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ABSTRACT 

Identification of Flavobacterium psychrophilum Vaccine Candidates Using 

Comparative Genomics and Reverse Vaccinology 

Anson K.K. Wu                                                                                              Advisors 

University of Guelph                                                                                      Dr. Janet I. MacInnes 

                                                                                                                        Dr. Daniel Ashlock 

  

 The Gram-negative bacterium Flavobacterium psychrophilum is the etiological agent of 

Bacterial Cold Water Disease and Rainbow Trout Fry Syndrome in salmonid fishes, diseases that 

cause significant losses in the aquaculture industry. No effective vaccines are available and 

antimicrobials used to control this pathogen are becoming increasingly less effective due to 

increasing rates of antimicrobial resistance. To gain a better understanding of the pathogenesis of 

F. psychrophilum, the genomes of 4 highly virulent and 2 less virulent strains were studied. 

 Comparative genomics analysis revealed that the pan-genome of these 6 strains contains 3,040 

genes; the core genome of virulent strains 2,228 genes and that of the less virulent strains 2,060 

genes.  No novel virulence factors were identified, but evidence was found that "antivirulence" 

genes could play a role in pathogenesis. As well, three promising candidates were identified 

using a reverse vaccinology approach.
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Chapter 1 

Review of the Literature 

1.1 An Overview of the Fish Pathogen Flavobacterium psychrophilum 

1.1.1 Historical Background 

 Flavobacterium psychrophilum was first described in 1948 by A.F. Borg [1]. It was 

isolated from the kidneys and lesions of diseased Coho Salmon from Washington, USA and 

named Cytophaga psychrophila [1].  Diseases caused by F. psychrophilum include peduncle 

disease, so-called due to the characteristic lesions on or near the peduncle; bacterial cold water 

disease or low temperature disease, because the disease is most prevalent in winter and spring; 

and rainbow trout fry syndrome (RTFS) a condition most often seen in Europe [2]. Bacterial cold 

water disease (BCWD) was originally thought to be limited to North America [1] but is now 

recognized in almost every country in Europe, parts of Asia, and Australia [2, 3]. Over the years 

F. psychrophilum has been isolated in many species of diseased fish including all types of 

salmonid fishes, three species of cyprinids, and even eel [2, 4, 5].  As has been described by  

Barnes et al. (2011) it is responsible for significant losses in the aquaculture industry [3].  

1.1.2 Morphology and Biochemical characteristics 

 F. psychrophilum is a Gram-negative, aerobic, psychrotolerant bacterium that produces 

bright yellow, smooth, discreet, circular, convex, and non-adherent colonies when cultured on 

Cytophaga agar [6]. Microscopically, F. psychrophilum are long weakly refractile rods 

approximately 3-7 µm long and 0.3-05 µm wide [2, 3, 6].  F. psychrophilum produces a large 

variety of enzymes including: alkaline phosphatase; esterase; lipase; leucine, valine, and cysteine 

arylamidases; trypsin; acid phosphatase; and napthol-AS-BI phosphohydrolase [3]. In addition, 
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F. psychrophilum has been reported to produce catalase [7, 8] and oxidase [9], and degrade 

tributyrin and proteins including casein, gelatin, elastin, albumin, collagen, and fibrinogen [10-

13]. Many strains of F. psychrophilum are unable to digest simple sugars [2]; however, in a 

recent study, strains producing sugar degrading enzymes including alpha-galactosidase, beta-

galactosidase, alpha-glucosidase, beta-glucosidase, and N-acetyl-beta-glucosaminidase were 

described [14].  

1.1.3 Taxonomy 

 The taxonomy of Flavobacterium psychrophilum has been changed several times.  Borg 

(1960) first proposed the name Cytophaga psychrophila based on its biochemical properties [15]. 

It was later reclassified to the genus Flexibacter and renamed Flexibacter psychrophilus based 

on DNA homology [9]. Most recently, it has been reclassified into the genus Flavobacterium and 

named Flavobacterium psychrophilum [16]. Currently there are 119 species in the genus 

Flavobacterium which belongs to the family Flavobacteriaceae, class Flavobacteriia, phylum 

Bacteroidetes, and the domain Bacteria [6].  

1.1.4 Population Structure of Flavobacterium psychrophilum 

 To date, two biovars and eight serotypes have been described in literature [3, 14] and 

molecular analysis of the population structure suggests that there are distinct lineages [3]. Global 

studies on population structure also suggests that some strains are location specific [17] while 

others are fish species specific [18]. In a study by Nicolas et al. (2003), the fish species 

accounted for 51.3% molecular variation in terms of nucleotide differences and 17 of the 50 

strains from 4 different continents were found to be fish specific which is consistent with the 

notion that host specificity plays an important role in pathogenesis [19].  Generally, F. 

psychrophilum populations are heterogeneous [20]; however, in France Siekoula et al. (2012) 
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showed epidemic clones causing RTSF in rainbow trout [21] and Nilsen et al. (2014) also found 

closely related epidemic clones infecting rainbow trout in Nordic countries [22]. In Japan, 

Fujiwaara-Nagata et al. (2013) observed at least 2 different lineages of F. psychrophilum were 

found to infect ayu (Plecoglossus altivelis) and multiple strains were isolated from the same fish 

[23].  

1.1.5 Clinical Signs and Diagnosis of F. psychrophilum 

 The classic sign of BCWD is the deterioration of tissue in the caudal fin or peduncle area 

[3]. In the early stages of BCWD, Coho salmon display the classical signs of muscle and skin 

peduncle lesions; however, as the disease progresses lesions are found throughout the body 

including the dorsal fin, lower jaw, and lateral sides [3, 24]. In some cases, dark pigmented areas 

rather than lesions appear on the side of the fish and the head area becomes swollen. In addition, 

fish with BCWD are observed to swim in a continuous spiral motion when agitated and 

periostitis, ostetitis, meningitis, and ganglioneuritis may also be seen. Treatment with antibiotics 

often does not reduce the infection especially when F. psychrophilum infects the brain [24]. In 

1970, Wood and Yasutake observed that the epithelial layer in certain areas of the head of Coho 

salmon was replaced by large masses of F. psychrophilum which extended deep into the 

musculature [24]  and Wiklund et al. (2000) discovered F. psychrophilum infections in the brains 

of rainbow trout 52-76% of the time in their experiments [25]. Oral lesions have also been 

observed on the floor and roof of the mouth along with the jaw and opercula of infected fish. F. 

psychrophilum colonies have been found in the central capillary of the respiratory platelets, but 

not on the surface of the platelets or between them. Bacterial septicemia and/or renal failure may 

follow soon afterwards [24]. The mortality rate for BCWD ranges from 20% to 90% and water 
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temperatures have been speculated to play a large role in this wide range with the highest 

mortality observed when water temperatures are below 10
o
C [2, 26].  

 In Rainbow Trout Fry Syndrome (RTFS), diseased fish are lethargic and weak, do not 

eat,  exhibit exophthalmia,  and are dark in color [24]. Similar to BCWD, F. psychrophilum may 

colonize the gill area and secondary lamella. In rare cases, formation of lamellar synechiae may 

occur due to the presence of F. psychrophilum in the gill area [27]. Also, necrotic skin lesions 

coupled with leukocyte infiltration into the dermis and musculature has been observed. On post 

mortem, classical signs of anemia may be observed including pale liver, kidneys, and gills; 

bacterial colonies can always be found in the kidneys and spleen and in some cases, liver and 

heart. In addition to anemia, necrosis of hepatocytes, eosinophilia, of the renal tubules, and an 

increase of hemosiderin content can be seen in fish with RTFS [28].  

A number of different techniques have been developed to diagnose infections by F. 

psychrophilum. Swabbing and culturing remains the most effective way of diagnosing F. 

psychrophilum infections; however, this pathogen is very fastidious. [2]. F. psychrophilum is 

usually grown on modified Cytophaga agar [29] for 4 days at 12
o
C and if it is present, bright 

yellow colonies will appear as described in the morphology section [14]. In addition to culture an 

immunofluorescence test [30] has been developed. This test is very rapid and accurate and is able 

to detect both dead and live bacteria in spleen imprints. Molecular techniques including 

restriction length polymorphism, in situ hybridization, and polymerase chain reaction have also 

been developed that can detect low levels of F. psychrophilum [2]. In addition, a molecular 

diagnostic method based on the TaqMan® PCR system is reported to be extremely sensitive and 

accurate, quick, and economical [31].  
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1.1.6 Pathogenesis of F. psychrophilum 

  The transmission of F. psychrophilum and its portal of entry are still largely unknown. 

Studies have found F. psychrophilum on the gills, fins, mucus, and connective tissues on healthy 

fish suggesting that it may be part of the normal microbiota [13, 32] while others have found F. 

psychrophilum in the lumen and mucosa of the stomach in the fish and suggest that this site 

might be a portal of entry [32, 33]. As well, studies have demonstrated contact as a mechanism 

of entry whereby F. psychrophilum enters the host through skin and mucous abrasions when it 

collides with another fish [34, 35]. Infected fish can also act as a reservoir by constantly 

shedding the organism into the water and infecting other fish [36]. However, even though F. 

psychrophilum has been shown to survive in freshwater without a host for a long period of time 

[37], many studies have failed to infect and cause disease in rainbow trout and/or Coho salmon 

by immersion [38, 39] and it has been suggested that the morphological changes F. 

psychrophilum undergoes to survive starvation periods decrease its virulence. On the other hand, 

the presence of F. psychrophilum in both male and female fish reproductive tracts suggests that 

there can be horizontal transmission. Vertical transmission of F. psychrophilum from broodfish 

to offspring has also been demonstrated [13]. Although information is still lacking on portals of 

entry and transmission of the disease, it appears that F. psychrophilum can enter host tissues in a 

wide variety of ways [2].  

 No matter which route of entry F. psychrophilum uses to infect the host, it must first be 

able to adhere and colonize the host through either specific or non-specific attachment [2]. 

Specific adhesion refers to use of bacteria adhesins to specific receptors on the host tissue [40] 

whereas non-specific adhesion refers to hydrophobic or ionic interactions between the surface 

structures of the bacteria and those of the host [37]. Electron microscopy reveals that F. 
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psychrophilum has a thin slime layer which postulated to help in attachment to the host [40].  

The closely related species Flavobacterium columnare also has a thin slime layer and it has been 

demonstrated in this organism that it is necessary for colonization of gill tissue [41].  To date, 

traditional adhesion structures like pili or flagella have not been reported to be present in F. 

psychrophilum. In the F. psychrophilum genome, multiple proteins annotated as “adhesins”, 

however, their functions and role in pathogenesis remains to be determined [42].  

 F. psychrophilum expresses a number of well-characterized proteases including the 

psychrophilic protease Fpp1 that create tubular boreholes in the axes of fin rays and extracts 

calcium needed for the production of more proteases [43, 44]. Once inside the dermis, F. 

psychrophilum spreads throughout the collagenous connective tissues and throughout the 

musculature using degradative enzymes like Fpp1 [43] and Fpp2 [45] to create open ulcers and 

lesions in the internal organs [46]. In addition, F. psychrophilum vigorously suppresses or evades 

the innate immune system by entering splenic macrophages through phagocytosis which protects 

it from the high levels of complement activity and lysozyme activity [47, 48]. In addition to 

being protected from complement activity, F. psychrophilum is able to lyse or partially lyse 

erythrocytes and make haemoglobin available.  Such lysis is consistent with the presence of dark 

patches and anemia [32, 49]. Furthermore, Högfors-Rönnholm and Wiklund (2010) observed 

that haemolytic activity by F. psychrophilum is initiated by adherence to erythrocytes through 

sialic acid-binding lectins and lysis is mediated by the thermolabile trypsin sensitive haemolysins 

[50]. Although F. psychrophilum does not appear to produce toxins that alter host cell function 

such as e.g., cholera toxin, F. psychrophilum produces a large number of different proteases that 

are able to break down molecules such as casein, gelatin, and type II collagen II and cause 

muscle necrosis [10]. Two proteases thought to be unique to F. psychrophilum, Fpp1 and Fpp2, 



7 

 
are metalloproteases that target and digest the proteins of the connective tissue and muscle [3, 

43]. Also, a study by Madsen and Dalsgaard (1999) suggested the ability to degrade elastin may 

play a role in determining the degree of virulence of some strains of this pathogen [51]. Further 

study by Madsen et al. showed that F. psychrophilum strains in Denmark with the ability to 

degrade elastin have high virulence and all fish infected by these strains got RTFS [36]. In 

addition to its affinity for the connective tissues of skeletal muscles and skin, studies have found 

that F. psychrophilum has a positive affinity to the cartilage and immature bone of the cranium, 

optic sclera, gills, and fin rays [39, 52].  

Many studies have been carried out to identify optimal conditions for the various lytic 

enzymes.  Maximum proteolytic activity is reported to occurs in 2-3 days old broth cultures [53]; 

however, several studies have indicated that environmental factors play a large role in the 

production of proteolytic enzymes. For example, protease levels can be decreased by the amount 

and type of carbohydrate and nitrogen sources present [54], but most importantly, it has been 

found that calcium controls the expression of many protease genes [43]. Temperature has also 

been shown to affect the effect the expression of other F. psychrophilum proteins.  In work by 

Hesami et al. [55], the genes for ten proteins (including proteases and DNA replication proteins) 

were identified that are only produced at 8
o
C and not at higher temperatures and it was suggested 

that these proteins might play a role in the development of BCWD [55].  

 Besides infecting the host, F. psychrophilum is a very competitive pathogen that shows a 

high amount of lytic activity when grown with other bacteria. In studies by Holt et al. (1993) and 

Lorenzen et al. (1997)  the Danish strains tested were able to lyse all common fish bacteria 

evaluated [49] and the extracellular enzymes have been suggested to include multiple nucleases, 

lipases, and proteases [13, 49].  
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This phenomenon warrants further study as it seem to give a competitive advantage over other 

common fish microbiota thus giving F. psychrophilum a greater ability to colonize and infect the 

host. 

1.1.7 Control and prevention of F. psychrophilum 

 At the present time, antimicrobial therapy is thought to be the most effective way of 

dealing with F. psychrophilum infections and has been reported that sulphonamides, furanace, 

and oxytetracycline can be used to control BCWD or RTSF [2]. Although antibiotics are 

effective against F. psychrophilum a growing number of studies have revealed that at least some 

strains of this pathogen are resistant to multiple antibiotics including sulphadiazine/trimethoprim, 

phosphomycin and penicillin, and gentamicin, neomycin and polymyxin B [2]. In Canada, F. 

psychrophilum strains are resistant to trimethoprim–sulfamethoxazole and ormetoprim–

sulfadimethoxine, 2 of the 4 licensed have been reported [56]. In Spain, only 2 antibiotics have 

been approved for use in the aquaculture industry against this pathogen; and resistance to one of 

these (Oxytetracycline) is now widespread [20]. In Turkey, F. psychrophilum strains are reported 

to be highly resistant against gentamicin, erythromycin, and sulfamethoxazole–trimethoprim 

[57]. With the ever growing rate of resistance to antibiotics used to control F. psychrophilum, 

other approaches such as are needed to prevent and treat BCWD and RTSF. However, there are 

no commercial vaccines available and traditional methods of identifying good vaccines 

candidates are slow and expensive.  With the increasing ease of sequencing and improved 

bioinformatics tools, in silico approaches to vaccine development are becoming feasible.  

Accordingly, I have undertaken the task to identifying vaccine candidates for a subunit vaccine 

that has the ability to protect salmonid fish and rainbow trout from F. psychrophilum infections 

using a reverse vaccination approach. 
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1.2 Comparative Genomics and the Advancement of Microbiology 

1.2.1 Comparative Genomics and Evolution 

 Recent advances sequencing technology have led to the production of thousands of 

prokaryotic genome sequences.  Comparative genomics allows us to look at evolution within and 

between species fromall forms of life including prokaryotes. By comparing genomes of distantly 

related species, the constraints of the organization of the bacterial genome have been revealed 

along with the biological systems responsible for their diversity and adaptability [58]. 

Comparative genomic studies suggest that the selective pressure that prokaryotes face every day 

have shaped the way their genes are organized in the genome and that this organization has been 

conserved over time for all species [58]. This might have been due to the nature of the DNA 

polymerase. Highly expressed genes along with essential genes are co-oriented with the leading 

strand to avoid collisions between DNA polymerase and RNA polymerase that would result in 

shortened transcripts and unusable proteins [59].  Replication of the bacterial chromosome starts 

at the Origin and ends at the Terminus and it has been found that genes located near the terminus 

undergo a much higher rate of evolution compared to those in the rest of the genome [60]. 

Comparative genomics also revealed that there is an astounding diversity of prokaryotic 

genomes. Diversity in gene content between and within species is particularly surprising 

especially since all forms of life share approximately 60 genes which are part of the translation 

process [61]. Other genes that are part of crucial functional processes like DNA replication and 

transcription are also widespread in the tree of life. Moreover, this diversity can be seen in every 

level of the phylogenetic scale. In a high level study of the phylum Gammaproteobacteria, the 

core genome (genes shared by all genomes in a species) is comprised of ~ 300 genes out of over 

4000 genes in the 13 species studied [62]. In a lower level study in E. coli ~3000 genes out of 



10 

 
more than 4000 genes are part of the core genome [63, 64]. Due to the large diversity within a 

species, it leads to the question of how to define the genome of a species. The "pan-genome" is 

proposed to include all genes within a given species [58]. Depending on the species, a full pan-

genome can be revealed in a few species like Bacillus anthracis by as few as four different 

strains [65]. On the other hand, some species like E. coli have an "open" pan-genome where 

every strain sequenced contributes over 400 new genes to the pan-genome [64]. This suggests 

that in most cases the pan-genome of any given species may be several times larger than the core 

genome [58]. Various bioinformatics tools to identifying strains within a species as well as their 

core and pan-genomes have been developed and are discussed in section 1.6. 

 The process of acquiring and losing genes has contributed to the large degree of diversity 

seen in some bacterial genomes. Before genomes of different bacterial strains and species were 

available it was thought that pseudogenes (nonfunctional genes) were very rare in bacteria. 

However, in genomes of pathogenic bacteria like Yersinia pestis, a large number of pseudogenes 

caused by insertion sequence (IS) elements have been observed. This suggests that there are 

more pseudogenes present than previously thought; however, they appear to be quickly 

eliminated once produced since only a few were found to be conserved. [58]. While bacteria lose 

genes on a daily basis, they also gain genes (and thus create a very diverse gene pool) through 

gene duplication and horizontal gene transfer (HGT).  To determine whether HGT or duplication 

contributes more to genome diversity, maximum likelihood tests on phylogenetic trees have been 

performed and the results suggest that most genes that were thought to have been obtained 

through a duplication event were in fact obtained by HGT when the bacterium already had a 

homolog of the protein [66]. However, it has also been shown that HGT and duplication rates 

can vary between species. For example, Myxococcus xanthus was found to have a significant 
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bias towards duplication whereas Burkholderia xenovorans favours HGT for environmental 

adaptation. In addition, the bias for HGT or duplication has also been shown to be different 

amongst strains.  In B. xenovaorans, for example, some strains don't have a preference for either 

mechanism to accumulate duplicated genes whereas others do [58].  

 A bigger question, however, is how genes acquired through HGT are incorporated into 

the host genome. A study by Jain et al. (1999) led to the hypothesis that every gene has a 

different probability of being transferred based upon how many interacting partners its product 

affects in the cell [67]. Their results indicate that genes involved in transcription and translation 

of large protein complexes have a low probability of HGT. A more recent study by Pal et al. 

(2005) on metabolic pathways showed that a HGT event is more likely to occur if the encoded 

protein interacts with the host's peripheral pathways or other physiological partners within the 

host [68].  

 Comparative genomics has also used to develop the field of phylogenomics, which uses 

the principles of phylogeny to analyze and understand genomic data [69].  Many new 

phylogenetic markers and many new phylogenetic programs have been developed that use whole 

genomes to build a tree of life or determine a phylogenetic signal [58]. However, this field is 

complicated by HGTs.  There is considerable controversy as to how to measure vertical 

inheritance in the face of a large number of HGTs and it has been suggested that a "network of 

species" should be used [58].  Using phylogenomic approaches, scientists have gained a lot of 

insight into prokaryotic evolution; however, much work remains to be done.  

1.2.2 Comparative genomics and genome annotation 

 In addition to deepening our insight on evolution, comparative genomics has allowed us 

to infer the functions of unknown genes through multiple sequence alignments and homology 
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analysis of protein motifs. Currently, there are many misannotations and missed annotations of 

proteins in public databases due to the fact that old annotation programs used a fixed criteria to 

for functional annotation instead of different cutoff values for each protein family. Moreover, 

even BLAST has a difficult time separating the functionally equivalent homologs from other 

proteins. Instead, the best approach for functional annotation is to use many modest assumptions 

and continuously test the protein annotation to ensure that the assignment to a protein family, 

metabolic process, species of origin, etc. remains constant to ensure a high confidence in the 

results [70]. This thinking has led to the field of comparative genomics and the development of 

the subsystem approach where a subsystem is defined as a group of functional roles that together 

realizes a specific biological process or structural complex [71]. Accordingly, pathways like 

glycolysis and structures like ribosomes can be classified under a subsystem since they contain a 

specific set of functional roles.  Further, instead of having one annotation expert attempting to 

annotate one genome gene by gene, this approach uses an assembly of specific subsystem 

experts that annotates multiple genomes subsystem by subsystem at once [71]. Annotating 

multiple genomes using a subsystem by subsystem approach significantly increases the accuracy 

of the results since a single person annotating a genome gene by gene is not familiar with the role 

of each gene. A good example of subsystem annotation is the Gene Ontology (GO) project [72]. 

The molecular function ontology provides a low level view of gene content and a list of gene 

products. The biological function ontology provides a higher view based on protein function to 

give more information on genome content. Processing genomes using a subsystem by subsystem 

approach improves the functional annotation so researchers can have higher confidence in the 

results [70].  
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  Data mining using post homology methods ( i.e., bioinformatics methods applied after 

protein annotation) is a valuable approach which allows scientists to predict how one protein 

family works with another [73]. In addition, protein function annotation can be improved when 

distance homologies are applied to the protein families--this  allows scientists to infer protein 

function based on the nature of the whole set of proteins even if the proteins are poorly 

characterized [70]. Post homology methods have also helped solve the mystery of the 

disappearing gene from metabolic pathways. Scientists have been confused when bacterial 

genomes were discovered that code most of a pathway, but which lack a particular gene leaving 

the pathway unfinished. However, when a single gene is missing in many strains, it is reasonable 

to hypothesize that the pathway is complete and its function assumed by another protein. When 

the missing activity is present but not recognized by the bioinformatics programs the term non 

orthologous displacement event (NOD) is used to indicate where the original gene is replaced by 

another one from another protein family. Nowadays it is common to use recurring pathway holes 

and NODs to infer protein functions for those protein families [70].  

 Programs that predict protein sorting are also useful tools to infer protein function by 

comparing genomes of different species. Although proteins in different genomes might not be 

homologous, they may contain a protein coding region at the terminus while they are in their 

precursor form which guides them to their destination in the cell. An enzyme is needed to cleave 

this small coding region once they reach their destination. Further, if short N- or C- terminus 

domains in a group of genomes represent a new sorting signal then there should be genes for new 

proteins that can recognize and remove the signal. Thus, data mining methods have been 

developed to match protein families with their sorting signals and this has allowed newly 

discovered proteins to have their functions inferred through this process [70].  
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 In summary, comparative genomics has contributed greatly to genome annotation and 

protein function prediction and has allowed scientists to save time and money predicting protein 

functions without having to do costly biological experiments.  

1.2.3 Comparative genomics and their application to F. psychrophilum studies 

 Comparative genomic approaches have provided new information regarding evolution 

and with the development of new annotation techniques, better predict protein functions and 

correct misannotations.  Although comparative genomic approaches have been used to 

characterize many bacterial pathogens, these methods have not been used for the study of F. 

psychrophilum.  Prior to 2014, only one F. psychrophilum genome was sequenced and annotated, 

but there are now a growing number of new sequences deposited in GenBank.  In the absence of 

genome sequence scientists used multilocus sequence typing (MLST) to study population 

structure. [74]. While MLST is a good tool for studying population structure and evolution it is 

not as powerful as comparative genomics. Comparative genomics has been a useful tool for 

understanding why some organisms are pathogenic and others are not.  For example, using 

comparative genomics, virulent strains of the fish pathogen Edwardsiella tarda were found to 

have acquired the locus of enterocyte effacement (LEE) through horizontal gene transfer while 

stains without this pathogenicity island were avirulent.   

 Comparative genomics methods have also advanced to the point where vaccine and drug 

candidates can be predicted. In a recent study that compared the metabolic pathways of two 

methicillin resistant Staphylococcus aureus, 34 proteins were identified as a drug targets. Of 

these 34 proteins, MurA was identified to be the best and in silico docking models of MurA 

looked promising [75]. Moreover, comparative genomic approach can be valuable in the 

identification of vaccine candidates against F. psychrophilum (see below).  
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1.3 Developing a Vaccine against F. psychrophilum 

1.3.1 Difficulties in developing a vaccine against F. psychrophilum 

 While there is a great need for an effective F. psychrophilum vaccine in the aquaculture 

industry, there are several barriers to the development of such a product. [76]. As mentioned 

above in section 1.1.6 Pathogenesis of F. psychrophilum, the route(s) of entry by F. 

psychrophilum has not been fully elucidated yet. As vertical transmission can occur, prophylactic 

treatment should be performed as early as possible [76]. However, disinfecting the eggs with 

iodophors is not effective against F. psychrophilum [36] and the adaptive immune system in 

salmonids is not developed until fish weigh 0.5-2.5 g [77].  Even at this stage, intraperitoneal 

(IP) injection of fingerlings is not feasible so immersion and/or feed administration are the only 

ways to vaccinate the fish. These vaccination routes do not provide long term immunity and a 

second vaccination is needed which adds to the cost of production [76]. The IP injection route 

confers the longest immunity to the fish, but it cannot be performed until the fish is at least 15 g.  

Furthermore, the vaccine needs to be combined with an adjuvant to provide longer lasting 

immunity by providing better antigen presentation to the immune system.[78]. The best approach 

to protect young fish issue is to vaccinate broodstock since F. psychrophilum has been found in 

the perivitelline space of the eggs, milt, and ovarian secretions  [24]. The vaccination of 

broodstock has been used with other fish vaccines to successfully guard against pathogens like 

nervous necrosis virus [79] and Photobacterium damsela [80].  

