, 26; EIB202, 30; C07-087, 29;

ACC35.1, 28; and S11-285, 36) (Figure 6). E. ictaluri 93-146 had 431 genes in its

genomic islands, and 165 of them had significant BLAST matches with MVirDB. On the

other hand, the E. piscicida C07-087 genome had 292 genes in its genomic islands, and

88 of them had significant matches in MVirDB.
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Figure 3.6 Genomic islands in Edwardsiella genomes

A-Edwardsiella ictaluri 93-146 B-Edwardsiella piscicida C07-87

3.4.10 Phage sequences

E. ictaluri strains tended to have more prophages than E. piscicida strains. E.
ictaluri strains RUSVM-1 had 5 incomplete (In); LADL11-100 had 4 intact (I) and 2 In;
LADL11-194 had 4 1, 1 In, and 2 questionable (Q); ATCC 33202 had 31,1 Q, and 1 In;
93-146 had 3 I and 1 Q. E. piscicida strains ET883 had 3 1, 3 Q, and 1 In; FL6-60 had 1
In; pFL6-60 had 1 I; ETW41 had 2 I, 2 Q, and 2 In; JF1305 had 1 Q and 1 In; EIB202
had 2 Q and 1 I; C07-087 had 3 I; ACC35.1 had 3 1and 1 Q; and S11-285 had 1 I. G+C

content of E. ictaluri and E. piscicida phage regions varied between 42.25% to 56.93 %

and 46% to 59.82 %, respectively.

3.4.11 Integron identification
Integron identification analysis showed that there were no integrons in the E.
ictaluri genomes, and two E. piscicida strains (ETW41 and JF1305) encoded integrons.
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3.4.12 CRISPR (Clustered regularly interspaced short palindromic repeats) and
Cas elements

There are three major Cas systems (Type I, Type Il, and Type I11) with 10
different subtypes (Type I-Ato F, Type II-A and B, and Type IlI-A and B) (Abby et al.,
2014). The E. ictaluri and E. piscicida genomes had csm2 gene from Type I11-A and cas3
gene from Type I. Only E. piscicida ACC35.1 and S11-285 genomes encoded Type I-E
including casl, cse2, casb, cas3, cas6, csel, cas2, and cas7 genes. Often CRISPR regions
flank cas elements. Only E. piscicida ACC35.1 and S11-285 genomes had confirmed
CRISPR regions, whereas the rest of the E. piscicida genomes encoded only questionable
CRISPR regions. Furthermore, only E. ictaluri LADL11-100 and LADL11-194 encoded
questionable CRISPR elements, and rest of the E. ictaluri genomes did not carry any

CRISPR elements.

35 Discussion

The goal of our study was to compare two fish pathogens, E. ictaluri and E.
piscicida, by applying several different aspects of comparative genomics. We showed
how these two pathogens are genetically distinguishable as species compared to all the
available Edwardsiella genus members by using Pan-Core genome analysis, phylogenetic
analysis, and ANI. Moreover, secretion systems and mobilome elements for each of these
pathogens were evaluated. Additionally, orthology analysis of complete E. ictaluri and E.
piscicida genomes was conducted.

AN is the preferred digital tool for accurately estimating genome differences
(Kim et al., 2014). ANI showed that all the Edwardsiella genus members are clearly

separated from each other. Importantly, we discovered that some of the Edwardsiella
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genus members are not categorized properly according to ANI. Strains such as ET883,
FL6-60, and EIB202 were identified as E. tarda but should be classified as E. piscicida.
Therefore, ANI is an effective tool to accurately classify genomes and correct mis-
classifications. To be considered in the same species, ANI should typically be 95% or
more. When compared to each other, E. anguillarum and E. piscicida genomes had ANI
above 95%, making them the most closely related species in the genus. However, E.
anguillarum are clearly distinguishable based on ANI, and although they don’t strictly
meet the ANI cutoff as a separate species, it is useful to classify these strains as a separate
species based on host fish species affected.

Phylogenetic analysis based on the complete core genomes of 29 Edwardsiella
strains (with 2 Escherichia coli strains as outgroups) confirmed that the five Edwardsiella
species are clearly distinguishable from each other. Similar to ANI, the core genome
comparison indicated that E. anguillarum and E. piscicida are the most closely related,
and E. ictaluri is more closely related to these two species than E. hoshinae and E. tarda.
It is interesting that phenotypically E. tarda, E. piscicida, and E. anguillarum are difficult
to distinguish, and E. ictaluri is phenotypically distinct from these three species.
However, genetically E. ictaluri is clearly more closely related to E. piscicida and E.
anguillarum than E. tarda is.

Pan-core genome analysis is one of the main approaches to evaluate genomic
diversity. Analysis of all the available sequenced Edwardsiella strains (as of 7/30/2017)
revealed 9,436 genes in its pan-genome and 1,426 total genes in the core genome. Thus,
gene acquisition and gene loss have significantly contributed to Edwardsiella
diversification. In particular, E. ictaluri 93-146 has strong evidence of gene acquisition
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with 268 singleton proteins, which are proteins not having any orthologs in any other
genome in the analysis (Blom et al., 2009). By comparison, E. piscicida C07-087 has 47
singleton proteins in our analysis. These gene acquisitions do not appear to contribute
significantly to host adaptation, however; only four of the E. ictaluri singletons and one
E. piscicida singleton were identified as potential virulence proteins.

Although ANI indicated that E. piscicida and E. anguillarum are the closest
related Edwardsiella species, E. piscicida and E. ictaluri are the most functionally similar
species as revealed by orthology analysis. The six completely sequenced E. ictaluri and
E. piscicida strains had 2,495 orthologous clusters. Many of the cluster differences
between the two species were in the mobilome, suggesting that acquisition of mobile
elements has significantly contributed to species differentiation between E. ictaluri and
E. piscicida while functionally the two species have retained a high degree of similarity.

E. ictaluri had several unique features compared to the other Edwardsiella
species. In particular, the E. ictaluri genomes contained urease operons that are
homologous in structure to those in Yersinia enterocolitica 8081 (NC_008800). In
bacteria, the urease operon typically encodes a multimeric enzyme composed of three
different polypeptides. In E. ictaluri, ureA is a hypothetical fusion gene arising from ureA
and ureB genes found in other bacteria, while E. ictaluri ureB is analogous to ureC in
other species. Additionally, products of accessory genes are required for urease
activation, and proteins encoded by ureF, ureG, and ureD are involved in transporting
nickel ions and incorporating them into the active center of the urease apoenzyme
(Konieczna et al., 2012). Urease catalyzes the hydrolysis of urea to give ammonia and
carbon dioxide, thereby providing an important nitrogen source for many bacterial
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species, and the enzyme can contribute to virulence of several Gram-negative bacteria by
enhancing acid resistance (Mobley et al., 1995). The three E. ictaluri genomes encode
cytochrome o ubiquinol oxidase subunits, which is the predominant enzyme needed for
regulation of respiration associated with oxygen-rich growth conditions (Cotter et al.,
1990). The E. ictaluri strains do not encode tetrathionate reductase operons, capsular
polysaccharide synthesis enzymes, and vibrioferrin related genes that are present in the E.
piscicida genomes, the significance of which needs further work to clarify.

Secretion systems and their effector proteins contribute to the pathogenicity of
Edwardsiella genus members (Hou et al., 2017; Y. Liu et al., 2017; Zheng et al., 2007).
However, each Edwardsiella species has different types and subtypes of secretion
systems, revealing unique adaptations to specific environments. All of the evaluated E.
piscicida and E. ictaluri strains encode T1SS, T2SS, T3SS, T5SS, and T6SS.

Encoding T4SS or some of the components of this system can give bacteria a
significant advantage to adapt to environmental changes, mediate horizontal gene
transfer, and potentially spread antimicrobial resistance genes (Wallden et al., 2010).
Even though none of the evaluated E. piscicida genomes encode a complete T4SS, E.
piscicida EIB2002 carries a plasmid (pEIB202) that encodes some of the T4SS elements,
contributing to transfer of multi-drug resistance genes (Y. Liu et al., 2017). Some of the
currently available E. piscicida genomes are in draft form; therefore, they have not been
experimentally evaluated for carrying plasmids, and it is possible that other E. piscicida
strains carry plasmids with T4SS. By contrast, four of the five currently sequenced E.

ictaluri genomes encode T4SS (strain RUSVM). T4SS is known for translocating DNA
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from other species; therefore, this system may contribute to the relatively high number of
mobile elements in E. ictaluri compared to E. piscicida genomes.

Three types of T6SS have been described: type i, ii, and iii. Type i T6SS are sub-
grouped into six categories, i1, 12, 13, i4a, i4b and i5, based on the conservation of core
components (Barret et al., 2011; Barret et al., 2013; Russell et al., 2014). All of the
currently evaluated E. ictaluri and E. piscicida genomes encode T6SS type i subtype i4b,
but some E. piscicida strains (C07-087, S11-285, and ACC35.1) also encode a second
T6SS: type | subtype i2. E. piscicida strains ET883, FL6-60, ETW41, JF1305, and
EIB202 carry only T6SS-type | subtype i4b. Interestingly, Edwardsiella anguillarim
encodes two distinct T3SS and three T6SS (Shao et al., 2015). Thus, Edwardsiella
species vary considerably in T4SS and T6SS. Bacterial secretion systems are potential
targets for development of new anti-virulence drugs to reduce bacterial pathogenicity
(Baron et al., 2007). Therefore, further investigation of T4SS and different types of T6SS
in E. ictaluri and E. piscicida is warranted.

Mobile elements contribute to horizontal gene transfer, genome organization, and
plasticity (Varani et al., 2011). Three types of insertion sequences tend to be present in
both E. piscicida and E. ictaluri genomes: 1S407, 1S51, and I1S3. 1S6, 1S21, and 1S9l
families are present in E. piscicida genomes but not E. ictaluri. 1S256 is present in E.
ictaluri genomes; in Staphylococcus aureus, 1S256 contributes to transposon-mediated
antimicrobial resistance (Schreiber et al., 2013). In the panel of strains, we evaluated, E.
ictaluri genomes had higher number of insertion sequences than E. piscicida genomes
(Table 2). T4SS is one possible explanation because this system is responsible for DNA
and protein uptake. However, this would not explain strain RUSVM, which does not
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encode a complete or partial T4SS. In fact, the E. ictaluri RUSVM genome carries more
insertion elements than any other evaluated E. ictaluri genome, especially in the 1S256
and 1S3 families. In Aeromonas salmonicida, a large number of temperature-sensitive
insertion sequences appear to contribute to genomic stability of psychrophilic strains
(Vincent et al., 2016). It is interesting to speculate that the increased number of insertion
sequences in E. ictaluri, which grows at 30 °C but not 37 °C, relative to E. piscicida may
contribute to its genome stability.

Genomic islands contribute to acquiring virulence genes, antimicrobial resistance
genes, or genes that enable adaptation to a specific environment (Juhas et al., 2009).
Some E. tarda strains encode specific pathogenicity islands that are homologous to the
genomic islands of virulent Escherichia coli strains (Nakamura et al., 2013). In our
analysis, the evaluated E. ictaluri genomes encode slightly more genomic islands than the
E. piscicida genomes. Not surprisingly, a large number of the genes in these islands
encode putative virulence factors; of the 431 protein-coding genes in E. ictaluri 93-146
genomic islands, 165 had significant identity with known virulence genes. E. piscicida
C07-087 is similar; 88 of 292 protein-coding genes in genomic islands had significant
similarity to known virulence proteins. This included 11 hypothetical genes and 43
phage-related genes. Thus, it is likely that genomic islands in these two species contribute
significantly to pathogenesis of disease, and they warrant further investigation.

Due to the limited number of evaluated genomes for E. ictaluri and E. piscicida,
we may not be able to generalize, but it seems that E. ictaluri strains tend to carry more
phage regions. There are four prophages that integrated into the chromosome of E.
ictaluri 93-146, whereas E. piscicida C07-87 genome encodes 5 phage regions.
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Interestingly, only the E. ictaluri RUSVM-1 genome encodes 5 incomplete phage
regions. It is possible that none of the E. ictaluri prophage regions are still active and able
to excise to reproduce lytically; in one study, no temperate phage was induced by
mitomycin C in 11 different E. ictaluri strains (Walakira et al., 2008). In addition to the
prophage identified in the current study, E. ictaluri is susceptible to lysis by at least two
types of bacteriophage that are specific to E. ictaluri, so the species may lack strong
bacteriophage resistance mechanisms.

Integrons can play a significant role in spreading antimicrobial resistance genes
(Cury et al., 2016). However, none were found in any of the E. ictaluri strains in the
current study, and only two of the E. piscicida genomes (strains ETW41 and JF1305)
encode a complete integron structure. Thus, integrons are not a major mechanism for
chromosomally-encoded antimicrobial resistance in these species.

CRISPR-Cas systems are also not prominent in E, ictaluri and E. piscicida. Only
E. piscicida ACC35.1 and S11-285 genomes encode Type I-E Cas system and complete
CRISPR regions. Some other E. piscicida and E. ictaluri strains encode questionable
CRISPR systems, but most E. ictaluri strains do not carry any. CRISPR-Cas systems are
adaptable defense mechanisms used by many bacteria to resist predation by
bacteriophage and exposure to plasmids (Horvath et al., 2010; Sander et al., 2014). This
could contribute to E. ictaluri susceptibility to insertion elements and bacteriophage.

In summary, comparison of E. ictaluri and E. piscicida genomes provided
valuable information about the biology of these species. Interestingly, although E.
anguillarum and E. piscicida are the most closely related species in the genus, E.
piscicida and E. ictaluri are the most functionally conserved. This could be the result of
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convergent acquisition of similar host adaptation mechanisms, but more likely the high
number of mobile elements suggests that the mobilomes of these species have driven
genome diversification with retention of functional pathways. Importantly, for the first
time, we report that E. ictaluri genomes encode T4SS, which could play a major role in
the acquisition of mobile elements and pathogenicity of this species. E. ictaluri and E.
piscicida also have strain variation in their T6SS, which could contribute to virulence and
host adaptation. The relatively high number of mobile elements in E. ictaluri may be a
result of its T4SS and lack of CRISPR-Cas systems, and it is possible that the insertion
sequences contribute to genome stability and temperature restriction of E. ictaluri.
Overall, this comparative genomics evaluation has identified important questions that
warrant further study to elucidate the biology and virulence of these important fish

pathogens
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CHAPTER IV

COMPARATIVE ANALYSIS OF SECRETION SYSTEMS OF VIRULENT
AEROMONAS HYDROPHILA STRAINS AND MUTATION OF tssD AND tssl GENES

FROM T6SS

4.1 Abstract

Virulent Aeromonas hydrophila (vAh) causes severe motile Aeromonas
septicemia (MAS) in warm water fishes. In recent years, channel catfish farming in the
USA and carp farming in China have been affected by virulent A. hydrophila. Bacterial
secretion systems are often important virulence factors. However, our knowledge on
secretion systems among various A. hydrophila strains remains limited. Sequencing of
different A. hydrophila genomes by our group and others have provided an opportunity
for comprehensive analysis of A. hydrophila secretion systems. Thus, in this study, we
conducted comparative secretion system analysis using 55 A. hydrophila genomes,
including virulent A. hydrophila (vAh). Previous results showed that vAh strains from the
southeastern U.S. and China belong to the same clonal group. Interestingly, distribution
of secretion systems in this clonal group is different from other A. hydrophila genomes.
For example, tight adherence (TaD) system present consistently in all the vAH. The

majority of the U.S. isolates do not possess a complete type 6 secretion system (T6SS),
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but three core elements (tssD, tssH, tssl) are encoded. On the other hand, Chinese isolates
have a complete T6SS operon. None of the vAh isolates have a type 3 secretion system
(T3SS), but they possess other secretion systems including type 1 secretion system
(T1SS), type 2 secretion system (T2SS), and tight adherence (TaD). Mutation of genes
encoding two T6SS proteins from vAh isolate A. hydrophila ML09-119 showed that
deletion of the hcpAl and vgrG genes reduced vAh virulence 2.24 fold in catfish
fingerlings compared to the parent strain ML09-119. We expect that these findings will
improve our understanding of A. hydrophila secretion systems and their evolution in A.

hydrophila genomes.

4.2 Introduction

Aeromonas hydrophila is present in freshwater environments, causing disease in
fish, reptiles, amphibians, and humans (Janda and Abbott, 2010; Tomas, 2012). The U.S.
and China aquaculture industries have had significant losses due to A. hydrophila
outbreaks (Nielsen et al., 2001). In the southeastern U.S., these outbreaks impacting the
catfish aquaculture industry started in 2009 and are caused by a clonal group of virulent
A. hydrophila (vAh) strains (Hemstreet, 2010; Hossain et al., 2014).

Comparative genomics methods have helped to identify taxonomically mislabeled
A. hydrophila genomes in Genbank (Beaz-Hidalgo et al., 2015). The same methods also
revealed that the U.S. vAh clonal lineage is similar to a clonal lineage of A. hydrophila
that is responsible for significant economic losses in the Chinese aquaculture industry
(Griffin et al., 2013; Hossain et al., 2013; Zhang et al., 2014; Pang et al., 2015). Both

clonal groups are categorized as sequence type ST251 (Rasmussen-lvey et al., 2016). It
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has been theorized that the U.S. vAh originated from transport of carrier fish from Asia
(Hossain et al., 2014).

Comparative genomics has revealed that the vAh clonal group has unique
characteristics. Some of the unique biochemical pathways include sialic acid
biosynthesis, myoinositol utilization, and L-fucose metabolism. They also have unigque O-
antigen biosynthesis and characteristic mobilome elements and secretion systems
(Hossain et al., 2013; Pang et al., 2015). Intriguingly, Asian vAh isolates encode all the
core components of type 6 secretion system (T6SS), whereas most of the U.S. vAh
isolates carry remnants of the T6SS (Rasmussen et al., 2016).

Several virulence mechanisms of A. hydrophila including secretion systems,
motility and flagella, toxins, tissue-destructive enzymes, iron acquisition, and S-layer
have been studied (Tomas, 2012). Secretion systems are used by bacteria to interact with
the environment, including host adaptation and competing against other bacteria
(Cianfanelli et al., 2016). A thorough investigation of secretion systems distribution in A.
hydrophila, including vAh, other fish disease strains, and environmental strains, has not
been conducted. Hence, in this study, we analyzed 55 A. hydrophila genomes from
distinct geographical origins and hosts. We also evaluated type 4 pilus (T4P), tight
adherence system (Tad), and flagellum components due to their homologous similarity to
secretions systems. Potential host-pathogen interactions of the identified secretion system
proteins were evaluated, and potential for having a role in virulence was evaluated by
searching against the Microbial Virulence Database (MVirDB).

T6SS is known as a versatile nanomachine delivering effector proteins and toxins
to host cells or competitor bacteria. T6SS is categorized into three phylogenetic subtypes:
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T6SSi, T6SSii, and T6SSiii (Russell et al., 2014b). Our analysis showed that all the
evaluated A. hydrophila genomes encode the whole operon or remnants of T6SSi. vVAh
isolate ML09-119, from catfish in the southeast U.S., has T6SSi genes tssD (also referred
to as hcpA) and tssl (also referred to as vgrG), which are found either on a single T6SS
operon or located outside of the operon. These are not only essential components of the
T6SS but also play a role in activation of the system; thus, they may have a dual function
as a core component and as substrates (Russell et al., 2014a). To clarify the function of
these T6SSi genes in vAh, we conducted mutation of the hcpAl and vgrG genes and
determined they have reduced virulence in catfish fingerlings compared to the parent
strain ML09-119. Overall, the comparative genomics and mutational analyses reported
here clarify the distribution of various secretion systems in A. hydrophila and provide

functional information on the role of T6SS components in VAh.

4.3  Materials and methods
4.3.1 Genome sequencing, genomes from sequence database and annotation

The genome sequences (including complete sequences, draft assemblies, and raw
reads) of 55 A. hydrophila strains were downloaded from the National Center for
Biotechnology Information (NCBI) (Table 4.1). Raw data were assembled using CLC
workbench 6.5.1 after trimming sequence reads, followed by error correction and contig
creation. All unannotated genomes were annotated by RAST (Brettin et al., 2015). All

selected genomes had at least 95% average nucleotide identity (ANI).
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Table 4.1 A.

hydrophila genomes used in comparative genomic analyses.

# Species Strain Location Source Accession Reference
i Arkansas 2010 USA Catfish Tekedar et al., 2017
1 A. hydrophila NZ_LYZH00000000.1
2 A. hydrophila ML09-119 USA Catfish NC 021290.1 (Tekedar etal., 2013)
3 A. hydrophila ML09-122 USA Catfish NZ LRRY00000000.1 (Tekedar et al., 2016b)
4 A. hydrophlla ML09-121 USA Catfish NZ LRRX00000000.1 (Tekedar et al., 2016b)
5 A. hydrophlla AL10-121 USA Catfish NZ LRRWO00000000.1 (Tekedar et al., 2016b)
6 A. hydrophila AL09-71 USA Catfish NZ CP007566.1 (Pridgeon et al., 2014b)
7 A. hydrophila pcl04A USA Soil NZ CP007576.1 (Pridgeon etal., 20146)
B . (Rasmussen-lvey et al.,
8 A hydrophila S14-296 USA Catfish SAMNO05292365 2016)
) " (Rasmussen-lvey et al.,
9 A hydrophila S14-606 USA Catfish SAMNO05292366 2016)
] " (Rasmussen-lvey et al.,
10 A hydrophila S13-612 USA Catfish SAMNO05292362 2016)
R . (Rasmussen-lvey et al.,
11 A hydrophila S13-700 USA Catfish SAMNO05292363 2016)
. (Rasmussen-Ivey et al.,
12 A hydrophila Ahy Idx7_1 USA Catfish SAMNO5202361 2016)
] " (Rasmussen-lvey et al.,
13 A hydrophila ALG15-098 USA Catfish SAMNO05223361 2016)
. . (Rasmussen-lvey et al.,
14 A hydrophila IPRS-15-28 USA Catfish SAMNO05223362 2016)
) " (Rasmussen-lvey et al.,
15 A hydrophila ML10-51K USA Catfish SAMN05223363 2016)
) " (Rasmussen-lvey et al.,
16 A hydrophila S14-458 USA Catfish SAMNO05223364 2016)
) " (Rasmussen-lvey et al.,
17 A hydrophila S15-130 USA Catfish SAMNO05223365 2016)
) " (Rasmussen-lvey et al.,
18 A hydrophila $15-400 USA Catfish SAMNO05223367 2016)
19 A hydrophila ZC1 USA Gras Carp SAMNO02404465 (Hossain et al., 2014)
20 A. hydrophila ALO09-79 USA Catfish NZ LRRV00000000.1 (Tekedar etal., 2016b)
21 A. hydrophila 2JBN101 China Crucian carp NZ LXME00000000.1 (Zhang etal., 2013)
D4 China Megalobrama
22 A hydrophila amblycephala NZ_CP013965.1 (Tran et al., 2015)
23 A. hydrophila JBN2301 China Carp NZ CP013178.1 (Yang et al., 2016)
! " (Rasmussen-lvey et al.,
24 A hydrophila $15-591 USA Catfish SAMNO05223368 2016)
25 A hydrophila -1 China Carp NZ_CP006883.1 (Pang et al., 2015)
26 A. hydrophila NJ-35 China Carp NZ CP006870.1 (Pang et al., 2015)
. Siniperca
27 A hydrophila CYKL China chuatsi NZ_CP016392.1 (Pan etal., 2004)
28 A. hydrophila SNUFPC-A8 S. Korea Salmon NZ AMQA00000000.1 (Han et al., 2013)
29 A hydrophila NF1 USA Clinical NZ_JDWB00000000.1  (Grimetal., 2014)
30 A hydrophila Ae34 Sri Lanka Carp NZ BAXY00000000.1 (Jagoda et al., 2014)
31 A hydrophila M052 Malaysia ~ Waterfall NZ_MAKI00000000.1 N/A
32 A hydrophila M053 Malaysia  Waterfall NZ_MAKJ00000000.1 N/A
33 A. hydrophila MO062 Malaysia Waterfall NZ JSXE00000000.1 (Chan et al., 2015)
34 A hydrophila AHNIH1 USA Clinical NZ CP016380.1 (Hughes et al., 2016)
35 A. hydrophila AL06-06 USA Goldfish NZ CP010947.1 (Tekedar et al., 2015)
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Table 4.1 (continued)

36 A hydrophila ATCC 7966

37 A hydrophila AL97-91

38 A hydrophila MN98-04

39 A hydrophila AH-1

40 A hydrophila RB-AH

41 A hydrophila NF2

42 A hydrophila $14-230

43 A hydrophila 48_AHYD

44 A hydrophila 53 AHYD

45 A hydrophila S6_AHYD

46 A hydrophila 52_AHYD

47 A hydrophila S0_AHYD

48 A hydrophila AH10

49 A hydrophila  TN-97-08

50 A hydrophila FDAARGOS_78

51 A hydrophila 226

52 A hydrophila MO013

53 A hydrophila AD9

54 A hydrophila M023
Ranae CIP

55 A hydrophila 107985

USA
USA
USA

Canada

Malaysia
USA
USA

USA
USA
USA
USA
USA
China
USA
USA
Malaysia
Malaysia
USA
Malaysia

USA

Milk tin
Tilapia
Tilapia
Moribund
fish

Soil
Clinical
Catfish

Clinical
Clinical
Clinical
Clinical
Clinical
Grass carp
Bluegill
Clinical
Clinical

Waterfall

Wetland
sediment

Waterfall

Fish/Ranae

NC_008570.1
NZ_CMO004591.1
NZ_CMO004592.1

NZ_LYXN00000000.1

NZ_JPEH00000000.1
NZ_JDWC00000000.1
SAMNO05292364

NZ_JVFM00000000.1
NZ_JVDL00000000.1
NZ_JvCD00000000.1
NZ_JVDW00000000.1
NZ_JVES00000000.1
NZ _CP011100.1

NZ_LNUR00000000.1
JTBD01000000

NZ_JEML00000000.1
NZ_JRWS00000000.1

NZ_JFJO00000000.1
NZ_JSWA00000000.1

NZ_CDDC00000000.1

(Seshadri et al., 2006)
(Tekedar et al., 2017)
(Tekedar et al., 2017)
(Forn-Cuni et al., 2016)

(Emond-Rheault et al.,
2015)

(Grim et al., 2014)

(Rasmussen-Ivey et al.,
2016)

(Roach et al., 2015)
(Roach et al., 2015)
(Roach et al., 2015)
(Roach et al., 2015)
(Roach et al., 2015)
(Xu et al., 2013)
(Tekedar et al., 2016a)
N/A

(Chan etal., 2011)

(Tan et al., 2015a)

(Lenneman and Barney,
2014)

(Tan et al., 2015b)

(Colston et al., 2014)

N/A: Not available

4.3.2

Phylogenetic tree creation

A phylogenetic tree was built from the complete core genomes of 55 A.

hydrophila strains, which included 115,335 coding sequences (2,097/genome) with

101,851,090 amino acid residues (1,851,838/genome). The gene sets of the core genome

were aligned one by one using MUSCLE (Edgar, 2004), and alignments were

concatenated. This alignment was used to compute a Kimura distance matrix, which was

used as input for the Neighbor-Joining algorithm as implemented in PHYLP (Felsenstein,

1989). The resulting tree was verified by bootstrapping with 250 iterations.
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4.3.3 ANI and AALI calculation

ANI and average amino acid identity (AAI) values (Konstantinidis and Tiedje,
2005b; a; Konstantinidis et al., 2006) were calculated using EDGAR (Konstantinidis and
Tiedje, 2005b). Briefly, the average amino acid identities were based on all gene sets of
the core genome (2097 per genome). Mean identity values were extracted from BLASTP
(Altschul et al., 1990) results using EDGAR. ANI was calculated as ANIb values based
on BLASTN as described (Goris et al., 2007) using the same cutoffs as JSpeciesWS

(Richter and Rossello-Mora, 2009).

4.3.4 Secretion systems identification

MacSyfinder was used with default features to identify secretion systems from the
A. hydrophila genomes. The “unordered” type of dataset option was chosen because the
majority of the evaluated genomes were draft genomes. The topology of the replicon was
linear/circular, maximal e-value was 1.0, maximal independent E-value was 0.001, and
minimal profile coverage was 0.5. Both mandatory genes and accessory genes were

identified (Abby et al., 2014; Abby et al., 2016).

4.35 Virulence database

Secretion systems elements identified by MacyFinder were evaluated for their
potential as virulence factors. To do so, Microbial Virulence Database (MVirDB) was

downloaded (http://mvirdb.linl.gov/) (Zhou et al., 2007), and a searchable database was

created using CLC Workbench (version 6.5). Local BLAST was conducted, and matches
were accepted when E-value < 1x1071°. Because different strains carried different

secretion systems, T1SS, T2SS, T4P and Tad system proteins were from A. hydrophila
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MLO09-119 strain; T3SS and flagellum proteins were from A. hydrophila MN98-04, and
T6SS proteins were from A. hydrophila TN 97-08 strain. Additionally, T6SS mutants in
the A. hydrophila ML09-119 genome were evaluated separately to determine their
potential as a virulence factor. When identified secretion systems components were
encoded more than once, only one of them was included in the virulence database search

analysis.

4.3.6 Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table 4.2. A.
hydrophila strain ML09-119 represents the vAh clonal group impacting U.S. channel
catfish aquaculture. The strain was grown on brain heart infusion (BHI) agar or broth
(Difco, Sparks, MD, USA) and incubated at 37 °C. Escherichia coli strain CC118 Apir
was used for cloning, and strain BW19851 was used for transferring suicide plasmid
PMEG-375 into A. hydrophila by conjugation. E. coli strains were cultured in Luria—
Bertani (LB) agar and broth (Difco) and incubated at 37 °C. The following antibiotics
and reagents (Sigma-Aldrich, Saint Louis, MN, USA) were used when needed: ampicillin
(100 pg/ml), chloramphenicol (10-25 pg/ml), colistin (12.5 pg/ml), sucrose (5%), and

mannitol (0.35%).
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Table 4.2 Bacterial strains and plasmids used in the present study.

Strain or plasmid Description Source
A. hydrophila ML09-119 Isolate from a disease outbreak on a commercial catfish farm (Griffin et
al., 2013)
vAhAhcpAl A. hydrophila ML09-119 derivative; AhcpAl This study
VAhAvgrG1 A. hydrophila ML09-119; AvgrG This study
E. coli
CC118Apir A(ara-leu); araD; AlacX74; galE; galK; phoA20; thi-1; rpsE; rpoB; argE(Am); (Herrero et
recAl; ApirR6K al., 1990)
BW19851 RP4-2 (Km::Tn7, Tc::Mu-1), DuidA3::pir+, recAl, endAl, thi-1, hsdR17, (Metcalf et
creC510 al., 1994)
Plasmid
pMEG-375 8,142 bp, Amp', Cm', lacZ, R6K ori, mob incP, sacR sacB (Dozois et
al., 2003)
pAhAhcpAl 10,173 bp, AhcpAl, pMEG-375 This study
pAhAvgrG1 10,160 bp, AvgrG1, pMEG-375 This study

4.3.7 In-frame deletion of A. hydrophila genes

Two chromosomal in-frame deletion mutants of type six secretion system
(T6SS) effector genes, hcpAl (AHML_05970) and vgrG1 (AHML_05975), were
constructed by allelic exchange and homologous recombination using suicide plasmid
PMEG-375 containing the counter-selectable marker sacB (Dozois et al., 2003).
Recombinant DNA and mutant construction procedures were completed as described
previously (Abdelhamed et al., 2013). Briefly, four primers (A, B, C, and D) were
designed for each gene using Primer3 (Untergasser et al., 2012) (Table 4.3). Compatible
restriction enzyme sites were embedded in A and D primers (bold line in primers A and
D) for cloning, and the reverse complement of primer B was added to the 5’ end of primer
C (underlined letters in primers C) to allow fusion of PCR fragments by overlap
extension PCR (Horton et al., 1989). The upstream (fragment AB) and downstream
(fragment CD) of each gene was amplified using two sets of primers. PCR fragments AB

and CD were annealed at the overlapping regions and were amplified as a single fragment
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using primers A and D. The fusion products were purified, digested, ligated into digested
PMEG-375, electroporated into E. coli CC118\pir, and spread on LB agar plus
ampicillin. The resulting plasmids were transferred into A. hydrophila ML09-119 by
conjugation using E. coli BW19851. Transconjugants were selected on plates containing
chloramphenicol and colistin; chloramphenicol was used to select the integration of
PMEG-375 in A. hydrophila chromosome while colistin was used as counter selection
against E. coli. PCR analysis confirmed that the vector had integrated correctly into the
chromosomal DNA. After sucrose treatment, transconjugants that were colistin resistant
and chloramphenicol sensitive were selected, and the deletion was confirmed by colony
PCR using A and D primers. Mutant validation was done by sequencing of AD fragments
amplified from chloramphenicol sensitive mutants using hcpA1Seq and vgrG1Seq
primers (Table 4.3). The A. hydrophila mutants were designated vVAhAhcpAl and

VAhAvgrG1.