 In a recent study, Makesh et al. (2015) showed that different routes of vaccination can 

lead to significantly different immunoglobulin responses in fish [81]. In the group of rainbow 

trout  vaccinated by the IP route with inactivated F. psychrophilum, a significant increase of IgM 

was observed in the serum and in gill and skin mucous.  Increases of IgM in the mucous were 
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temporally rated to increases of IgM in the serum and the authors hypothesized that some of the 

secreted IgM is transported from the bloodstream into the mucus. However, the group vaccinated 

by immersion did not have increased levels of IgM in mucus, but significantly increased levels of 

IgT (230x) and IgD (53x) in gill mucous could be detected.  Due to the fact that high levels of 

IgT and IgD were found only in the gill mucous following immersion vaccination, the authors 

hypothesized that IgT and IgD are produced locally in the gill and that their production can be 

stimulated by the inactivated F. psychrophilum [81]. More work is needed to understand how the 

fish immune system responds in order to produce an efficacious vaccine and optimal vaccination 

delivery method. 

 Another problem with designing a vaccine against F. psychrophilum is the fact that  no 

standard challenge model for this pathogen in rainbow trout, salmon, or ayu has been developed 

[82]. It is particularly difficult to get reliable data from immersion challenge studies since it is 

difficult to reproduce the specific environmental conditionals [76]. For example, there are 

currently 3 catfish immersion challenge methods for Flavobacterium columnare, a cousin of F. 

psychrophilum,  which include the standard immersion model with no stressors to catfish that are 

predisposed to infection [83], a feed deprivation model [84], and a cutaneous injury model [85]. 

Each of these have specific conditions like F. columnare free catfish, controlled water 

temperature, controlled water flow speed, water environment, the type and amount of feed, 

feeding regiments, type of virulent strains of F. columnare and all must be followed in order to 

obtain optimal results [83-85]. Recently, Long et al. (2014) performed the first successful 

cutaneous injury immersion challenge study, but it remains to be seen whether others can 

duplicate the results [86]. IP challenges can be done, but it is very difficult to inject young fish 
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and this procedure bypasses the natural infection process making it difficult to assess how 

effective the vaccine is [87].  

Another problem that needs to be addressed before creating a vaccine against F. 

psychrophilum is the need to characterize the population structure of virulent serotypes so a 

broad range efficacious vaccine can be developed [76]. There appears to be 3 main serotypes 

which were identified in Denmark where serotypes "Th" and "Ed" were found to cause disease 

[49]. To date, 8 serotypes have been reported [88, 89] that are host specific thus differences and 

similarities between each serotype need to be determined and more experiments are still needed 

to identify the most virulent serotypes / strains and their shared antigens.  

1.3.2 Past attempts at developing a F. psychrophilum vaccine 

 As of March 2015, there have been 8 studies of experimental F. psychrophilum vaccines 

(7 in rainbow trout and 1 in ayu). Some degree of protection or immunogenicity was observed in 

4 of the 7 rainbow trout vaccination trials (Table 1.1).  

 Crump et al. (2005) characterized a 20 kDa protein, FspA, by immunoblotting using 

convalescent rainbow trout serum from a challenge experiment that used 2.4x10
4
 cfu of F. 

psychrophilum CSF 259-93 [90]. After the protein was sequenced, a BLAST search of FspA 

revealed only low levels of homology to two hypothetical proteins in Flavobacterium 

johnsoniae. An FspA-protein C fusion protein was cloned and expressed; immunoblotting 

studies that showed the FspA-protein C fusion to be immunogenic whereas protein C alone did 

not induce any antibodies. While this study looked promising, the protective efficacy of this 

FspA vaccine was not evaluated in challenge studies. 

 Previously, Massias et al. (2004) identified the antigenic surface protein P18 in a study 

that looked at F. psychrophilum outer membrane proteins that interact with fish tissues through 



18 

 
the use of detergent-free buffers that disturbed the cell membrane and SDS-PAGE and 

immunoblot analysis [91]. A more recent study by Dumetz et al. (2006) attempted to use the P18 

outer membrane protein in a vaccine against F. psychrophilum in rainbow trout [92].  The P18 

protein is identical or almost identical to the OmpH protein and immunoblot results suggest that 

it is conserved across 9 isolates of F. psychrophilum.  Furthermore since P18 is a surface antigen 

it should lead to the production of antibodies and eventual bacteriostatic and bactericidal events. 

Growth inhibition tests with anti-P18 antibodies confirmed the observation that P18 is an 

exposed antigen on the surface of F. psychrophilum since both bacteriostatic and bactericidal 

(when fetal bovine complement serum was added) events were observed  In vaccination 

experiments, 40 rainbow trout were vaccinated with a P18-enriched fraction with or without 

Freund's adjuvant (7 µg per 50 µl with adjuvant or 14 µg per 50 µl without adjuvant) along with 

2 control groups that were injected with PBS with and without adjuvant. The fish were 

challenged by the IP rout with 6.25x10
6
 cfu of F. psychrophilum CSF 259-93 9 and 14 weeks 

after immunization and observed over a 28 day period.  The long time between vaccination and 

challenge allowed the group to monitor the fish for side effects and to determine if the fish had 

mounted an immune response. If the fish were allergic to the antigen or if the vaccine caused 

other abnormalities, these would have been observed during this period. There was an 88.5% 

survival rate for fish that were injected with the P18-enriched fraction P18 plus adjuvant and a 

54% survival rate without the adjuvant. The control groups which were either injected with PBS 

or PBS and adjuvant did not survive the challenge. When antibody titers were analyzed, fish 

vaccinated with P18-enriched fraction with adjuvant had approximately 10 times more 

antibodies than the control group that was immunized with PBS and 5 times more than the 

control group with PBS and adjuvant. However, the fish that were vaccinated with only the P18-
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enriched fraction had 9 times less antibody than the fish that immunized with P18-enriched 

fraction and adjuvant and had half the antibodies of  the group with PBS and adjuvant [92]. This 

suggests that an adjuvant is required for effective  F. psychrophilum vaccines [76].   

 In a study Dumetz et al. (2007) the authors demonstrated that an OmpA homolog is 

present in F. psychrophilum and isolated the protein from 4 F. psychrophilum strains using a 

two-step protocol developed by Merle et al. [93] followed by  HPLC [94].  Immunoblot analysis 

revealed that OmpA was conserved in all four strains of F. psychrophilum studied.  Additionally, 

groups of 20 rainbow trout were vaccinated with OmpA enriched fraction (7 µg with adjuvant 

and 14 µg without adjuvant per 25 µl) isolated from F. psychrophilum JIP02/86. Immunoblot 

analysis of the sera collected from these groups showed that there was no antibody production 

against OmpA-EF alone, but when OmpA-EF was coupled with an adjuvant, there was a strong 

anti-OmpA reaction. Growth inhibition tests using anti-OmpA serum from rainbow trout showed 

significant bacteriostatic effects and bactericidal effects were observed with the addition of foetal 

calf complement serum. Although this vaccine candidate looked promising, the authors did not 

perform any challenge. The absence of a challenge study makes it hard to determine whether this 

OmpA vaccine would cause any adverse reactions not seen in the initial vaccination period (i.e. 

adverse reactions in the abdominal cavity [78]). 

 Crump et al. (2007) created a F. psychrophilum expression clone library and identified an 

immunodominant 16 kDa protein using rabbit anti-F. psychrophilum antibodies [95]. MALDI-

TOF spectrometry analysis revealed that this166 amino acid protein (7-166) was very similar to 

rplJ which encodes bacterial ribosomal protein L10. To make it a viable vaccine candidate, an 

RplJ protein (a.a. 7-166) -- protein C (RplJ-C7-166) fusion was cloned in pETC and expressed as 

an intracellular inclusion body in E. coli BL21. A 20 day vaccination trial was carried out with 
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the RplJ-C7-166 fusion protein with and without adjuvant and injected IP into rainbow trout; 

saline with and without adjuvant was used as a control. In this trial 82% of the RplJ-C7-166 

vaccinated fish survived following challenge with live F. psychrophilum while only 47% of the 

adjuvant vaccinated fish and 15% of the saline vaccinated fish survived. The results with p16 

were unexpected as it is a homolog of ribosomal protein and predicted to be intracellular. Most 

F. psychrophilum vaccines tested to date are outer membrane proteins which are easily presented 

to the host's immune system. One possibility for the observed protection was that it was due to 

the Protein C part of the fusion protein, but unfortunately, a protein C control was not done. 

Nevertheless, there is evidence for ribosomal proteins being protective antigens. For example, 

Iborra et al. (2003) showed that a DNA vaccine based on the acidic ribosomal protein (LiP0) of 

Leishmania infantum was a promising vaccine candidate in a mouse model. These authors 

showed a strong gamma interferon response in splenocytes and lymph node cells and the 

parasitic burden in the mice was reduced 99% [96]. A more recent study by Tabynov et al. 

(2014) showed that when ribosomal protein L7/L12 was expressed in an influenza viral vector it 

was protective against Brucella abortus in pregnant heifers [97]. While these ribosomal vaccines 

confer protection, it is still unclear as to why they work.   

 Kato et al. (2014) performed the only vaccination study on ayu using three vaccine 

candidates: 3-hydroxyacyl-CoA dehydrogenase (HCD), ATP synthase beta subunit (AtpD), and 

glutamine dehydrogenase (GdhA). These membrane bound proteins candidates had been 

identified in an earlier immunoproteomic study with convalescent ayu anti-sera [98].  HCD and 

GdhA have two transmembrane domains while AtpD has one transmembrane domain. The genes 

for these proteins in F. psychrophilum GMA 0330 were expressed in pET32a and expressed in E. 

coli BL21. The recombinant proteins, which had a 6x His tag, were purified by affinity 
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chromatography using a TALON Cobalt Resin. SDS-PAGE and ELISA experiments using anti-

His antibodies were used to confirm the expression of the recombinant proteins. Ayu were 

vaccinated with inactivated E. coli BL21 containing each of the recombinant proteins; E. coli 

with the empty vector and PBS alone were used as controls.  At 21 days PI, antibodies were 

detected against the antigens. Fish immunized with HCD, AtpD, or GdhA had a significantly 

higher survival rate (40%, 35%, and 38.9%, respectively) than the vector and PBS controls 

(6.7% and 5.0%, respectively). While this study suggested that HCD, AtpD, and GdhA might be 

good vaccine targets it should be noted that the survival rates were less than 50%. It would be 

interesting to vaccinate the fish with all 3 outer membrane proteins and determine if there was 

any sort of an additive effect.  

 Although some promise was seen in the five vaccine trials described above, these data 

should be interpreted with caution.  Firstly, IP route used for challenge doesn’t closely resemble 

natural F. psychrophilum infection nor were heterologous challenges done. In many of these 

studies there was no demonstration that particular antigens were conserved in virulent F. 

psychrophilum strains. The third caveat is that the duration of protection was not evaluated. 

Generally, it takes about two years for rainbow trout to reach market and ideally vaccines should 

be able to provide long term protection.  

1.3.3 Reverse Vaccinology and its Application to Fish Vaccines 

 Bioinformatics has come a long way over the last 20 years largely due to the advance of 

sequencing technology and the growing number of software packages and scripts available to the 

scientific community. Among other things new tools are available for vaccine development. To 

date, most vaccine trials involve identification of immunological proteins by methods such as 

using convalescent antisera in immunoblotting studies, the cloning and/or purification of proteins 
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of interest and injection of these proteins into the host with or without an adjuvant to determine if 

it confers protection against challenge [99, 100]. However, with the advent of reverse 

vaccinology whole genomes and proteomes can be “mined” in silico and potentially effective 

vaccine candidates (i.e., surface exposed proteins conserved between strains) identified without 

having to perform laboratory experiments or use animals [101].  For example, instead of using 

flow cytometry or biochemical methods to determine whether certain proteins are surface 

expressed, software tools available like CELLO and PSORTb can predict the location of the 

protein in the bacteria.  As well, a comparative genomics analysis using programs like Edgar can 

be used to determine whether promising antigens are conserved. 

The first successful use of such a bioinformatic approach was the development of a 

vaccine against serogroup B Neisseria meningitidis (MenB) [102]. MenB causes septicemia and 

meningitis in humans with high mortality and morbidity worldwide and is most common cause 

of meningococcal disease in developed countries [103]. Scientists had an extremely difficult time 

in developing an efficacious vaccine against MenB using traditional methods due to the fact that 

the capsular polysaccharides on MenB are very similar to our cellular polysaccharides in 

addition to the large variation in outer membrane protein sequence which help this pathogen 

evade the immune system [104]. In addition to the sialic acid in its polysaccharide capsule which 

helps it evade the immune system, MemB also releases outer membrane vesicles containing lipo-

oligosaccharides and outer-membrane proteins to divert the host's immune system [104]. The 

MenB genome was sequenced [105] and following in silico analysis over 600 vaccine candidates 

were selected and 350 recombinant proteins were expressed in E. coli and injected into mice. 

Using flow cytometry 91 of these proteins were found to be surface expressed and 28 of these 

were found to be highly immunogenic [106]. The 28 proteins were analyzed further and 
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eventually four proteins (NHBA, fHbp, NadA, and PorA) were selected and used to create an 

effective MenB vaccine [102]. These four proteins have the following functions: neisserial 

heparin binding antigen (NHBA) increases serum resistance [107], factor H binding protein 

(fHbp) binds factor H thus inhibiting complement and helping MenB evade the immune system 

[108],  neisserial adhesin A is important for attachment to host cells [109] and the PorA protein 

is a major component of outer membrane vesicles in MenB. Vaccines based on OMVs have been 

successfully used in New Zealand [100].  The Meningococcal Antigen Typing System (MATS) 

is an unique vaccine antigen ELISA test that correlates the killing of strains by serum 

bactericidal assays (SBA) and measures the cross reactivity and quantity of the antigens from the 

4CMenB vaccine [110]. Any strain that exceeds a threshold value of the three antigens (NHBA, 

NadA, and fHbp) in the ELISA test is predicted to have an 80% or higher chance of being killed 

in a SBA. The MATS system suggested that this MenB vaccine should protect 86% of adults and 

77% children worldwide [111]. When used to vaccinate 1800 infants the 4CMenB vaccine 

conferred 99% protection which made it an instant success [100]. The success of this vaccine set 

the stage for the development of more vaccines against pathogens like Streptococcus 

pneumoniae, E. coli, group A Streptococcus, and many more [100].  

 Identification of vaccine candidates by reverse vaccinology and expression of 

recombinant antigens are particularly attractive approaches for the development of BCWD 

vaccines as F. psychrophilum is difficult to culture and because important antigens might not be 

expressed in vitro. Sequencing of multiple strains permits the identification of conserved 

virulence associated antigens. In fact, a reverse vaccinology approaches has been used with 

another fish pathogen, Edwardsiella tarda. Two vaccine candidates, FliD and FlgD, were 

identified in 17 stains and experimentally verified to be protective. Although further experiments 
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are needed to determine if that these vaccine candidates can confer long term protection, the 

preliminary results are very promising [112]. 

1.4 Sequencing technology and Annotation Tools 

1.4.1 Illumina MiSeq Sequencing 

 First generation sequencing technology such as Sanger sequencing produce long reads 

(400-800 bp) that are relatively easy to assemble; however, as the number of the completed 

genomes available has increased we have come to a point where faster sequencing is possible 

using shorter reads and comparison of these reads to the available reference genomes. The 

Illumina MiSeq benchtop sequencer, which became available in 2011, is a second generation 

sequencer that uses the same sequencing-by-synthesis technology as the Illumina HiSeq and 

Illumina GAII sequencers [113].  These second generation sequencing methods produce paired 

reads of ~ 250 to 400 bp [113]. In the sequencing-by-synthesis or reversible terminator chemistry 

[114] methods fragments of genomic DNA are hybridized onto the surface of flow cell chamber 

and isothermal bridging amplification is used to form DNA clusters of each fragment. The DNA 

in each cluster is single stranded and universal primers are added for sequencing. Paired read 

sequencing can also be performed by converting the template DNA to double stranded DNA and 

removing the original DNA sequences thereby leaving the complimentary strand as template for 

the next round of sequencing. The DNA is sequenced by multiple cycles of polymerase directed 

single base extensions using 4 reversible terminators, 3′-O-azidomethyl 2’-deoxynucleoside 

triphosphates (A, C, T, and G) labeled with different fluorescent markers. Due to the 

modification of the 3' end of the nucleotides, all four terminators can be added simultaneously 

which eliminates the chance of misincorporation. After each cycle, the base added is identified 

through laser excitation and imaging. Tris (2-carboxyethyl) phosphine (TCEP) is then added to 
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remove the fluorescent dye and to regenerate a 3' hydroxyl group in anticipation of the next 

cycle. The Genome Analyzer (GAI) collects the sequencing information from multiple cycles of 

sequencing chemistry and imaging on the surface of each lane in an eight lane flow cell [114].  

 To evaluate the quality of the sequence generated by each DNA cluster, each base is 

assigned a quality (Q) value that represents the likelihood that it is correct. Each Q value is 

weighted in order to determine its effect on sequence alignments and detection of sequence 

variants. The DNA clusters that have mixed results are discarded and the remaining purity 

filtered (PF) reads are used for analysis. This method typically generates between 1-2 billion 

bases of high quality PF sequences from ~60 million single 35 base reads or 2-4 billion bases of 

PF sequences from paired end reads. 

1.4.2 Pacific Biosciences RS Sequencer (PacBio) 

 The Pacific Bioscience RS Sequencer (PacBio) is a third generation system that performs 

real time sequencing and generates long reads averaging 4.5 kb using a DNA polymerase as its 

sequencing engine [113, 115]. This novel system is able to overcome some of the most difficult 

limitations of first and second generation sequencers. It performs single molecule detection by 

reducing the observation volume of nucleotides, and by using unmodified dNTPs that do not stop 

DNA polymerization and a surface chemistry that does not inhibit DNA polymerization but 

which can inhibit non-specific adsorption of dNTPs [115] .  

 The PacBio system uses the zero mode waveguide (a nanostructural device used for 

single-molecule analysis at high fluorophore concentrations [116]) to reduce the observation 

volume by 3 orders of magnitude thus allowing it to detect single fluorophores even in the 

presence of a high concentration of dNTPs. Fluorescent-linked nucleotides cannot be used for 

real time sequencing because they cannot be incorporated consecutively by DNA polymerase. 
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Instead, the Pacbio system uses ϕ29 DNA polymerase which is a stable, high speed enzyme with 

high accuracy that is able to process phospholinked dNTPs. Phospholinked dNTPs are 

fluorophores linked to the terminal phosphate moiety and DNA polymerase catalyzes the 

formation of phosphodiester bonds that releases the fluorophore while incorporating the 

nucleotide into the newly synthesized DNA sequence.  Specific mutations were generated in the 

ϕ29 DNA polymerase and a linkage chemistry was created such that a 100% replacement of 

unmodified nucleotides with phospholinked dNTPs does not affect the enzyme's function. Also, 

the surface chemistry created for PacBio allows for selective immobilization of DNA polymerase 

in the ZMW detection area and binding of polymerase molecules to the side walls is inhibited by 

an alumina-specific polyphosphate passivation layer. A biotinylated polyethylene glycol layer is 

also added to help orient the polymerase and to prevent contact between the polymerase and the 

ZMW. Finally, a novel multiplex confocal fluorescence detector composed of 3000 ZMWs is 

used to detect the four dNTPs simultaneously and is able to reject background noise using a 

confocal pin hole array to give a more accurate picture [115]. 

 Since the PacBio system has only 85% nucleotide level accuracy, new software and 

algorithms were created to process and correct the long reads. [113]. One of the pipelines created 

for assembly of de novo microbial genomes is the Hierarchical Genome Assembly Pipeline 

(HGAP). [117]. The HGAP pipeline filters the reads and long reads with 20x coverage are 

selected as seeds for constructing preassemblies where the short reads are aligned to the long 

reads. Due to the random errors in PacBio sequencing, the alignment of short reads onto long 

reads helps correct these errors. The number of short reads aligned onto long reads is controlled 

by the "bestn" number with the optimal value determined to be 12 (though this can change 

depending on the genome being sequenced). The preassembled reads for the seeds are generated 
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by PBDAG-Con, a script that generates corrected consensus sequences in addition to assessing 

the quality of the seeds. After the reads are corrected and quality analysis is finished, they are fed 

into a Celera assembler which generates assembled contigs. These contigs undergo a final 

polishing step where they are compared against the raw reads and any artifacts found are 

removed. An additional program, Quiver, is then used to remove fine scale errors made by the 

Celera assembler and deletions and insertions are made into the consensus sequence such that 

those changes that improve the maximum likelihood are kept [117].  

1.4.3 Advantages and Disadvantages of Each Sequencing Technology 

 A comparison between second and third generation sequencing methods was carried out 

by sequencing and assembling the Vibrio parahaemolyticus and the results are summarized in 

Table 1.2 [113].  

 Although second generation sequencers like the Illumina MiSeq have dominated the 

market in recent years using its sequencing by synthesis approach, its utility is limited by fact 

that it cannot produce long reads and assembly of repetitive sequences is difficult. Third 

generation sequencing technology like PacBio solves this problem by producing very long reads 

that are longer than repetitive regions making it much easier to assemble (Table 1.2).  At the 

present time, the major disadvantage of PacBio sequencing is that it is very expensive. The 

sequencer is 10x the cost of the Illumina MiSeq and the running cost per GB is 200x greater, but 

it does produce a more accurate genome sequence than Illumina MiSeq [113]..  

1.4.4 BASys Annotation Server 

 Bacterial Annotation System or BASys is a web server that supports the annotation of 

plasmid and chromosomal sequences [118]. It accepts raw DNA sequences in FASTA format 

and optional gene identifier information and generates an in depth textual annotation along with 



28 

 
hyperlinked images. It is composed of three parts: 1) the web interface where the user submits 

the required information, 2) the annotation engine that analyzes the chromosomal data and 

generates annotations, and 3) a reporting system that generates the multiple text and image result 

files [118]. 

 At the web interface the user can submit single or multiple files if they have created an 

account on BASys. The minimum information required for annotation are: 1) The chromosomal 

data in FASTA format, chromosomal topology (linear or circular), Gram stain, and a locus tag 

[118].  BASys takes this information and identified the coding sequences using the microbial 

gene prediction program Glimmer [119]. However, if the gene positions are known, including 

the location on the chromosome, the information can be supplied as a tab delimited file which 

helps the annotation program to edit and correct annotations that have been affected by 

frameshifts or other abnormalities [118]. 

 The BASys annotation engine performs computational sequence analysis in addition to 

database comparisons [118]. Translated sequences are compared to the UniProt and CyberCell 

databases which contain information on function, metabolic process, structural family, and 

enzyme classification. A similarity score is generated when the query is compared to the 

database sequence for each type of annotation and an annotation is recorded if the similarity 

score is higher or equal to the threshold that exists for each type of annotation. For example, the 

annotation threshold of transmembrane locations is very strict and the similarity score must be 

100% between the query and the database sequence in order for the query to be seen as a match  

whereas the threshold for functional annotation is quite lenient and requires an E-value of 1 × 

10
−10 

 and queries equaling 1 × 10
−10 

or lower will be considered a match [118]. The remaining 

query sequences that do not meet BASys threshold scores are annotated using a variety of 
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BLAST searches against numerous databases including protein sequences of model organisms, 

the non-redundant database of bacterial protein sequences, the PDB database of 3D biological 

macromolecular structure data, and the COG database of orthologous groups of proteins. Various 

sequence analyses are also conducted on the query sequences such as protein family analysis 

with Pfam, sequence motif analysis with PROSITE, signal peptide and transmembrane domain 

prediction with PredictSPTM (J. Cruz, unpublished data), and predicted secondary structure with 

PSIPRED. In addition, calculations are performed from the chromosomal, protein coding 

nucleotide, and translated protein data to generate the protein molecular weight, isoelectric point, 

and operon structure of the query sequences.  In total there are approximately 60 different 

possible annotations for a single gene and multiple files are available for download to view the 

various annotations and their supporting data [118]. 

 BASys generated annotation reports use CGView [120] to generate an interactive 

genome map where each gene displayed is linked to a gene card displaying the annotated 

information. As BASys goes through the annotation process, it passes the information it 

generates to CGview in the form of an XML document. CGView takes this XML document and 

displays PNG images of annotated genes and COG categories. The gene cards linked to the 

annotated genes contain links to external sources that support the annotation along with letter 

codes like [S] for 100% sequence homology to the SwissProt database and [H] for a homology to 

a sequence in the SwissProt database [118].  

1.4.5 NCBI Prokaryotic Genome Annotation Pipeline 

 The NCBI Prokaryotic Genome Annotation Pipeline (PGAP), which combines hidden 

Markov models (HMM) gene prediction algorithms with protein homology techniques, was first 

developed in 2005.  Gene prediction in this pipeline relies heavily on GeneMark and Glimmer. 
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Conserved proteins from curated clusters, clusters of Orthologous Groups (9), and NCBI 

Prokaryotic Clusters are used to identify genes that were not annotated in the first pass. 

Ribosomal RNAs are predicted using Infernal, Rfam, or Blast searches and transfer RNAs are 

predicted using tRNAscan-SE [121]. Due to the advance in sequencing technology, the focus has 

been shifted from individual genomes to pan-genomes of closely strains within a species. As a 

result, PGAP was redesigned in 2013 to annotate newly submitted genomes using pan-genomes 

[122]. This new approach assumes that genes that are conserved in a clade should be found in a 

new genome belonging to the same clade. PGAP also uses a customized GeneMarkS program 

called GeneMarkS+ [123] which is able incorporates information from outside sources (e.g., 

Gibbs sampling multiple alignment) to aid in its analysis of coding potential and transcriptional 

start site [122].  

 The new PGAP uses a NCBI BLASTN search against the RefSeq database that contains 

curated rRNA sequences to annotate rRNAs [122]. In addition, 5S rRNA results are refined 

further by cmsearch which analyzes the structural motifs [124]and partial alignments that score 

below 50% similarity are removed. The prediction of ncRNA is the same as 5S rRNAs where a 

BLASTN search is performed and results are parsed through cmsearch for further analysis [122]. 

PGAP still uses tRNAscan-SE to annotate tRNAs since it is one of the best tools for identifying 

tRNAs [125]. It is able to identify 99-100% of tRNA genes in 15 gigabases with less than 1 false 

positive making it one of the most accurate programs created [125]. PGAP divides the input 

sequences into 200 nucleotides (nt) blocks where 100 nt overlap each other and this is passed 

onto tRNAscan-SE where different parameters are set depending on whether the input are from 

Bacteria or Archaea. Finally, results that have a score of 20 or below are eliminated [122]. 
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 The new PGAP uses pan-genomes and core genes to help it annotate input genomes. It 

uses two sets of information from several defined groups of protein. The first set, the “target set”, 

contains proteins that are expected to be found in all members of a group such as universal 

rRNAs, clade specific core proteins, and curated bacteriophage protein clusters. The second set, 

the “search set”, contains all automatic clusters, including curated and non-curated protein 

clusters, curated bacteriophage protein clusters, and all bacterial UniProtKB/Swiss-Prot proteins 

[122]. Sequences from the target set are aligned to the input using ProSplign which was 

developed by NCBI to handle frameshifted and spliced protein alignments. Perfect alignments 

are used for final annotations and partial or frameshifted alignments are sent to GeneMarkS+ to 

be analyzed further. In addition, an improved two pass procedure has been introduced into PGAP 

to help improve gene annotation. The first pass aligns the target set to the user input and is 

followed by a BLAST alignment of the user input and known conserved genes for the results that 

do not achieve 100% similarity. The BLAST results are analyzed by the program and those that 

have poor BLAST alignments are realigned to an expanded region ProSplign. The candidate 

frameshift alignments along with the original alignments are combined and sent to GeneMarkS+ 

for further processing [122]. GeneMarkS+ is the improved version of GeneMarkS that is able to 

process information on protein alignments and features of non-coding RNAs. This software takes 

all of the information generated and combines it with statistics on ribosomal binding sites and 

likelihood estimations on the sites of transcription in order to generate a final annotation result 

[122].  

 For the annotation of phage proteins, the input is aligned to a reference set of phage 

proteins in highly curated bacteriophage genomes. Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPRs), direct repeats of 20 to 40 nucleotides separated by unique 
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sequences of about the same length, are also annotated by PGAP using CRISPR Recognition 

Tool (CRT) and PILER-CR [122].  

 At the end of the process, the predicted results are sent from GeneMarkS+ and aligned to 

the search set where the protein names, functions, and coding regions are assigned. High 

coverage and high scores to a minimum of 3 members in the cluster is required before the query 

protein can be assigned to a cluster and named.   

1.4.6 Advantages and Disadvantages of Various Annotation Programs 

 Both BASys and PGAP have their strengths and weaknesses. PGAP is a more 

sophisticated than BASys since it uses comparative genomics to help annotate the query genome 

while BASys still relies on Glimmer and protein databases. BASys, however, is more user 

friendly as it produces an interactive circular graphical chromosome image using CGView. That 

image links the user to all the genes along with BLAST sequence homologies. It a can also 

annotate pseudogenomes which PGAP cannot do and requires the user instead to submit 

unordered? contigs. In addition, BASys produces COG annotations which PGAP does not do. On 

the other hand, PGAP provides CRISPR annotation which BASys does not and is able to predict 

RNAs better than BASys.  As well, annotations made using PGAP can be automatically released 

to GenBank whenever the user wishes.  

1.5 Bioinformatics Databases Used for Genome Analysis 

1.5.1 NCBI GenBank and BLAST 

 GenBank is a publically accessible database that contains nucleotide sequences and 

supporting bibliographic and biological annotation [126]. It was created by the National Center 

for Biotechnology Information (NCBI) to store multiple types of genomic data including 

expressed sequence tags, genome survey sequences, whole genome shotgun sequencing, and 
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other types of high throughput sequencing information. In addition, information is transferred 

worldwide via daily information exchange with the European Molecular Biology Laboratory 

Nucleotide Sequence Database (EMBL-Bank) and the DNA Data Bank of Japan (DDBJ) [126]. 

GenBank has become an important informational resource for genomic sequence mining and 

sequence comparison. Such sequences comparisons help in the prediction of protein function, 

evolutionary relationships, and much more.  

 Basic Local Alignment Search Tool (BLAST) is the most popular tool used to determine 

similarity between sequences [127]. There are many different types of BLAST (Blastx, Blastn, 

Blastp etc.) that can be used look at different BLAST databases. BLAST databases are created 

from files in the GenBank database where the GenBank file is split in two to create one header 

file and a sequence file which the BLAST algorithm uses for its calculations. The BLAST 

program is heuristic in nature performing local alignments, aligning domains and short 

sequences, to find sequence similarity faster. Functional domains are usually found in the same 

proteins in different species. By tuning the BLAST algorithm to focus on these domains, it 

allows the program to align mRNA to genomic DNA which is often required for genome 

assembly and analysis [127]. When a user submits a query sequence along with additional 

information like database to be searched, word size, etc. it is all sent to the BLAST algorithm on 

the server. With these data, BLAST first creates a table containing all the "words" and 

subsequences of the query sequence submitted, which in the case of a protein sequence is 3 

letters. Next it uses this list of 3 letter subsequences to search the sequence database and if a 

match is found, it produces gap-free and gapped extensions of the "words". After reading all the 

"words" and extending them, the BLAST algorithm assembles the best aligned sequences and 

writes them onto a SeqAlign data structure which contains references to the sequences in the 
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BLAST database. The BLAST formatter on the BLAST server takes the information from the 

SeqAlign file and retrieves and displays similar sequences found in a variety of ways. This 

allows the results to be reformatted in multiple ways without having to re-run the query each 

time. BLAST provides statistical scores for queries that have similar matches in the database to 

inform the user whether a particular alignment is good or not. The bit score shows how good the 

alignment is, the higher the number the better the alignment. This score takes into account the 

number of similar or identical residues as well as the number of gaps introduced in the 

alignment. A key part of the calculation is the generation of a substitution matrix which assigns a 

score for any possible pair of residues. The final bit score is normalized which allows the user to 

compare different alignments [127].  The E-value shows the statistical significance of the 

pairwise alignment and also reflects the size of the database as well as the calculation method 

used. The lower the E-value the more significant the alignment is. However, an analysis of the 

alignment is necessary to determine whether an E-value has biological significance or not. Just 

because an alignment has an E-value of 0.05 which represents a 1 in 20 chance that the 

alignment happened by chance does not mean that it is biologically significant [127]. To 

summarize, bit scores determine how good an alignment is in regards to residue similarity and 

identity whereas the E-value determines the statistical significance of that alignment but not the 

biological significance.  

 BLAST displays the results in three different ways: Graphical view, Text view, and 

Pairwise Alignment view. The graphical view depicts an alignment of sequences as horizontal 

bars where the query is the top bar and everything below are the results. The result bars are 

different colours where red represents the best match and black is the worse. The user can 

quickly scan through the graphical view in order to determine which result best matches their 
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query. The text view displays the result sequence names, bit scores, and the E-values. This 

allows the user to find out exactly what their query is most similar to and the statistical evidence 

that supports the result. Lastly, the sequence alignment view allows the user to view each query 

and sequence alignment and determine whether the E-value results are likely to be biologically 

significant [127]. These different views offer the user multiple ways to observe and analyze their 

sequence alignments from different angles and provide crucial information in determining which 

of the results returned from a Blast search are biologically significant.  

1.5.2 Integrated Microbial Genomes/Joint Genome Institute (IMG/JGI) 

 The Integrated Microbial Genomes (IMG) system was created to support the annotation, 

analysis, and distribution of microbial genomes sequenced at the Join Genome Institute (JGI); 

however, it also accepts submissions from anywhere for annotation and analysis as long as they 

agree to IMG/JGI's policies (http://img.jgi.doe.gov/). The database was built in 2005 and 

contains genomes from all three domains of life, Bacteria, Archaea, and Eukarya, in addition to 

viruses, plasmids, and genome fragments [128]. Public and private genomes that are submitted to 

IMG for annotation and analysis are first linked with the GOLD database and custom programs 

are used to identify the topology of the scaffolds and contigs in order to determine the origin of 

replication and if necessary permute the corresponding scaffold or contig. Gene models and other 

features are calculated from initial contigs before combining them together to form scaffold level 

annotations. CRISPR elements are calculated using CRT and PILECR and duplicate elements 

are removed. Ribosomal RNAs are predicted using an hmmsearch against Rfam along with 

custom models created by IMG and tRNA genes are predicted using tRNAScan-SE. Signal 

peptides and transmembrane domains are calculated using SignalP and TMHMM respectively 

while protein coding genes are predicted using Prodigal [128]. The predicted coding genes are 
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compared to core genes from model genomes before product name is assigned. In addition, the 

protein coding genes are compared against the COG and KEGG databases for COG assignment 

and analysis as well as KEGG metabolic pathway analysis and KO annotation. Genomes are also 

compared to all existing genomes in IMG in order to calculate similarities between the genes in 

order to name gene products properly, identify conserved genes, and much more. Each gene is 

linked to a set of similar genes determined via the similarity scores. These data make it easier for 

users to analyze and compare genes and genomes while using custom tools in IMG [128].  

1.6 Bioinformatics Tools for Comparative Genomics 

1.6.1 Phylogenetic trees and Phylogeny.fr 

 A phylogenetic tree represents the evolutionary relationships between organisms where 

the root represents the earliest stage of life and the branches represent the stages of evolution. 

The evolution of prokaryotic organisms is a mixture of vertical evolution and horizontally 

acquired evolution through lateral gene transfer [129]. The ability to view the evolutionary 

process of molecular sequences by phylogenetic analysis has been a central topic in many fields 

including taxonomy, comparative genomics, and functional prediction [130]. Ribosomal RNA 

genes have widely used in the building of these phylogenetic trees since they are functionally 

stable, change every slowly over time, and do not take part in horizontal gene transfer [129]. 

There are numerous methods, models, and programs to build phylogenetic trees but the task of 

deciding which method and model and the required software programs is difficult and tedious for 

the occasional user. Some journals (e.g., BMC SIGS) require phylogenetic trees as part of a 

genome publication; however, and many users are using easy to access but out of date software 

[130]. 



37 

 
 The Phylogeny.fr phylogenetic tree building platform solves this issue by providing the 

occasional user with a simple way to use and access phylogenetic tree building programs that 

meet the modern standards [130]. It offers every type of modern phylogenetic tree building 

method and program available from multiple sequence alignment to phylogenetic reconstruction 

to graphical representation of trees. From these programs it built three different pipelines for 

users with various degrees of difficulty. The "One Click" mode is the easiest approach where the 

user uploads their sequences and the pipeline processes the information using default settings. 

"Advanced mode" allows the user to change the settings for the programs used in "One Click" 

mode and "A la Carte" allows the advanced user to choose specific programs and settings to 

build the tree [130]. 

 "One Click" mode is set up with some of the best recognized programs for phylogenetic 

analysis. It is comprised of MUSCLE [131]; multiple alignment program, Gblocks [132]; 

alignment correction program, PhyML [133]; a tree building program; and TreeDyn [134], a tree 

drawing program. MUSCLE is thought to be the best sequence alignment program on the 

market.  PhyML, which runs a LRT statistical test [135] that is the approximation of the standard 

maximum likelihood statistical test,  is much faster than similar programs and has the same 

accuracy [130]. After the tree has been generated by the Phylogeny.fr phylogenetic tree building 

pipeline, the user can change the shape of the tree, adjust the font and colours of the text, and 

download the image as a PDF or PNGfile.  

1.6.2 Average Nucleotide Identity and Distance to Distance Hybridization 

 DNA-DNA hybridization is the gold standard for determining similarity between two 

genomes; however, it is a technically challenge in experimental technique and the results can be 

difficult to replicate [136].  In place of doing DNA-DNA hybridization, two in silico methods of 
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detecting genome similarity have been developed:  Average nucleotide identity (ANI) and 

Distance to Distance hybridization (DDH). The ANI program calculates the mean of identity or 

similarity of genomic regions shared by two genomes [136, 137]. ANI has been shown to be a 

robust and sensitive tool for determining evolutionary relationships between closely related 

bacterial strains [137]. An ANI value of 95% has been shown to be equivalent to a DNA-DNA 

hybridization value of 70% indicating two strains are the same species [137]. 

 The Distance-Distance hybridization (DDH) program (also referred as Genome Blast 

Distance Phylogeny (GBDP) calculates the genome to genome distance between complete or 

partial genomes and has been improved recently to be an in silico replacement for DNA-DNA 

hybridization [138]. The improved DDH pipeline has two phases where the first phase involves 

aligning the first genome (X) to the second genome (Y) using one of six BLAST programs. This 

alignment does not require the genomes to be cut into multiple pieces, but instead uses the 

entirety of both genomes. The matches generated between the two genomes are referred to as 

High Scoring Segment Pairs (HSPs) and they are transformed into a distance value d(X,Y) by 

using one of the ten available distance formulae. Each formula was created to handle different 

situations. For example, there is a formula to make comparisons with incomplete genomes and 

another that compares mitochondrial and plastid genomes. Further information on the 10 

formulas can be found in [138]. 

  However, some HSPs generated from a BLAST alignment have been found to overlap 

each other due to the presence of paralogous genes which create bias in the distance values 

calculation since they are included twice in a calculation. Therefore, three algorithms, “greedy”, 

“greedy-with-trimming” and “coverage” were developed to address this issue before one of 10 

distance formulae is applied to calculate distance values. "Greedy" eliminates all HSPs except 
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for the largest one of specific HSPs found to be overlapping in a specific region. This algorithm 

is very fast; however, it comes with the price of losing information. "Greedy-with-trimming" 

only removes the overlapping sections, which allows more information to be preserved. 

"Coverage" takes the HSPs and maps them onto two vectors that represent positions in each 

genome. This is implemented by assuming that a position in the genome is covered by a HSP if 

there is at least one HSP that covers it and the program assigns the highest identity of all HSPs, a 

value that takes into account the number of identical base pairs within HSPs from a particular 

overlapping segment to the positions within this segment [138]. A number of different 

combinations of BLAST alignments, distance formulae, and algorithms have been found to 

generate optimal DDH values. Correlation analysis between DDH, ANI, and DNA-DNA 

hybridization reveals that in silico DDH values are as good as DNA-DNA hybridization values 

(the gold standard) and more accurate than those of ANI [138]. Further technical information 

regarding the distance formulae and algorithms can be found in [138].  

1.6.3 Circular Genome Viewer (CGView) 

 The Circular Genome Viewer (CGView) is used by the BASys annotation pipeline for 

depicting annotation results. It is a Java application that can display static and/or interactive 

graphical maps of bacterial genomes and genome comparisons [139]. It can be accessed online 

(http://stothard.afns.ualberta.ca/cgview_server/) or downloaded as a standalone program. 

CGView allows users to incorporate it into other programs such as BASys by using a customized 

Application Programming Interface (API) that is provided with the standalone version of the 

program. CGView is able to generate genome maps using three different types of textual 

information files. XML files can be used to control how the genome map is displayed in terms of 

features like size, font, and colour of the text, opacity of the image, etc. Also, XML files can be 
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used to add titles and legends onto the figure. Tab-delimited text files which contain feature 

information can also be read by CGView. CGView is able to read both CGView format and 

NCBI protein table format tab-delimited text files. The CGView format allows the user to supply 

up to 11 values for each feature, specify location and appearance of each feature, and insert 

hyperlinks to useful information. The NCBI protein table format contains 8 fields of information 

for each gene including their name, location, and the COG category they belong to. This detailed 

information can be displayed on the genome map by using specific commands which is very 

useful when looking for differences between two or more genomes. Up to three additional 

genomes can be uploaded for BLAST comparison against the query genome. The final map can 

be exported as a PNG, JPG, or SVG file. The generated map can be the entire circular map or a 

partial map zoomed in at a specific location. CGView can create one picture or a series of 

pictures that contains an expanded view of the circular genome map. Each of these images in the 

series have a HTML file which links them to the tick marks produced on the original circular 

genome map. This allows a region of interest to be analyzed and the image series can be shared 

and viewed on an internet browser [139].   

1.6.4 Progressive Mauve: a Multiple Genome Alignment Program 

 Multiple genome alignment can be very complex due to the fact that genomes often 

undergo recombination events that cause rearrangement, segment duplication, gain, and/or loss 

making it difficult to find sequence homology for multiple alignment programs. 

ProgressiveMauve is a program designed to align two or more genomes that have undergone 

recombination events [140]. This program uses an 8 step process involving multiple algorithms 

and formulae to calculate the best alignments. A short summary of the method is presented 

below and a detailed specific explanation can be found in [140].  The progressiveMauve program 
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first identifies ungapped local multiple alignments with unique subsequences; however, these 

alignments may contain some mismatches. For example, the local multiple alignments identified 

may contain nonunique parts and they may not be contained fully by the boundaries of another 

local multiple alignment. Next a pairwise distance matrix is calculated from single copy gene 

content or substitutions. The pairwise distance matrix contains pairwise coverage values that are 

determined by subtracting 1 from the total percent of aligned nucleotides between two genomes 

(coverage). This matrix helps to infer a guide tree and determine the breakpoint penalty during 

anchoring. Next, an anchoring guide tree is inferred based on gene content and substitutions 

using neighbour joining and midpoint rooting are applied. After the guide tree is created the sum 

of squares greedy breakpoint is applied to selected anchors. A recursive anchor search is then 

performed between and outside of current anchors to determine if there are any more anchors to 

be find. Following this search, all of the anchors are used to align the sequences to one another 

and afterwards, the genomes are evaluated to determine whether they are correctly aligned. 

Lastly, a homology hidden Markov model is used to remove any remaining unrelated sequences 

[140]. 

1.6.5 EDGAR: A program for comparative genomics 

 EDGAR - "Efficient Database framework for comparative Genome Analyses using 

BLAST score Ratios" is a high throughput platform that automatically performs genome 

comparisons between different species and strains [141]. EDGAR uses SQLite as a database 

management tool to store and transfer the large amounts of information that is analyzed with 

each genome; the DBI package in Perl is used to access the data. The user interface for this 

program was built using Perl CGI and Javascript. To set up an EDGAR project, users must 
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provide necessary genome information including FASTA files of all coding sequences and their 

corresponding NCBI protein table files [141].  

 Orthology criteria are important in the development of comparative genomics software. 

EDGAR uses the bidirectional best hits (BBH) criteria from BLAST which uses a certain 

threshold to define orthologous hits based on the alignment [141]. Orthologs are genes that 

diverge through a speciation event although in functional annotation systems, genes with 

conserved functions are described as orthologs [142]. One weakness of BBH is that it cannot find 

duplicated orthologs or paralogs--only a single pair will be found and the others will be missed. 

Although it comes with this drawback, BBH provides a fast approach to handle massive amounts 

of data and for this reason was chosen for use in EDGAR. In addition, it is necessary to generate 

a generic orthology criterion within a genomic group in order to automate the entire genome 

comparison process. Therefore, with every genome in the same genus compared by EDGAR, it 

uses the orthology thresholds determined by BLAST Score Ratio Values (SRVs), which uses the 

BLAST bit score in relation to the maximum bit score. Instead of using a fixed score, EDGAR 

uses a sliding window to determine an approximate cutoff value for each genus. The cutoff 

values generated using this approach is very strict (eliminating all low quality BLAST hits) and 

so, all orthologs found by EDGAR can be considered real orthologs. More information regarding 

the formulae used and calculations of the SRVs can be found in [141].  

 The core genome is determined by using an iterative pairwise comparison approach 

where one genome is selected as the reference and compared to the other genomes. For each 

gene in the reference genome, EDGAR checks if there is a reciprocal best hit in another genome. 

Those that do not have reciprocal best hits are removed and this new list of genes is compared to 

the next genome and this continues until all genomes have been compared. The final result is a 
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list of genes that are found in all genomes and is known as the core genome. The pan-genome is 

determined the same way except those genes that do not have reciprocal hits are maintained in a 

"reference" list and are displayed along with the core genome [141].  

 The EDGAR web interface allows the user to access the database and view the calculated 

orthologous genes in a variety of ways. SRV values and cutoff determinations using different 

plots to confirm the calculations performed by EDGAR can also be viewed. Users can obtain a 

core genome from any number of genomes and to determine differences between genes within 

the core genome, and EDGAR can display multiple aligned sequences using MUSCLE. In 

addition, both the core and pan-genomes are displayed in easy to read tables containing all the 

gene information. These tables can be exported in Excel format and the nucleotide and amino 

acid sequence of each gene can be exported as a FASTA file. Synteny plots can also be created 

using EDGAR where the stop positions of a gene from two bacterial strains are used as 

coordinates for a graph while the x and y axis represent the sequence length of the two strains. 

This synteny plot allows the user to observe genome rearrangements that occurred during 

evolutionary events. In addition, to view the difference in gene content between genomes 

EDGAR can create Venn diagrams for up to 5 genomes where the center of intersection between 

the plots displays the number of core genes and the values in each individual area represents the 

number of genes in each individual accessory genome [141].  

1.7 Bioinformatics Tools for Reverse Vaccinology 

1.7.1 NERVE: The first vaccine development program 

 New Enhanced Reverse Vaccinology Environment (NERVE) is a reverse vaccinology 

program developed to find vaccine candidates in silico. Unlike the pipeline used to create the N. 

meningitidis vaccine, NERVE automates the entire process and incorporates new bioinformatics 
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tools into the design process [143]. The NERVE pipeline is composed of 8 Perl scripts (NERVE, 

subcelloc, adhesin, tmmhelices, function, autoimmunity, conservation, selection). The NERVE 

script controls the entire process and guides the user through text displayed instructions. It was 

created to be run on Linux Debian and requires installation of the prerequisite programs Blast, 

PSROTb, HMMTOP, and SPAAN [143] (which are described in detail below (for Blast please 

refer to section 1.5.1). The NERVE pipeline can be divided into two parts. The first part (the 

acquisition, processing, and storage of data) is performed by the first six scripts. Each protein 

from each proteome that is analyzed through the pipeline has all the resulting information stored 

in a MySQL database table along with text files. The second part restricts and selects the vaccine 

candidates from the results generated in the first part and displays them in a user friendly HTML 

table [143].  

 NERVE was designed to generate the best vaccine candidates from prokaryotic 

pathogens. It first determines the subcellular localization, adhesion probability, and topology of 

the proteins. This is performed using the three prerequisite programs: PSORTb, SPAAN, and 

HMMTOP which are operated by the subcelloc, adhesin, and tmhelices Perl scripts [143]. One of 

the main goals behind NERVE was to identify the best protective antigens instead of finding 

every possible antigen thereby saving time and money [143].  Among other things, it is 

important to select antigens that are easily expressed and reduce the risk of experimental issues 

with OMPs like the ones seen during the production of the N. menigitidis vaccine [144].  OMPs 

often have many transmembrane helices which can limit their expression as recombinant 

proteins. In the restriction and selection step in NERVE, one of the criteria for selection is having 

2 or less transmembrane helices [143]. The fourth step of the NERVE pipeline involves 

identifying proteins that could cause potential autoimmune reactions. This step is controlled by 
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the autoimmunity Perl script and it uses the BLAST algorithm to find sequences that match the 

human proteome. This can be disabled by the user if they are not trying to create a human 

vaccine. The fifth step uses the conservation Perl script to compare the query strain with a 

reference strain. The sequences are aligned against one another using BLAST to determine 

whether the protein is conserved or not.  Determining conservation, allows for the development a 

broadly protective vaccine that targets antigens that are conserved across strains/serotypes. The 

sixth step involves the function Perl script where it compares the query pathogenic proteome 

with the Uniprot database to assign functional annotation. This allows the user to focus on 

known virulence factors when designing a vaccine. This program uses the BLAST algorithm to 

determine homology between the query proteins and the ones from the Uniprot database. In the 

seventh and final step NERVE selects the best vaccine candidates by eliminating proteins that 

are difficult to express and discarding ones that are not surface expressed proteins. To do this, the 

script uses filters to select proteins that have no more than two transmembrane helices and are 

classified as being non-cytoplasmic proteins. In addition, filters are used to screen out proteins 

with low adhesin probabilities and ones that are significantly similar to human proteins.  A noted 

above, these settings can be modified in the script when developing non-human vaccines [143].  

1.7.2 PSORTb: A subcellular localization prediction program 

 The in silico prediction of subcellular localization is very important in the field of reverse 

vaccinology as cell surface and exported proteins are generally assumed to better vaccine 

candidates than cytoplasmic or periplasmic proteins [145]. PSORTb 2.0 was introduced in 2005 

and it has been one of the most popular subcellular localization prediction programs since. It 

classifies individual proteins or proteins from whole proteomes into 5 categories for Gram-

negative bacteria (cytoplasmic, inner membrane, periplasmic, outer membrane and extracellular) 
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and into 4 categories for Gram-positive bacteria (cytoplasmic, cytoplasmic membrane, cell wall 

and extracellular). In order to preserve accuracy, the program does not force predictions if 

minimal cutoffs for each category are not reached thus only ~50% of Gram-positive and ~75% of 

Gram-negative proteins are classified into a category and the remaining results are listed as 

"unknown".  The newest version, Psorb 3.0 looks to improve predictions for archaea proteins and 

to classify proteins into new subcategories such as targeted to the host cell or bacterial 

hyperstructure/organelle [146]. The new bacterial subcategories (Host associated, Type III 

secretion, Fimbriae, Flagellar, and Spore) help categorize some of the most common bacterial 

hyperstructures and protein destined for host subcellular localization. These subcategories are 

identified using SCL-BLAST. The proteins identified to have these subcategories are also 

classified to one of the 5 main categories in Gram-negative and 4 main categories in Gram-

positive bacteria. Any protein identified as outside of the outer membrane is classified as 

extracellular while proteins that are part of a hyperstructure are identified as an inner or outer 

membrane protein in addition to the specific hyperstructure that they are associated with [146].  

 To improve PSORTb predictions, protein motifs proved to present false predictions in 

Psorb 2.0 are removed. In addition, the transmembrane helices predictor HMMTOP has been 

replaced by the open source program S-TMHMM, which reports the number of predicted 

membrane helices. If the first 70 amino acids in a protein sequence contain an alpha helix, it is 

removed and the remainder of the sequence is analyzed. The program generates a positive result 

if there were two or more transmembrane helices which ensures high accuracy but this leads to 

an under prediction of membrane bound proteins. However, the SCL-BLAST module and 

support vector machines (SVMs) that are incorporated in the PSORTb software help with 

classifying the missed proteins correctly [146]. Details on the SVMs developed in PSORTb 2.0 
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can be found in [145]. The SVMs have been updated using new training data to improve 

accuracy except for the Gram-negative outer membrane and Gram-positive cytoplasmic SVM 

since the new training data did not improve the results. In PSORTb 2.0, the SVMs use a 

generalized suffix tree to mine for subsequences that appear frequently and which occur in a 

small number of proteins. These frequent subsequences are used as features to identify and 

categorize related proteins. A subset of related proteins is first mined by the SVMs and frequent 

subsequences are determined from this subset. Afterwards the frequent subsequences are 

compared to the full set of related proteins to determine whether they exist in all proteins. This 

method was found to produce false positives and missed some frequent subsequences [146]. 

Therefore, PSORTb 3.0 uses an additional suffix tree which returns all frequent subsequences. A 

Bayesian network combines the module predictions and generates a result based on the statistical 

accuracy of each module. More details can be obtained in [145, 146].  

 The SCL-BLAST predictor for archaeal proteins classifies them in the same 4 categories 

as Gram-positive bacteria along with 2 added subcategories: flagellum and fimbrium. In 

addition, two more categories have been created for bacteria with atypical structures like Gram-

positive bacteria with an outer membrane and Gram-negative bacteria with no outer membrane. 

For the former, the Gram-negative SVM is used to predict outer membrane and periplasmic 

subcellular localization. For the latter, the Gram-positive SVM is used, but the cell wall 

prediction tool is disabled since these organisms lack cell walls [146]. 

 A comparison between PSORTb 3.0 with other subcellular localization programs has 

been carried out and it was found that PSORTb with a 97.9% accuracy is the most accurate; 

however, it is noted that like PSORTb 2.0 it still gives the classification of "unknown" to many 
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proteins thus requiring the user to use other programs to predict the subcellular localization is for 

their protein [146]. 