Table 4.3 Primers used to generate and verify in-frame deletion of vAh genes.

Primer ID Sequence 5-3' RE
hcpAl hcpAlF01 A AAATCTAGATCCTATGTGCCTGAGTGTGC Xbal
hcpA1R1000 B AATGACACTCGACCAAACCA
hcpA1F1000 C TGGTTTGGTCGAGTGTCATTGAGGCCTAACGCTCGATCT
hcpA1R01 D AAAGAGCTCAGGTCGGTTTCCCGGTACT Sacl
HcpAlSeq GCTGGCTCTCCATGCATATT
vgrG1 vgrG1F01 AAATCTAGAAAGGTAAAACCCAGGGCAAT Xbal

vgrG1F1000 CTTCATGGCAGACAGCACACGACTGATTGAGGTTTCCGTA
vgrG1R01 AAAGAGCTCCAGGCTGGTGTCTCGATTTT Sacl
vgrG1Seq GCAAAGCACAACAGAGGCTA

A

vgrG1R1000 B TGTGCTGTCTGCCATGAAG
C
D

Bold letters at the 5’ end of the primer sequence represent restriction enzymes (RE) site
added. AAA nucleotides were added to the end of each primer containing a RE site.
Underlined bases in primer C indicate reverse complemented primer B sequence.
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4.3.8 Virulence and efficacy of the vAh mutants in catfish fingerlings

All fish experiments were conducted under a protocol approved by the
Institutional Animal Care and Use Committee at Mississippi State University. Virulence
of vAhAhcpAl and vVAhAvgrG1 was compared to A. hydrophila wild-type (WT) strain
ML09-119 by immersion route of exposure as described (Abdelhamed et al., 2016).
Briefly, 120 six-month-old specific-pathogen-free (SPF) channel catfish fingerlings
(18.10 + 0.56 cm, 50.90+ 3.76 g) were stocked into twelve 40-liter flow-through tanks
(10 fish/tank) and acclimated for a week. Tanks were assigned randomly to four
treatment groups: VAhAhcpAl, vAhAvgrG1, vAh WT (positive control for virulence), and
BHI (negative control for virulence and sham control for vaccination). Each group
included three replicate tanks. Water temperature was maintained at 32°C (£2)
throughout the experiments. Fish were fed twice a day with a commercial catfish feed.
On the challenge day, the water levels in each tank were decreased to 10 L, and 100 mL
of overnight cultures was added directly to each tank (1.02 x 10*® CFU/mL water).
Negative control tanks were exposed to 100 mL of sterile BHI broth. During immersion,
water was well aerated. After six hours, water flow was restored, and fish were
maintained as usual. Fish mortalities were recorded daily for a total of 21 days, and
percent mortalities was calculated for each group. Protection against vAh WT challenge
was determined in surviving fingerlings vaccinated by the vAhAhcpAl and vAhAvgrG1
mutants. Briefly, after 21 days post-vaccination, catfish fingerlings were re-challenged by
vAh WT by immersion (2.21 x 10*° CFU/mI water), and mortalities were recorded daily
for 14 days. At the end of the experiments, mean percent survival was calculated for each
treatment.
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4.3.9 Statistical analysis

Mean percent mortality data were arcsine transformed, and analysis of variance
(ANOVA) was applied using PROC GLM in SAS for Windows v9.4 (SAS Institute, Inc.,

Cary, NC) to assess significance. An alpha level of 0.05 was used in all analyses.

4.3.10 Host-pathogen interaction network

Protein-protein interactions between A. hydrophila secretion system proteins and
catfish proteins (accession: PRINA281269) were determined using the Host-Pathogen
Interaction Database (Ammari et al., 2016). For pathogen sequences, default upload
options were: database search: bacterial pathogens, matrix: Blosum62, E-value: 0.00001,
pathogen percent identity: 30, and query coverage filter: 50%. For host sequences,
selected animal protein options were: for the database search matrix: Blosum62, E-value

cutoff: 0.00001, percent identity and query coverage filter: 70% (Ammari et al., 2016).

4.4 Results
441 Genome features

The 55 genome sequences included in the current study are either vAh or non-
VAN isolates from different geographical locations and hosts (Table 4.1). Of these, we
sequenced vAh strains ML09-119, ML09-121, ML09-122, AL09-79, AL10-121, and
Arkansas 2010. We also sequenced A. hydrophila strains AL06-06, AL97-91, MN98-04,
and TN97-08. Additionally, we included 12 recent vAh strains’ genomes (strains
Ahy 1dx71, ALG15-098, IPRS15-28, ML10-51K, S13-612, S13-700, S14-296, S14-458,

S14-606, S15-130, S15-400, and S15-591) and one non-vAh strain genome (S14-230) in
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our analysis. Genome size of the 55 strains ranged from approximately 4.67 Mb to 5.28

Mb, and GC ratio of the genomes ranged from 60.47 to 61.60.

442 ANI and phylogenetic tree creation

A phylogenetic tree based on the complete core genome of 55 A. hydrophila
strains shows the 27 vAh strains forming a highly conserved branch separated clearly
from the other strains. The conservation of the tree topology within the cluster of 27 vAh
strains was not convincing with branch conservation values down to 15%. The separation
of the vAh cluster from the rest of the tree showed 100% branch conservation. These
findings were confirmed by Average Nucleotide Identity (ANI) as well as Average
Amino Acid Identity (AAI). ANI and AAI values within the cluster of 27 strains were

above 99.88% (ANI) and 99.89% (AAI), respectively (Figure 4.1).
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443 Secretion systems in Aeromonas hydrophila genomes

In our in silico secretion systems analysis, we identified that most of the U.S. and
Chinese vAh isolates encode slightly more T1SS core components, for instance ATP-
binding cassette (abc) and mfp genes, compared to environmental isolates. Additionally,
the genome of human strain FDAARGOS_78 encodes more abc and outer membrane
factor (omf) genes than the other 54 genomes (Figure 4.2).

All of the evaluated A. hydrophila genomes encode a T2SS system except one:
strain S15-591. However, this strain does not have a completed genome sequence; it is a
draft assembly with a large number of contigs. Therefore, it is possible that the genes
may not have been detected due to the large number of gaps in the genome (Figure 4.2).

All the vAh strains in the current study encode mandatory and accessory genes of
type 4 pilus (T4P). By contrast, strains from different origins and locations lacked the
pilQ gene. One non-vAh strain (Ranae CIP 107985, which was isolated from a frog)
encodes all the T4P elements (Figure 4.2).

Intriguingly, only one gene (tadZ) from the Tad system is present in all the
evaluated A. hydrophila genomes. On the other hand, all the vAh strains as well as two
non-vAh strains (ATCC 7966 and AHNIH1) encode this system (Figure 4.2).

The majority of vAh strains from the U.S. (except strain S14-230) and Chinese
isolates do not carry all of the mandatory T3SS genes in their genomes (Figure 4.2). The
mandatory T3SS gene cluster is composed of sctU, sctJ, sctN, sctS, sctR, sctQ, sctV, sctU,
and sctT. Interestingly, only the sctN gene is present in all of the evaluated A. hydrophila
genomes. Only two of the eight human isolates encode T3SS except for the sctC gene.
Similarly, A. hydrophila ATCC 7966 does not encode T3SS, but it has two copies of the
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sctN gene. By contrast, most of the environmental isolates carry T3SS. Interestingly, A.
hydrophila strains that encode more T1SS components tend to have fewer or no genes
encoding T3SS (Figure 4.2).

Some T3SS genes and are similar to flagella genes. Therefore, we used
MacSyfinder to discriminate between T3SS and flagella genes. Of the 55 A. hydrophila
genomes we evaluated, all carry the mandatory flagella genes (Figure 4.2).

All of the evaluated A. hydrophila genomes encode either the entire operon or
remnants of the T6SSi. Most of the U.S. vAh isolates have only three T6SSi genes: tssD
(hcpA), tssH, and tssl (vgrG). By contrast, almost all the China isolates encode the entire
T6SSi. The exception was strain GYK1 from China, which has the same three T6SSi
genes as the U.S. vAh isolates. Additionally, fish isolate Ae34 from Sri Lanka, four non-
VAh isolates from the U.S. (AL06-06, MN98-04, AL97-91, and Ranae CIP 107985), and
one fish isolate (AH-1) from Canada do not encode the entire T6SSi elements but have
the same three genes as the U.S. vAh strains. Three of the Malaysian isolates (M023, RB-
AH, and 226) encode the same three elements from T6SSi, whereas four Malaysian
isolates (M013, M052, M053, and M054) encode the entire T6SSI.

Only one gene encoding a T9SS-like protein (sprA) was identified in the A.

hydrophila genomes. This gene is encoded by all the evaluated A. hydrophila genomes.
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Figure 4.2  Core and accessory proteins of secretion systems, T4P, Tad, and flagella
encoded in A. hydrophila genomes.

Numbers and color represent the number of copies of each listed gene.
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444 Virulence database comparison

Using E-value cutoff of 1*10°%°, core components of 18 of 19 T1SS proteins, 12
of 14 T2SS proteins, 12 of 18 T4P proteins, 6 of 10 Tad proteins, and 16 of 21 T6SS
proteins had significant protein matches in MVirDB. All of the core components of T3SS
(11 proteins) and flagella (24 proteins) also had significant matches in MVirDB. T6SS
effector VgrG (tssl) had a significant match in MVirDB using the established cutoff;
however, two other T6SS proteins (Hcp (tssD)) had matches in MVirDB but with E-

values below the established cutoff (Table 4.4).

Table 4.4 Identified secretion systems elements and related components searched
against MvirDB

S. S. S. E.: Secretion system and structural elements, N/A: Not available. T1SS, T2SS,
T4P and Tad system proteins were chosen from A. hydrophila ML09-119 strain; T3SS
and flagellum proteins were chosen from A. hydrophila MN98-04, and T6SS proteins
were chosen from A. hydrophila TN 97-08 strain.
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445 Construction and virulence of T6SS effector mutant strains

In the present study, we successfully introduced in-frame deletions in two genes
encoding T6SS effectors: hcpAl and vgrG1 (Table 4.5). The AhcpAl mutation has a
deletion of 537 bp out of 564 bp (95.21%) and AvgrG has a deletion of 2,739 bp out of
1,992 bp (94.43%).

Results of the immersion challenge in catfish fingerlings indicated that the
mortality rate was significantly lower (p < 0.05) in vAhAhcpAl and vAhAvgrG1
compared with vVAh WT strain (33.33% and 33.33% mortality vs. 60% mortality) (Figure
4.3A). Fingerlings immunized with vAhAhcpAl and vAhAvgrG1 had 91.67% and
100.00% percent survival, respectively, compared to 60.00% survival in the sham-

vaccinated control group (Figure 4.3B).

Table 4.5 The sizes of upstream (USF), downstream (DSF), and in-frame fused
fragments (FF), deleted region (DR), and undeleted region (UD) by base

pair (bp).
Gene name Gene Locus tag USF DSF FF DR ubD
symbols (AB) (CD) (AD)
HcpA-like protein hcpAl AHML_05970 1074 957 2031 537 27
Rhs element Vgr vgrG1 AHML_05975 990 1038 2028 2739 42

protein
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Figure 4.3  Virulence of vAh T6SS mutants in channel catfish fingerlings.

(A) Percent mortalities in catfish fingerlings experimentally infected with vAh mutants
and vAh wild type (WT) strain ML09-119. (B) Percent survival in vaccinated catfish
fingerlings following experimental infection with vAh WT. Data are the mean + SE of
three replicate tanks. Significant differences between challenged and non-vaccinated
treatments are indicated with asterisks (p < 0.05).
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4.4.6 Host-pathogen interaction

Using HPIDB, we predicted the interaction of identified A. hydrophila secretion
system components with host channel catfish (Ictalurus punctatus) proteins. We
identified that 333 catfish proteins interact with 30 different components of the A.

hydrophila secretion systems.

45 Discussion

In this study, our goal was to compare secretion systems distribution in A.
hydrophila genomes using comparative genomics. We found that some of the secretion
systems commonly involved in pathogenesis of Gram-negative bacterial infections are
not consistently present in U.S. vAh isolates. However, there are three secretion systems
present in all A. hydrophila strains we analyzed, and one system that is present almost
specifically in vAh strains. To clarify the role of three T6SS genes found in all A.
hydrophila, we constructed deletion mutants of hcpAl (tssD) and vgrG (tssl) genes in
VAh strain ML09-119. The two mutants had significantly reduced virulence in catfish
fingerlings compared to parent strain ML09-119. Therefore, these genes still contribute to
VAh virulence despite the absence of a complete T6SS. Overall, these comparative
genomics and mutational analyses clarify the distribution of secretion systems in A.
hydrophila and partially characterize their roles in virulence.

Our phylogenetic tree based on the complete core genome of 55 selected A.
hydrophila strains shows the 27 vAh strains formed a very highly conserved branch that
is clearly separated from the rest of the A. hydrophila strains. Also, ANI analysis of the
55 A. hydrophila genomes showed that U.S. vAh isolates and Chinese epidemic isolates

were derived from the same monophyletic clade. None of the genomes in our analysis
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had below 96% ANI with all of the other genomes in our study. ANI and AAI values
within the cluster of 27 vAh strains were above 99.88% (ANI) and 99.89% (AAI) (Figure
4.1).

A. hydrophila secretes a wide range of extracellular enzymes and toxins. Type |
secretion systems are capable of secreting exotoxins and enzymes by a one-step process
from the cytoplasm to outer membrane. T1SS consists of three main components: ATP-
binding cassette (ABC) transporters, membrane fusion protein (MFP), and outer
membrane factor (OMF) (Green and Mecsas, 2016). All of the evaluated A. hydrophila
genomes carry core components of the T1SS. However, most of the vAh isolates and
some of the clinical isolates encode more core components of the T1SS. In Vibrio, RTX
toxin is secreted by T1SS (Boardman and Satchell, 2004). Moreover, presence of T1SS
increases virulence of Vibrio cholera (Dolores et al., 2015) and Serratia marcescens
(Letoffe et al., 1996).

Not surprisingly, all the evaluated A. hydrophila genomes possess the T2SS. This
system is capable of secreting enzymes such as proteases, phosphatases, and lipases
(Korotkov et al., 2012; Green and Mecsas, 2016); in A. hydrophila, it is also well known
for exporting cytotoxic enterotoxin (Act), which has hemolytic and cytotoxic activities
(Chopra et al., 2000; Galindo et al., 2004; Korotkov et al., 2012). T2SS is a large, trans-
envelope apparatus encoded by a set of 12-16 core genes. It is located in the outer
membrane, and it transports folded proteins from periplasm into the extracellular
environment. T2SS differs from T1SS, which releases proteins to the outer medium, and
T3SS, T4SS, and T6SS, which are contact-dependent (Hayes et al., 2010). T2SS secretes
specific toxins, effectors, and large proteins that could not be secreted to the host or
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competitor bacteria otherwise (Rondelet and Condemine, 2013; Rosenzweig and Chopra,
2013). T2SS is evolutionarily related to the type 4 pilus (T4P) system, which is
responsible for motility, signaling, and adhesion (Nivaskumar et al., 2014). T4P has not
been studied extensively in A. hydrophila. T4P and T2SS show a high degree of
similarity in their components, and one of the genes encoding a T2SS component, gspO,
is located in the T4P-encoding locus (Nivaskumar et al., 2014). Our secretion analysis
assigned the A. hydrophila gspO gene as pilD, which is one of the accessory genes of
T4P. Although A. hydrophila gspC gene is listed as missing a mandatory gene in Figure
4.2, it is present as an accessory gene (Figure 4.2). In E. coli, T2SS and T4P are
important for persistent infection (Kulkarni et al., 2009).

The tight adherence (Tad) system contributes to biofilm formation, colonization,
and virulence of several pathogens (Tomich et al., 2007). The Tad system is similar to
T2SS systems (Peabody et al., 2003; Tomich et al., 2007). Intriguingly, our results
showed that a complete Tad secretion system is available in vVAh strains, whereas the
majority of the other evaluated A. hydrophila genomes do not encode a Tad system
except for two strains, one of which is human clinical isolate (strain AHNIH1), and the
other is from milk (strain ATCC 7966). Interestingly, only one gene (tadZ) from this
system is available in all the evaluated A. hydrophila genomes. TadZ is encoded by one
of the mandatory genes of the Tad system and plays a major role in mediating polar
localization of the Tad secretion system (Perez-Cheeks et al., 2012).