1.7.3 HMMTOP: A program to determine transmembrane domains 

 The Hidden Markov Model for Topology prediction (HMMTOP) server predicts the 

topology and the transmembrane helices of membrane proteins [147]. The methods used by this 

prediction program are based on the principle that membrane topology is determined by the 

maximum divergence of amino acid composition in sequence segments of the structural parts 

(inside, outside, inside helix tail, outside helix tail, and membrane helix) [147].  For the technical 

details please refer to [148].  HMMTOP is supported algebraically by the fact that the maximum 

divergence can be calculated by using the sum of the logarithmic frequency of the amino acid 

residues of the structural parts given the sequence (log likelihood) or by using the product of the 

frequencies (likelihood). However, determining the topology of proteins using this principle can 

be difficult due to the fact that one must consider the biological constraints like an outside loop 

must follow an inside loop [148]. Therefore the HMMs' in this program uses the Baum-Welch 

algorithm to solve this issue which is described further in [149].  

 In the newest HMMTOP program, the code has been redesigned to be more flexible and 

the architecture has been altered slightly to improve performance and accuracy [147]. In 

addition, it allows the user to localize specific sequence segment(s) used in the 5 structural parts 

of the algorithm. This localization is added into the Baum-Welch algorithm by a conditional 

probability. However, by adding this conditional probability it can potentially change the 

outcome of the results depending on the given condition. These new additions were shown to 

improve the accuracy of the topology and localization results [147]. 

1.7.4 SPAAN: A program to determine potential adhesins 
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 Currently there are several vaccines that have been approved for use in people and 

animals that use adhesins as their key antigens such as the Streptococcus pneumoniae vaccine 

which uses pili proteins RrgA, RrgB, and RrgC [101]. Experimental identification of adhesins is 

time consuming and expensive; however, so a software package for predicting adhesin and 

adhesin-like proteins using neural networks (SPAAN) was developed. SPAAN uses 105 

compositional properties combined with artificial neural networks (ANN) to identify adhesins 

and adhesin-like proteins from a wide variety of prokaryotes [150]. The 5 main 

attributes/modules that are used by the neural network to calculate the 105 compositional 

properties used to predict adhesins are: amino acid frequencies, multiplet frequencies, dipeptide 

frequencies, charge composition, and hydrophobic composition. The amino acid frequencies, 

multiplet frequencies, and dipeptide frequencies looks at the frequency of amino acids or 

stretches of amino acids in the sequence. The charge composition takes into account of the 

ionization properties of the side chains at pH=7.2 and also takes into account the charge 

distribution of the amino acids in the sequence. The hydrophobic composition takes into account 

the different hydrophobicity of the amino acids where they are split into 4 groups and assigned a 

set negative or positive value. Each of the 5 modules contains many different variables and 

formulae to calculate the 105 compositional properties for the neural network. More information 

on the technical methods can be found in [150].  

 The feed forward neural error back propagation neural network is used with this program. 

This network uses a multilayer feed forward topology which consists of an input layer, a hidden 

layer, and an output layer. The state of the neurons in the input layer is determined by the input 

data whereas the neurons in the hidden layer are calculated by the states of the neurons in the 

input layer. This type of neural network connects each neuron to the next layer making it a fully 
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connected network. There were 5 neural networks in total, one for each attribute. There were as 

many neurons as input data points in the input layer but the optimal number of neurons in the 

hidden layer has to be determined through trial and error. Each module generates a probability at 

the end of the process and the final prediction on whether a particular protein is an adhesin or 

adhesin-like protein is determined by a weighted linear sum of the probabilities. A final 

probability value higher than 0.5 indicates that there is a high chance that a particular protein is 

an adhesin while values below 0.5 indicate otherwise [150]. 

 The SPAAN program has been trained on data from GenBank NCBI that contained 

adhesins and non-adhesins. SPAAN was found to have a sensitivity of 89% and a specificity of 

100% which makes it an excellent program to predict adhesins.  

1.7.5 CELLO: An improved subcellular localization prediction program 

 While PSORTb is an excellent subcellular localization program, there are many other 

good ones that have been developed over the years.  CELLO [151] is a subcellular localization 

program that was developed in 2004 and has since been upgraded to CELLO II [152] using new 

algorithms. It is considered to be one of the best due to the fact that it uses support vector 

machines which are unaffected by sequence homology. The new and improved CELLO II uses a 

two level SVM system to determine subcellular localization. The first layer is composed of a 

number of SVM classifiers that are generated from features derived from sequences. The second 

layer is an SVM that processes the results from the first layer and calculates the probability 

distribution of subcellular localization [152].  

 To find features in sequences the n-peptide composition algorithm from CELLO [151] is 

used. The variable An represents each feature where n represents the number of amino acids. 

When n=1, it is referred to as the first order approximation of the protein sequence. When n=2, 
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the algorithm calculates the dipeptide compositions. As n continues to increase, it provides more 

information and features until it reaches the limit where n becomes the protein sequence itself. 

When n reaches this number there is too much information and overfitting may occur. Therefore 

the amino acids are regrouped in small groups (31 in total) classified by their physiochemical 

properties. The variable   
  is used in the algorithm to provide information about the local 

properties of the sequence in addition to defining the composition of partitioned amino acid 

composition. X represents the sequence where it is partitioned in k segments and each segment is 

represented by Y, a specific amino acid composition (An).   

 The g-gap dipeptide composition is another type of composition used in CELLO II and it 

is computed by using two variables (a and b) to represent specific amino acid types and another 

variable (xg) to represent intervening amino acids of any type. In addition, to looking at local 

amino acid composition, a sliding window is created where information from flanking sequences 

of a specific amino acid type can be obtained [152].  

 The SVM classifiers described above represent the first layer of the two layer SVM 

approach. Each SVM produces a probability distribution for the subcellular localization of the 

sequence based on the sequence coding used. The second layer of the two layer model contains 

the SVM that collects all the probabilities to produce one probability result of subcellular 

localization. Finally, the location found to have the highest score is chosen as the predicted 

subcellular localization site [152].  Further technical information on SVMs and algorithms is 

available in [152]. 

 When CELLO II was compared to other subcellular localization programs, it was found 

to be one of the best with a 90% accuracy compared to 82.6% for Psorb 2.0 [152]. Although the 

recently upgraded PSORTb 3.0 boasts a higher accuracy score, it is less useful than CELLO II 
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because of the high rate of "unknown" classifications. Nevertheless, CELLO II can be an 

alternative for analysis of proteins that PSORTb cannot classify. 

1.7.6 B-cell Epitope Prediction programs 

 Antigenic regions of proteins that are recognized by the host's humoral immune system 

are called B-cell epitopes [153]. As such, these epitopes play an important role in vaccine design 

as well as allergy research [154, 155]. Epitopes can be linear or conformational. When linear 

peptides bind to antibodies they are classified as linear epitopes and can inform development of a 

subunit vaccine [156]. The prediction of good epitopes is vital to the development of vaccines 

and the field of reverse vaccinology. It is difficult and expensive to experimentally find antigenic 

proteins that are useful for vaccine production.  As a result, numerous algorithms have been 

developed to predict linear epitopes but their accuracy is only ~52-58% depending on the 

program used. These prediction programs use propensity scales based on the physiochemical 

properties of amino acids (hydrophilicity, flexibility, accessibility, and turns) which determined 

the tendency of each residue associated with the physiochemical properties [157]. One of the 

major problems with these programs is the fact that they are based on qualitative rather than 

quantitative methods. These qualitative programs generate property plots which allow the user to 

obtain an estimate of where a linear B cell epitope might be in a protein sequence [157]. Even 

though complex methods like artificial neural networks might be able to predict exactly (start 

and end positions) where linear epitopes might be located on a protein it remains difficult to do 

this due to the fact that epitopes come in different sizes and the length of the input window must 

be a fixed one [157]. However, two programs ABCpred and LBtope have recently overcome this 

barrier and the accuracy in epitope prediction of both of these programs are significantly better 

than that obtained with earlier programs that used propensity scale methods. 
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 ABCpred is the first epitope prediction program to use ANN to determine linear B cell 

epitopes in antigenic proteins [157]. Unpublished data show that most epitopes are 

approximately 20 amino acids long or less so the ABCpred program looks at epitopes as 20 

amino acids or less. The addition or removal of terminal residues from the original antigenic 

protein sequence and allows ABCpred to generate the required fixed length pattern for ANN. 

The lengths of the input window (10, 12, 14, 16, 18, 20) is generated by removing amino acids 

from both ends of the epitope sequences that are too long [157]. 

 In ABCpred both feed forward neural network (FNN) and a recurrent neural network 

(RNN) with a hidden Markov model (also called a Jordan network) have been tested; however, 

the RNN was found to be much more accurate and was chosen to be used in the final program. 

ABCpred neural networks have been trained on back propagation algorithms and on different 

window lengths. The output is a single binary number where 1 indicates a B-cell epitope and 0 

indicates a non-epitope. The final Jordan network has an input window of 16 amino acids and 35 

units in a single hidden layer [157]. For more technical information regarding the neural 

networks please refer to the website www.imtech.res.in/raghava/abcpred/ABC_method.html. In 

ABCpred the free simulation package SNNS was used to implement the neural networks in 

ABCpred which allowed them? to be transformed into ANSI C function that can be used in the 

stand-alone code. The neural networks have been trained and tested using 5 different data sets. 

The training was carried out using error back propagation with a sum of squares function. The 

error sum is monitored for each cycle and the final number of cycles was determined when the 

networks converged [157]. During the testing phase, a cutoff value is set and the values 

generated by the neural networks are compared to this value. If the value is greater than the 

cutoff value then it will be considered a B-cell epitope but if it is lower it will not be considered 
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an epitope. After training and testing was performed to find the optimal settings for ABCpred, a 

comparison against epitope prediction programs that used propensity scales was performed.  

ABCpred was found to have 65.93%  accuracy, 67.14% sensitivity and 64.71% specificity [157]. 

This was an improvement of approximately 8 to 10% in accuracy versus earlier programs. 

 LBtope is another linear B-cell epitope prediction program that uses a machine learning 

approach and manages to overcome two limitations of ABCpred and other programs have. Most 

programs don't have enough epitopes (~1000 epitopes) in their training and testing data sets and 

secondly these programs use randomly generated peptides as non-epitopes which affect the 

accuracy of their results. LBtope was trained using 49,694 experimentally verified B-cell 

epitopes and 50,321 verified non B-cell epitopes. The epitopes belonging to 3,689 antigens 

contained 2 to 85 amino acids and 5 different datasets were created and implemented for this 

program.  

[158].  

 The first of these datasets, Lbtope_Fixed, contains epitopes and non-epitopes of a fixed 

length of 20 amino acids. All epitopes with a length of 5 amino acids or fewer were removed and 

the rest are either trimmed or extended as needed to reach 20 amino acids. All identical epitopes 

and non-epitopes were removed in addition to ones similar to each other resulting in 12,063 B-

cell epitopes and 20,589 non B-cell epitopes. The Lbtope_Fixed_non_redundant  dataset was 

created from the Lbtope_Fixed data using 80% nonredundant data generated by the CD-hit 

program [159]. The final non redundant dataset contains 7,824 B-cell epitopes and 7,853 non B-

cell epitopes [158]. To create the Lbtope_Variable dataset all epitopes and non-epitopes that had 

5 amino acids or less and 50 amino acids or more were removed. In addition, epitopes and non-

epitopes that are similar to each other were also removed. The final dataset contains 14876 B-cell 
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epitopes and 22321 non B-cell epitopes.  The Lbtope_Variable_non_redundant dataset was 

created using CD-hit using 80% non-redundant data and contains 8,011 B-cell epitopes and 

10,868 non B-cell epitopes [158]. The last dataset,  Lbtope_Confirm, was created to improve the 

accuracy of the data even though all epitopes and non-epitopes were curated from the literature. 

To ensure that all epitopes and non-epitopes were classified correctly only those that were 

reported in 2 or more publications were used to build this dataset. This resulted in 1,012 B-cell 

epitopes and 1,795 non B-cell epitopes [158].  

 Various types of features were generated from the 5 datasets for SVM and nearest 

neighbour models (Ibk) used in LBtope. The features included binary profile or sparse matrix, 

physiochemical properties, dipeptide composition, amino acid pairs (APP), modified amino acid 

pairs profile (APP*), amino acid composition, and composition transition. The SVM models, 

were created using SVM_light and Weka was used to generate the IBk models. It was found that 

LBtope was most effective when SVM models were used with dipeptide composition features 

with an accuracy of over 80%. When comparing LBtope to other linear B-cell epitope prediction 

programs, LBtope was tested using the other programs' datasets and the other programs' used 

their test dataset in order to determine differences and similarities (programs were not retrained) 

[158]. Surprisingly, every program failed (~50% accuracy with significantly lower sensitivity 

and specificity) due to the fact that they had trouble classifying non B-cell epitopes correctly. 

The main issue discovered was that the non B-cell epitope datasets were different (random 

peptides versus curated non B-cell epitopes) which affected the programs [158]. 

 LBtope has been implemented using the SVM models with dipeptide composition 

features and accepts FASTA files of protein sequences. The server was developed using PHP, 

HTML, and Javascript on a Linux Red Hat server. All 5 datasets are available for the user to 
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select and the output is displayed as a user friendly antigen sequence(s) mapped with epitopes 

(including the option for a table mode) where a probability score between 20-80% is depicted for 

each one and a higher score represents a higher chance that it is an epitope [158].  

 With the discovery that the predictions of earlier linear B-cell epitope  prediction 

programs can be affected due to their focus on propensity scale methods [160] and using random 

peptides for non-epitopes [158], two or more prediction programs (preferably machine learning 

types) should be used when using in silico tools to identify linear B-cell epitopes. If the programs 

chosen converge on the same answer then there is a high probability that the antigenic sequence 

is an epitope, but experimental testing is still needed to be performed to confirm the results.  
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Table 1.1: A summary of past F. psychrophilum vaccine development studies 

 

Antigen Concentration 

of antigen 

Concentration 

of challenge 

Route of 

delivery 

Effectiveness Study 

rFspA 

protein C 

fusion 

N/A N/A No clinical 

trial was 

performed 

Antibody 

response 

[90] 

OmpH 

(P18) 

7 µg per 50 µl 

with adjuvant 

14 µg per 50 

µl without 

adjuvant 

6.25x10
6
 cfu IP injection 88.5% 

survival rate 

with adjuvant, 

55% without 

adjuvant 

[92] 

OmpA 7 µg per 25 µl 

with adjuvant 

14 µg per 25 

µl without 

adjuvant 

No challenge IP injection antibody 

response 

detected in 

ELISA 

[94] 

rRplJ 

protein C 

fusion 

10 µg per 50 

µl with 

adjuvant 

50 µl (~7x10
7
 

cells) 

IP injection 82% survival 

rate with 

adjuvant 

[95] 

rHDA 

rAtpD 

rGdhA 

100 µl of 

3.7x10
8
 cfu 

recombinant 

E. coli 

1.3x10
5
 cfu IP injection 40%, 35%, 

and 38.9% 

survival rate 

for HDA, 

AtpD, and 

AdhA 

[98]* 

*This was the only study on ayu, all the other studies were performed on rainbow trout. 
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Table 1.2: A comparison between MiSeq and PacBio [113] 

 

Specifications 

MiSeq PacBio 

Instrument cost 

$99 K $900 K 

Sequence yield per run 

8 Gb 1 Gb per 8 SMRT cells 

Running cost $93 per Gb $1800 per Gb 

Sequence run time 39 hours 16 hours per 8 SMRT cells 

Library Prep  7 hours 5 hours (if required) 

Sequencing   

Number of reads generated 3,9656,630 120,230 

Total bp 9,953,814,130 374,942,687 

Coverage 1927 73 

Assembly   

Number of bp used in 

assembly 

299,809,460 374,942,687 

Number of reads used 1,194,460 120,730 

Coverage 58 73 

Number of contigs 34 31 

Total bases 5,103,771 5,298,335 

Max length 732,626 3,288,561 
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Chapter 2 

 

Objectives 

 Flavobacterium psychrophilum, the causative agent of bacterial cold water disease 

(BCWD) and rainbow trout fry mortality syndrome (RTFS) in salmonid fishes, causes significant 

losses in the aquaculture industry. However, the molecular mechanisms of pathogenesis and 

virulence factors of this organism are poorly understood. Currently, there is no commercial 

vaccine against this pathogen and antimicrobial agents used to control this pathogen are 

becoming less effective due to the rise in antibiotic resistance. In the hopes of gaining a better 

understanding of its pathogenesis and identifying vaccine candidates and therapeutic targets four 

F. psychrophilum genomes were sequenced and bioinformatics studies were performed. 

 

The major objectives of these studies were to: 

1) Sequence representative F. psychrophilum strains (FPG3, FPG101, FPG10, FPGIWL08) from 

Ontario fish using the PacBioRSII and Illumina MiSeq systems and annotate these genomes. 

 

2) Perform comparative genomics analysis on selected virulent and less virulent/avirulent strains 

of F. psychrophilum to gain a better understanding of the differences within and between them 

and attempt to identify which genes/group of genes are important in pathogenesis.  

 

3) Use reverse vaccinology programs such as NERVE to identify efficacious vaccine candidates 

in silico for protection of rainbow trout against F. psychrophilum.   
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Abstract 

Flavobacterium psychrophilum is the causative agent of bacterial cold water disease and rainbow 

trout fry mortality syndrome in salmonid fishes and is associated with significant losses in the 

aquaculture industry. The virulence factors and molecular mechanisms of pathogenesis of F. 

psychrophilum are poorly understood. Moreover, at the present time, there are no effective 

vaccines and control using antimicrobial agents is problematic due to growing antimicrobial 
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resistance and the fact that sick fish don’t eat.  In the hopes of identifying vaccine and 

therapeutic targets, we sequenced the genome of the type strain ATCC 49418 which was isolated 

from the kidney of a Coho salmon (Oncorhychus kisutch) in Washington State (U.S.A.) in 1989. 

The genome is 2,715,909 bp with a G+C content of 32.75%. It contains 6 rRNA operons, 49 

tRNA genes, and is predicted to encode 2,329 proteins. 

Abbreviations 

BCWD: Bacterial Cold Water Disease 

RTFS: Rainbow Trout Fry Mortality Syndrome 

3.1 Introduction 

 Flavobacterium psychrophilum is a Gram-negative pathogen that infects all species of 

salmonid fish and has been found to also infect eel and three species of cyprinids [1-3]. It causes 

bacterial cold water disease (BCWD) and rainbow trout fry mortality syndrome (RTFS) in fish 

and is responsible for significant losses in the salmonid aquaculture industry [1]. Water 

temperature plays a key role in the infection and development of disease [4] which occurs 

between 4-16
o
C and is most prevalent at 10

o
C or below [5]. It was originally thought to be 

limited to North America [6] but it is now recognized in almost every country in Europe, in some 

parts of Asia, and in Australia [1, 7].   

 Three serotypes and two biovars of F. psychrophilum have been described [7, 8]. In 

addition, molecular analysis of the population structure of this bacterium suggests that there are a 

number of distinct lineages [7]. It has been speculated that some strains are species specific [9] 

while others are location specific [10]. Some strains have also been observed to cause only either 

BCWD or RTFS [7]. A recent study in Japan showed multiple sequence types infecting ayu 

(Plecoglossus altivelis) in a closed lake environment [11]. It is also known that phase variation 
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can occur where the colonial phenotype changes between "rough" and "smooth", perhaps to help 

in evasion of the immune system [12].  Generally F. psychrophilum populations are 

heterogeneous; however, a recent study showed closely related epidemic clones infecting 

rainbow trout (Oncorhynchus mykiss) in Nordic countries [13]. To date, only one genome 

sequence of F. psychrophilum has been reported [14] and sequences of other strains are required 

to gain insight into the molecular mechanisms of virulence and why some strains are more 

virulent than others. Here we present a summary of classification and features of the F. 

psychrophilum type strain ATCC 49418 (= DSM 3660 = NCMB = 1947 = LMG 13179 = ATCC 

49418) [15] together with a description of the complete genome and its annotation.  

3.2 Organism Information 

 Classification and Features 

 The taxonomy of F. psychrophilum has been changed many times since Borg (1960) 

classified it as Cytophaga psychrophila based on its biochemical properties [16]. It was later 

reclassified within the genus Flexibacter based on DNA homology and renamed to Flexibacter 

psychrophilus [17]. Most recently, it was reclassified to the genus Flavobacterium and renamed 

to F. psychrophilum based on DNA-RNA hybridization [18]. The genus name was derived from 

the Latin flavus meaning "yellow" and the ancient Greek βακτήριον (baktḗrion) meaning "a small 

rod" giving the Neo-Latin word Flavobacterium, a "small yellow rod-shaped bacteria" [19, 20]. 

The species name was derived from the Greek word psuchros (ψυχρός) meaning "cold" and the 

Neo-Latin word philum meaning "loving" which translates to "cold loving" [19, 20]. The genus 

Flavobacterium consists of 119 recognized species [21] ; it belongs to the family 

Flavobacteriaceae [18, 22] and the order Flavobacteriales [23] (Table 3.1).  
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 F. psychrophilum ATCC 49418

T
 was isolated in Washington State (U.S.A) from the 

kidney of a young Coho salmon (Oncorhynchus kisutch) in 1989 [15]. It is a Gram negative, 

aerobic, and psychrotolerant microorganism [7] (Figure 3.1). When grown on cytophaga agar, 

bright yellow, smooth, discreet, circular, convex, and non-adherent colonies are produced [8]. 

The optimal growth temperature is between 15-20
o
C [24, 25] with no growth occurring at 30

o
C 

or greater [15, 26, 27]. Microscopically it is rod-shaped measuring 3-7 µm long and 0.3-0.5 µm 

wide [8]. Although gliding motility has been reported the mechanism is yet to be elucidated since 

F. psychrophilum does not appear to use pili or polysaccharide secretion [1, 15, 17]. API-ZYM 

tests show that it can produce alkaline phosphatase, esterase, lipase, leucine, valine, and cysteine 

arylamidases, trypsin, acid phosphatase, and napthol-AS-BI phosphohydrolase [7]. In addition, it 

has been reported that it can produce catalase [26, 28] and oxidase [17], hydrolyze tributyrin and 

proteins including casein, gelatin, elastin, albumin, collagen, and fibrinogen [29-33]. Although 

many strains including ATTC 49418
T 

cannot metabolize simple and complex sugars [1] a recent 

study has shown that some strains are able to produce two or more sugar degrading enzymes 

including alpha-galactosidase, beta-galactosidase, alpha-glucosidase, beta-glucosidase, and N-

acetyl-beta-glucosaminidase [8].  

 A phylogentic tree was constructed using the 16S rRNA sequences of F. psychrophilum 

ATCC 49418
T
,
 
selected strains and species of the same genus, as well as selected species of other 

genera belonging to the family Flavobacteriaceae (Figure 3.2). The four F. psychrophilum 

strains are grouped together in the tree with ATCC 49418
T 

being most similar to JIP02/86 

(ATCC 49511), the only other strain to have a complete genome sequence. 

3.3 Genome sequencing information  

Genome project history 
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 The complete genome sequence and annotation data of F. psychrophilum ATCC 49418

T 

have been deposited in DDBJ/EMBL/GenBank under the accession number CP007207. 

Sequencing and assembly steps as well as finishing were performed at McGill University and 

Génome Québec Innovation Centre. Annotation was performed using the NCBI Prokaryotic 

Genome Annotation Pipeline [34] and manually edited in Kodon (Applied Maths, Austin, TX). 

Table 3.2 presents a summary of the project information and its association with MIGS version 

2.0 compliance [35]. 

3.4 Growth conditions and DNA isolation 

F. psychrophilum ATCC 49418
T
 was originally obtained from the American Type Culture 

Collection [15] and was stored in a frozen glycerol stock (15%) at -70
o
C. It was grown for 4 days 

at 12
o
C on modified cytophaga agar [36] containing 0.06% (w/v) tryptone, 0.05% yeast extract, 

0.02% beef extract, 0.02% sodium acetate, 0.05% anhydrous calcium chloride, 0.05% 

magnesium chloride, 0.05% potassium chloride, 1.5% agar, 0.02% gelatin, pH 7.5. Well isolated 

colonies were used for genomic DNA isolation. Colonies (~ 4 mm
3
) were picked using a sterile 

toothpick and lysed using modified B1 (1 50 mM Tris·Cl, 50 mM EDTA, 0.5% Tween®-20, 

0.5% Triton X-100, pH 8.0) and B2 (750 mM NaCl, 50 mM MOPS, 15% isopropanol, 0.15% 

Triton X-100, pH 7.0) buffers. DNA was purified and eluted using the QIAGEN Plasmid Midi 

Kit (Qiagen, Germany) following manufacturer's protocol.  

3.5 Genome sequencing and assembly 

 

Genome sequencing of F. psychrophilum ATCC 49418
T
 was performed using a PacBio RS II 

instrument. The reads were automatically processed through the Single Molecule Real Time 

(SMRT) software suite using the Hierarchical Genome Assembly Processing (HGAP) pipeline 
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[37]. The resulting reads (580,625,890 bp in total) were filtered and the longest reads with 20x 

coverage were selected as seeds for constructing preassemblies. The preassemblies were 

constructed by aligning the short reads to the long reads (seeds). Each read was mapped to 

multiple seeds using BLASR [38]. In total there were 8073 long sequences totaling 90,000,401 

bp with an average length of 11148 bp and 162,858 bp short sequences totaling 490,625,489 bp 

with an average length of 3013 bp. Since errors in PacBio are random, aligning the multiple short 

reads onto the long reads allows the correction of errors in the long reads. The optimal number of 

sequences to be mapped onto the seeds is controlled by the "-bestn" parameter and the optimal 

number was determined to be 12. The preassembled reads for the seeds are generated using 

PBDAG-Con (https://github.com/PacificBiosciences/pbdagcon) to create corrected consensus 

sequences in addition to quality analysis of the seeds. This script uses multiple sequence 

alignments and a directed acyclic graph to produce the best consensus reads possible. It does so 

by eliminating the insertion and deletion errors generated during the sequencing process. In 

addition, it avoids generating chimeric sequences (sequences with artifacts) for assembly because 

chimeric reads will have no or low short sequence coverage. At the end of the process, only the 

best preassembled reads without artifacts are sent to the assembler [39]. 

 After quality analysis and eliminating some of the preassembled reads by PBDAG-Con, 

the remaining 6,009 reads were fed into the Celera assembler which uses an overlap-layout-

consensus strategy [37]. A total of 2 contigs were generated with sizes 1,647,861 bp and 

1,076,634 bp. These contigs underwent an additional polishing step where they were compared 

against the raw reads and any artifacts found were removed [37]. The final consensus generated 

was analyzed and improved by using the multiread consensus algorithm Quiver. Quiver takes the 

two contigs and the initial sequencing reads and maps the reads onto the assemblies [37]. It then 
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disregards the alignment between the reads and the assemblies and a consensus is created 

independently from the reads allowing it to remove any fine-scale errors made by the Celera 

assembler [39]. An approximate copy of the consensus sequences is then generated by Quiver 

which makes insertions and deletions and those that improve the maximum likelihood are 

applied to the initial consensus sequence [40]. The two final contigs generated by Quiver were 

1,648,613 bp and 1,077,094 bp. 

 The two contigs underwent a finishing process using SeqMan Pro (DNASTAR Inc., 

Madison, WI). The two contigs were collapsed into one and the sequence was then opened in a 

region homologous to the Ori of F. psychrophilum JIP02/86 resulting in another two contigs. 

These were resealed using SeqMan Pro to create one final complete contig.  

3.6 Genome annotation 

 The NCBI Prokaryotic Genome Annotation Pipeline was used to predict protein coding 

genes, structural RNAs (5S, 16S, 23S), tRNAs, and small non-coding RNAs [41]. Protein coding 

genes were predicted by protein alignment using ProSplign [42] where only complete alignments 

with 100% identity to a reference protein are kept for final annotation. Frameshifted or partial 

alignments were further analyzed by GeneMarkS+ [43] for further analysis and gene prediction. 

A BLASTN search against a reference set of structural RNA genomes from the NCBI Reference 

Sequence Collection was conducted to find the structural RNAs since they are highly conserved 

in closely related prokaryotes. tRNAscan-SE was used to identify the tRNAs [44]. Small RNAs 

were predicted using a BLASTN search against sequences of selected Rfam families and the 

results were refined further using Cmsearch [45]. Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPRs) were identified by searching the CRISPR database with the 

CRISPRfinder program (http://crispr.u-psud.fr/Server/)[ [46].  
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3.7 Genome properties 

 The 2,715,909 bp (32.75% G+C) genome of F. psychrophilum ATCC 49418
T 

contains 6 

rRNA operons and 49 tRNA genes and is predicted to encode 2329 proteins (Figure 3.3 and 

Table 3.3). No plasmids were identified during the annotation process. The distribution of genes 

into COG functions is shown in Table 3.4. When compared to the JIP02/86 strain, ATCC 49418
T 

had fewer proteins classified as “not in COGs” (43.8% vs. 47.5%) and had slightly more 

replication, repair, and recombination COGs (96 vs. 82). The two strains differed little in other 

COG categories. The Average Nucleotide Identity (ANI) between ATCC 49418
T
 and JIP02/86 

was calculated to be 99.34% (+/-1.83%) and 99.37% (+/- 1.71%) one way and 99.43% (+/- 

1.51%) two way [47]. The estimated distance to distance hybridization (DDH) values between 

the two strains was calculated to be 96.20% (+/- 1.16%) and the distance was 0.0053. The 

probability that DDH>70% (i.e., same species) is 97.48% [48].  

3.8 Insights into the genome sequence 

A number of studies have been done to determine the pathogenesis of F. psychrophilum but, to 

date, the exact mechanisms are still unknown [1]. Some putative and previously characterized 

virulence factors are listed in Table 3.5. Proteolytic enzymes are widely used by fish pathogens 

to cause tissue damage and allow invasion of the host [1]. In the F. psychrophilum ATCC 

49418
T 

genome there are four metalloprotease encoding genes including a predicted zinc 

metalloprotease [FPG3_00455],  a predicted zinc peptidase [FPG3_06120] and the previously 

reported Fpp1 [49] and Fpp2 [50] metalloproteases. Rainbow trout with RTFS are anemic and 

past studies have reported that the red blood cells of rainbow trout are partially lysed when 

infected by F. psychrophilum [51, 52].  Homologs of two RTX hemolysin transporters 

(FPG3_06485, FPG3_10400) were identified, but did not appear to be linked to any toxin or 
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modification genes [53]. Six iron transport genes were also identified; these were anticipated 

since iron uptake is a well-known characteristic of most pathogens. Moreover, recent research 

has shown that attenuated F. psychrophilum strains cultured under iron limiting conditions 

confer greater protection to fish when used as an experimental vaccine [54]. A hydroperoxidase 

with predicted catalase and peroxidase functions were also identified. In addition, there are 11 

cell surface proteins with leucine rich repeats that are predicted to be adhesins; several are listed 

in Table 3.5. These were very similar to the ones found in F. psychrophilum JIP02/86. Further 

research is required to determine what functions these adhesins have and how they help F. 

psychrophilum bind to the host.   

3.9 Conclusion 

Flavobacterium psychrophilum, the causative agent of BCWD and RTFS in salmonid fishes, 

causes significant economic losses in the aquaculture industry. The genome sequence of the 

ATCC 49418
T 

strain will hopefully provide new insights into virulence mechanisms and 

pathogenesis of F. psychrophilum and help in the identification of suitable targets for vaccines 

and antimicrobial agents; however, to do this much more analysis will be required.  
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Figure 3.1: (A) Isolated colonies of F. psychrophilum ATCC 49418
T 

on Cytophaga agar and (B) 

Light micrograph of Gram stained F. psychrophilum ATCC 49418
T
 (1000x). 
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Figure 3.2: Phylogenetic tree displaying the relationship between F. psychrophilum ATCC 

49418
T
 and selected strains and species of the same genus. Other genera from the family 

Flavobacteriaceae were used as an out group. The phylogenetic tree was constructed using the 

"One Click" mode with default settings in the Phylogeny.fr platform [55]. This pipeline uses four 

different programs including MUSCLE [56], Gblock [57], PhyML [58], and TreeDyn [59]. The 

numbers above the branches are tree support values generated by PhyML using the aLRT 

statistical test.  
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Figure 3.3: Comparison of F. psychrophilum ATCC 49418
T
and F. psychrophilum JIP02/86 

(NC_009613.3) created using CGview [60]. From the outside to the center: Genes on forward 

strand (blue clockwise arrows), genes on reverse strand (blue counter-clockwise arrows), F. 

psychrophilum JIP02/86 genome (red), RNA genes (tRNAs orange, rRNAs violet, other RNAs 

gray), GC content (black), GC skew (purple/olive).  
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Table 3.1: Classification and general features of Flavobacterium psychrophilum ATCC 49418

T
 

MIGS ID Property Term Evidence code
a
 

 Current Classification Domain Bacteria TAS [61] 

  Phylum Bacteroidetes TAS [62] 

  Class Flavobacteriia TAS [63, 64] 

  Order Flavobacteriales TAS [23] 

  Family  Flavobacteriacea TAS [18, 22] 

  Genus Flavobacterium TAS [18, 65] 

  Species Flavobacterium 

psychrophilum 

TAS [18] 

  Type strain ATCC 49418 TAS [15, 18] 

    

    

 Gram stain Negative TAS [15] 

 Cell shape Rods TAS [15] 

 Motility Gliding TAS [15] 

 Sporulation Non-spore forming  TAS [18] 

 Temperature range Psychrotolerant (4
o
C to 30

o
C) TAS [15, 27, 28] 

 Optimum temperature 15-20
o
C TAS [24, 25] 

 Carbon source Non-saccharolytic TAS [18] 

 Energy source Chemoorganotroph  TAS [18] 

 Terminal electron 

receptor 

Oxygen NAS [66] 

MIGS-6 Habitat Host TAS [15] 

MIGS-6.3 Salinity 

 

Usually grows in 0.5% and stops at 

1.0% 

 

TAS [8, 15] 

 

 

MIGS-22 Oxygen  

 

Aerobic  

 

TAS [15] 
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a) Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author 

Statement (i.e., a direct report exists in the literature); NAS: Non-traceable Author 

Statement (i.e., not directly observed for the living, isolated sample, but based on 

a generally accepted property for the species, or anecdotal evidence). These 

evidence codes are from of the Gene Ontology project [67].  

 

  

MIGS-15 Biotic relationship Obligate pathogen of fish (but can 

survive in freshwater for several 

months) 

NAS [7] 

MIGS-14 Pathogenicity Salmonid fishes, eel, and three 

species of Cyprinids 

TAS [1, 15] 

MIGS-4 Geographic location Worldwide including North 

America, Europe, and Asia 

TAS [1, 7] 

 

 

MIGS-5 Sample collection time 1989 TAS [15] 

MIGS-4.1 

MIGS-4.2 

Latitude – Longitude Not reported  

MIGS-4.3 Depth Not Reported  

MIGS-4.4 Altitude Not Reported  
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Table 3.2. Project information 

MIGS ID Property Term 

MIGS-31 Finishing quality Finished 

MIGS-28 Libraries used None 

MIGS-29 Sequencing platforms PacBio RS II 

MIGS-31.2 Fold coverage 184x 

MIGS-30 Assemblers HGAP workflow 

MIGS-32 Gene calling method NCBI Prokaryotic Genome 

Annotation Pipeline, GeneMarkS+ 

 Genome Database Locus 

Tag 

FPG3 

 GenBank ID CP007207 

 GenBank Date of 

Release 

September 12, 2014 

 BioProject ID PRJNA236029 

 GOLD ID Gi0074339 

 Project relevance Fish Pathogen 

MIGS-13 Source Material 

Identifier 

American Type Culture Collection 

49418 
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Table 3.3: Nucleotide content and gene count levels of the genome 

Attribute  Genome (total) 

 Value % of total 

Genome Size (bp) 2,715,909 100.00% 

DNA Coding (bp) 2,336,075 86.01% 

G+C content (bp) 889,460 32.75% 

DNA Scaffolds 2,336,0751 86.01% 

Total genes 2397 100.00% 

Protein-coding genes 2,329 97.00% 

RNA genes 68 2.84% 

Pseudo genes 24 1.00% 

Genes in internal clusters N/D
a 

 

Genes with function prediction 1881 78.47% 

Genes assigned to COGs 1,438 60.00% 

Genes assigned Pfam domains 1,933 80.64% 

Genes with signal peptides 236 9.85% 

Genes with transmembrane helices 506 21.11% 

Number of CRISPR candidates 8  

Confirmed CRISPR(s) 1  

Unconfirmed CRISPR(s) 7  

a
N/D = not determined 
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Table 3.4: Number of genes associated with the 25 general COG functional categories 

 

 

Code Value % of total
a
 Description 

J 140.0 9.66 Translation 

A 0.0 0.00 RNA processing and modification 

K 72.0 4.97 Transcription 

L 96.0 6.63 Replication, recombination and repair 

B 0.0 0.00 Chromatin structure and dynamics 

D 18.0 1.24 Cell cycle control, mitosis and meiosis 

Y 0.0 0.00 Nuclear structure 

V 41.0 2.83 Defense mechanisms 

T 32.0 2.21 Signal transduction mechanisms 

M 145.0 10.01 Cell wall/membrane biogenesis 

N 4.0 0.28 Cell motility 

Z 1.0 0.07 Cytoskeleton 

W 0.0 0.00 Extracellular structures 

U 31.0 2.14 Intracellular trafficking and secretion 

O 61.0 4.21 Posttranslational modification, protein turnover, chaperones 

C 75.0 5.16 Energy production and conversion 

G 51.0 3.52 Carbohydrate transport and metabolism 

E 120.0 8.28 Amino acid transport and metabolism 

F 54.0 3.73 Nucleotide transport and metabolism 

H 96.0 6.63 Coenzyme transport and metabolism 

I 63.0 4.35 Lipid transport and metabolism 

P 70.0 4.83 Inorganic ion transport and metabolism 

Q 26.0 1.79 
Secondary metabolites biosynthesis, transport and 

catabolism 

R 164.0 11.32 General function prediction only 

S 89.0 6.14 Function unknown 

- 1050 43.80 Not in COGs 
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Table 3.5: Some putative virulence factors of F. psychrophilum ATCC 49418 

 

Locus Tag 
Gene 

name 
Family Product 

FPG3_00455  M50 Putative zinc metalloprotease 

FPG3_01260 

 

fpp1 M12B Psychrophilic metalloprotease  Fpp1 

precursor 

FPG3_01265 

 

fpp2 M43 Psychrophilic metalloprotease Fpp2 

precursor 

FPG3_06120  Zn Peptidase Putative neutral zinc metallopeptidase 

FPG3_06485 hlyD HlyD2 Putative hemolysin D transporter 

FPG3_10400 

 

hlyD HlyD2 Putative hemolysin D transmembrane 

transporter 

FPG3_00420 

 

 MntH Mn
2+

 and Fe
2+

 transporter of the 

NRAMP family 

FPG3_00490  FeoA Iron transport protein A 

FPG3_00495  FeoB Iron transport protein B 

FPG3_04340  Peptidase M75 Iron-regulated protein A precursor 

FPG3_04455 

 

 TM-ABC Iron Siderophore ABC iron transporter system, permease 

component 

FPG3_05120 

 

 FeoB ABC iron transporter system, binding 

protein precursor 

FPG3_06195  CCC1 Probable iron transporter 

FPG3_09395 

 

 Plant peroxidase like Hydroperoxidase with catalase and 

peroxidase activities 

FPG3_00925 

 

 LRR5 Cell surface protein precursor with 

leucine rich repeats 

FPG3_00930 

 

 LRR5 Cell surface protein precursor with 

leucine rich repeats 

FPG3_00935 

 

 LRR5 Cell surface protein precursor with 

leucine rich repeats 
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FPG3_00940 

 

 LRR5 Cell surface protein precursor with 

leucine rich repeats 



95 

 

Chapter 4 
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MacInnes 

Department of Pathobiology, Ontario Veterinary College, University of Guelph, 50 Stone Road 

East, Guelph, Ontario, N1G 2W1, Canada 

Abstract  

 Flavobacterium psychrophilum is the etiological agent of bacterial cold water disease and 

rainbow trout fry syndrome in salmonid fishes, rainbow trout, eel, and three types of cyprinids. It 

is the cause of significant economic losses in the aquaculture industry and antimicrobial agents 

used to control this pathogen are becoming increasingly ineffective due to the growing spread of 

resistance. A better understanding of mechanisms of virulence and pathogenicity is required to 

develop effective methods for combating this pathogen. Here we present the first comparative 

genomics study of F. psychrophilum using three virulent (FPG10, FPG101, JIP02/86) and two 

less virulent (FP3, FPG1WL08) strains. The core genome of the virulent strains contains 2,228 

genes and that of the less virulent strains contains 2,060 genes; the pan-genome contains 3,040 

genes. Synteny plots and full genome comparisons reveal major genome rearrangements between 

virulent and less virulent genes in addition to major genetic differences.  An intact 6H prophage 

was found in FPIWL08 and a conserved CRISPR element was detected in all North American 
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strains. Comparison of FPG101 and FPGIWL08 suggests that gene loss and antivirulence genes 

could play a major role in the development of pathogenicity in F. psychrophilum.   

 

Keywords 

Flavobacterium, comparative genomics, fish pathogen, salmonid fish, rainbow trout 

4.1 Introduction 

 Flavobacterium psychrophilum is a Gram-negative bacterium that is able to infect 

salmonids, rainbow trout, eel, and three types of cyprinids and can cause bacterial cold water 

disease (BCWD) and rainbow trout fry syndrome (RTFS) [1]. The classical signs of BCWD 

include tissue degradation in the caudal fin and/or peduncle areas and as the disease progresses, 

further lesions may appear on the lower jaw, dorsal fin, and the lateral sides [2, 3]. Although the 

clinical signs of BCWD and RTFS are well characterized, the routes of entry as well as the 

mechanisms of pathogenesis are poorly understood. Several studies have shown that F. 

psychrophilum can been found on the gills, fins, and mucous of healthy fish which suggests that 

it might be part of the normal microbiota [4, 5].   Horizontal transmission of F. psychrophilum 

has been observed   through open wounds and lesions  [2].  As well, F. psychrophilum has been 

found in both male and female fish reproductive tracts and in the offspring of broodstock 

indicating vertical transmission can also occur [4].   

Attachment is a key early step in the pathogenesis of most bacterial pathogens. To date, 

no traditional adherence structures such as pili or flagella have been detected on F. 

psychrophilum [1]; however; a slime layer has been observed by electron microscopy [6]. 

Flavobacterium columnare (a close relative of F. psychrophilum) also has a slime layer that  it 

requires to colonize in the gill tissue and cause columnaris disease in fish [7] so  it has been 
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speculated that the slime layer is also an important virulence factor of F. psychrophilum. While 

there are highly pathogenic F. psychrophilum strains it does not appear to produce traditional 

toxins (e.g., cholera toxins) that alter host cell functions but instead produces a large variety of 

proteases that are able to break down molecules such as casein, gelatin, and type II collagen and 

cause muscle necrosis [8]. Two proteases thought to be unique to F. psychrophilum, Fpp1 and 

Fpp2, are metalloproteases that target and digest the proteins of the connective tissue and muscle 

[1].  In addition, F. psychrophilum is able to suppress the fish immune system or evade it by  

entering splenic macrophages through phagocytosis which protects it from high levels of 

complement and lysozyme activity [9, 10]. In addition to being protected from complement 

activity, F. psychrophilum is able to lyse or partially lyse erythrocytes and make haemoglobin 

available. Such lysis is consistent with the observations of dark patches and anemia in infected 

fish [11]. Although some of these virulence factors have been identified, the  regulation of their 

expression is generally not known.  As well, the F. psychrophilum genome has many genes with 

“hypothetical functions” and their roles in virulence await further study. 

One approach to identifying new virulence factors and gain a better understanding of 

mechanisms of virulence is the use of comparative genomics. Past comparative genomic studies 

in Escherichia coli [12] and Bacillus anthracis [13] as well as other bacteria have revealed that 

each strain carries an assortment of genes that can be the same, similar, or entirely unique.. By 

comparing genomes between distantly related species, the constraints of the organization of the 

bacterial genome can be characterized along with the biological systems responsible for their 

diversity and adaptability [14]. Through this process it was revealed that prokaryotes have a 

surprisingly high degree of diversity between and within species especially given ~60% of all 

genes are shared by all forms of life [15]. Due to the large diversity within a species, the term 
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"pan-genome" was proposed which includes all genes within a given species [14]. However, the 

size of each pan-genome can vary dramatically ranging from the small pan-genome of B. 

anthracis which was determined using only four strains (additional strains did not provide any 

new unique genes) to the extremely large and ever expanding pan-genome of E. coli where every 

new strain discovered contributes ~400 new genes to the pan-genome [14]. In addition to 

increasing our knowledge in evolution, comparative genomics has allowed us to identify missed 

annotations and misannotations and infer the function of unknown genes through multiple 

sequence alignments and data mining processes [16]. The development of the subsystem 

annotation methods like Gene Ontology (GO) based on comparative genomics has significantly 

increased the confidence of e annotation results as  it provides multiple levels (or subsystems) of 

information regarding a particular query [16]. These advances have led to the advance of 

comparative genomics studies that have been indispensible in determining differences between 

strains and strain virulence. For example, in Edwardsiella tarda, a fish pathogen that causes 

edwardsiellosis, a locus of enterocyte effacement (LEE) that was acquired through horizontal 

gene transfer was discovered using comparative genomics [17].   Nakamura et al. (2013) further 

observed that attenuated strains did not have a LEE locus whereas virulent strains did [17]. 

 Given the success of past comparative genomics studies in providing new insights into 

pathogenicity, we have used this approach to try to determine why some F. psychrophilum 

strains are more virulent than others.  In the current study,  we present a preliminary analysis of 3 

virulent and 2 less virulent strains of F. psychrophilum using a variety of bioinformatics tools to 

analyze the similarities and differences of these strains.   

 

4.2 Materials and Methods 
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4.2.1 F. psychrophilum strains used in this study 

 The five F. psychrophilum strains used in this study and their relative degree of virulence 

Jarau et al. (2012) [18] are listed in Table 4.1 

4.2.2 Sequencing and Assembly of F. psychrophilum genomes 

 FPG101 [GenBank: CP007206] and FPG3 [GenBank: CP007207]  were sequenced using 

a PacBio RS II instrument, assembled, and annotated using the NCBI Prokaryotic Annotation 

Pipeline as described previously [19]. FPG10 [GOLD ID: Gp0086799] and FPGIWL08 [GOLD 

ID: Gp0099516] were sequenced at the Advance Analytics Centre (Guelph, Ontario) using 

Illumina MiSeq technology and assembled into pseudogenomes using SeqMan Pro (DNASTAR, 

Inc., Madison, WI) and progressiveMauve [20]. The pseudogenomes were annotated using the 

BASys annotation pipeline [21]. The sequence of JIP 02/86 was obtained from GenBank 

[GenBank: AM398681.2 ]  A COG analysis of all the genomes was performed using the 

IMG/JGI server [22]. 

4.2.3 Determining phylogenetic relationship between strains 

 The average nucleotide index (ANI) and DNA-DNA hybridization (DDH) were 

determined to confirm that the strains were F. psychrophilum and to assess how closely related 

they were to each other.  The average nucleotide index calculator [23] and the  GGDC program 

[24] were used to calculate these  values, respectively. A phylogenetic tree based on 16S rRNA 

was created using phylogeny.fr [25] to depict their relationships.   

4.2.4 Identifying significant similarities and differences of the F. psychrophilum genomes 

 The core genomes of the virulent strains and less virulent strains along with the pan-

genome of F. psychrophilum were characterized using EDGAR [26]. To shed light on gene 

conservation between and amongst virulent and less virulent strains, the synteny of genome pairs 
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was plotted using EDGAR with FPG101 (virulent) and FPG3 (less virulent) as the reference 

strains. Full chromosome alignments were carried out using progressiveMauve to identify major 

differences within and between the virulent and less virulent strains. The virulent strain FPG101 

and the less virulent strain FPG3 were used as reference strains in these comparisons and the 

genes missing in the query strains were classified into their respective Cluster Orthologous 

Group (COG) category.  

4.2.5 Identification of potential vaccine candidates 

 Further analysis was performed on the core and pan-genomes of the virulent strains using 

Edgar by identifying genes that belonged only to virulent strains and absent in less virulent 

strains. This approach allowed us to identify genes that could be potential candidates against 

virulent F. psychrophilum.   

4.2.6 Analysis of F. psychrophilum for the presence of prophages and pathogenicity islands  

 IslandViewer [27] was used to determine if F. psychrophilum contained any 

pathogenicity islands and PHAST [28] was used to search for  prophages in the F. 

psychrophilum genome. Viral genes that were identified using the above programs and in 

progressiveMauve comparisons were further characterized using BLAST [29].  

4.2.7 Identifying “antivirulence” genes 

 A preliminary analysis of “antivirulence” genes was done using Edgar by comparing the 

genomes of the virulent FPG101 strain to the less virulent FPGIWL08 strain to identify genes 

that were present in FPGIWL08, but which were missing in FPG101.  Due to the large number 

of genes identified, a small subset of FPGIWL08 genes was selected by choosing ones that had 

proper annotation and their potential as "antivirulence" genes based on published  studies in 
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other bacteria. This subset was compared to the genomes of FPG10 and JIP02/86 to determine if 

these genes were also absent in other virulent strains.  

4.2.8 CRISPR and CAZyme analysis of the F. psychrophilum genome 

 Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) analysis was 

performed (using CRISPRFinder [30])  to identify foreign DNA and signs of horizontal gene 

transfer based on CRISPR associated genes [31].  Carbohydrate Active enzyme (CAZyme) 

analysis of  the virulent strains was done using the CAZymes Analysis Toolkit [32] to identify 

enzymes that might play a role in pathogenicity.  

4.3 Results 

4.3.1 General features of the F. psychrophilum genome 

 Analyses of the assembled genomes revealed that their genomes are very similar to each 

other (Table 4.2).  The strains studied have a genomic size of 2.7-2.8 Mbp. They are predicted to 

code for 2,300-2,500 genes; however, only half of these genes could be classified into COGs. 

 The ANI and DDH results suggest that all of the strains studied are closely related to each 

other despite differences in virulence or their country of isolation (Table 4.3).   All of the strains 

had an ANI value >99%  and a DDH value of 94% or higher which is above the 95% ANI and 

70% DDH thresholds that is required to indicate that each strain is related to each another. [33].  

 A maximum likelihood phylogenetic tree based on  the  16S rRNA genes of 5 F. 

psychrophilum strains along with selected members of the genus Flavobacterium was generated 

using phylogeny.fr with Escherichia coli O157:H7 as an outgroup (Figure 4.1). The tree shows 

one monophyletic branch for F. psychrophilum which strongly supports the results that the F. 

psychrophilum strains are closely related.  

4.3.2 Core and Pan-genome Analysis of F. psychrophilum 
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 Analysis done using the Edgar platform [26] revealed that the F. psychrophilum pan-

genome contains 3040 genes while the core genome of the virulent strains contains 2228 genes 

and the core genome of the less virulent strains contains 2060 genes (Figure 4.2).  

 Further analysis revealed 209 genes from the pan-genome belong solely to one or more 

virulent strain and that only 40 of these genes are present in all three virulent strains (Tables 4.1 

and 4.2). An attempt to classify these virulent strain genes into COGs revealed that 90% of the 

209 genes are hypothetical and not in COGs (Figure 4.3). Of the 40 conserved genes, 80% were 

not found in COGs. Although many these genes are unknown,   BLAST analysis of 

FPG10_00499 revealed that it is a putative TonB family protein and hence, possibly  a good 

vaccine candidate. 

 To better understand the relationships of F. psychrophilum strains, the synteny of genome 

pairs was plotted to provide a rough picture of the conservation of gene order (Figure 4.4). The 

synteny plots revealed that FPG101 and FPG10 were closely related to each other whereas the 

relationship of other strains is further apart.  Full genome alignment analysis using 

progressiveMauve revealed large blocks of homology.  Some major genetic differences amongst 

the strains were seen as large gaps in each genetic block as shown in Figure 4.5. The least 

number of genetic differences was found between the virulent strains FPG101 and FPG10 with 

47 genes not in the FPG10 genome and the greatest number of differences was between FPG3 

and JIP02/86 with 338 genes not found within JIP02/86 (Table 4.4).  

 When the genetic differences between the strains were considered at the level of COG 

categories the majority of differences were associated with genes that belonged to the Not in 

COGs group (Figure 4.6). 

4.3.3 Prophage in F. psychrophilum FPGIWL08 
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 A full chromosomal alignment analysis of FPG101 and FPGIWL08 using 

progressiveMauve revealed a major genetic difference from between 1,860,663 bp and 1,999,493 

bp. When this sequence was analyzed using PHAST [28] a prophage integrated into the 3'-end of 

an arginyl-tRNA gene at 1,899,590 bp and flanked by two direct repeat sequences was detected 

(Figure 4.7). No protein coding genes upstream or downstream of the phage were interrupted. A 

BLAST search identified it as prophage 6H, a phage recently identified in a F. psychrophilum 

strain from Chile [34]. No 6H or other prophages were found in any other strains and no 

pathogenicity islands could be detected using IslandViewer [27] in any of the strains studied.  

4.3.4 Identification of potential “antivirulence” genes in F. psychrophilum 

 Three hundred and forty two potential “antivirulence” genes were identified when the 

less virulent strain FPGIWL08 was compared with the virulent strain, FPG101 (Table A.3). A 

preliminary analysis was performed on a subset of these genes to determine whether they existed 

in other virulent strains (Table 4.5). All of the genes were not present in any virulent strains 

except for FPGIWL08_00255, which codes for a putative cell membrane protein, was present 

only in the virulent strain JIP02/86. 