Many Gram-negative pathogens use type 111 secretion system, which delivers
effector proteins directly into host cells. Many components of this system are
homologous to flagellum proteins. T3SS is an important contributor to pathogenesis of
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some A. hydrophila strains (Vilches et al., 2004; Yu et al., 2004); however, our
comparative genomics analysis showed that 27 vAh strains lack genes encoding T3SS
(except for the sctN gene, which encodes a highly conserved ATPase that contributes to
energy metabolism and provides recognition capability for T3SS effectors and other
virulence factors (Zarivach et al., 2007)). Most of the non-vAh isolates in our study
encode T3SS, but the majority of these are environmental isolates from outside the U.S.
On the other hand, U.S. environmental isolates (soil and wetland sediment) do not encode
a T3SS, and they also lack Tad systems. Our results showing the absence of T3SS in vAh
strains are consistent with a previous relatively small-scale comparative genomics study
(Pang et al., 2015). Therefore, the presence of genes encoding a T3SS is not a good
indicator of virulence potential for A. hydrophila strains.

Interestingly, there is an inverse relationship between the presence of a Tad
system and a T3SS in many of the A. hydrophila genomes we analyzed. The Tad system
is encoded in the vAh isolates, but they do not encode T3SS. On the other hand, almost
all of the non-vAh A. hydrophila strains do not encode a Tad system, but many of these
genomes encode T3SS (Figure 4.2). Ten strains have neither Tad nor T3SS sytems, and
only one strain (human isolate AHNIH1) encodes both systems. Therefore, we can
hypothesize thatthe three secretion systems consistently encoded in vAh strains are T2SS,
T4P, and Tad.

Flagella are important in motility and often in attachment to the host. They are
linked with biofilm formation, which contributes to persistent infection (Tomas, 2012). In
eels, an A. hydrophila polar flagellum mutant had decreased survival and adherence to eel
macrophages (Qin et al., 2014). Because flagella proteins are similar to T3SS proteins
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(Nguyen et al., 2000; Gophna et al., 2003), we included them in our comparative
genomics analysis. All the evaluated A. hydrophila genomes encode mandatory genes. In
some bacteria, T3SS components play a role in flagellar rotation, but in A. hydrophila,
there is only one T3SS gene (sctN) shared by all the evaluated A. hydrophila genomes.
An A. hydrophila master regulator of T3SS (ExsA) negatively affects the lateral flagella
(Zhao and Shaw, 2016), so it is possible that T3SS and flagella proteins interact in A.
hydrophila strains encoding both systems.

T6SS is used widely distributed in Gram-negative bacteria, and it contributes to
bacterial fitness in specific niches (Cianfanelli et al., 2016). In particular, it delivers
secreted proteins into competitor bacteria or host cells (Zoued et al., 2014). T6SS is
categorized into three phylogenetic subtypes (T6SSi, T6SSii, T6SSiii) (Russell et al.,
2014b). All of the A. hydrophila genomes we evaluated encode the entire T6SSi operon
or remnants of the T6SSi. Some of the U.S. vAh strains have only three mandatory genes
(tssD, tssH, tssl) of T6SS, while other vAh strains from U.S. and China encode all the
mandatory genes of T6SS. We extended our research to understand the role of these
remnants in the pathogenicity of A. hydrophila.

The tssD and tssl genes in A. hydrophila ML09-119 are also known as hcpA and
vgrG, respectively. Strain ML09-119 encodes two hemolysin co-regulated proteins (Hcp)
(AHML_05970 and AHML_10025) and two valine-glycine repeat G (VgrG) proteins
(AHML_05975 and AHML_10030). The hcpA genes are linked to the vgrG genes in
strain ML09-119; the hcpAl gene is adjacent to vgrG1 gene, and hcpA2 gene is adjacent
to the vgrG2 gene. Multiple copies of hcp and vgrG genes are commonly seen in several
bacterial species that possess a T6SS, including Vibrio cholerae, Pseudomonas
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aeruginosa, A. hydrophila SSU, and A. hydrophila ATCC 7966T (Mougous et al., 2006;
Podladchikova et al., 2011; Sha et al., 2013). Hcp and VgrG are effector proteins of T6SS
(Cascales, 2008). However, structural analysis of Hcp and VgrG from P. aeruginosa and
V. cholerae showed that these proteins independently formed a transportation channel
between the inner and outer membranes through which other effector molecules can be
transported to the host cell (Leiman et al., 2009; Pell et al., 2009). Thus, Hcp and VgrG
could also be part of the secretion apparatus.

Deletion of the hcpAl and vgrG genes in vAh strain ML09-119 affected virulence
significantly (about a 2.24-fold reduction in virulence in catfish fingerlings compared to
the parent strain). Several studies emphasized the importance of Hcp and VgrG in
pathogenesis. Examples include Escherichia coli (Dudley et al., 2006), Pseudomonas
aeruginosa (Hood, 2010), Edwardsiella tarda (Rao et al., 2004), and Aeromonas (Sha et
al., 2013). In V. cholera, an hcpl/hcp2 mutant is avirulent, whereas individual hcpl or
hcp2 mutants retain virulence. Therefore, at least one Hcp protein is required and
sufficient for virulence (Pukatzki et al., 2006). In an intraperitoneal murine model of
infection, all Hcp and VVgrG paralogues were required for optimal A. hydrophila SSU
virulence and dissemination to mouse peripheral organs (Sha et al., 2013).

TISS is typically only found in some species in the Bacteroidetes phylum, so it is
not surprising that only one gene (sprA) encoding a protein similar to T9SS is present in
all the evaluated A. hydrophila genomes. T9SS functions as a secretion system but also
enables gliding motility (McBride and Zhu, 2013; Sato et al., 2013)(McBride and
Nakane, 2015). In Flavobacterium johnsoniae, SprA is responsible (along with SprE and
SprT) for secretion of SprB (Shrivastava et al., 2013).
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Due to their role in secreting proteins involved in pathogenesis of multiple
bacterial species, it is not surprising that almost all the A. hydrophila proteins identified
from T1SS, T2SS, T6SS, Tad, and T4P have significant matches with known bacterial
virulence proteins in MVirDB. T3SS and flagella are well-known virulence factors, and
all of the A. hydrophila proteins from these systems have significant matches in MVirDB.
Additionally, 30 of the A. hydrophila secretion system proteins have predicted
interactions with channel catfish proteins. We chose channel catfish as the host species
for this analysis because of its importance as an aquaculture species in the U.S. and due
to the impacts and known virulence of vAh strains on this species. These results confirm
the multiple interactions between A. hydrophila secretion systems and channel catfish,
adding additional evidence to their potential roles in A. hydrophila virulence.

In summary, our results analysis indicate that vAh strains do not encode two of
the contact-dependent secretion systems commonly involved in virulence of many Gram-
negative pathogens, T3SS and T6SS. In fact, the T3SS is missing in all vAh strains and
many other A. hydrophila strains. This suggests that vAh utilizes other systems to secrete
effectors, toxins, and large secreted proteins. T1SS, T2SS, and T4P systems are encoded
in all the A. hydrophila strains we sequenced, and these systems likely secrete several
virulence-related proteins. Interestingly, the Tad system is present in all the vAh strains
we sequenced, but it is only present in two of the non-vAh strains we analyzed. It is
possible that the Tad system is one of the vAh-specific adaptations that make this clade
of A. hydrophila more virulent.

Although only some A. hydrophila have a complete T6SS, all of the strains in our
analysis encode three T6SS proteins. To determine their potential role in virulence, we
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deleted these two genes and determined that the resulting AhcpAl and AvgrG mutant
strains are significantly attenuated in channel catfish. Further investigation of the role of
these T6SS genes in A. hydrophila is warranted, including the effects of deleting all the

hcpA and vrgG alleles on A. hydrophila virulence.
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CHAPTER V

COMPARATIVE GENOME ANALYSIS OF THE AEROMONAS VERONII STRAIN

ML09-123 PROVIDES INSIGHTS INTO ITS PATHOGENICITY OF ORIGIN

5.1 Abstract

Aeromonas veronii infects various hosts including human and fish species. We
sequenced the complete genome of an epidemic A. veronii strain ML09-123 from catfish
and conducted comparative genome analysis to investigate the molecular basis of A.
veronii pathogenesis. Based on our results, we noticed that the U.S. catfish isolate is
highly similar to a recent Chinese isolate (A. veronii strain TH0426). Therefore, similar to
the virulent A. hydrophila case, which is transferred from China to U.S., it seems that
virulent A. veronii strain is also transferred from China to the U. S. aquaculture. Further,
we extended our research by including all 41 A. veronii genomes available on the
National Center for Biotechnology Information (NCBI). Comparative genome analysis of
A. veronii from different locations and sources indicated that nonnative A. veronii species
might have been transferred to different locations. Subsystem category distribution
showed that majority of genomes show similar distribution. Type 1 Secretion System
(T1SS), Type 2 Secretion System (T2SS), Type 4 pilus (T4P), and Flagellum core

elements are conserved in all A. veronii genomes, whereas Type 3 Secretion System
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(T3SS), Type 5 Secretion System (T5SS), Type 6 Secretion System (T6SS), and Tad
adherence are the ones showing different distributions. Results revealed that mobile
elements have different distributions depending on the location and organisms. China and
U.S. isolates contain a large number of mobile elements. Overall, this study provides

novel insights into the pathogenicity of A. veronii genomes.

5.2 Introduction

Aeromonas veronii is a Gram-negative, rod-shaped, mesophilic, motile bacterium
in the Aeromonadaceae family, and it is widespread in aquatic environments (Janda and
Abbott, 2010). A. veronii is one of the member of motile aeromonads that cause motile
Aeromonas septicemia (MAS) in different organisms including including human (Janda
and Abbott, 2010), ornamental and aquatic animals such as oscar cichlid (Sreedharan et
al., 2011), tilapia (Hassan et al., 2017), sea bass (Uzun and Ogut, 2015), channel catfish
(Liu et al., 2016), rainbow trout (Zepeda-Velazquez et al., 2015). Skin ulcers and
systemic hemorrhagic septicemia are observed in sick fish (McGarey et al., 1991; Austin
and Austin, 2012).

A. veronii cases have been reported from different regions of the world including
USA (this study), China (Liu et al., 2016), and Saudi Arabia (Hassan et al., 2017).
Previous studies have shown that A. veronii is known to be present in the gut of the host
organisms. For example, metatranscriptomics (Bomar et al., 2011) and metagenomics
(Maltz et al., 2014) studies from leech showed that A. veronii is the second symbiotic
dominant organism in the gut microbiome.

Interestingly, the presence of A. veronii with other Aeromonas species has been

reported from different cases such as A. veronii-A. sobria complex was identified from
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soft shell disease of a turtle (Chen et al., 2013), and A. veronii-A. jandai complex was
recovered from Nile tilapia (Dong et al., 2017). The significance of co-presence of two
Aeromonas species in one host is still not clear, but it was reported that A. veronii might
play a major role as a causative agent of the ulcerative syndrome in catfish (Cai et al.,
2012).

It was reported that highly virulent clonal group of A. hydrophila has been
causing severe economic losses in the cyprinid fish industry in China since 1989 (Zhang
et al., 2014) and outbreaks in the channel catfish industry in the southeastern United
States since 2009 (Pridgeon and Klesius, 2011). Further studies have shown that this
clonal group was transferred from China to the USA recently (Hossain et al., 2014). A
recent study has reported that A. veronii has been affecting cultured channel catfish
industry in China (Liu et al., 2016). Similar to A. hydrophila, A. veronii might have been
introduced to the USA from China.

In this study, we sequenced an epidemic A. veronii strain isolated from a catfish in
the U.S. and investigated its genome. Total 41 publicly available A. veronii genomes, we
applied comparative genomics approaches for a total 41 A. veronii genomes, which
provides novel insights into the pathogenicity of A. veronii genomes from different hosts
and geographical isolates. The virulences of epidemic A. hydrophila ML09-119 (Tekedar

et al., 2013) and A. veronii ML09-123 were in catfish were also determined.
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53 Material and methods

5.3.1

Bacterial strains and data source for comparative genome analysis

Virulent A. veronii ML09-123 and A. hydrophila ML09-119 are from outbreaks

from commercial catfish farms. All A. veronii genomes (Table 5.1) were from the NCBI

(as of 9/2/2017).
Table 5.1 A. veronii genomes used in comparative genomic analyses.
Strain Countr’ Source Level Size GC% S Accession Ref
names Y (Mb) ° '
1 AMC34  USA 'S"a"’)ms Scaffold 4579  58.4 1 NZ_AGWU00000000.1  *
2 RU31B N/A N/A Scaffold 4534 587 93 NZ_FTMUO00000000.1  N/A
3 TH0426  CHINA L‘i'f'i‘s’h""head Complete 4923 583 1 NZ_CP012504.1 (Kang et al., 2016)
4 1&09- USA Catfish Contig 4754 584 32 N/A This study
5 Hm2l TURKEY ~ Hirudo Contig 4685 587 50 NZ_ATFBOO000000.1 (Bomaretal,
verbana 2013)
6 A2 S. AFRICA a‘;‘;arce Scaffold ~ 4.482 588 54 NJGB00000000.1 N/A
7 AER39 USA 'S"a"’)ms Scaffold  4.421 588 4 NZ_AGWT00000000.1  *
8 CB51 CHINA Grass carp Complete  4.584 58.6 1 CP015448 N/A
9 Ae52 ii’N KA Goldfish Contig 4565 587 80 BDGY00000000.1 (De et al., 2017)
10 %57 USA N/A Scaffold 4736 584 72 NZ_CDBQ00000000.1 N/A
11 AVNIH2  USA ?a%r:;?]s Contig 4523 589 50 NZ_LRBO00000000.1 N/A
Homo NZ_CP014774.1
12 AVNIHL  USA sapions Complete 4955 585 2 NZ CPOL4TT5.L N/A
13 AMC35  USA ?a%r:;?]s Scaffold 4566 585 2 NZ_AGWWO00000000.1  *
14 CECT USA Homo Scaffold 4516 589 52 NZ_CDDK00000000.1 N/A
4257 sapiens -
15 CCM USA Homo Contig 4511 589 56 NZ_MRZR00000000.1 N/A
4359 sapiens =
16 B565 CHINA pond Complete 4552  58.7 1 NC_015424 (Lietal., 2011)
sediment
17 AER397  USA ;%:2?]5 Scaffold ~ 4.497 588 5 NZ_AGWV00000000.1  *
TTU2014- . . (Webb et al.,
18 aave  USA Dairy Cattle  Contig 4681 586 59 NZ_LKKGO00000001 iy &
TTU2014- . . (Webb et al.,
19 Jaincc  USA Dairy Cattle  Contig 4680 586 59 NZ_LKKBO00O00OD1 o
TTU2014- . . (Webb et al.,
20 oasc USA Dairy Cattle  Contig 4681 586 45 NZ_LKKF00000000.1 iy &>
TTU2014- ) . (Webb etal.,
21 jaoave USA Dairy Cattle  Contig 4679 586 64 NZ_LKIW00000000.1 iy o>
TTU2014- ) . (Webb etal.,
2 oensc  USA Dairy Cattle  Contig 4680 586 58 NZ_LKIVO0000000.1 iy o>
TTU2014- : (Webb etal.,
28 Jaoasc USA Dairy Cattle  Scaffold ~ 4.680 586 49 NZ_LKIX00000000.1 i o>
TTU2014- ) (Webb etal.,
24 Liave USA Dairy Cattle  Scaffold ~ 4.680  58.6 48 NZ_LKKDO000O000L 1 &>
TTU2014- ) . (Webb etal.,
%5 laiave  USA Dairy Cattle  Contig 4681 586 50 NZ_LKKAO0000000.1 s o>
TTU2014- ) . (Webb etal.,
26 saacc USA Dairy Cattle  Contig 4678 586 54 NZ_LKKHO0000000.1 1 &>
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Table 5.1 (continued)

27 Tlglfi%%‘ USA Dairy Catlle  Contig 4675 586 70 NZ_LKJY00000000.1 ;g{g;’b etal,
28 T&ﬁ%ﬁ USA Dairy Catle  Contig ~ 4.680 586 45 NZ_LKKE00000000.1 ;g{g;’b etal,
29 _legi%lé USA Dairy Catlle  Contig 4676 586 81 NZ_LKKC00000000.1 ;g{g;’b etal,
30 Tﬂgﬁﬁ‘é USA Dairy Cattle  Scaffold ~ 4.663 586 122 NZ_LKJQ00000000.1 ;Q)Al’gg’b etal.,
31 pamvotica GREECE fe“r:tflani‘;m Contig 4919 581 21 NZ_MRUI00000000.1 N/A

32 -I:LT].LSJ,i%lCA USA Dairy Catle  Contig 4533 587 52 NZ_LKJS00000000.1 ;Q)Al’gg’b etal.,
33 Tﬂgﬁﬁé USA Dairy Cattle  Scaffold ~ 4.532 587 53 NZ_LKJR00000000.1 Z%Al’g;’b etal.,
34 Tlglé’iﬁ‘é USA Dairy Cattle  Contig 4533 587 62 NZ_LKJIN00000000.1 Z%Al’g;’b etal.,
35 Tlglé’iglé USA Dairy Cattle  Contig 4533 587 58 NZ_LKJP00000000.1 Z%Al’g;’b etal.,
36 VBF557  INDIA ?a%r.g?]s Contig 4697 584 5% LXJIN00000000.1 N/A

37 ARB3 JAPAN Pondwater  Contig 4543 588 63 NZ_JRBE00000000.1 z(oKlir;zaka etal,
38 %sm USA N/A Contig 4431 588 64 NZ_CDDU00000000.1 N/A

39 Phin2 INDIA Fish intestine  Contig 4.301 58.8 1899 ANNT01000667.1 N/A

40 EE%T USA a';garce Scaffold 4411 589 66 NZ_CDBU00000000.1 N/A

41 ;:23':1" $ERMAN a;gafe Contig 4422 589 74 NZ_MRZQ00000000.1 N/A

N/A: Not available, S: Scaffold, P: Plasmid, Ref: Reference
*Human Microbiome U54 initiative, Broad Institute (broadinstitute.org)

5.3.2 Sequencing, assembly, and annotation

A. veronii ML09-123 strain was sequenced using an lllumina Genome Analyzer
I1x. The total number of reads were 4,911,312 and coverage was 118X. Adaptor
trimming, quality control of sequence reads, contig creation and de novo assembly were
conducted using CLC Workbench version 6.5.1. (CIC Bio) and Sequencher version 5.4
(Gene Codes Corporation). For annotation, the draft genome was submitted to RAST
(Aziz et al., 2008) and NCBI's Prokaryotic Genome Automatic Annotation Pipeline

(PGAAP).
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5.3.3 Phylogenetic tree and ANI calculation

Phylogenetic tree for 41 A. veronii genomes, build from core genomes. The gene
sets of the core genome were aligned using MUSCLE (Edgar, 2004) one by one, and
alignments of the each genome were concatenated. This alignment was used to compute a
Kimura distance matrix, which was used as input for the Neighbor-Joining algorithm as

implemented in PHYLP (Felsenstein, 1989)

5.34 Pan-Core genome

The core- and pan-genome analyses were performed using the EDGAR 2.0
platform. It is a generic orthology criterion which in turn is based off BLAST score ratio
values (SRV), i.e., BLAST scores are normalized in relation to the best hit possible,
Based on the distribution of SRVSs in the dataset, a cutoff is estimated as described in
(Blom et al., 2016). Comparative subsystem coverage identification was conducted by
submitting nucleotide sequences of 41 A. veronii genomes to RAST annotation server for
SEED subsystem categorization (Aziz et al., 2008). Comparative subsystem coverage
identification was conducted by submitting nucleotide sequences of 41 A. veronii
genomes to RAST annotation server for SEED subsystem categorization (Aziz et al.,

2008).

535 Subsystems coverage

Comparative subsystem coverage identification was conducted by submitting
nucleotide sequences of 41 A. veronii genomes to RAST annotation server for SEED

subsystem categorization (Aziz et al., 2008).
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5.3.6 Secretion systems

Nucleotide sequences of 41 genomes were annotated by RAST annotation server
(Aziz et al., 2008), then annotated protein files were submitted to MacSyFinder (Abby et
al., 2014; Abby et al., 2016), which uses systems modeling and similarity search to
identify protein secretion systems and related appendages. Default settings were used: the
type of dataset to deal with: ordered/unordered replicon, the topology of the replicon (s):
linear/circular, protein secretion systems to detect: all available systems, maximal e-

value: 1.0, maximal independent e-value: 0.001, and minimal profile coverage: 0.5.

5.3.7 Insertion elements

Insertion elements were determined by submitting nucleotide files to Issaga
(\Varani et al., 2011). After the identification process, results were organized by including
complete, partial and unknown regions and removing the false predicted insertion from

the final results.

5.3.8 Phage elements

To detect the prophages in the evaluated A. veronii genomes, PHASTER (PHAge
Search Tool Enhanced Release) was used (Arndt et al., 2016). First, nucleotides from all
genomes were concatenated to serve as an input file and submitted to PHASTER server.
Computed results were arranged into three categories: score > 90 was considered intact
phage element; a score between 70 — 90 was found to be questionable; and score < 70 is
considered incomplete phage region. Additionally, nucleotide sequences of all the
identified phage regions were concatenated and performed MAUVE alignment (Darling

et al., 2004) to identify conserved phage regions.
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5.3.9 Integron identification

Identification of integron and their components for the evaluated A. veronii

genomes were performed by IntegronFinder (Cury et al., 2016).

5.3.10 CRISPR (Clustered regularly interspaced short palindromic repeats) and
Cas (CRISPR associated genes) elements analysis

To evaluate the CRISPR-Cas systems and their distribution in A. veronii genomes,
CRISPRfinder (Grissa et al., 2007b) and MacSyFinder (Abby et al., 2014) were used. For
the Cas elements identification, following criteria were used, maximal e-value was set to
1.0, independent e-value was set to 0.001, and minimal profile coverage was set to 0.5.
Three different categories were obtained (mandatory, accessory, forbidden). Mandatory
elements are identifiable and ubiquitous; accessory elements could be essential but not
identifiable. If the identified element is partly homologous, it is considered forbidden

elements.

5.3.11 Antibiotic resistance genes

Concatenated nucleotide files were submitted to CARD (Comprehensive
Antibiotic Resistance Database) (Jia et al., 2017) to perform BLAST search. Results were

organized, and duplicates were removed.

5.3.12  Fish challenge

Fish experiments were conducted under a protocol approved by the Institutional
Animal Care and Use Committee at Mississippi State University. Virulences of A.
hydrophila ML09-119 (Tekedar et al., 2013) and A. veronii ML09-123 were tested.

Briefly, 12 month-old specific-pathogen-free (SPF) channel catfish (18.2 £ 0.53 cm, 82.3
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+ 6.39 g) were stocked into twenty-seven 40-liter flow-through tanks (10 fish/tank) and
acclimated for four days. Tanks were assigned randomly to two treatment groups (A.
veroni and A. hydrophila), and four doses (1 x 10%, 1 x 10°, 1 x 10°, 1 x 10) Three
replicate tanks were assigned to each dose, and a negative control group was also
included. Water temperature was maintained at 32°C (+2) during the experiments. Fish
were fed twice a day with a commercial catfish feed. Fish mortalities were recorded daily
for a total of seven days; the experiment was terminated when no fish mortality was

observed for three consecutive days. Percent mortalities were calculated for each group.

5.4 Results
54.1 Genome features

A. veronii strains used in this study and their genome features are listed in table 1.
G+C ratios range from 58.1-58.9, and only one genome (strain AVNIH1) carries a
plasmid. Other genomes may have plasmids, which needs experimental confirmation.
These A. veronii strains are isolated from different hosts including human, cattle, fish,
water, and sediment and different geographical locations, including USA, China,

Germany, Sri Lanka, Japan, India, South Africa, Turkey, and Greece (Table 5.1).

54.2 Phylogenetic tree and ANI calculation

To identify to taxonomic positions of evaluated A. veronii genomes, a phylogenetic tree
was constructed based on the complete core genome of 41 A. veronii genomes.
Phylogenetic tree for 41 A. veronii genomes, build out of a core of 2409 genes per
genome, 8769 in total. The core has 771557 AA-residues/ bp per genome, 31633837 in

total. The result did not show highly conserved branching except for a couple of them.
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For example, U.S. (ML09-123) and China (TH0426) catfish isolates. Greece surface
sediment isolate lands in between U.S. cattle isolates. U.S. human isolates (strains CECT
4257, CCM 4359, AER 397) and China pond sediment isolate strain B565 are grouped.
Finally, U.S. surface water and Germany surface water isolates formed highly
conservative groups. Importantly, these findings were confirmed and supported by
Average Nucleotide Identity (ANI), conserved branches” ANI values were above 99.91.
The Greece isolate strain pamvotica fall in between the cattle isolates, and their ANI
value is slightly lower than other conserved strains (Figure 5.1). To be considered same
species, ANI calculation ratio should be above 95. According to our ANI calculation,
strain AMC34 slightly lower than 95, which shows that it might be another member of

Aeromonas spp.
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Figure 5.1  Average nucleotide identity (ANI) values of A. veronii genomes and
phylogenetic tree analysis based on the core genomes.

5.4.3 Pan-Core genome analyses

Examination of Pan-core genome analysis revealed that addition of each genome
to pan-genome analysis increased the starting number of pan-genome development from
4,072 genes to 9,120 total genes for 41 A. veronii genomes. On the other hand, core
genome calculation showed the addition of each genome decreased the total number of
core elements from 4,072 genes to 2,399 genes (Figure 5.2). Lack of a quality genome for
strain Phin2 (has 1,899 contigs), core genome number seems to decrease the core genome

number from around 3000 genes to 2400 genes.
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Pan vs. Core development plot for A. veronii genomes

Figure 5.2 Pan vs. Core genome development plot for A. veronii genomes.
544 Subsystems coverage

The Rapid annotation Subsystem Technology (RAST) annotation server predicted
all the evaluated 41 A. veronii genomes™ subsystems listed in figure 5.3. SEED subsystem
categorization analysis predicted that the Chinese isolate strain TH0426 carry the most
elements (3559), whereas strain PhIn2 carry the least of the elements (2576). This low
number would be due to lack of assembly quality because this genome has 1899 contigs.
Based on SEED subsystem, the most abundant system is that “amino acid and
derivatives” biosynthesis and utilization. The second abundant system is “carbohydrates”,
followed by “cofactors, vitamins, prosthetic groups, and pigments”. Interestingly, USA
catfish isolate strain ML09-123 and Chinese catfish isolate strain TH0426 carry the most
abundant “phages, prophages, transposable elements, and plasmids”. SEED subsystem
analysis enabled us to make coherent conclusions to understand the distribution of the

subsystem for the A. veronii genomes.
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Figure 5.3

SEED subsystem category for A. veronii genomes.

Comparison of functional categories in 41 A. veronii genomes based on SEED.
Functional categorization based on roles of annotated and assigned genes. Each colored
bars represent the number of genes assigned to each category.
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545 Secretion systems, Flagellum, TAD, T4P

In our silico secretion system analysis for A. veronii genomes, we identified that
all the evaluated genomes encode T1SS, T2SS, T4P, Flagellum core components. In all
these systems, a couple of genes were not present, but this could be due to lack of
annotation or assembly. On the other hand, our genome (strain ML09-123) carry all the
systems except TAD, which is similar to Chinese fish isolate (strain TH0426) (Figure
5.4). Additionally, the majority of A. veronii genomes encode T3SS. However, one Sri
Lankan fish isolate (strain Ae52), one pond sediment isolate (strain B565) from China
and seven human isolates (strains AMC34, AVNIH2, AVNIH1, AMC35, CECT4257,
CCM 4359, AER397) and one unknown source isolate from the USA do not encode
T3SS (Figure 4). For the T5aSS and T5bSS systems, only 17 dairy cattle isolates from
the USA and one isolate (strain pamvotica) from Greece encode both systems, whereas
rest of the genomes either carry one gene from each system or none (Figure 4). For the
T4SS, 13 cattle diary isolates encode 8 of the T4ASS-Type T accessory genes, whereas
four strains (TTU2014-108AME, TTU2014-108ASC, TTU2014-115AME, TTU2014-
115ASC) do not encode this system, also strain CIP107163, AVNIH1 and pamvotica
encode some of the T4SS-type T components. Also, strain AVNIH1 possess a large size
plasmid, and identification results showed that this plasmid encodes several of the
elements of the T4SS-type F. Also, strains VBF557 and pamvotica genomes encode some

of the T4SS-type F.
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IS2, 15481, 1S4, 1S903, ISL3 insertion families, and subgroups are encoded by most of

the evaluated A. veronii genomes.

54.7 Phage elements

Prophages in the 41 A. veronii genomes were investigated by PHAST; results
showed that only two of the strains CECT4486 and CCM7244 do not carry any type
(intact, questionable, incomplete) phages regions, whereas rest of the genomes have at
least one type of identified phage regions. The general G+C regions for the A. veronii
regions varies from 46.99-63.41. Specifically, since strains ML09-123 and TH0426 may
have originated from the same clonal group as they tend to show similar G+C ratio in
their phage elements, ranging from 57.55-63.41. Similarly, Greece isolate strain
pamvotica, and U.S. cattle isolates show similar GC ratio distribution in their phage

elements.

5.4.8 Integron elements

Integron regions consist of two main components, first integron-integrase (intl)
and responsible promoter region (Pint), attachment site of the integron (attl), and
constitutive promoter (Pc) region to integrate the gene cassettes at the attl region.
Secondly, gene cassettes (up to 200 bp), are opposite in the direction of the integron-
integrase gene. Gene cassettes have an open reading frame (ORF) and followed by attC
gene in their flanking regions, which helps them to attach to cassettes. Note that, ORF
region is not mandatory. Briefly, complete integron elements include integrase and at
least one attC region. In0 elements consist of integrase without attC sites, and the clusters

of the attC region without integron-integrase and encoding at least two attC regions is
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considered (CALIN) (Collis and Hall, 1995; Boucher et al., 2007; Joss et al., 2009; Cury
et al., 2016). According to our integron identification results, only two strains (AVNIH1
and Ae52) encode complete integron regions, whereas rest of the genomes either carry
cluster of attC sites lacking integron-integrases (CALIN) or none of the integron or any
part of integron regions. Moreover, only 4 strains CECT 4486, LMG 13067, CCM 7244,
RU31B have two CALIN regions, and 14 strains (CCM 4359, ML09-123, CB-51,
THO0426, CECT 4257, CIP 107763, AMC34, AMC35, AER397, B565, TTU2014-
115ASC, TTU2014-108ASC, TTU2014-108AME, TTU2014-115AME) do not encode

any of the integron components, whereas rest of the strains carry only CALIN elements.

549 CRISPR-Cas elements

Our CRISPR analysis identified that all the evaluated A. veronii genomes carry at
least questionable CRISPR regions, while strains A29, LMG 13067, AVNIH2, AVNIH1,
AMC35 genomes have confirmed CRISPR regions. Cas systems are divided into three
categories (Type-1, Type-1l, and Type-I11) and these three categories has 10 different
subcategories (Typel-A to F, Typell-A and B, Typelll-A and B) for the Cas regions. A
few of the A. veronii genomes encode these elements. Strains AMC34, TH0426, LMG
13067, AVNIH1 and AVNIH2 genomes carry these genes, rest of the genomes do not

carry Cas elements (Table 5.2).
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Table 5.2

General features of CRISPR-Cas loci in 41 A. veronii genomes.