4.3.5 CRISPR and CAZyme Analysis of F. psychrophilum 

 CRISPRFinder revealed that the genomes all of the strains in this study contain at least 1 

CRISPR sequence (Table 4.6). The North American strains (FPG3, FPG101, FPGIWL08, and 

FPG10) all contain the same CRISPR sequence (CAATAGAAGTTACAGAATTAGGAAT) in a 

gene that codes for a cell membrane protein. There were no known CAS genes found near this 

sequence. A second CRISPR sequence   

(GTTGTGAATTGCTTTCAAAATTGTATTTTAGCTTATAATTACCAACA) was detected in 

three of the North American strains (FPG101, FPG10, and FPGIWL08) and in the French strain 
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JIP02/86 in what appears to be a noncoding region. A CAS gene of strain JIP02/86, FP1524 

(Genbank ID: NC_009613.3) (assumed to be F. psychrophilum specific [35]) was found beside 

this CRISPR region in all 3 strains. 

 A CAzyme analysis of the core genome of the virulent strains, done using the CAZyme 

toolkit [32], revealed 349 CAZymes that were classified into five different families (Figure 4.8). 

Of the CAZymes identified, 44% were glycosyltransferases and 25% were glycosylhydrolases, 

which suggests that F. psychrophilum relies on glycosyl donors for glycosylation.  

4.4 Discussion 

 Distance to Distance hybridization is an in silico method for DNA-DNA hybridization 

and is considered to be a gold standard in determining relationships between species and strains 

due to its high accuracy [24]. ANI is another tool that is highly robust and sensitive and is widely 

used to determine evolutionary relationships between closely related strains [36].  ANI and DDH 

calculations show that the strains analyzed in this study are closely related.  Two of the virulent 

strains, FPG101 and FPG10, are particularly close with a DDH value of 100%.  This finding 

suggests that some strains may persist for long periods as these two Waterloo (Ontario, Canada) 

strains FPG10 and FPG101 were collected 14 years apart. Although F. psychrophilum 

populations are usually heterogeneous [37] there have been a similar  reports of  epidemic clones 

infecting rainbow trout in France [38] and in Nordic countries [39]. However, the phylogenetic 

tree generated in this study does not reflect the close relationship between strains FPG101 and 

FPG10. Instead it shows FPG10 being closely related to JIP02/86. This is most likely due to the 

fact that 16S rRNA was used to construct the tree whereas ANI and DDH analysis used whole 

genomes of each strain. 
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  The COG database can be used for the classification of proteins from fully sequenced 

genomes into functional categories based on the principle of orthology thus allowing protein 

function prediction for poorly studied organisms like F. psychrophilum [40]. As shown in Table 

4.2, approximately 50% of the genes could not be classified into COGs.  The COG database is 

continuously updated and currently contains over 2,000 COGs, but since 90% of genes unique to 

the pan genomes of virulent strains are respectively unclassified due to their unknown functions, 

it is difficult at this time to predict why some strains F. psychrophilum are more virulent than 

others.  

 Except for strains FPG101 and FPG10, synteny plot analysis of virulent and less virulent 

strains reveal considerable chromosomal rearrangements both between and among virulent and 

less virulent strains (Figure 4). Identical chromosomes produce a diagonal line in a synteny plot. 

In the synteny plot of FPG101 vs. FPG10, there is a diagonal with few breaks indicating that 

they are closely related. Chromosomal rearrangements, which are indicated by the breakage and 

distortion of the diagonal line, can be observed in FPG101 vs. JIP02/86, in FPG101 vs. 

FPGIWL08, and to an even greater extent in FPG3 vs. FPGIWL08 and in FPG101 vs. FPG3 and 

FPG3 vs. JIP02/86. These observations are also seen in progressiveMauve analysis between and 

within each group of strains.  In addition to demonstrated differences in virulence, country of 

isolation also may be associated with genetic variability. FPG3 was isolated in Washington, USA 

whereas JIP02/86 was isolated in Piecardie, France and the rest were isolated from Waterloo, 

Canada. When FPG3 was compared to the other strains in synteny plots and by 

progressiveMauve analysis, a large number of genetic differences were observed that cannot be 

explained by the difference in virulence given that the low virulence strain FPG3 had 272 

differences when compared with another low virulence strain, FPGIWL08. In addition, the 
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virulent strain FPG101 had had more genetic differences with the virulent JIP02/86 strain than 

other virulent Canadian isolates. These results are consistent with observations by Nicolas et al. 

(2008) in their population structure study where 17 sequence types were found to be host and 

country specific [41]. For example, ST 10 was always found in North American rainbow trout 

and ST 12 was always found in rainbow trout in Chile suggesting that these sequence types have 

been selected for in  their specific niches. In a recent study by Dutilh et al. (2014) of 274 strains 

of Vibrio cholerae 25, 305 genotype variations were identified that were largely due to phages, 

prophages, plasmids, and transposable elements.  These authors suggested that phages and 

mobile elements gave V. cholerae a selective advantage in their new environment and create 

local endemicity which leads to new strains and causes temporal divergence (time), and allows 

the invasion of new habitats (clinical or environmental). Additional genome comparison studies 

of F. psychrophilum are needed using more strains to determine if specific genes acquired from 

mobile elements and phages have allowed them to adapt to their specific niches. 

 Further analysis of the genes that are found only in virulent strains (Table A.2) reveals a 

potential vaccine candidate, FPG10_00499, a putative TonB family protein. Bacterial pathogens 

requires iron and they are transported by the TonB-ExbB-ExbD cytoplasmic localized membrane 

complex and associated high affinity iron receptors [42]. Furthermore, in a wide range of species 

(Escherichia coli [43], Shigella dysenteriae [44], and Haemophilus influenzae [45]) that TonB 

has been shown to be required for virulence. A live attenuated vaccine study by Holden et al. 

(2014) against avian pathogenic E. coli (APEC), a pathogen that causes weight loss and scaring 

in chickens, used a TonB knockout APEC E. coli strain. It was highly successful with the 

average weight of immunized chickens being similar to that of healthy chickens after challenge 

and the number of chickens with lesions in the air sac only 25% versus 90% in control birds[46]. 
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In a study by Hu et al. (2012) a TonB-dependent outer membrane receptor subunit (TdrA) 

vaccine was so successful that no immunized fish died post challenge with Pseudomonas 

fluorescens [47].  Therefore, a TonB or TonB-dependent membrane receptor vaccine against 

virulent F. psychrophilum strains could be highly effective. 

 No pathogenicity islands or prophages were observed in the virulent strains. However, 

Prophage 6H was found in the genome of the less virulent strain, FPGIWL08.  In studies of 49 

F. psychrophilum strains isolated in Chile, Denmark, and USA, Castillo et al. [34] detected 

6H genes (integrase, tail tape protein and two hypothetical proteins) by PCR in 80% of the 

isolates.  Although these authors hypothesized that bacteriophage 6H  was lysogenized in a large 

fraction of the global F. psychrophilum community, this prophage was found in only one of the 

five F. psychrophilum strains investigated in the current study.   

    Some bacterial species become virulent by acquiring new genetic information.  For 

example, the  virulence of  E. coli O157:H7 is associated with a pathogenicity island [48] while 

Clostridium botulinum has a prophage and a bacteriophage to produce toxins and become 

virulent [49]. The fact that there are no obvious pathogenicity islands or phages in the virulent 

strains begs the question of how some F. psychrophilum strains become virulent  Gene loss is 

one possible explanation.  In some species t has been observed that less virulent and avirulent 

strains can contain the same virulence factors found in pathogenic strains; but virulent strains 

lack genes (termed “antivirulence “genes) that are characteristic of nonpathogenic bacteria [50]. 

Such pathogens usually have smaller genomes with fewer rRNA operons, although this was not 

the case for F. psychrophilum.  In addition, pathogenic strains usually have unorganized operons 

due to mutations, have fewer genes encoding enzymes for amino acids and metabolite synthesis, 

have less or altered translation capabilities, and contain more genes that encode protein toxins, 
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toxin-antitoxin modules, and proteins for DNA replication and repair [50]. The results of a 

comparison of the complete genome of the less virulent FPGIWL08 and virulent FPG101 strains 

using Edgar and progressiveMauve are consistent with the notion that virulent F. psychrophilum 

strains lack genes found in less virulent strains (Table 4.4, Table 4.5, and Table A.3). As noted 

above, FPGIWL08 lacks 63 genes possessed by FPG101.  However, in the reverse comparison, 

FPG101 lacks 342 genes, more than five times as many. This significant difference cannot be 

attributed to the environment since they were both collected in Waterloo, Canada in 2008 so it is 

possible that FPGiwl08 may have "antivirulence" genes. A COG analysis (results not shown) of 

the missing genes from FPG101 revealed a significant number of genes that are “not in COGs” 

and thus it is difficult to understand which genes are potential “antivirulence” genes. However, 

as seen in Table A.3,  some of the missing genes that could be annotated are similar to those 

found by Fournier et al. (2008) in a study of virulent and avirulent Rickettsia spp. [51]. These 

researchers report that virulent Rickettsia spp. have lost many genes coding for amino acids and 

translation capabilities were observed to decrease due to gene loss [51]. Further, the loss of genes 

to combat environmental changes and the disruption of genes regulating invasion, replication, 

and transmission process have led to the development of virulence in Rickettsia [50]. Similarly, a 

study by Prunier et al. (2007) found that when intact copies of nadA and nadB were used to 

complement those genes disrupted by insertion sequence (IS) elements in virulent Shigella 

strains, they became less virulent [52].  

With the exception of FPGIWL08_00255, a preliminary analysis of five potential 

“antivirulence” genes (Table 4.5) revealed that they are not found in virulent strains.  Similar to 

Rickettsia spp., it appears that F. psychrophilum virulent strains may have part of their 

translation mechanisms disrupted by the loss of FPGIWL08_00713, a gene that produces 
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carboxypeptidase, a protein that is responsible for post translation. In addition, like Rickettsia 

spp., replication is also predicted to be disrupted in the virulent strains with the loss of 

FPGIWL08_01495, a gene that encodes an enzyme, modification methylase Eco47II, that 

methylates and protects DNA . These results of the comparison between FPG101 and 

FPGIWL08 are consistent with the notion that F. psychrophilum may undergo a similar path to 

virulence as Rickettsia spp., but many more strains need to be evaluated before that assertion 

could be made with any confidence.  

   In addition, the transposase (FPGIWL08_01065) and the Transposase for insertion 

sequence element ISRM3 gene (IWL08_02107) in FPGIWL08 (which are not found in virulent 

strains) might be disrupting gene(s) needed for virulence and thus could explain, at least in part, 

the lower virulence of FPGIWL08. Knockout experiments are required in order to determine 

which genes these transposases affect and whether they play a role in virulence. Again, further 

complete genome comparisons and biological experiments are required to test this hypothesis. 

 In addition, a more in depth CRISPR analysis might aid in determining how F. 

psychrophilum strains evolve from being avirulent to highly virulent. CRISPRs are a series of 

21-47 bp "Direct Repeats" and are divided by unique sequences of similar lengths called 

"spacers". A leader sequence of 200-350 bps can be observed upstream of a CRISPR sequence 

[30]. These unique sequences are largely unknown, but recent studies have shown that they are 

of viral origin [53]. As well, phylogenetic analysis of CRISPR associated sequences (CAS)-- 

genes closely associated with CRISPRs-- have suggested that bacteria acquire CRISPRs through 

horizontal gene transfer [31]. In the current study all of the North American F. psychrophilum 

the strains analyzed  possess a CRISPR (CAATAGAAGTTACAGAATTAGGAAT) in a gene 

that codes for a predicted cell surface protein. Interestingly, while CRISPRs themselves can be 
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acquired through horizontal gene transfer, Marraffini et al. (2008) showed that CRISPRs can 

interfere with horizontal gene transfer by preventing plasmids from integrating into the DNA 

[54]. Their study suggests that the leader sequence along with Cas genes upstream from the 

CRISPR can interfere with plasmid conjugation due to a sequence identity. Since a CRISPR is 

found in a cell surface protein gene of all Canadian F. psychrophilum strains it suggests that this 

protein is  not vital for its survival. Furthermore, since we only found one known Cas sequence 

in F. psychrophilum, an in depth study of Cas sequences in F. psychrophilum might provide a 

better understanding of its evolutionary process in addition to gene acquisition through 

horizontal gene transfer.  

 A further, in depth CAZyme analysis is also required to determine whether CAZymes 

play a role in the development of virulence. To date, two biovars of F. psychrophilum have been 

described where biovar 2 strains can break down complex carbohydrates and biovar 1 cannot 

[55]. An analysis of the core genome of virulent strains and less virulent strains (results not 

shown) did not reveal any genes for enzymes predicted to break down complex carbohydrates or 

participate in fermentation. This suggests that virulent strains have lost the ability to break down 

carbohydrates and belong in biovar 1 or perhaps this ability can only be acquired through 

methods like horizontal gene transfer. Experiments are needed to confirm this hypothesis as all 

strains used in this study are biovar 1 or their biovars have not been determined yet [55]. 

4.5 Conclusion 

 In conclusion, this initial comparative genomic analysis between three virulent and two 

less virulent strains have found the pan-genome to contain 3,040 genes and the core genome of 

virulent strains 2,228 genes and less virulent strains contained 2,060 genes. Due to the fact that 

pseudogenomes were used in this analysis, the number of genes identified here could be slightly 
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underestimated. While synteny plot and progressiveMauve analysis revealed major chromosomal 

rearrangements no obvious virulence factors like pathogenicity islands were observed. However, 

a comparison between FPGIWL08 and FPG101 suggests there might be "antivirulence" genes 

which could play a significant role in the development of virulence in F. psychrophilum. 

However, more genomes are required (both virulent and less virulent) for F. psychrophilum in 

order to gather convincing evidence that F. psychrophilum's path to becoming virulent is similar 

to Rickettsia spp. and Shigella spp. where gene loss and loss of “antivirulence” genes triggers 

pathogenicity.   
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Figure 4.1: Phylogenetic tree displaying the relationship between F. psychrophilum and 

selected species of the same genus.  Escherichia coli O157:H7 strain Sakai was used as an out 

group. The phylogenetic tree was constructed using the "One Click" mode with default settings 

in the phylogeny.fr platform [25]. The numbers above the branches are tree support values 

generated by PhyML using the aLRT statistical test. ATCC 49418T=FPG3 
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Figure 4.2: Core genome analysis of the virulent and less virulent strains of F. 

psychrophilum.  Venn diagrams of the A) Virulent strain core genome (1. FPG10, 2. FPG101, 

and 3. JIP02/86) and the B) Less virulent strain core genome (1. FPG3 and 2. FPGIWL08) 

generated by EDGAR [26]. 

  

A) B) 
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Figure 4.3: COG categories of A) unique pan virulent strain genes (n=209) and B) the unique 

core virulent strain genes (n= 40). 
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Figure 4.4: Synteny plots comparing virulent and less virulent F. psychrophilum strains. 

Pairwise synteny plots were created using EDGAR [26] where the position of each coding 

sequence of the chromosome on the X axis is plotted against the position of its homologue in the 

second chromosome given on the Y axis.  The names of the analyzed chromosome pairs are 

given on top of each plot. 
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Figure 4.5: progressiveMauve comparison between F. psychrophilum A) virulent strains 

FPG101, FPG10, and JIP02/86 FPG3, and B) less virulent strains FPG3 and FPGIWL08.  

  

B) 
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Figure 4.6: Classification of major genetic differences between F. psychrophilum strains at 

the level of COG category using FPG101 (virulent) and FPG3 (less virulent) as the 

reference strains. COG categories: C = Energy production and conversion, D = Cell cycle 

control, cell division, chromosome partitioning, E = Amino acid transport and metabolism, F = 

Nucleotide transport and metabolism, G = Carbohydrate transport and metabolism, H = 

Coenzyme transport and metabolism, I = Lipid transport and metabolism, J = Translation, 

ribosomal structure and biogenesis, K = Transcription, L = Replication, recombination, and 

repair, M = Cell wall/membrane/envelope biogenesis, O = Posttranslational modification, protein 

turnover, and chaperones, P = Inorganic ion transport and metabolism, Q = Secondary 

metabolites biosynthesis, transport and catabolism, R = General function prediction only, S = 

Function unknown, T = Signal transduction mechanisms, U = Intracellular trafficking, secretion, 

and vesicular transport, V - Defense mechanisms 
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Figure 4.7: Sequence alignment of prophage 6H (top) and FPGIWL08 (bottom). A 

progressiveMauve alignment of prophage 6H and the FPGIWL08 sequence from 1,860,663 bp to 

1,999,493 bp revealed an identical phage thus supporting the results of the PHAST analysis.  
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Figure 4.8: Classification of the core genome of virulent strains into CAzyme families. A 

CAzyme analysis of the core genome of virulent strains identified 349 CAzyme genes belonging 

to five families.  
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Table 4.1: Flavobacterium psychrophilum strains used in this study 

 

Strain No. ATCC no. Host Virulence 

(% 

mortality) 

Location Year 

isolated 

FPG101 

 

N/A Oncorhynchus 

mykiss 

Virulent 

(61%)
a 

Waterloo, 

Canada 

2008 

JIP02/86 ATCC 49511 Oncorhynchus 

mykiss 

Virulent 

(68%)
b 

Picardie, France 1989 

FPG10 N/A Oncorhynchus 

mykiss 

Virulent 

(63%)
a 

Waterloo, 

Canada 

1994 

FPGIWL08 

 

N/A Oncorhynchus 

mykiss 

Less virulent 

(13%)
a 

Waterloo, 

Canada 

2008 

FPG3 

 

ATCC 

49418
T
 

Oncorhynchus 

kisutch 

Less 

Virulent 

(15%)
a 

Washington, 

U.S.A. 

1989 

 

a 
Virulence data from Jarau et al. (2012) [18] 

b 
Virulence data from Langevin et al. (2012) [56] 
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Table 4.2: F. psychrophilum genome properties 

  Strains 

FPG3 FPGIWL08 FPG101 FPJIP02/86 FPG10 

Size (bp) 2,715,909 2,737,304 2,835,130 2,861,988 2,785,940 

G+C content (bp) 889,460 886,469 923,181 931,273 900,972 

Coding region (bp) 2,336,075 2,426,130 2,483,115 2,463,078 2,468,064 

Total genes 2397 2595 2507 2505 2637 

RNA genes 68 70 68 73 69 

rRNA genes 18 18 18 18 18 

5S rRNA 6 6 6 6 6 

16S rRNA 6 6 6 6 6 

23S rRNA 6 6 6 6 6 

rRNA operons 6 6 6 6 6 

tRNA genes 49 52 49 49 51 

Protein-coding 

genes 

2329 2595 2439 2432 2637 

Genes assigned to 

COGs 

1347 1366 1377 1316 1379 

Genes with Pfam 

domains 

1438 1911 1939 1900 1930 

Genes with signal 

peptides 

236 246 256 262 246 

Genes with 

transmembrane 

helices 

506 562 524 515 566 

 

 

 

 



126 

 
Table 4.3: Average Nucleotide Index and Distance to Distance Hybridization

a 

 

Genome Comparison(Genome A 

vs. B) 

Average Nucleotide 

Identity 

Distance to Distance 

Hybridization 

Distance 

FPG101 vs. FPG10 99.94% (+/- 0.95%) 100.00% (+/- 0.23%) 0.0009 

FPG101 vs. JIP02/86 99.85% (+/- 0.99%) 98.90% (+/- 0.46%) 0.0019 

FPG10 vs. JIP02/86 99.85% (+/- 0.97%) 98.50% (+/- 0.58%) 0.0024 

FPG3 vs. FPGIWL08 99.54% (+/- 0.81%) 94.70% (+/- 1.44%) 0.0069 

FPG101 vs. FPG3 99.46% (+/- 1.21%) 94.70% (+/- 1.44%) 0.0069 

FPG101 vs. FPGIWL08 99.89% (+/- 1.05%) 98.90% (+/- 0.45%) 0.0018 

FPG10 vs. FPG3 99.54% (+/- 0.78%) 94.80% (+/- 1.43%) 0.0068 

FPG10 vs. FPGIW08 99.89% (+/- 1.06%) 99.10% (+/- 0.41%) 0.0017 

JIP02/86 vs. FPG3 99.43% (+/- 1.21%) 94.80% (+/- 1.43%) 0.0068 

JIP02/86 vs. FPGIWL08 99.86% (+/- 0.83%) 98.30% (+/- 0.63%) 0.0026 

 

a
 Red = virulent vs. virulent, Green = less virulent vs. less virulent, and Yellow = virulent vs. less 

virulent 
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Table 4.4: Differences between F. psychrophilum strains 

 

Comparison (reference vs. query) Number of gene differences (missing genes in query) 

FPG3 vs. FPGIWL08 272 

FPG3 vs. JIP02/86 338 

FPG101 vs. FPG3 236 

FPG101 vs. FPG10 47 

FPG101 vs. JIP02/86 90 

FPG101 vs. FPGIWL08 63 
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Table 4.5:  Presence of a subset of potential “antivirulence” genes in virulent strains 

Gene Gene Product FPG101 FPG10 JIP02/86 

FPGIWL08_00255 Cell surface protein Absent Absent Present 

FPGIWL08_00713 Carboxypeptidase Absent Absent Absent 

FPGIWL08_01065 Transposase Absent Absent Absent 

FPGIWL08_01495 Modification methylase for Eco47II Absent Absent Absent 

FPGIWL08_02107 Transposase for insertion sequence element 

ISRM3 

Absent Absent Absent 
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Table 4.6:  CRISPRs detected in F. psychrophilum 

Strain CRISPRs 

observed 

Direct Repeat Consensus
 

Gene Product 

FPG3 1 CAATAGAAGTTACAGAA

TTAGGAAT 

FPG3_1000 Cell membrane 

protein 

FPGIWL08 1 CAATAGAAGTTACAGAA

TTAGGAAT 

FPGIWL08_00373 Cell surface 

protein 

 2 GTTGGTAATTATAAGCTA

AAATACAATTTTGAAAG

CAATTCACAAC 

CRISPR region None 

FPG101 1 CAATAGAAGTTACAGAA

TTAGGAAT 

FPG101_1050 Cell membrane 

protein 

 2 GTTGTGAATTGCTTTCAA

AATTGTATTTTAGCTTAT

AATTACCAACA 

CRISPR region None 

JIP02/86 1 GTTGTGAATTGCTTTCAA

AATTGTATTTTAGCTTAT

AATTACCAACA 

CRISPR region None 

FPG10 1 CAATAGAAGTTACAGAA

TTAGGAAT 

FPG10_00176 Cell surface 

protein 

 2 GTTGTGAATTGCTTTCAA

AATTGTATTTTAGCTTAT

AATTACCAACA 

CRISPR region None 

 

  



130 

 

Chapter 5 

The following is a draft manuscript for eventual submission to BMC Bioinformatics  

Prediction of potential vaccine candidates against Flavobacterium 

psychrophilum using reverse vaccinology   

Anson K.K. Wu
1
, Andrew M. Kropinski

1
, Brian Dixon

2
, Andrew Doxey

2
, Janet I. MacInnes

1
 

1
Department of Pathobiology, Ontario Veterinary College, University of Guelph, 50 Stone Road 

East, Guelph, Ontario, N1G 2W1, Canada 

2
Department of Biology, 200 University Avenue West, Waterloo, Ontario, Canada N2L 3G1 

Corresponding author: Janet MacInnes (macinnes@uoguelph.ca) 

Abstract 

 Flavobacterium psychrophilum is the causative agent of bacterial cold water disease and 

rainbow trout fry mortality syndrome in salmonid fishes, diseases that cause significant losses in 

the aquaculture industry.  No commercial vaccines for Flavobacterium psychrophilum are 

available at the present time. Attempts to control this pathogen using antimicrobials have been 

increasingly less effective with the widespread emergence of resistant strains. In this study, 40 

genes present only in virulent strains were identified using comparative genomic tools and a 

reverse vaccinology approach was used to identify vaccine candidates from amongst these genes.  

A total of nine putative protective antigens were predicted using the vaccine development 

program NERVE and after further bioinformatics analysis, this list was reduced to three genes. 

These  candidates contain unique peptides that are predicted to bind to salmon and rainbow trout 

MHC I and to not cause an autoimmune reaction in the host.   

Keywords 
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Flavobacterium, reverse vaccinology, vaccine, fish pathogen, salmonids, rainbow trout 

 

Abbreviations 

BCWD: Bacterial cold water disease 

RTSF: Rainbow trout fry mortality syndrome 

MHC: Major histocompatibility complex 

 

5.1 Introduction 

 Flavobacterium psychrophilum is the causative agent of bacterial cold water disease 

(BCWD) and rainbow trout mortality fry syndrome (RTSF). This Gram-negative pathogen 

infects a wide variety of fish including all species of salmonids, eels, and 3 types of cyprinids 

[1]. F. psychrophilum causes disease at 4-16
o
C and is most virulent at 10

°
C or below [2]. 

Although antimicrobials have been used to combat F. psychrophilum, there is a growing number 

of strains that are resistant to these agents which include sulphadiazine/trimethoprim [3], 

phosphomycin and penicillin [4], and gentamicin, neomycin and polymyxin B [5]. In Canada, 

many isolates of F. psychrophilum are resistant to high concentrations of trimethoprim–

sulfamethoxazole and ormetoprim–sulfadimethoxine, two of the four antibiotics licensed for its 

control [6].  In Spain, there is an increased level of resistance to oxytetracycline, one of the two 

antibiotics used in that country [7], and in Turkey, F. psychrophilum strains are highly resistant 

to gentamicin, erythromycin, and sulfamethoxazole–trimethoprim [8]. With these increasing 

rates of antimicrobial resistance and growing consumer opposition to the use of these agents, a 

commercial vaccine for F. psychrophilum is urgently needed for the aquaculture industry. 
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 There are many obstacles that have to be overcome to develop an effective vaccine 

against F. psychrophilum.  These include a lack of a complete knowledge of the virulence factors 

of F. psychrophilum, the need to identify protective antigens, and strain variability [9]. To date, 

attempts to develop inactivated, attenuated, or subunit vaccines for F. psychrophilum have not 

been met with great success for the most part. Inactivated vaccines are usually made from heat or 

chemically (i.e. formaldehyde) killed bacteria and are the most widely used vaccines due to their 

safety and effectiveness [9]. Although mortality rates decreased significantly due to the 

stimulation of non-specific immune factors when rainbow trout were immunized with formalin 

inactivated F. psychrophilum cells it was noted by LaFrentz et al. (2002) that specific antigens 

are necessary to provide complete protection [10]. It was also reported by LaFrentz et al. that it 

took a minimum of 9 weeks to obtain an immune response [10] and Madetoja et al. (2006) 

reported that the production of skin mucosal antibodies are not increased when rainbow trout are 

immunized with heat or formalin inactivated F. psychrophilum bacteria [11]. Live attenuated 

vaccines confer longer lasting immunity, however, reversion to wild-type is a concern  [9]. Few 

attenuated vaccine studies have been carried out due to the lack of knowledge of the mechanisms 

of virulence. The two attenuated vaccine studies performed to date by Alvarez et al. (2008) [12] 

and LaFrentz et al. (2008) [13] showed some promise where ~82% and ~45% of rainbow trout 

survived after being challenged. However, in the study by LaFrentz et al. (2008) a decrease in 

immunity was noted several weeks after the first challenge and the survival rate of the fish 

decreased to 29% indicating that more work is needed before an attenuated vaccine against F. 

psychrophilum can be created. Many subunit vaccines (i.e., vaccines that contain recombinant 

antigenic) have been tested.  Vaccines containing recombinant gliding motility N protein [14], 

elongation factor-Tu, SufB Fe-S, and ATP synthase [15], and heat shock proteins 60 and 70 [16] 



133 

 
confer little protection. On the other hand, recombinant vaccines with OmpA [17], a ribosomal 

L-10 like protein [18], and an OmpH like protein [19] appear to have some promise, but are not 

commercially available.   