# Strain names

CRISPR regions and their features

Cas elements availability

Confirmed  Questionable  Direct repeat length  Number of spacers  CRISPR length Cas-Type | CAS-Type 111
1 AMC34 - 3 23-40 1 91-109 cas3-Typel -
cas3-Typel
2 RU31B - 4 23-42 1 86-121 -
cas6-TypelF -
3 THO0426 - 7 23-42 1 99-139 coy3-TypelF i
4 ML09-123 - 7 23-48 1 98-133 - -
5 Hm21 - 3 24-35 1 99-113 - -
6 A29 2 4 24-43 1-9 81-684 - coxd6-Typelll
casl-Typell
7 AER39 - 4 24-34 1 105-107 - -
8 CBS51 - 3 45-55 1 147-166 - -
9 Ae52 - 3 24-45 1 106-117 - -
casl-TypelC
cas4-Typel-11
10 LMG 13067 1 3 32-45 1-42 106-2804 cas7c-TypelC -
cas8c-TypelC
cas5c-TypelC
cas2-TypelE
casl-TypelE
cas5-TypelE
11 AVNIH2 1 5 23-45 172 80-4430 cas7-TypelE -
cse2-TypelE
csel-TypelE
cas3-Typel
cas6-TypelE
12 AVNIHL 1 7 23-46 1-4 80-250 cas3-Typel -
cas3-Typel
13 AMC35 1 8 23-51 1-5 80-371 - -
14 CECT 4257 6 23-53 1 95-158 - -
15 CCM 4359 - 4 23-53 1 95-158 - -
16 B565 - 5 23-53 1 95-158 - -
17 AER397 - 7 24-53 1 81-127 - -
18 TTU2014-143AME - 5 24-40 1 96-118 - -
19 TTU2014-134ASC - 5 24-40 1 96-118 - -
20 TTU2014-142ASC - 5 24-40 1 96-118 - -
21 TTU2014-130AME - 5 24-40 1 96-118 - -
22 TTU2014-125ASC - 5 24-40 1 96-118 - -
23 TTU2014-130ASC - 7 24-40 1 96-118 - -
24 TTU2014-141AME - 5 24-40 1 96-118 - -
25 TTU2014-134AME - 5 2440 1 96-118 - -
26 TTU2014-143ASC - 5 24-40 1 96-118 - -
27 TTU2014-131ASC - 5 24-40 1 96-118 - -
28 TTU2014-141ASC - 5 24-40 1 96-118 - -
29 TTU2014-140ASC - 5 24-40 1 96-118 - -
30 TTU2014-113AME - 6 25-42 1-2 96-258 - -
31 pamvotica - 6 23-34 1-4 72-235 - -
32 TTU2014-115ASC - 4 24-39 1 96-124 - -
33 TTU2014-115AME - 4 24-48 1 96-133 - -
34 TTU2014-108AME - 4 24-39 1 96-124 - -
35 TTU2014-108ASC - 4 24-39 1 96-124 - -
36 VBF557 - 5 24-34 1 96-107 - -
37 ARB3 - 5 24-35 1 96-108 - -
38 CIP 107763 - 2 25-34 1 96-105 - -
39 Phin2 - 2 30-35 1 106-115 - -
40 CECT 4486 - 7 23-37 1 76-115 - -
41 CCM 7244 - 7 23-37 1 79-124 - -
5.4.10  Antibiotic resistance genes

According to antibiotic resistance database search, AVNIH1 genome has the

largest number of the elements. Also, strain ML09-123 and TH0426 show similar

distribution along with the majority of all the evaluated all the A. veronii genomes.
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Following are the conserved antibiotic resistance elements in 41 A. veronii genomes that
we identified in our study; MdtC (yegO), OXA-12 (AsB1), carbapenem elements, smeE
element, edeine, kanamycin, tobramycin, neomycin, amikacin, gentamicin, rifampicin,
aminocoumarin, fluoroquinolone, kasugamycin, kirromycin, Pulvomycin, Enacyloxin Ila,
spectinomycin, gentamicin C, G418, paromomycin, streptomycin, tetracycline,

hygromycin B, viomycin, neomycin, macrolide, clarithromycin, linezolid.

5.4.11 Fish challenge

Results of the injection challenge in catfish indicated that A. veronii ML09-123
shows a typical disease progress, showing mortality for each dose as following
1074(3.33%), 10°5(36.67%), 1076(86.67%), 1077(93.33%). A. hydrophila ML09-119
result is different from A. veronii because there was no mortality at dose 10°4 and 10"5
but we lost majority or all of the fish at dose 10”6 (90%) and 1077 (100%). Results are

shown in Figure 5.5.
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Figure 5.5  Percent mortalities in catfish challenged with A. hydrophila ML09-119 and
A. veronii ML09-123.

5.5  Discussion

In our study, we sequenced one of the epidemic A. veronii isolates. To investigate
the molecular mechanisms, we applied several aspects of comparative genomic
approaches. For the first time, we report the presence of A. veronii strain ML09-123 in
the U.S. aquaculture industry. This may be as a result of transfer from Chinato U.S. As
similarly reported by several researchers, clonal group of A. hydrophila has been

negatively affecting the U.S. aquaculture due to the transfer from China to U.S. Our
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findings suggests that during this transfer not only A. hydrophila but also several
Aeromonas spp. may have been introduced to U.S. aquaculture. Additionally, we
extended our analysis using comparative genomics approaches to understand the
molecular mechanism of A. veronii by including all the available A. veronii genomes on
NCBI. Moreover, to investigate the virulence of A. veronii ML09-123 strain, we did fish
challenge against to well-studied epidemic isolate A. hydrophila ML09-119. All in all,
our findings strongly suggest that A. veronii has potential to cause serious problems in the
aquaculture, and our comparative genomics will provide a basis for further studies to
understand the molecular mechanism of A. veronii strains.

As it has been recommended to actively use ANI calculation for accurate digital
investigation for genome distances (Kim et al., 2014), we applied this approach to see
how our A. veronii ML09-123 genome fall into position along with all the publicly
available A. veronii genomes. Our ANI calculation result showed that there are four
groups that had a highly conservative similarity (above %99). Interestingly, all the four
group members are isolated from different parts of the world suggesting potential transfer
from one location to another location. To confirm the ANI calculation results, we
performed core-genome based phylogenetic tree analysis, and our results indicated that
ANI calculation and phylogenetic tree creation are consistent.

In our Pan-Core genome analysis, we observed that there is no drastic reduction
also to each genome except strain Phin2, but this would be the lack of genome quality.
Meanwhile pan-genome ratio is increased by the addition of each genome. This result

would be explained by the acquisition of genetic material elements intake for their
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genomes. Therefore we could conclude that as expected genome structure of each A.
veronii strain, is being changed evolutionary.

According to SEED subsystem analysis, Chinese catfish isolate strain TH0426
carry the most identified elements in its genome. This would be the result of abundant
mobile elements presented in its genome because U.S. catfish isolate strain ML09-123
and China catfish isolate strain TH0426 carry the most abundant category “phages,
prophages, transposable elements and plasmids” (Figure-2). SEED subsystem analysis
enabled us to come to coherent conclusions to understand the distribution of the
subsystem for the A. veronii genomes and help us to understand that mobile elements
affect general structure of the genome.

Comparative secretion system analysis provided valuable information about the
distribution of secretion systems and their components available in the evaluated A.
veronii genomes. Due to the importance of several roles in the organism, including
invading hosts, damaging tissues, secreting a variety of substrates, bacterial competition
secretion systems, these systems play an important role for the bacteria (Green and
Mecsas, 2016). Interestingly, in our secretion systems analysis, we observed that they are
four conserved groups according to ANI calculation and phylogenetic tree analysis.
These four groups’ secretion system distributions are similar, which support the ANI
calculation and phylogenetic tree creation (Figure-4).

T1SS is known for one-step transportation for unfolded substrates directly into
extracellular space by bypassing the periplasm (Kanonenberg et al., 2013), also made up
of three main proteins (abc, omp, mfp) which span the cell envelope. In our analysis, we
identified that all the evaluated A. veronii genomes possess the T1SS, but number of
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mandatory elements vary depending on the strains. Since, this system is responsible for
delivering destructive enzymes and toxins, encoding this system may give A. veronii
species an advantage to invade the host and compete with other niche members. For
instance, encoding this system has been confirmed in different bacterial pathogen
organisms that presence of T1SS increases the virulence as observed in Serrattia
marcescens (Letoffe et al., 1996) and Vibrio cholera (Dolores et al., 2015) (Figure 4).

Another important well-conserved secretion system in all the evaluated 41
genomes is the T2SS system, this system is known for exporting hydrolytic enzymes,
some of the virulence factors and toxins from the studies of A. hydrophila (Ast et al.,
2002; Cianciotto, 2005). One of the A. veronii studies revealed that presence of A. veronii
in the gut of Leech helps to colonize because export of hemolysin by T2SS is an
important step for the initial colonization of the gut environment (Maltz et al., 2011)
(Figure 4). Our findings also suggest that regardless of the isolation location or organisms
of evaluated all the genomes, T2SS is one of the well-conserved systems, which may
suggest that A. veronii strains heavily and actively may use the system for colonization or
other purposes. On the other hand, T2SS components are homologous to Tad pilus and
T4P, therefore, they show similarity in their structural components (Peabody et al., 2003;
Korotkov et al., 2012). Moreover, also T4P play a role in the motility, adhesion and
signaling process (Nivaskumar and Francetic, 2014). According to our results, all the
mandatory genes of T4P are carried by the evaluated A. veronii genomes.

Since Flagellum is evolutionarily similar to T3SS, they show a similarity in their
components and our comparative genomics approach, we identified that all the A. veronii
genomes encode the mandatory genes of the flagellum. Interestingly, some of the A.
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veronii genomes do not carry T3SS; strains AMC34, AMC35, AVNIH2, AVNIH1,
CECT 4257, CCM 4359, AER397 (human isolates), Ae52 (goldfish isolate) and B565
(pond sediment isolate), LMG 13067 (unknown source), while the rest of the evaluated
genomes carry this system (Figure 4). Even though T3SS is considered an important
virulence factor, we could hypothesize that these isolates could be using other secretion
systems for invasion and competition purposes. Also, previous research reported that A.
veronii uses T3SS to protect itself from leech immune cells (Silver et al., 2007), which
shows that majority of the evaluated genomes could be using the similar strategy to avoid
cellular immune system of the host organisms during the encounter of immune cell
attacks.

In our analyses, we identified that some of the cattle isolates, one human isolate
(strain VBF557) and one surface sentiment (strain pamvotica) encode some of the
component of two different types of T4SS type T and F. T4SS is known for helping
mobile genetic elements exchange across different organisms, which is observed in our
study that strain AVNIH1 and pamvotica possess more insertion elements. T5SS is one of
the most widespread and abundant systems in bacterial genomes and divided into five
types (Abby et al., 2016), and they have a unique characteristic way of secreting the
substrates including toxins and receptor proteins (Green et al., 2016). In our analyses, we
identified that all the cattle isolates and strain pamvotica encode mandatory genes of
T5aSS and T5bSS and rest of the evaluated genomes either carry only one or none of
these mandatory gene of subtypes.

Another important result of the secretions systems analyses is that majority of the
genomes encode the T6SSi system, but some of the A. veronii genomes lack this system.
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This system has been studied extensively and well-known for their ability to interact with
environment, host and competitor organisms by using the system as a versatile weapon
(Cianfanelli et al., 2016). Interestingly, our in silico analysis showed that only one gene
(TssH also known as ClpV) is conserved in all the evaluated genomes regardless of the
presence of the other component of this system. Moreover, our results showed that T6SS
availability in different organisms and location vary including carp, human, pond
sediment, fish intestine and surface water, which may suggest that there is no specific
pattern to carry this system based on a location or organism. Finally, we evaluated the
Tad system, which is known for an essential colonization, biofilm formation and
virulence of some species (Tomich et al., 2007) and results indicated that majority of the
28 out of 41 genomes do not encode this system.

Insertion elements are known as an important factor for evolutionary role in the
gene inactivation or changing the genome structure (Touchon et al., 2007). They can
undergo extreme expansion by flanking regions, gene inactivation and decay, genome
rearrangement and reduction, and also incorporate additional genes they could contribute
to pathogenicity (Siguier et al., 2014). In our analysis, interestingly, we observe that U.S.
and China catfish potentially clonal isolates and U.S. cattle and Greece surface sentiment
isolates, they encode similar types of insertion families, whereas rest of the A. veronii
isolates show a more scattered pattern of distribution. As we discussed before, this may
suggest that two different isolates may have been transferred from different locations and
introduced to U.S. Also, we can speculate that carrying the large number insertion
elements could be the result of encoding some or all the components of T4SS, because
this system is well-known for DNA intake or exchange from the other organisms. In our
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analysis, we found that strains pamvotica and AVNIH1 encode either all the accessory
genes of T4SS elements or some of them, which could be playing an important role in the
intake of insertion elements. Because these two strains encode the largest number of
insertion elements.

Other important mobile elements are bacteriophage regions, which are well
known for providing specific mechanisms to affected bacteria, attachment, invasion and
survival capabilities (Boyd et al., 2012). However, this may end up affecting the genome
structure by either increasing or decreasing the pathogenicity of the organism by
acquiring virulence factors from the different organisms. According to our results, we
could speculate that A. veronii genomes somehow tend to have phage elements because
except two genomes rest of the genomes carry different levels of bacteriophage. Even
though there is a different number of phage elements on U.S. and China catfish isolates;
they share only one intact phage region which this could be due to the incomplete
genome of strain ML09-123. Meanwhile, we did not identify a conversed phage elements
for the 41 A. veronii genomes.

CIRSPIR-Cas systems are consist of two different main components, CRISPR
array and CRISPR associated genes (Cas), these two systems are separated from each
other by spacers (Grissa et al., 2007a). They play a role as an immune system to
withstand against viral predation, foreign DNA invasion such as prophages, plasmids or
transposons (Horvath et al., 2010). Our results showed that all the evaluated A. veronii
genomes have either confirmed or questionable CRISPR elements but only strains

AMC34, TH0426, LMG 13067, AVNIH1 and AVNIH2 encode the Cas elements along
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with CRISPR regions, which may suggest that CRISPR regions could undergo dynamic
and rapid evolutionary changes. Results are listed in table 2.

Interestingly, strain AVNIHL1 is the only confirmed encoding one large size
plasmid, which carries three integron regions. On the other hand, strain Ae52 encodes
complete integron region on its genome. This is a very good example of promoting
genetic diversity in the A. veronii genomes, by vertical inheritance from different
organism because many of the A. veronii genomes either carry only one, two or none of
the CALIN elements in their genome. For the functional integron, only simple core
elements (intl gene and attl integration site) are required (Boucher et al., 2007). Since
integrons are known for the major group genetic element for facilitating the spread of
antibiotic resistance genes. We can speculate that the evaluated A. veronii genomes may
have adapted some of the components of integron regions over the time, but they have
not completed or acquired the full core components so that they can function properly.
For instance, from the same study, 4 of 17 cattle isolates do not carry any integron
regions, whereas 13 of them carry only CALIN regions. This is a good example of
promoting to genetic material changes over the time. Also, as we will discuss in the
upcoming section, the AVNIH1 strain has more antibiotic resistance elements more than
other evaluated genomes, this would be the result of encoding three integron regions.

As we discussed previously, AVNIH1 strain encodes most of the antibiotic
resistance elements, which could be explained by encoding three integrons elements. Due
to heavily usage of antibiotics, we would expect to see different types of antibiotic

distribution in evaluated A. veronii genomes, but antibiotic resistance database search
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showed a majority of the antibiotic resistance elements are shared by all the A. veronii
genomes with some exceptions.

Additionally, we investigated the disease progression in different doses by doing
the fish challenge. To do this, we did fish challenge experiment using one of the epidemic
isolate A. hydrophila ML09-119 against A. veronii ML09-123. Results were quite
interesting because even in lower dose we observed mortality in A. veronii injection,
whereas there was not any mortality at dose 10”4 and 10”75 in A. hydrophila injection
(Figure-6). This result suggests that A. veronii injection shows a typical disease
progression, which could suggest that even the little dose may lead to mortality. On the
other hand, A. hydrophila may a different molecular mechanism to cause the mortality.
For instance, to cause mortality, optical density should reach a certain point, so that
produced toxin and destructive enzymes reach a certain level and start affecting the
organism.

In conclusion, our comparative A. veronii genomes analyses shows that another A.
veronii may have been transferred from China to U.S. Also, this observation was
confirmed by ANI calculation and Phylogenetic tree, subsystem category distribution,
secretion systems, phage elements, insertion elements, genomics islands, integron,
antibiotic resistance elements. They showed the same type of distribution for the U.S.
catfish isolate strain ML09-123 and China catfish isolate TH0426. Meanwhile, we see the
similar pattern for the newly reported Greece isolates strain pamvotica, against to U.S.
cattle isolates. These evidence clearly suggest non-native species may have been
introduced to different geographical locations by different activities. Also, we report an
extended evaluation of comparative genomics approaches, which will provide novel
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insights into the pathogenicity of A. veronii genomes from different hosts and
geographical locations. We expect that these findings will provide a base platform to
investigate in detail the molecular mechanism of A. veronii strains for the further studies.

Also, this will be the first report to raise an awareness of potential epidemics of A.

veronii.
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CHAPTER VI

CONSTRUCTION AND EVALUATION OF SIX AEROMONAS HYDROPHILA IN-

FRAME DELETION MUTANTS

6.1 Abstract

Catfish aquaculture is one of the major aquaculture commodities in the United
States. Since 2009, epidemic Aeromonas hydrophila (EAh) cases have had a serious
impact on the commercial channel industry in the USA. Even though, significant progress
has been made to understand molecular mechanisms of A. hydrophila infection, effective
control of EAh epidemics has not been achieved. Live attenuated vaccines have the
potential as an alternative method against EAh epidemics. Here, we present the vaccine
potential of novel A. hydrophila mutants. In our study, we successfully constructed six A.
hydrophila mutants by in-frame deletion method, which is followed by virulence testing
on channel catfish fingerlings by i.p. injection. Virulence challenges indicated that
sialidase (vAhAsia) and enterotoxin (vVAhAent) mutants could be used as vaccine
candidate. On the other hand, mutant vAhAcol was not attenuated. Our results clearly
support the importance of the role of invasins and toxins in the pathogenesis of A.
hydrophila. Lastly, interestingly, none of the hfqg and —related mutants were not

statistically significant. Deletion of RNA-binding protein (vVAhAhfqgl) increased the
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virulence, whereas RNA chaperone Hfg (vAhAhfg2) mutant and their double mutant

(vAhAhfqlAhfqg2) slightly reduced virulence compared to wild-type.

6.2 Introduction

The aquaculture industry is one of the important agricultural sectors and provides
almost half of the animal food for human consumption around the world (Bostock et al.,
2010). Specifically, the aguaculture industry in United States of America has been well
established for the last 40 years. The majority of sales in aquaculture come from the
catfish industry (FAO, 2011). Because of the importance of the catfish industry,
multistate research institutes and universities have collaborated to address emerging
diseases and have been trying to find solutions for current or potential problems. Since
2009, catfish producers lost more than 5.5 million pounds of market size fish because of
Aeromonas hydrophila epidemics. Previous comparative genomics research revealed that
these outbreaks were caused by an emergent Asian origin clonal group of A. hydrophila
strains (Hossain et al., 2014; Hossain et al., 2013).

It is well-known that A. hydrophila produces a large number of extracellular
enzymes and toxins that contribute to host inflammation and promote spreading in the
tissues. A. hydrophila infection is characterized by secreted proteins involved in bacterial
invasion and spreading (Grizzle et al., 1993), and exotoxins are important in A.
hydrophila infection (Ponnusamy et al., 2016). Also, secreted proteins from Aeromonas
degrade major components in the extracellular matrix on the fish surface. They also
decrease viscosity of mucin, contributing to host invasion and facilitating adhesion to
host cells (Engibarov et al., 2014). However, there is not sufficient information available

on the virulence of invasins and toxins in EAh and their contribution to pathogenesis has
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not been studied extensively. To understand the mechanisms of invasin- and toxins-
mediated inflammation and pathology in catfish at the molecular level, we chose three
genes, sialidase, collagenase and enterotoxin to understand their pathological role in
disease progression. Studies on importance of exotoxins in A. hydrophila infection
(Ponnusamy et al., 2016) and secreted proteins such as sialidase in Edwardsiella tarda
(Jin et al., 2012), collagenase in Aeromonas veronii (Han et al., 2008) indicate that they
have potential to be viable vaccine candidates.

The master regulators of gene expression in bacteria are hfg and its related genes
(Feliciano et al., 2016) . It is also an essential component for the activity and stability of
most small RNAs (sSRNAs). The capability of hfg genes in bacterial pathogenesis was
evaluated, and results showed that deletion of hfg genes reduced the virulence of several
different organisms. For instance, Borrelia burgdorferi (Lybecker et al., 2010), Brucella
abortus (Robertson et al., 1999), Agrobacterium tumefaciens (Wilms et al., 2012),
Edwardsiella tarda (Hu et al., 2014), Vibrio cholerae (Ding et al., 2004), Yersinia pestis
(Geng et al., 2009), Listeria monocytogenes (Christiansen et al., 2004; Nielsen et al.,
2010) are examples of decreased virulence due to deletion of hfg genes. On the other
hand, it also proved that deletion of hfq genes did not affect the virulence in Legionella
pneumophila (McNealy et al., 2005) and Neisseria gonorroeae (Dietrich et al., 2009). A
recent study also showed that the hfq gene is responsible for colony morphology, nutrient
utilization and oxidative and envelope stress response in Vibrio alginolyticus (Deng et al.,
2016).

In spite of the widely appreciated magnitude of EAh problems, an effective
preventive method is not still available. To date, complete control of EAh epidemics has
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not been achieved due to lack of essential information on the pathogenic mechanisms of
EAh. Due to the importance of invasion, toxin and hfg genes, understanding their roles
may allow design of novel control measures for EAh by limiting its ability to disseminate
and induce inflammation. In our study, we successfully constructed six A. hydrophila
mutants by in-frame deletion method, which was followed by virulence test on channel
catfish fingerlings by injection method. Our results clearly support the importance of the
role of invasins and toxin in the pathogenesis of A. hydrophila because virulence
challenge indicated that vAhAsia and vAhAent mutants could be used as vaccine

candidates.

6.3  Materials and methods
6.3.1 Bacterial strains and plasmids

A. hydrophila ML09-119 strain was used as a parent strain to construct A.
hydrophila mutants. A. hydrophila strain ML09-119 was cultured in Brain Heart Infusion
(BHI) agar and broth (Difco, Sparks,MD) at 37°C throughout the study. E. coli strains
were cultured on Luria-Bertani (LB) agar and in broth from Difco and incubated at 37°C.
Antibiotics from Sigma (St. Louis, MO, USA) were added to culture medium when
required containing at the following concentrations: ampicillin (Amp: 100 pg/ml),
Colistin (Col: 25 pg/mL), Chloramphenicol (Chl: 30 uG/mL), sucrose (5%), and
mannitol (0.35%). E. coli strain CC118 and strain BW 10 Apir (lambda-pir) were used in
cloning and conjugal transfer of suicide plasmid (pbMEG-375) into A. hydrophila
respectively. E. coli strains were grown using LB broth and agar at 37°C for 18 hin a

shaker incubator at 200 rpm. As a vector, suicide plasmid pMEG-375 was used to
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generate and introduce in-frame deletion in wild-type strain A. hydrophila ML09-119.

Bacterial strains and plasmid used in this study are listed in table 6.1.

Table 6.1 Bacterial strains and plasmid used in this study.

(Abbreviations: Sialidase: sia, Collagenase: col, Enterotoxin: ent)

Strain or plasmid Description Source

A. hydrophila ML09-119 Isolate from a disease outbreak on a commercial catfish farm (Griffinetal,,
2013; Tekedar et
al., 2013)

vAhAsia A. hydrophila ML09-119; Asia This study

vAhAcol A. hydrophila ML09-119; Acol This study

vAhAent A. hydrophila ML09-119; Aent This study

vAhAhfgl A. hydrophila ML09-119; Ahfql This study

vAhAhfg2 A. hydrophila ML09-119; Ahfg2 This study

vAhAhfqlAhfg2 A. hydrophila ML09-119; Ahfql; Ahfg2 This study

E. coli

CC118Apir A(ara-leu); araD; AlacX74; galE; galK; phoA20; thi-1; rpsE; rpoB; (Herrero et al.,

argE(Am); recAl; ApirR6K 1990)
BW19851 RP4-2 (Km::Tn7, Tc::Mu-1), DuidA3::pir+, recAl, endAl, thi-1, hsdR17, (Metcalf et al.,
creC510 1994)

Plasmid

pPMEG-375 8,142 bp, Amp', Cm', lacZ, R6K ori, mob incP, sacR sacB (Dozois et al.,
2003)

pAhAsia 10,049 bp, Asia, pMEG-375 This study

pAhAcol 10,176 bp, Acol, pMEG-375 This study

pAhAent 9,947 bp, Aent, pMEG-375 This study

pAhAhfql 10,158 bp, Ahfql, pMEG-375 This study

pAhAhfg2 9,978 bp, Ahfg2, pMEG-375 This study

6.3.2 Genomic DNA and plasmid DNA isolation

A. hydrophila genomic DNA was isolated and purified using Promega (Madison,

WI, USA) wizard genomic DNA purification kit. The integrity and concentration of the

isolated genomic DNA was measured with NanoDrop 1000 (Thermo Scientific) and run

on an agarose gel electrophoresis using 0.8 % concentration. The purified genomic DNA

was stored at 4 °C for further studies. For the plasmid isolation, Qiaspin Miniprep Kit

(Qiagen, Hilden, Germany) was used, which is followed by quality and concentration

check using Nanodrop 1000 and 1% agarose gel electrophoresis.
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6.3.3 Preparation of competent cells

To prepare competent cells, the chemical method was chosen. To do so, a single
colony of E. coli strain CC118 Apir was inoculated into 10 ml of LB broth and grown
overnight. 8 ml of overnight culture was transferred to 100 ml of fresh LB broth. OD at
600nm was checked regularly until it reached to 0.4 -0.5. The culture was placed in an ice
cup for 10 min, after which the bacteria were collected by spinning at 3,000 rpm for 8
min at 4 °C. The collected pellet was washed two times with cold 0.1 M CaCl2. In a
second wash, bacteria were incubated on ice for 30 min before centrifugation. The
remaining bacterial pellet after the supernatant removal process was resuspended in 5 ml
in cold 0.1 M CaCl2 along with 15% sterilized glycerol. Approximately, 200 ul bacterial
culture suspension was aliquoted into 1.5 ml microcentrifuge tubes and placed in liquid
nitrogen immediately for quick-freezing. Prepared competent cells were stored at -80 °C

until later use.

6.3.4 Selection of potential genes in A. hydrophila

We compared the genomes of the epidemic and reference isolates of A.
hydrophila and identified genes unique and shared with epidemic and reference isolates.
According to our selection results, Sialidase is one of the unique genes for the epidemic
isolates. Moreover, collagenase and enterotoxin genes are consistently found in epidemic
and reference isolates. Even though hfg genes play a crucial role in many pathways of the
bacteria, their role in A. hydrophila has not been studied so far. Therefore, sialidase,
collagenase, enterotoxin, hfql, hfg2 and hfql+hfg2 genes were selected for the mutation

purposes.
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6.3.5 In-frame gene deletion in vitro

All genes sequences plus 2000 bp flanking upstream and downstream regions

were downloaded from https://www.ncbi.nlm.nih.gov by searching specifically in the A.

hydrophila ML09-119 genome. After Target gene nucleotide files were downloaded,
nucleotide files were imported to SeqBuilder (Dnastar) software, and after choosing the
desired regions, primers for the selected genes were designed with Primer3web version

4.0.0 (http://biocinfo.ut.ee/primer3/). Mutant construction was illustrated in Figure 6.1. In

step 1, 4 primers were designed, external forward and reverse primers were designed
1000 bp away, up and down the flanking regions of the selected genes. Moreover,
internal reverse and forward primers were designed at the very beginning of the start and
stop codon for each selected gene. In order to produce the spliced DNA fragment by in-
frame deletion, reverse complement of the internal primer was added to the other internal
primer’s 5° end, which is followed by overlap extension PCR procedure. Restriction
enzyme sites were added to the 5° end for each of the external primers. All the primers

and restriction enzymes used in this study are listed in Table 6.2.
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Table 6.2 Primers used to generate and verify in-frame deletion of vAh genes.

Primer ID Sequence 5-3' RE
Sialidase AhSiaEF01 A CGTAAAGCGAATGCAAACAG Xbal
AhSialR01 B  CGTTTTCGCAAAGGCTTTAAC
AhSialF01 C GTTAAAGCCTTTGCGAAAACGTCTCCGAGCACTGAAATTAGG
AhSiaER01 D CGCAATCCCAAGACGAATAG Smal
SiaAlSeq GCCTGAACAACCACATAAACC
Collagenase AhColEF01 A ATTCTAGACTCTGCTATTGAGGGGTCAG Xbal
AhColIR01 B  CAATCACGCAGACAATCAAGCGGACGAGACGACTATGACAAGG
AhColIF01 C GCTTGATTGTCTGCGTGATTG
AhColERO1 D ATGCATGGGAGCTGCCATCTGAGAAGAG sphl
ColAl1Seq GGATCTTGGCAAACTTCTTCA
Enterotoxin AhEntEF01 GGCCCTCTACCAGCAACATA Xbal

A

AhENtIR01 B  CCTCGGGGATTACAGCTTG
Cc
D

AhENtIFO1 CAAGCTGTAATCCCCGAGGTGATCCGGACCAAGTTTGAG
AhENtERO1 CTGCGCTAATCGAACCTACA Smal
EntAlSeq AGCTCAAGATCGCCTTCTCC
Hfg-1 AHHfgEF01 A CCCCTCTAGACCTCTTGAACCCATAAACCAG Xbal
AHHfg11R01 B ATCTGGGTTGACGAGTAGCCTCCCCTTAGCCATCTTCTTTTCC
AHHfq11F01 (¢} AGGCTACTCGTCAACCCAGAT
AHHfq1lERO1 D CCCCGCATGCCCAGCTTGTCGATCTTGTTG sphl
HfqlA1Seq TGGAGTATGATGAGATGCGCT
Hfg-2 AHHfg2EF0O1 A CCCCTCTAGAGGCACGTAGAGGATCACAGAG xbal
AHHfq2IR01 B TTTGACGCAGCAATGACATCAAAAAGTGGCGTTTGATTGTG
AHHfg21F01 C GATGTCATTGCTGCGTCAAA
AHHfg2ER01 D CCCCGAGCTCCCGCTGTTTCATCTGTTCCA sacl
Hfq2A2Seq GTGAAACCGGATGCAAGATGA
Hfg-1
and N/A N/ Hfg-1 and Hfg-2 primers were used N/A
Hfg-2 A
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Figure 6.1  A. hydrophila in-frame deletion process.

In step 1, arrows stand for primers with the blue and red RE sites for cloning.

In the second step, the total PCR reaction volume was 25 pl, and the reaction was
adjusted to 100 ng A. hydrophila wild-type genomic DNA (gDNA). Two pl of this prep
was used with 0.5 pl of 10 mM internal and external forward and reverse primers, 0.5 pl
10 mM dNTPs, 5 ul 5x buffer, and 0.025 U goTaq DNA polymerase, and the remaining
volume was filled with dd H2O. In the first PCR, external forward-internal reverse
primers and internal forward and external reverse primers were used to amplify two
flanking regions of target gene. The PCR conditions: denaturation at 95 °C for 2 min, 30
cycles of 95 °C for 30 sec, 56 °C for 1 min, and 72 °C for 1 min, and extension at 72 °C

for 10 min. In the overlap extension PCR step, PCR products were used from the
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previous steps as a template and following PCR conditions were used: denaturation at 94
°C for 10 min, 30 cycles of 94 °C for 30 sec, 56 °C for 1 min, and 72 °C for 2 min, and
extension at 72 °C for 10 min. After overlap PCR, PCR products were checked to see the
correct amplification and cleaned by 1% agarose gel in 0.5 x TBE buffer. External
forward and reverse primers were used to amplify the recombinant DNA fragment. In
order to produce more recombinant DNA fragment, it was reamplified using the same
primer sets.

Using specific restriction enzymes, the recombinant DNA and pMEG-375
plasmid were digested. To verify the cut, the digested DNA and pMEG-375 were
checked on 1% agarose gel electrophoresis gel. Uncut plasmid and 1 kb plus ladder
(Invitrogen, Thermofisher, Waltham, MA) were used as standards. To ligate the digested-
DNA into digested-plasmid (pMEG-375), T4 ligase (Promega) was used, molar ratio was
adjusted to vector: insert = 1: 3. Ligation procedure was performed at 16 °C overnight.
For the transformation, 8 ul of the ligation product was used to insert into E. coli CC118
Apir, using chemical competent cells. Ligation product (8ul) and competent cells (120 ul)
were gently mixed in 1.5 ml microcentrifuge tube and placed on ice for 30-45 minutes.
After this step, the mixture was immediately transferred into a water-bath at 42 °C for 45
seconds, which was followed incubation on ice for another 2 minutes. 500 ul SOC
medium was added to the competent cell and ligation product mixture, and incubated for
1 hour at 37 °C, 200 rpm. Bacteria were spread on 2 LB+amp (100 pg/ml) agar plates and
incubated at 37 °C overnight. Next colony PCR was performed, using a bacterial colony
as the genomic DNA template and adding 15 ul water, 0.5 ul primers, 0.5 ul 10 mM
dNTPs, 5 ul 5x buffer, and 0.013 U goTag DNA polymerase to the PCR reaction. The
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PCR conditions used: denaturation at 94 °C for 12 min, 30 cycles of 94 °C for 30 sec, 56
°C for 1 min, and 72 °C for 2 min, and extension at 72 °C for 10 min, 10 °C infinite.
Positive colonies were selected after the PCR step. Lastly, PCR product with in-frame
deletion was ligated into pMEG-375 and generated pAhAsia, pAhAcol, pAhAent,
pAhAhfql, pAhAhfg2 (Table 6.1). Inserted DNA in each plasmid was confirmed by
enzyme digestion as well as sequencing.