With the recent advancement in genome sequencing technologies and bioinformatics, 

scientists are now starting to use genome data for antigen discovery [20]. The process known as 

reverse vaccinology allows scientists to study all of the proteins in a microbe and identify 

potentially effective vaccine candidates (e.g., conserved surface exposed proteins) without 

having to perform laboratory experiments [20].  This bioinformatics approach saves time and 

money and allow the study of proteins not normally be expressed under in vitro conditions.  

Reverse vaccinology has led to the successful development of human vaccines against a number 

of pathogens including Neisseria meningitis, Streptococcus pneumoniae, and Escherichia coli 

[20]. Recently, this approach was used in the development of a vaccine against edwardsiellosis, 

caused by the fish pathogen Edwardsiella tarda.  In this work, two vaccine candidates, FliD and 

FlgD, were identified and found to be protective in experimental challenge studies [21].  

 Given the difficulties of growing F. psychrophilum in vitro and the lack of information 

regarding virulence factors, a reverse vaccinology approach was used in the current study.  

 

5.2 Materials and Method 

A summary of the approach and software programs used in this study to identify 

protective antigens of F. psychrophilum are shown in Figure 5.1 and Table 5.1 and further details 

can be seen below. 

5.2.1 F. psychrophilum strains used in this study 
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Four virulent F. psychrophilum strains FPG101, FPG10, CSF 259-93 and JIP02/86 and 

two less virulent strains, FPG3 and FPGIWL08, were used in this study [22, 23]  

5.2.2 Sequencing and assembly of F. psychrophilum genomes 

 The genome sequences of CSF 259-93 [GenBank: NZ_CP007627.1] and JIP02/86 

[NC_009613.3] were obtained from GenBank; the genomes of FPG3 [GenBank: CP007207.1] 

and FPG101 [CP007206.1] were sequenced, assembled, and annotated as described previously 

by Wu et al. [24]. The sequencing of FPG10 [GOLD ID: Gp0086799] and FPGIWL08 [GOLD 

ID: Gp0099516] was done at the Advance Analytics Centre (Guelph, Ontario) using Miseq 

technology and pseudogenomes were assembled using SeqMan Pro (DNASTAR, Inc., Madison, 

WI) and progressiveMauve [25] software, and processed using the BASys annotation pipeline 

[26]. 

5.2.3 Determining unique genes belonging to the F. psychrophilum virulent core genome 

The Edgar [27] software platform for genome comparisons was used to identify the core 

genome of virulent F. psychrophilum strains using the genomes of strains FPG101, FPG10, 

JIP02/86, and CSF 259-93. A pan-genome was identified using the above strains plus two “low 

virulence” strains, FPG3 and FPGIWL08. The pan-genome and the virulent strain core genome 

was compared and genes from the virulent core genome were eliminated if they were found in 

the pan-genome of the “low virulence” strains to obtain a list of virulent strain associated unique 

genes (VSA unique genes). 

5.2.4 Evaluation of VSA unique genes as vaccine antigens 

 The vaccine development program NERVE [28] and its accessory programs (PSORTb 

[29], HMMTOP [30], SPAAN [31], and BLAST [32]) were installed on Linux Debian 7.7.0 in 

the Oracle VM Virtualbox 4.3.22 (Oracle, Redwood Shores, CA) on Microsoft Windows 7 
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(Microsoft, Redmond, WA). The selection settings for identification of vaccine candidates were 

modified (Appendix B) to include proteins that had lower adhesin probabilities and to ignore 

autoimmunity predictions made using the human genome as the reference. The VSA unique 

genes were used as the query while FPG101 was used as the reference genome. The resulting 

vaccine candidates were processed through CELLO [33] to obtain subcellular localization 

classifications not provided by PSORTb and the final results were manually curated.   

5.2.5 Linear B-cell epitope and MHC I and II predictions 

 To better predict the antigenicity of the vaccine candidates identified in the above 

analysis, linear B-cell epitopes were identified using ABCpred [34], LBtope [35], and the 

Kolaskar & Tongaonkar Antigenicity Scale method on the IEDB Analysis Resource [36]. 

ABCpred settings were modified such that the threshold was raised to 0.7 (70%) and the window 

length was changed to 20. With LBtope, the LBtope_fixed_non_redundant model was used for 

epitope prediction. Results generated by ABCpred were compared to those of LBtope and only 

epitopes that had a prediction value equal or greater than 70% were chosen for further analysis. 

The Kolaskar & Tongaonkar Antigenicity Scale was used to confirm the results by comparing 

the propensity scale results to the ones generated by the ABCpred and LBtope machine learning 

prediction programs. 

5.2.6 Autoimmunity and MHCI binding site predictions 

 Much of our knowledge of immunology is based on human and mouse systems and so 

there is a bias in the training data used for these epitope prediction programs. To address this 

limitation, a program was developed to determine whether vaccine candidates would bind to 

rainbow trout and salmon MHC I (UBA) and whether they were likely to cause an autoimmune 

reaction. A PERL program (Appendix C) was written to identify all peptide k-mers (where k is 
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the peptide length) unique to a given proteome and absent in a host proteome.  This program was 

used to identify all 7-mer and 12-mer peptides that are unique to the F. psychrophilum proteome 

but absent in both the Atlantic salmon (Salmo salar; 

http://salmondb.cmm.uchile.cl/download/assemblyV2/COMEST2.protein.gz, ) and trout 

(Oncorhynchus mykiss; http://www.genoscope.cns.fr/trout-

ggb/data/Oncorhynchus_mykiss_pep.fa.gz) proteomes. 

 Peptides were then scored based on their potential to bind MHCI based on the 7-mer and 

12-mer peptides that have been previously identified through phage display for the Salmon MHC 

class I molecule, beta 2m/SasaUBA*0301 [37]. For scoring, we computed position-specific 

scoring matrices (PSSMs) for the training set of 7-mer and 12-mer peptides from Zhao et al. 

(2007) based only on the observed frequencies of amino acids at position i (i in 1..k). New 

peptides were then scored directly against the PSSMs. A F. psychrophilum peptide was 

considered high-scoring if it scored greater or equal to the mean score observed in the training 

set. Though stringent, this cutoff was set to help reduce the final list of predictions and the 

number of false positives. We then counted the number of high-scoring peptides within each F. 

psychrophilum protein, ranked them by this value. 

5.3 Results 

5.3.1 Unique genes from core and pan-genome 

The core genome of the virulent strains (FPG101, FPG10, JIP02/86, CSF 295-93) 

contained 2233 genes and the pan-genome of all six genomes contained 3116 genes. After 

subtracting the pan-genome from the core genome, 40 virulent strain associated unique genes 

(VSA unique genes) were identified (Table 5.2). 

5.3.2 Vaccine candidate prediction with NERVE 
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 The 40 VSA unique genes were analyzed in NERVE and 9 proteins were predicted by the 

program to be good vaccine targets. However, due to the stringent criteria used by PSORTb, the 

subcellular localization program that NERVE uses, the subcellular localization for these proteins 

was not predicted (Table 5.3) and so, they were further analyzed with CELLO.  Using this 

program, four of the nine proteins were predicted to be membrane associated. The remaining 5 

proteins were predicted to be cytoplasmic and were eliminated from further analysis. 

5.3.3 Predicting linear B-cell epitopes 

 The 4 membrane associated vaccine candidates were then processed through 3 linear B-

cell epitopes prediction programs and epitopes that had a prediction accuracy rating of 70% or 

higher were selected. Some predicted epitope regions had multiple overlaps suggesting the 

presence of a very long epitope region (Table 5.4). Because the Kolaskar & Tongaonkar 

Antigenicity Scale (IEDB Analysis Resource) is based on propensity scale methods which over 

predict linear B-cell epitopes [38] we used  this program only to evaluate putative epitopes 

predicted by LBtope and ABCpred. This analysis was done to determine if the regions predicted 

by these two programs that use machine learning algorithms could also be predicted using a 

simple propensity scale method.  

5.3.4 Determining autoimmunity and MHC I binding sites 

 Using NERVE many linear B-cell epitopes were identified in each vaccine candidate but 

the prediction programs in this software package are trained largely with human and mouse 

epitopes data and so was not expected to be able to predict the linear epitopes recognized by fish.  

In addition, the autoimmunity prediction function (again designed for human vaccine 

development) was turned off in the NERVE script. To address these limitations, the four proteins 

were processed using a custom Perl script. None of the candidate proteins were predicted to 
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cause an autoimmune reaction. However, FPG10_00521 was predicted to not bind to salmon or 

rainbow trout MHC I and so was removed from further consideration (Table 5.5). FPG10_01227 

and FPG10_00489 had one 7-mer predicted to bind to a MHC I groove found in rainbow trout 

and salmon while FPG10_00029 had three 7-mers predicted to bind to MHC I, making it the 

most antigenic of the three. None of the vaccine candidates had a 12 mer MHC I binding region. 

5.4 Discussion 

 Forty genes were identified a comparative genomics analysis that are present only in the 

virulent strains examined in this study. We hypothesized that by limiting our search for vaccine 

candidates to VSAs proteins, the antigens identified should allow the targeting of virulent strains 

and minimize effects on less virulent and avirulent strains that are part of the normal microbiota 

[4, 39]. This notion is supported by Moxon and Rappuoli (2002), who noted that the ideal 

vaccine should target only pathogenic strains and this could be achieved if one or more epitopes 

could be identified to be conserved within virulent strains [40].  

Many of these VSA genes identified in this study are classified as “hypothetical” and 

their functions remain to be determined.  Moreover, Pfam searches of these 40 genes (results not 

shown) indicated that many of these proteins are novel and do not contain domains listed in the 

Pfam database.  It is perhaps noteworthy that in the FPG10 genome long stretches of these 

unique genes can be found (i.e., FPG10_00468 to FPG10_00503 (506,321 bp to 545,776 bp), 

FPG10_1219 to FPG10_1237 (1,276,820 bp to 1,304,071 bp), and from FPG10_01831 to 

FPG10_01833 (1,920,882 bp to 1,923,209 bp). BLAST (results not shown) for these gene 

segments did not reveal any operons. Although it is tempting to speculate that one or more of 

these genes clusters could be part of a pathogenicity island [41], there is no evidence that these 
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genes have been horizontally transferred. Further studies are required to determine the functions 

of these genes and unknown genes. 

In this study, a novel approach for vaccine development was used in so far as the NERVE 

program was used to identify vaccine candidates for fish. Originally, NERVE (like many other 

vaccine programs including Vaxign [42], Jenner-predict [43], etc.) was developed as a tool to 

identify vaccine targets for human pathogens. However, unlike other programs or webservers 

which do not allow the user to manipulation, the NERVE program allows the user to modify 

various parameters. We did so in the current study by allowing proteins that had lower adhesin 

probabilities to be included and to by setting the program to ignore autoimmunity predictions 

using the human genome as the reference. These changes approach allowed us to predict a 

greater of antigens.  In addition, we used custom scripts to predict epitopes recognized by 

rainbow trout and to identify antigens that might give rise to an autoimmune reaction 

(Supplementary files 1 and 2). Using this approach, 3 novel vaccine candidates we predicted.  

When the 40 VSA genes were processed through NERVE to identify promising vaccine 

antigens, nine candidates were identified. The subcellular location of these proteins were 

classified by PSORTb (one of the subprograms used by NERVE) as "unknown". This was not 

surprising as PSORTb only classifies proteins that have a probability score of 4 in a particular 

subcellular localization category [29, 44]. If there is no category with a score >4 a prediction of 

"unknown" is returned. This prevents false positives from occurring and gives the program an 

accuracy of 98%. However, this very conservative approach can overlook proteins with 

biological subcellular localization data thereby missing proteins that could be good vaccine 

antigens. Cell surface (and extracellular) proteins are thought to be more likely to provide a 

protective immune response [45]. Therefore CELLO, which has somewhat less stringent 
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selection criteria (but which still with has a prediction accuracy of 90% [46]), was used to predict 

the subcellular localizations of these nine proteins. CELLO is one of the best subcellular 

localization programs available due to the fact that it uses support vector machines which are 

unaffected by sequence homology [46]. CELLO was able to eliminate five candidates by 

determining that they were not outer membrane proteins. Of the four remaining proteins, 

FPG10_1227 was predicted to be a periplasmic protein. However, the prediction scores for this 

protein also scored highly in the extracellular and outer membrane categories (result not shown) 

suggesting that at least part of this protein is in the outer membrane. In addition, it had a very 

high adhesin probability (71%) and thus, was a good vaccine candidate. This approach of using 

multiple subcellular localization prediction programs is not a new one and is in fact quite 

common. In a recent bioinformatics study, Kumar et al. (2013) used 3 subcellular localization 

programs, SPAAN, and other bioinformatic programs to identify 21 potentially novel adhesins in 

Mycobacterium tuberculosis [47]. Of the 21 putative adhesins identified, 10 did not have an 

unambiguous prediction and their subcellular localization was labeled as "undecided". Of the 21 

proteins, only three (Rv3717, Rv2599, and Rv0309) could be produced in large enough 

quantities for experimental testing. Rv2599 and Rv0309 were classified as extracellular while 

Rv3717 was classified as "undecided".  However, experimental tests showed that Rv3717 was a 

cell wall hydrolase and thus belonged in the extracellular subcellular localization category. 

Subsequently, the results from a modified ELISA test was used to support the hypothesis that 

these three proteins are adhesins which bind to fibronectin and laminin while Rv2599 can also 

bind to collagen. While we have predicted the subcellular localization of the antigens using 

bioinformatics programs in this study, experimental studies like the one performed by Kumar et 

al. (2013) should be performed in order to gain a better understanding of the proteins' properties.  
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 Three different epitope prediction programs were used to identify linear B-cell epitopes. 

ABCpred and LBtope use novel techniques (which incorporate complex machine learning 

methods like neural networks and hidden Markhov models) that greatly improve the accuracy of 

prediction relative to earlier propensity scale methods. Most of our knowledge of the immune 

system (including epitope prediction) comes from human and mouse models. The Immune 

Epitope Database and Analysis Resource (IEDB) [48] is the largest database of epitope and 

antigen information and it contains data from many different organisms (human, mice, camel, 

fish, etc.); however, only 50 out of ~130,000 its records for epitopes are related to fish.  LBtope 

was chosen as one of the epitope prediction programs as it was trained and tested on the IEDB 

database (the only one trained on epitopes related to fish). Similar to the prediction of subcellular 

localization, the approach of using multiple programs to predict B-cell epitopes is not new and is 

a common practice. In a recent study, Li et al. (2013) performed a bioinformatics analysis on the 

protein Emy162 of Echinococcus multilocularis  to gain a better understanding of the secondary 

structure in addition to determining the antigenic potential of this protein [49]. Two epitope 

prediction programs, Bcepred and ABCpred, were used to identify 4 potential epitopes in 

Emy162with Bcepred, a propensity scale approach prediction program [50] used to identify 

epitopes first and ABCpred was then used to verify the results. Our approach was the reverse 

where we used machine learning prediction programs ABCpred and LBtope to predict epitopes 

first and the used the Kolaskar & Tongaonkar Antigenicity Scale (propensity scale approach) 

from IEDB-AR to confirm the results. The advantage of our approach is that there is higher 

accuracy in the first step of the process leading to less false positives unlike propensity scale 

methods which tends to over predict epitopes and thus are less accurate [38].  
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 Due to the lack of information about fish immunology it was difficult to predict whether 

our vaccine candidates might cause an autoimmune response in rainbow trout or salmon using 

existing tools. Therefore a PERL program was created to identify proteins that were unique to F. 

psychrophilum and not found in rainbow trout or Atlantic salmon (i.e., unlikely to stimulate an 

autoimmune reaction). In addition, to determine whether our proteins were immunogenic, the 

MHC I peptide data set from Zhao et al. (2005) [37] was used to identify regions in the vaccine 

candidates that should bind to the MHC I groove of fish. Such binding is expected to be 

important as a study by Johnson et al. (2008) showed that the MH-IB region of MH genes 

confers resistance against BCWD in addition to survival against F. psychrophilum infections 

[51]. Using our custom Perl script three vaccine candidates predicted to bind to the MHC I 

groove of rainbow trout and salmon and confer resistance and protection against F. 

psychrophilum. Currently, this is not enough information to predict whether our vaccine 

candidates would bind to the MHC II grooves of rainbow trout and/or salmon. 

 

5.5 Conclusion 

 In this study we identified 40 proteins that were associated with virulent strains of 

Flavobacterium psychrophilum and of these, four were identified using a reverse vaccinology 

approach to be promising candidates for a recombinant Flavobacterium psychrophilum vaccine. 

Using a custom Perl script, three were predicted to have peptides that bound  MHC I sites in 

rainbow trout and salmon and not cause an autoimmune reaction. While this preliminary analysis 

indicates that these proteins are good vaccine candidates the genomes of additional virulent 

strains should be analyzed and consideration given to proteins that are produced by most (not 

just all) virulent strains.  Following a more complete analysis, the genes for selected proteins 
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should cloned and expressed and the  protective ability of these recombinant antigens tested in 

vivo.   
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Figure 5.1:   Approach used to identify antigens.  

  

Edgar used  to identify 40 unique virulent strain 
associated (VSA) genes in F. pyschrophilum genome 

NERVE and its subprograms used to identify vaccine 
candidates 

Linear B-Cell epitopes identified using ABCPred, 
Lbtope, and  Kolaskar & Tongaonkar antigenicity scale 

Binding of peptides to fish MHC I determined using 
custom  Perl script 

From the 40 unique VSA  genes, 3 vaccine candidates 
identified using...... 
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Table 5.1: Software programs used to identify vaccine candidates 

 

Software Purpose Website Reference 

Edgar Identification of the 

core and pan-genome 

from a set of 

prokaryotic genomes 

http://edgar.computational.bio  

 

[27] 

NERVE Identification of 

vaccine candidates 

using a variety of 

prerequisite programs 

(Psortb, HMMTOP, 

SPAAN, and BLAST) 

http://www.bio.unipd.it/molbinfo/   [28] 

Psortb 3.0 Determination of  

subcellular localization 

of proteins 

http://www.psort.org/psortb/  [29] 

HMMTOP Determine the number 

and position of 

transmembrane helices 

http://www.enzim.hu/hmmtop/  [30] 

SPAAN Determination of  

whether a protein is or 

contains an adhesin 

http://sourceforge.net/projects/adhesin/files/

SPAAN/  

 

[31] 

BLAST Alignment of  multiple 

sequences to identify 

conserved regions 

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAG

E_TYPE=BlastDocs&DOC_TYPE=Downl

oad   

[32] 

ABCpred Identification of linear 

B cell epitopes through 

a neural network 

process. Has an 

http://www.imtech.res.in/raghava/abcpred/  [34] 

http://edgar.computational.bio/
http://www.bio.unipd.it/molbinfo/
http://www.psort.org/psortb/
http://www.enzim.hu/hmmtop/
http://sourceforge.net/projects/adhesin/files/SPAAN/
http://sourceforge.net/projects/adhesin/files/SPAAN/
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=Download
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=Download
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=Download
http://www.imtech.res.in/raghava/abcpred/
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accuracy of ~65%. 

LBtope Identification of linear 

B cell epitopes using 

various machine 

learning methods and 

has an accuracy of 

~54%-86%. 

http://www.imtech.res.in/raghava/lbtope/ind

ex.php  

[35] 

IEDB-AR  B-cell and T-cell 

epitope prediction and 

analysis  

http://tools.immuneepitope.org/main/  [52] 

 

  

http://www.imtech.res.in/raghava/lbtope/index.php
http://www.imtech.res.in/raghava/lbtope/index.php
http://tools.immuneepitope.org/main/
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Table 5.2:  VSA unique genes 

F. psychrophilum Genes and Genomes Gene Description 

FPG101 FPG10 JIP02/86 CSF 259-93 

FPG101_00590 FPG10_00092 FP0096 FPSM_00106 hypothetical protein 

FPG101_00595 FPG10_00093 FP0097 FPSM_00107 hypothetical protein 

FPG101_02640 FPG10_00468 FP2178 FPSM_00541 hypothetical protein 

FPG101_02645 FPG10_00469 FP2177 FPSM_00542 AAA family ATPase 

FPG101_02740 FPG10_00487 FP2163 FPSM_00561 hypothetical protein 

FPG101_02745 FPG10_00489 FP2162 FPSM_00579 hypothetical protein 

FPG101_02750 FPG10_00490 FP2161 FPSM_00580 hypothetical protein 

FPG101_02755 FPG10_00491 FP2160 FPSM_00581 hypothetical protein 

FPG101_02790 FPG10_00494 FP2159 FPSM_00586 Fic family protein 

FPG101_02805 FPG10_00497 FP2158 FPSM_00589 hypothetical protein 

FPG101_02810 FPG10_00498 FP2157 FPSM_00590 hypothetical protein 

FPG101_02815 FPG10_00499 FP2156 FPSM_00591 Putative TonB family protein 

FPG101_02820 FPG10_00500 FP2155 FPSM_00592 hypothetical protein 

FPG101_02825 FPG10_00501 FP2154 FPSM_00593 hypothetical protein 

FPG101_02830 FPG10_00502 FP2153 FPSM_00594 hypothetical protein 

FPG101_02925 FPG10_00521 FP2151 FPSM_00611 Putative membrane spanning 

protein 

FPG101_02935 FPG10_00523 FP2150 FPSM_00612 DNA methyltransferase 

FPG101_02940 FPG10_00524 FP2149 FPSM_00613 Type-2 restriction enzyme SsoII 

FPG101_02975 FPG10_00503 FP2142 FPSM_00621 hypothetical protein 

FPG101_06220 FPG10_01219 FP1547 FPSM_01268 hypothetical protein 

FPG101_06235 FPG10_01221 FP1545 FPSM_01271 hypothetical protein 

FPG101_06240 FPG10_01222 FP1544 FPSM_01272 transcriptional regulator 

FPG101_06245 FPG10_01223 FP1543 FPSM_01273 tetracycline resistance protein 

FPG101_06255 FPG10_01225 FP1541 FPSM_01275 MFS transporter 

FPG101_06260 FPG10_01226 FP1540 FPSM_01277 hypothetical protein 

FPG101_06270 FPG10_01227 FP1538 FPSM_01279 hypothetical protein 
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FPG101_06275 FPG10_01228 FP1537 FPSM_01280 ATPase 

FPG101_06280 FPG10_01229 FP1536 FPSM_01281 hypothetical protein 

FPG101_06285 FPG10_01230 FP1535 FPSM_01282 hypothetical protein 

FPG101_06290 FPG10_01231 FP1534 FPSM_01283 hypothetical protein 

FPG101_06295 FPG10_01232 FP1533 FPSM_01284 hypothetical protein 

FPG101_06300 FPG10_01233 FP1532 FPSM_01285 hypothetical protein 

FPG101_06305 FPG10_01234 FP1531 FPSM_01286 hypothetical protein 

FPG101_06310 FPG10_01235 FP1530 FPSM_01287 hypothetical protein 

FPG101_06315 FPG10_01236 FP1529 FPSM_01288 hypothetical protein 

FPG101_06320 FPG10_01237 FP1528 FPSM_01289 hypothetical protein 

FPG101_07285 FPG10_00461 FP2539 FPSM_01473 transposase 

FPG101_09160 FPG10_01831 FP2525 FPSM_01848 integrase 

FPG101_09165 FPG10_01832 FP0494 FPSM_01849 hypothetical protein 

FPG101_09170 FPG10_01833 FP0493 FPSM_01850 hypothetical protein 
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Table 5.3: Results from NERVE, CELLO, and BLAST 

 

FPG10 Genes PSORTb 

Subcellular 

Localization 

CELLO 

Subcellular 

Localization 

TM 

Helices 

Adhesion 

probability 

(%) 

Functional prediction 

(BLAST) 

FPG10_00092 Unknown Outer 

Membrane 

0 64 large hypothetical 

protein; unique to 

Flavobacterium 

FPG10_00487 Unknown Cytoplasmic 0 61 nbp1 Conserved 

Domain  NBP1 (Nap1 

binding protein, an 

essential gene for 

G2/M transition of 

Saccharomyces 

cerevisiae,  

encodes a protein of 

distinct sub-nuclear 

localization 

FPG10_00489 Multiple Outer 

Membrane 

0 56 large hypothetical 

protein 

FPG10_00497 Unknown Cytoplasmic 0 42 rare in 

Flavobacterium, some 

high E value hits in 

Flavobacterium-like 

species, Hypothetical 

FPG10_00498 Unknown Cytoplasmic 0 38 small hypothetical 

protein 

FPG10_00499 Unknown Cytoplasmic 1 29 TonB,C Superfamily 

FPG10_00521 Unknown Outer 0 56 large hypothetical 
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Membrane protein; unique to 

Flavobacterium 

FPG10_01219 Unknown Cytoplasmic 0 63 hypothetical protein 

found in many 

Flavobacterium and 

Flavobacterium -like 

species. 

FPG10_01227 Unknown Periplasmic 0 71 HTH-XRE conserved 

domain 
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Table 5.4: Predicted epitopes of F. psychrophilum vaccine candidates 

 

FPG10 Genes ABCpred and LBtope Position 

(a.a. to a.a.) 

Kolaskar & Tongaonkar 

Antigenicity Scale 

Position 

(a.a. to a.a.) 