The pMEG-375 plasmids with in-frame target genes were transferred into E. coli
BW10 by chemical method and were mobilized into A. hydrophila ML09-119 by
conjugation. The recipient cells were spread on BHI plates containing colistin (25 pg/ml)
and chloramphenicol (30 pg/ml) to detect the clone with integrated vector by single
crossover through allelic exchange. The colistin and chloramphenicol resistant colonies
were propagated on BHI plates to allow for the second crossover allelic exchange. Next,
colonies were streaked on BHI plates with 5% sucrose, 0.35% mannitol, and colistin
(12.5 pg/ml). These plates selected for loss of pMEG-375 with target genes. Colonies
from the selective plates were tested on BHI+ chloramphenicol sensitivity to ensure loss
of the plasmid. Growing colonies were selected as a potential mutant and this step is
followed by performing one more PCR to confirm the mutants using external primers

sets. Finally, verified mutants were sent for sequencing for double verification.

6.3.6 Construction of double mutant

A. hydrophila ML09-119 vAhAhfglAhfg2 mutant were constructed using deletion
mutagenesis. Mutant vAhAhfgl was used as a wild type and vAhAhfg2 was introduced to

this strain by applying the same procedure as discussed above.
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6.3.7 Growth kinetics

Mutants vAhAsia, vAhAcol, vAhAent, vAhAhfql, vAhAhfg2, vAhAhfqlAhfg2 and
wild-type A. hydrophila strain ML09-119 were grown in brain heart infusion (BHI) broth
at 37°C. To provide aerobic condition, shaking incubator was used at 37°C and 200 rpm.
Bacterial growth was measured at2 h, 4 h, 6 h,8 h, 10 h, 12 h, 18 h, 24 h, 36 h, and 48 h

post-inoculation using a spectrophotometer at ODsgonm.

6.3.8 Virulence assays

All the fish experiments conducted in this study followed a protocol approved by
the Institutional Animal Care and Use Committee at Mississippi State University. The
LDso values of the wild-type strain were determined as 10° cfu in catfish. Virulence
vAhAsia, vAhAcol, vAhAent, vAhAhfgl, vAhAhfg2, vAhAhfqglAhfg2 was compared to A.
hydrophila ML09-119 wild-type by injection method. Briefly, twelve-month-old specific-
pathogen-free (SPF) channel catfish fingerlings (15.93 + 0.49 cm, 48.22 + 3.81 g) were
stocked into twenty-four 40-liter flow-through tanks (10 fish/tank) and acclimatized for a
week. Tanks were assigned randomly to seven treatment groups: vAhAsia, vVAhAcol,
vAhAent, vAhAhfql, vAhAhfg2, vAhAhfqlAhfg2, vAh WT (positive control for
virulence), and BHI (negative control for virulence and sham control for vaccination).
Each group included three replicate tanks. Water temperature was maintained at 32°C
(x2) throughout the experiments. Fish were fed twice a day with a commercial catfish
feed. Fish mortalities were recorded daily for a total of eight days, and percent mortalities
was calculated for each group. At the end of the experiments, percent survival was
calculated for vAhAsia, vAhAcol, vAhAent, vAhAhfql, vAhAhfg2, vAhAhfglAhfg2

mutants.
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6.3.9 Statistical Analysis

For each tank’s and treatment’s mean percent mortalities were calculated and
subjected to arcsine transformation. To evaluate virulence of each mutant, the mean
transformed percent mortality for the fish challenged with vAhAsia, vAhAcol, vAhAent,
vAhAhfql, vAhAhfg2 and vAhAhfglAhfg2, mutant strains were compared with A.
hydrophila WT group by Student's t-test. Differences between the growth of A.
hydrophila mutants and A. hydrophila ML09-119 was conducted using Student's t-test (p

<0.05).

6.4  Results
6.4.1 Construction of the A. hydrophila in-frame deletion mutants

The five single mutant and one double mutant constructed in this study included
vAhAsia, vAhAcol, vAhAent, vAhAhfgl, vAhAhfg2, vAhAhfqlAhfg2. Briefly, flanking
regions were amplified, and in-frame deleted overlap extension fragments were obtained.
All the DNA fragments were successfully cloned into pMEG-375 suicide plasmid, which
is followed by conjugation step and mutants were confirmed with PCR and sequencing.

A. hydrophila deletion mutants were obtained and listed in detail in table 6.3.
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Table 6.3 The sizes of upstream (USF), downstream (DSF), and in-frame fused
fragments (FF), deleted region (DR), and undeleted region (UD) by base
pair (bp).

Gene name Locus tag (new/old) USF (AB) DSF FF DR ub

(CD) (AD)

Sialidase (neurominadase) AHML_RS2299 934 973 1907 1767 33
AHML_07175

Collagenase AHML_RS02695 1155 879 2034 2760 0
AHML_02655

Enterotoxin AHML_RS04140 933 872 1805 2021 0
AHML_04100

RNA-binding protein Hfq AHML_RS04735 1039 977 2016 264 12

(hfq1) AHML_04675

RNA chaperone Hfg AHML_RS20255 947 889 1836 408 0

(hfq2) AHML_20165

RNA-binding protein Hfg AHML_RS04735

+ AHML_04675 N/A N/A N/A 672 12
RNA chaperone Hfg AHML_RS20255
(double mutant) AHML_20165

6.4.2

Growth kinetics

Growth kinetic analysis revealed that there was no difference in the growth of

vAhAsia, vAhAcol, vAhAent, vVAhAhfgl, vAhAhfg2, mutants and wild-type A. hydrophila

and listed in Figure 6.2 A and B. However, double mutant, vAhAhfqlAhfg2 showed a

slightly lower growth starting from 10 h until 48 h (Figure 6.2)

195

www.manaraa.com



A Growth curve

—

0.5

-0.5

—Sialidase =@==Collagenase —@—Enterotoxin e—=WT

Growth curve

05

05
—8—lfql =—M=hfgl —8—higdouble =e=WT

Figure 6.2  Growth kinetics in wild-type A. hydrophila ML09-119 and mutants.

(A) vAhAsia, vAhAcol, vAhAent, and wild-type A. hydrophila ML09-119. (B) vAhAhfql,
vAhAhfg2, vAhAhfqlAhfg2, and wild-type A. hydrophila ML09-119.
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6.4.3 Virulence and efficacy of A. hydrophila ML09-119 in-frame deletion
mutants

Results of the injection challenge in catfish indicated that the mortality rate was
lower in 4 mutants vAhAsia, vAhAent, vAhAhfg2, vAhAhfglAhfg2 but only vAhAsia and
vAhAent mutants were statistically significant, whereas two mutants vAhAcol, vAhAhfql

showed increased virulence and results were listed in Figure 6.3.

100%
0%

80%

60%

66.67%
57.58%
50% 47.88%
40.66%
0%
36.36%
33.33%
30%
2132%
20%
10%
0%

vAhWT vAhahfql vAhAhfg2 vAhAhfq1Ahfg2 vAhAsia vAhAcol vAhAent

% Mortality

Figure 6.3  Percent mortalities of channel catfish fingerlings challenged with the 5
single mutants (vAhAsia, vAhAcol, vAhAent, vVAhAhfq, vAhAhfg2) and 1
double mutant (vAhAhfglAhfg2) in-frame deletion mutants and wild type.

6.5 Discussion

The primary objective of this study was to construct live attenuated A. hydrophila
strains based on mutation of genes responsible for invasion (sialidase, collagenase), toxin

(enterotoxin) and hfg mutants. Further, we aimed to understand the role of each mutant’s
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attenuation in catfish. In this study, we successfully deleted all or a large portion of a
target gene (more than 90% of each gene was deleted) using splicing overlap extension
combined with allelic exchange method. For the first time, we report that these mutants
were successfully constructed only in A. hydrophila.

The result of virulence of A. hydrophila in-frame deletion mutants in catfish trial
showed that mutation of Sialidase (vAhAsia) and Enterotoxin (VAhAent) are statistically
significant and they are important in the pathogenesis of A. hydrophila. Sialic acid-based
pattern recognition contributes to microbial virulence, which strongly supports sialidase
inhibition for dampening inflammation caused by infection (Chen et al., 2011). It has
been showed that Sialidase plays an important role in the pathogenesis of E. tarda, it can
be used as a potential vaccine candidate (Chigwechokha et al., 2015; Jin et al., 2012). Our
results clearly from fish trials has shown that Enterotoxin is also an important gene for
the virulence. Exotoxins are also important virulence factors produced by A. hydrophila;
deletion of enterotoxin in a human isolate caused attenuation, and it was suggested that it
could be used as a potential vaccine candidate (Sha et al., 2002). Moreover, it was shown
that cytotoxic enterotoxin in A. hydrophila induces proinflammatory cytokine production
as well as activates arachidonic acid metabolism in macrophages (Chopra et al., 2000). It
is also responsible for activating mitogen-activated protein kinases and induction of
apoptosis in murine macrophages and human intestinal epithelial cells (Galindo et al.,
2004)

In our study, mutation of collagenase (VAhAcol) gene was not attenuated the
virulence. Aeromonas extracellular enzymes play a central role in stimulating host
inflammation, and they promote spreading in the tissues. For example, collagenolytic
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activity in Aeromonas strains (Duarte et al., 2015; Han et al., 2008). Another study in
Aeromonas veronii suggested collagenase could play a role in disease progression with
the help of adherence and colonization capability in the host cells (Han et al., 2008).
Collagenase genes were shown as a critical virulence factor for Leptospira species in
terms of its invasive and transmission capability (Kassegne et al., 2014). In Setaria cervi,
collagenase could be used to form an effective molecular vaccine against human
lymphatic filariasis (Pokharel et al., 2006).

Next, we determined whether the deletion of RNA-binding protein Hfg (vAhAhfgl), RNA
chaperone (vVAhAhfg2) and their double mutant (vAhAhfqlAhfg2) had decreased or
increased virulence. None of the mutants’ virulence challenge results were statistically
significant. Even though mutant RNA-binding protein Hfq (vAhAhfql) increased the
virulence (66.6 %), whereas RNA chaperone (vAhAhfg2) and their double mutant
(vAhAhfqlAhfg2) reduced the virulence compared to wild-type A. hydrophila, 36.36 %,
40.66 %, 47.88 %, respectively (Figure 6.3). Hfq gene is well-known as a master
regulator of gene expression in bacteria (Feliciano et al., 2016) and is also an essential
component for activity and stability of most small RNA’s (SRNAs). Their capability in
bacterial pathogenesis in several different organisms was due to deletion of hfq genes
which reduced their virulence. Even though, our mutants did not show statistically
significant reduction in the virulence, but slight decrease still correlates with several
previous studies. Importantly, A. hydrophila is known to produce large numbers of
destructive enzymes and toxins. Due to damage to the host organism, we were not able to

observe any drastic changes. Hence, it can be said that double mutants of hfq genes along
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with destructive enzymes or toxins could give a better understanding of the role of this
gene.

Despite the presence of several extracellular enzymes and toxins in A. hydrophila,
we know little about their vaccine potential because they have not been studied
systematically. In conclusion, results from the current study confirmed that invasions and
toxins have potential to be vaccine candidates. Deletion of sialidase and enterotoxin
results are promising. The current study provides a better understanding of the molecular
pathogenesis of A. hydrophila and specifically, determines the role of vAhAsia, vAhAcol,

vAhAent, vAhAhfgl, vAhAhfg2, vAhAhfqlAhfg2 mutants in vAh pathogenesis.
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CHAPTER VII

CONCLUSION

7.1  Summary of results

The overall objectives of the study were to sequence and annotate selected E.
piscicida, A. hydrophila, and A. veronii genomes and analyze them using several different
comparative genomics approaches. Then, we extended our study to chosen invasins,
toxins, master regulators, and T6SS effector genes by mutating them with an in-frame
deletion method. The present study reports the first comprehensive comparative
genomics study of three fish pathogens, which will enhance our understanding of
molecular mechanisms of these pathogens. These findings may also allow the design of
novel control and/or treatment strategies.

In the second chapter, we conducted genome sequencing of two different bacterial
pathogens (E. piscicida and A. hydrophila) affecting U.S. aquaculture to accelerate
research on their pathogenic mechanisms. We evaluated the relatedness of all the
available Edwardsiella tarda and piscicida genomes in NCBI by applying ANI.
Interestingly, the evaluated E. piscicida strains share high sequence identity, yet they are
from diverse host species and geographic regions. To accelerate pathogenesis research on

VvAh, we conducted genome sequencing of 10 A. hydrophila strains (6 vAh strains and 4
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A. hydrophila strains from other fish species). ANI calculation results showed that vAh
isolates share very high sequence identity, while the other A. hydrophila genomes are
more distantly related to this clonal group. BRIG analysis of strain ML09-119 compared
to the other A. hydrophila strains showed that vAh strains have several unique genomic
regions, suggesting that mobilome elements contributed to the virulent phenotype of VAh.
Overall, the complete and draft genomes of E. piscicida and A. hydrophila will provide
valuable information to our current knowledge of virulence mechanisms of these two
pathogens.

In the third chapter, after determining the relatedness of E. piscicida genomes
against all the available E. piscicida genomes in NCBI, we extended our study to
compare E. piscicida genomes and E. ictaluri genomes to other available Edwardsiella
genus members. According to ANI calculation and core genome phylogenetic tree
analyses, we found that the five Edwardsiella species separated from each other.
Orthology clusters analysis indicated that E. ictaluri and E. piscicida genomes have the
most shared clusters. In this study, we report for the first time that the E. ictaluri 93-146
genome encodes a Type IV secretion system (T4SS). Therefore, we speculate that the
T4SS could contribute to the increased number of mobilome elements in E. ictaluri
genomes compared to E. piscicida genomes. Moreover, we showed that the E. piscicida
C07-087 genome encodes two different Type VI secretion systems (T6SS). Overall, this
comparative genomics evaluation provides valuable information about unique and shared
features of two important pathogens in the Edwardsiella genus. Also, it warrants further

study to elucidate the biology and virulence of these important fish pathogens.
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The fourth chapter provided comprehensive analysis of A. hydrophila secretion
systems. As pointed out in chapter IV, vAh strains from the southeastern U.S. and China
belong to the same clonal group. In our analysis, we showed that this clonal group’s
secretion system distribution is different from other A. hydrophila genomes. Intriguingly,
tight adherence (Tad) system is present consistently in all the vAh strains. It is possible
that the Tad system is one of the vAh-specific adaptations that make this clade of A.
hydrophila more virulent. Moreover, we found that the majority of the U.S. isolates do
not possess a complete type V1 secretion system (T6SS), but three core elements (TssD,
TssH, and Tssl) are encoded. We mutated two of the core elements of T6SS from vAh
isolate ML09-119. Our results showed that deletion of the hcpAl (tssD), hcpA2 (tssD),
and vgrG (tssl) genes reduced vAh virulence 1.80-2.24 fold in catfish fingerlings
compared to the parent strain ML09-119. Overall, comparative genomics revealed
distribution of various secretion systems in A. hydrophila genomes and provided
functional information on the role of T6SS components in vAh. We expect that these
findings will improve our understanding of A. hydrophila secretion systems and their
roles in A. hydrophila virulence.

In the fifth chapter, we sequenced the genome of virulent A. veronii strain ML09-
123 from catfish. Our results showed that the U.S. catfish A. veronii strain ML09-123 is
highly similar to a recent Chinese isolate (A. veronii strain TH0426). Using all 41 A.
veronii genomes available in the National Center for Biotechnology Information (NCBI),
we observed that A. veronii strains from different locations and sources are sometimes
highly similar. The majority of A. veronii genomes show similar distribution of
subsystems, including type I secretion system (T1SS), type Il secretion system (T2SS),
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type 4 pilus (T4P), and flagellum core elements, whereas T3SS, T5SS, T6SS, and Tad
adherence show different distributions. Mobile elements have different distributions
depending on the location and organisms. Overall, this study provides novel insights into
genomic variation within the A. veronii species and its pathogenicity.

In the sixth chapter, mechanisms of vAh secreted proteins and regulatory proteins
in catfish virulence were determined. We successfully constructed three A. hydrophila
mutants by an in-frame deletion method, which was followed by virulence testing in
channel catfish fingerlings by intraperitoneal injection. Sialidase (vAhAsia) and
enterotoxin (vAhAent) mutants had significantly reduced virulence in catfish, whereas
collagenase mutant vAhAcol did not have decreased virulence. The role of hfg genes in
catfish virulence was also evaluated, and none of the hfq mutants had significantly
reduced the virulence. This included a mutant defective in RNA-binding protein
(vAhAhfgl) and a mutant defective in RNA chaperone (vVAhAhfg2), as well as their
double mutant (vAhAhfqlAhfg2).

The overall results of this study will contribute to our knowledge of virulence and
environmental adaptations of these important fish pathogens. Our findings are also useful
for comparison between fish- and other-pathogenic A. hydrophila, A. veronii, and E.
piscicida strains. Our results support the importance of the role of sialidase and
enterotoxin in the pathogenesis of A. hydrophila. Our findings will potentially enable new

control measures to prevent these diseases impacting U.S. aquaculture.
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