FPG10_01227 LFQFWNVNRFQNP

ISITRDE 

42-62 PTHISLYVSLFQFW 33-46 

 QFWNVNRFQNPISI

TRDEVM 

44-64   

 PISITRDEVMRISKI

CSKAT 

54-74 RISKICSKATYHKCM 64-78 

 EQALVPSINNINKT

NISNDL 

144-164 EQALVPSI 144-151 

 QALVPSINNINKTN

ISNDLN 

145-165   

 LVPSINNINKTNIS

NDLNLG 

147-167   

 LKNEATEKKEKSS

AKKEMFS 

178-198   

 KEKSSAKKEMFST

FADTDEK 

186-206   

 EKSSAKKEMFSTF

ADTDEKQ 

187-207   

 SSAKKEMFSTFAD

TDEKQTE 

190-210   

     

FPG10_00489 SQYSFSQDKYSYL

PFPNDKQ 

14-34 NILLLFFIVFSQYSFS

QDKYSYLPFP 

4-29 

 QYSFSQDKYSYLP

FPNDKQI 

15-35    

 IKKNIYKYFEDKY 99-119   
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VVTLYDK 

 KKNIYKYFEDKYV

VTLYDKY 

100-120 KKNIYKY 100-107 

 EDKYVVTLYDKY

EKIIGTET 

108-128 DKYVVTLYDKYEKI 110-122 

 KVTEKSYRYVWK

YIYENPLD 

141-161 TYKVTEK 139-145 

 RYVWKYIYENPLD

YDYYRYA 

148-168 YRYVWKY 147-153 

   DYDYYRY 160-166 

 INETETQTLDEKG

NIVAIEK 

183-203   

 NETETQTLDEKGN

IVAIEKS 

184-204 NIVAIEKS 196-203 

 TQTLDEKGNIVAIE

KSLFNT 

188-208   

 KNRLIRETNYGREI

LKAKPK 

260-280 LKAKPK 274-279 

 EILETRYNDDGTIF

DIAKNE 

343-363   

     

FPG10_00092 SDIADTPVVPLPPIP

PAIEK 

26-46 DTPVVPLPPIPPAIEK

P 

30-46 

 GKNIGEPIINEDVK

FSAVQF 

153-173 IKILKAGSFYLKFSLQ

KRVLGK 

133-155 

   KFSAVQFYLYVNYG 166-179 

 GSYNCNNHNGYV

VDEIAITY 

252-272 GYVVDEIAITYRAISS

PITGVIRYKNVY 

261-288 
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Table 5.5: Seven-mers unique to F. psychrophilum which exhibit MHC class I binding potential 

 

 

Protein Length Number of high-

scoring peptides 

Unique peptides with predicted 

MHC I binding activity 

FPG10_01227 298 1 NPTHISL 

FPG10_00489 401 1 APDNTLE 

FPG10_00092 297 3 LPPIPPA, TPVVPLP, VPLPPIP 
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Chapter 6 

Summary and Future Directions 

 Flavobacterium psychrophilum is a Gram-negative pathogen that causes Bacterial Cold 

Water Disease (BCWD) and Rainbow Trout Fry Syndrome (RTFS) in salmonids and rainbow 

trout and is associated with significant losses in the aquaculture industry [1-3]. Currently, the 

genetic mechanisms of pathogenesis are poorly understood and no commercial vaccine is 

available. Therefore, the objective of this study was to sequence and annotate representative F. 

psychrophilum strains (ATCC 49418 (FPG3), FPG101, FPG10, FPGIWL08) so that a 

comparative genomics analysis could be carried out to determine the differences between 

virulent and less virulent strains in the hopes of identifying genes/group of genes are important in 

pathogenesis. Reverse vaccinology programs were also used to predict protective antigens for the 

development of an efficacious F. psychrophilum vaccine.   

 F. psychrophilum genomes were sequenced using PacBio RSII [4] and Illumina MiSeq 

[5] technology and annotated using BASys [6] and the NCBI Prokaryotic Annotation Pipeline 

[7]. An in-depth analysis of the type strain F. psychrophilum ATCC 49418 (FPG3) was carried 

out and some putative and previously characterized virulence factors were identified (Table 3.5). 

FPG3 has 4 metalloproteases, including 2 ((Fpp1 [8] and Fpp2 [9]) that had been previously 

characterized. These two metalloproteases have been studied extensively and have been shown 

to play an important role in virulence by breaking down the epidermal layer thus allowing F. 

psychrophilum to infect the host [3]. Iron uptake is a well- known characteristic of most 

pathogens and 6 iron transport genes were identified in F. psychrophilum ATCC 49418.  A 

mutant of one of these iron transport genes (tonB) found it to be quite effective as a live 

attenuated vaccine candidate [10]. In addition, Long et al. (2013) observed that F. psychrophilum 
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grown under iron limiting conditions could be used as a potential inactivated vaccine [11]. Cell 

surface proteins and adhesins were also observed in the FPG3 genome and these were also found 

in F. psychrophilum JIP02/86, the first F. psychrophilum strain that was fully sequenced and 

annotated by Duchaud et al. (2007) [12]. Prior to our release of the genome F. psychrophilum 

ATCC 49418 in 2014 in NCBI GenBank (CP007207), JIP02/86 (NC_009613) was the only 

strain that was sequenced and fully annotated. More genomes are needed to better understand the 

mechanisms of virulence given that F. psychrophilum is hypothesized to also be part of the 

normal microbiota  [2].  

 For the first time, enough genome sequences are available to do a comparative genomics 

analysis of F. psychrophilum to determine the differences between virulent and less virulent 

strains. In the current study we used the above four strains along with JIP02/86 to gain a better 

understanding of the mechanisms of virulence. The pan-genome of F. psychrophilum contains 

3040 genes while the core genome of virulent strains (FPG101, FPG10, JIP02/86) contains 2228 

genes and less virulent strains (FPG3 and FPGIWL08) contain 2060 genes (Figure 4.2). Of the 

3040 genes in the pan-genome, 209 genes are unique to one or more virulent strains while 40 of 

these can be found within all three virulent strains. A number of genetic differences were also 

identified using progressiveMauve [13] (Table 4.4).  However, 90% of these results are "not in 

COGs". A described previously prophage [14] was found  in in FPGIWL08  but not in any of the 

other stains analyzed.  Furthermore, a set of 342 potential “anti-virulence” genes were 

discovered that could explain why some strains are virulent and others less virulent/avirulent 

(Table A.3). Although these results have increased our knowledge and understanding of this 

pathogen much work remains to be done. More genomes with better annotations are needed 

because as the results indicate there are far too many genes that are classified as "hypothetical". 
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There has been more F. psychrophilum genomes released on NCBI recently by other researchers 

but most of these do not have any publications attached that describe where these strains came 

from and where they came from (lab or natural environment) and/or have extremely poor 

annotations. Therefore these new genomes were not used in this comparative genomics analysis. 

Having better quality genomes would allow us to determine the full pan-genome of F. 

psychrophilum because the 3040 genes currently identified might not be the entire pan-genome 

of the species. In Escherichia coli, every new strain identified adds ~400 new genes to the new 

genome due to the large diversity of strains around the world [15]. F. psychrophilum possess 

both virulent, less virulent, and avirulent strains and in this study we only used 5 strains with 

varying degrees of virulence. Although we did not find any pathogenicity islands or new 

virulence factors in this study, these types of genes are often transferred through horizontal gene 

transfer and might be observed in the pan-genome [15]. Accordingly, expanding our database of 

genes for the pan-genome is of high importance.  In addition, laboratory experiments should be 

carried out from these comparative genomic studies in order to improve our understanding of the 

organism in addition to improving the annotation of the genomes especially of adhesins.  For 

example, Kumar et al. (2013) using subcellular localization and adhesin prediction 

bioinformatics programs were able to identify 19 potentially new adhesins and 3 were confirmed 

through lab experiments [16]. This approach could be applied to F. psychrophilum where the 

identified "hypothetical" or "putative" adhesins could be tested in the lab to identify what fish 

proteins they bind to. Also, more genomes from less virulent and avirulent would be useful to 

identify” anti-virulence” genes and narrow down the current list. Currently we only have two 

less virulent strains which limits our ability to accurately predict which genes are related to “anti-

virulence”. Once a final list of “anti-virulence” genes have been generated, knockout 
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experiments should be performed to determine which genes enhance virulence in F. 

psychrophilum when absent. Similar experiments have been performed in other pathogens like 

Mycobacterium tuberculosis, for example, where the muc1 operon was knocked out and 

virulence was enhanced greatly due to the lack of a host proinflammatory response[17]. In 

addition, a more in depth search for prophages or phage like proteins should be carried out since 

they are related to “anti-virulence”. It is well known that Shigella strains that have the DLP12 

prophage are less virulent due to the fact that ompT, which lies within this DNA, produces 

bacterial protease OmpT that degrades IcsA which prevents Shigella from spreading cell to cell 

[18]. Knockout and insertion prophage experiments should also be performed for Prophage 6H 

which was found within FPGIWL08 integrated into the 3'-end of an arginyl-tRNA gene to 

determine whether it affects virulence in F. psychrophilum.  

 The comparative genomics analysis revealed 40 unique genes that were present in all 

virulent strains but absent in the less virulent strains. This allowed us to find vaccine candidates 

in silico using the vaccine candidate prediction program NERVE [19] and its subprograms 

(PSORTb [20], HMMTOP [21], SPAAN [22], and BLAST [23]), the B cell epitope prediction 

programs ABCpred [24] and LBtope [25], and our custom autoimmunity and MHC I binding site 

prediction PERL program. Of the 40 genes only three were found to be suitable as vaccine 

candidates (Table 5.5). These three proteins are predicted to be outer membrane proteins with 

multiple B-cell epitope sites and contain binding sites for rainbow trout and salmonid MHC I 

while not causing autoimmune reactions in the fish. While we were able to use this reverse 

vaccinology programs to determine these three candidates, several changes had to be performed 

in the NERVE vaccine program (Appendix C) due to the fact that there is no pipeline or specific 

software for developing fish vaccines. Furthermore, we had to create a MHC I binding site and 
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autoimmunity prediction program since the ones available pertained to humans and mouse [26]. 

Better vaccine prediction programs for fish pathogens should be created since there are a large 

number of bacteria (i.e.,Streptococcus iniae [27])  and viruses (i.e. Cyprinid herpesvirus 2 [28]) 

 which cause massive economic losses in the aquaculture industry worldwide. In addition, there 

is no study available similar to the one performed by Zhao et al. (2008) on fish MHC I binding 

sites [29] for MHC II binding sites and this is crucial if a prediction program for MHC II binding 

sites is to be created. Last but not least, reproducible immersion methods are required if a F. 

psychrophilum vaccine is to be created. Currently there is only 1 immersion cutaneous injury 

based challenge model created by Long et al. (2014) for rainbow trout against F. psychrophilum 

and it remains to be seen if other researchers can reproduce this work. While this is a major 

obstacle to the development of a F. psychrophilum vaccine, it is not an impossible hurdle to 

overcome as there are 3 different immersion challenge models (standard model with no stress, 

feed deprivation model, and cutaneous injury model) for channel catfish against Flavobacterium 

columnare [30].  

 These comparative genomics and reverse vaccinology studies for F. psychrophilum lay 

the foundation for future studies for F. psychrophilum and for  the development of 

bioinformatics programs related to fish vaccines. These pioneering studies will spur the various 

kinds of research as described above that are needed to understand this pathogen and to develop 

an effective vaccine against it.   
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Appendix 

 

Appendix A: Supplementary results for Chapter 3 

 

Table A.1: Genes Unique to One or More Virulent Strain 

 

Genes/strain Function 

FPG101 FGP10 JIP02/86  

FPG101_00590 FPG10_00092 FP0096 hypothetical protein 

FPG101_00595 FPG10_00093 FP0097 hypothetical protein 

FPG101_00785  FP0134 hypothetical protein 

FPG101_00870   DNA-binding protein 

FPG101_00980 FPG10_00169  cell surface protein 

FPG101_00995  FP0171 cell surface protein 

FPG101_01010   hypothetical protein 

FPG101_01015   hypothetical protein 

FPG101_01580   peptidase 

FPG101_01585   hypothetical protein 

FPG101_02640 FPG10_00468 FP2178 hypothetical protein 

FPG101_02645 FPG10_00469 FP2177 ATPase 

FPG101_02735 FPG10_00486  hypothetical protein 

FPG101_02740 FPG10_00487 FP2163 hypothetical protein 

FPG101_02745 FPG10_00489 FP2162 hypothetical protein 

FPG101_02750 FPG10_00490 FP2161 hypothetical protein 

FPG101_02755 FPG10_00491 FP2160 hypothetical protein 

FPG101_02780 FPG10_00493  hypothetical protein 

FPG101_02785   hypothetical protein 
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FPG101_02790 FPG10_00494 FP2159 Fic family protein 

FPG101_02795   transposase 

FPG101_02805 FPG10_00497 FP2158 hypothetical protein 

FPG101_02810 FPG10_00498 FP2157 hypothetical protein 

FPG101_02815 FPG10_00499 FP2156 hypothetical protein 

FPG101_02820 FPG10_00500 FP2155 hypothetical protein 

FPG101_02825 FPG10_00501 FP2154 hypothetical protein 

FPG101_02830 FPG10_00502 FP2153 hypothetical protein 

FPG101_02835  FP2152 hypothetical protein 

FPG101_02885   hypothetical protein 

FPG101_02905   hypothetical protein 

FPG101_02925 FPG10_00521 FP2151 hypothetical protein 

FPG101_02935 FPG10_00523 FP2150 DNA methyltransferase 

FPG101_02940 FPG10_00524 FP2149 restriction endonuclease SsoII 

FPG101_02950  FP2146 hypothetical protein 

FPG101_02955  FP2145 hypothetical protein 

FPG101_02965  FP2144 hypothetical protein 

FPG101_02975 FPG10_00503 FP2142 hypothetical protein 

FPG101_02990 FPG10_00525  hypothetical protein 

FPG101_03000 FPG10_00527  hypothetical protein 

FPG101_03040 FPG10_00530  restriction endonuclease Hin4II 

FPG101_03045 FPG10_00531  restriction endonuclease Eco57I 

FPG101_03050 FPG10_00532  hypothetical protein 

FPG101_03060  FP2141 MFS transporter 

FPG101_03065   Fis family transcriptional regulator 

FPG101_03070   transposase 

FPG101_03080   membrane protein 

FPG101_03085   hypothetical protein 

FPG101_03090   XRE family transcriptional regulator 

FPG101_03095   hypothetical protein 

FPG101_03100   hypothetical protein 
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FPG101_04485   hypothetical protein 

FPG101_04720   hypothetical protein 

FPG101_04760   hypothetical protein 

FPG101_04790   hypothetical protein 

FPG101_05895   MFS transporter 

FPG101_06075  FP1573 hypothetical protein 

FPG101_06215  FP1548 hypothetical protein 

FPG101_06220 FPG10_01219 FP1547 hypothetical protein 

FPG101_06225  FP1546 hypothetical protein 

FPG101_06235 FPG10_01221 FP1545 hypothetical protein 

FPG101_06240 FPG10_01222 FP1544 transcriptional regulator 

FPG101_06245 FPG10_01223 FP1543 tetracycline resistance protein 

FPG101_06255 FPG10_01225 FP1541 MFS transporter 

FPG101_06260 FPG10_01226 FP1540 tetracycline regulation of excision, RteC 

FPG101_06265  FP1539 transcriptional regulator 

FPG101_06270 FPG10_01227 FP1538 transcriptional regulator 

FPG101_06275 FPG10_01228 FP1537 ATPase 

FPG101_06280 FPG10_01229 FP1536 hypothetical protein 

FPG101_06285 FPG10_01230 FP1535 hypothetical protein 

FPG101_06290 FPG10_01231 FP1534 hypothetical protein 

FPG101_06295 FPG10_01232 FP1533 hypothetical protein 

FPG101_06300 FPG10_01233 FP1532 hypothetical protein 

FPG101_06305 FPG10_01234 FP1531 hypothetical protein 

FPG101_06310 FPG10_01235 FP1530 hypothetical protein 

FPG101_06315 FPG10_01236 FP1529 hypothetical protein 

FPG101_06320 FPG10_01237 FP1528 DNA repair protein Rad50 

FPG101_06340   transposase 

FPG101_06400   hypothetical protein 

FPG101_07280  FP1071 hypothetical protein 

FPG101_07285 FPG10_00461 FP2539 transposase 

FPG101_07295   transposase 
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FPG101_07300   hypothetical protein 

FPG101_07395   hypothetical protein 

FPG101_08655   hypothetical protein 

FPG101_08810   hypothetical protein 

FPG101_08830   transposase 

FPG101_09160 FPG10_01831 FP2525 integrase 

FPG101_09165 FPG10_01832 FP0494 hypothetical protein 

FPG101_09170 FPG10_01833 FP0493 hypothetical protein 

FPG101_09175 FPG10_01834 FP0492 hypothetical protein 

FPG101_09655  FP1468 hypothetical protein 

FPG101_10975 FPG10_02256  transferase 

FPG101_10980 FPG10_02257  hypothetical protein 

FPG101_10985 FPG10_02258  3-oxoacyl-ACP synthase 

FPG101_10990 FPG10_02259  acyl carrier protein 

FPG101_10995 FPG10_02260  3-oxoacyl-ACP synthase 

FPG101_11035 FPG10_02269  hypothetical protein 

FPG101_11415 FPG10_02345 FP1365 hypothetical protein 

FPG101_12250  FP2320 hypothetical protein 

 

FPG10_00172  

cell surface leucine-rich repeat-containing 

protein 

 FPG10_00263  hypothetical protein  

 FPG10_00291  peptidase 

 FPG10_00319  hypothetical protein  

 FPG10_00344  hypothetical protein  

 FPG10_00455  hypothetical protein  

 FPG10_00466  hypothetical protein  

 FPG10_00467  hypothetical protein  

 FPG10_00470  hypothetical protein  

 FPG10_00471  hypothetical protein  

 FPG10_00485  hypothetical protein  

 FPG10_00488  hypothetical protein  
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FPG10_00492  

transposase for insertion sequence element 

ISRM3 

 

FPG10_00495 FP2520 

transposase for insertion sequence element 

ISRM3 

 FPG10_00509  hypothetical protein 

 FPG10_00522  hypothetical protein 

 FPG10_00528  hypothetical protein 

 FPG10_00529  hypothetical protein 

 FPG10_00534  hypothetical protein 

 FPG10_00535  hypothetical protein 

 FPG10_00552  hypothetical protein 

 FPG10_00551  GTP cyclohydrolase I 

 FPG10_00554  hypothetical protein 

 FPG10_00683  hypothetical protein 

 FPG10_00970  hypothetical protein 

 

FPG10_00971  

probable transposase for insertion sequence 

element 

 

FPG10_00978  

transposase for insertion sequence element 

ISRM3 

 FPG10_01050  hypothetical protein 

 FPG10_01062  hypothetical protein 

 FPG10_01213  hypothetical protein 

 FPG10_01224 FP1542 hypothetical protein FP 

 FPG10_01238 FP1527 conserved hypothetical protein 

 FPG10_01239  integrase catalytic region 

 FPG10_01323  hypothetical protein 

 FPG10_01370  hypothetical protein 

 FPG10_01466  hypothetical protein 

 FPG10_01487  hypothetical protein 

 FPG10_01491  hypothetical protein 

 FPG10_01511  hypothetical protein 
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 FPG10_01749  hypothetical protein 

 FPG10_01800  hypothetical protein 

 FPG10_01835  conserved hypothetical protein 

 FPG10_02031  hypothetical protein 

 FPG10_02106  hypothetical protein 

 FPG10_02141  hypothetical protein 

 FPG10_02164  hypothetical protein 

 FPG10_02268  hypothetical protein 

 FPG10_02322  hypothetical protein 

 FPG10_02344  hypothetical protein 

 FPG10_02372  hypothetical protein 

 FPG10_02383  hypothetical protein FP 

 FPG10_02384  hypothetical protein 

 FPG10_02393  hypothetical protein 

 FPG10_02430  hypothetical protein 

 FPG10_02432  hypothetical protein 

 FPG10_02499  hypothetical protein 

 FPG10_02547  hypothetical protein 

 FPG10_02564  hypothetical protein 

 FPG10_02568  polysaccharide biosynthesis protein 

  FP0091 hypothetical protein 

  FP0158 protein of unknown function 

 

 FP0172 

probable cell surface protein (leucine-rich repeat 

protein) precursor 

  FP0312 hypothetical protein 

  FP1124 hypothetical protein 

  FP1515 protein of unknown function 

  FP2509 hypothetical protein 

  FP0560 hypothetical protein 

  FP0594 hypothetical protein 

  FP0625 hypothetical protein 
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  FP0626 hypothetical protein 

  FP0628 hypothetical protein 

  FP0788 hypothetical protein 

  FP0800 protein of unknown function IbrA 

  FP0818 hypothetical protein 

  FP0820 hypothetical protein 

  FP0821 hypothetical protein 

  FP0822 Protein of unknown function 

  FP0823 hypothetical protein 

  FP0825 hypothetical protein 

  FP0828 hypothetical protein 

  FP0833 hypothetical protein 

  FP0846 hypothetical protein 

  FP0971 hypothetical protein 

  FP2510 hypothetical protein 

  FP0941 hypothetical protein 

  FP1550 hypothetical protein 

  FP1555 hypothetical protein 

  FP1597 hypothetical protein 

  FP1759 hypothetical protein 

  FP1803 hypothetical protein 

  FP1843 hypothetical protein 

  FP1881 hypothetical protein 

  FP1917 hypothetical protein 

  FP2138 protein of unknown function precursor 

  FP2139 hypothetical lipoprotein precursor 

  FP2140 protein of unknown function 

  FP2175 hypothetical protein 

  FP2179 protein of unknown function 

  FP2180 hypothetical transmembrane protein 

  FP2181 protein of unknown function 
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  FP2182 probable penicillin-binding protein precursor 

  FP2183 protein of unknown function 

  FP2184 hypothetical protein 

  FP2185 protein of unknown function 
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Table A.2: Genes Unique to All Virulent Strains  

 

Genes/strain Annotation 

FPG101 FPG10 JIP02/86  

FPG101_00590 FPG10_00092 FP0096 hypothetical protein 

FPG101_00595 FPG10_00093 FP0097 hypothetical protein 

FPG101_02640 FPG10_00468 FP2178 hypothetical protein 

FPG101_02645 FPG10_00469 FP2177 ATPase 

FPG101_02740 FPG10_00487 FP2163 hypothetical protein 

FPG101_02745 FPG10_00489 FP2162 hypothetical protein 

FPG101_02750 FPG10_00490 FP2161 hypothetical protein 

FPG101_02755 FPG10_00491 FP2160 hypothetical protein 

FPG101_02790 FPG10_00494 FP2159 Fic family protein 

FPG101_02805 FPG10_00497 FP2158 hypothetical protein 

FPG101_02810 FPG10_00498 FP2157 hypothetical protein 

FPG101_02815 FPG10_00499 FP2156 putative TonB protein 

FPG101_02820 FPG10_00500 FP2155 hypothetical protein 

FPG101_02825 FPG10_00501 FP2154 hypothetical protein 

FPG101_02830 FPG10_00502 FP2153 hypothetical protein 

FPG101_02925 FPG10_00521 FP2151 hypothetical protein 

FPG101_02935 FPG10_00523 FP2150 DNA methyltransferase 

FPG101_02940 FPG10_00524 FP2149 restriction endonuclease SsoII 

FPG101_02975 FPG10_00503 FP2142 hypothetical protein 

FPG101_06220 FPG10_01219 FP1547 hypothetical protein 

FPG101_06235 FPG10_01221 FP1545 hypothetical protein 

FPG101_06240 FPG10_01222 FP1544 transcriptional regulator 

FPG101_06245 FPG10_01223 FP1543 tetracycline resistance protein 

FPG101_06255 FPG10_01225 FP1541 MFS transporter 

FPG101_06260 FPG10_01226 FP1540 tetracycline regulation of excision, RteC 

FPG101_06270 FPG10_01227 FP1538 transcriptional regulator 
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FPG101_06275 FPG10_01228 FP1537 ATPase 

FPG101_06280 FPG10_01229 FP1536 hypothetical protein 

FPG101_06285 FPG10_01230 FP1535 hypothetical protein 

FPG101_06290 FPG10_01231 FP1534 hypothetical protein 

FPG101_06295 FPG10_01232 FP1533 hypothetical protein 

FPG101_06300 FPG10_01233 FP1532 hypothetical protein 

FPG101_06305 FPG10_01234 FP1531 hypothetical protein 

FPG101_06310 FPG10_01235 FP1530 hypothetical protein 

FPG101_06315 FPG10_01236 FP1529 hypothetical protein 

FPG101_06320 FPG10_01237 FP1528 DNA repair protein Rad50 

FPG101_07285 FPG10_00461 FP2539 transposase 

FPG101_09160 FPG10_01831 FP2525 integrase 

FPG101_09165 FPG10_01832 FP0494 hypothetical protein 

FPG101_09170 FPG10_01833 FP0493 hypothetical protein 
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Table A.3: Genes present in FPGIWL08 but not in FPG101 

 

Genes Annotation 

IW08_00042 hypothetical protein IW08_00042 

IW08_00079 hypothetical protein IW08_00079 

IW08_00095 hypothetical protein IW08_00095 

IW08_00096 hypothetical protein IW08_00096 

IW08_00097 hypothetical protein IW08_00097 

IW08_00107 hypothetical protein IW08_00107 

IW08_00109 hypothetical protein IW08_00109 

IW08_00121 glutaminyl-tRNA synthetase 

IW08_00144 hypothetical protein IW08_00144 

IW08_00157 hypothetical protein IW08_00157 

IW08_00167 transposase 

IW08_00170 hypothetical protein IW08_00170 

IW08_00172 hypothetical protein FP 

IW08_00175 hypothetical protein FP 

IW08_00176 hypothetical protein FP 

IW08_00177 hypothetical protein FP 

IW08_00178 hypothetical protein FP 

IW08_00179 DNA primase 

IW08_00180 hypothetical protein FP 

IW08_00181 LuxR family transcriptional regulator 

IW08_00182 hypothetical protein FP 

IW08_00197 hypothetical protein IW08_00197 

IW08_00202 hypothetical protein FP 

IW08_00214 hypothetical protein IW08_00214 

IW08_00215 hypothetical protein IW08_00215 

IW08_00218 hypothetical protein IW08_00218 

IW08_00230 hypothetical protein FP 

IW08_00233 hypothetical protein IW08_00233 



176 

 
IW08_00243 hypothetical protein IW08_00243 

IW08_00254 hypothetical protein IW08_00254 

IW08_00255 cell surface protein 

IW08_00265 hypothetical protein IW08_00265 

IW08_00269 hypothetical protein IW08_00269 

IW08_00270 hypothetical protein IW08_00270 

IW08_00274 hypothetical protein IW08_00274 

IW08_00276 hypothetical protein IW08_00276 

IW08_00281 hypothetical protein IW08_00281 

IW08_00285 NB-dependent receptor 

IW08_00292 AAA-4 family protein 

IW08_00297 hypothetical protein 

IW08_00310 hypothetical protein FP 

IW08_00311 hypothetical protein FP 

IW08_00329 hypothetical protein IW08_00329 

IW08_00336 hypothetical protein IW08_00336 

IW08_00345 hypothetical protein IW08_00345 

IW08_00346 hypothetical protein IW08_00346 

IW08_00351 hypothetical protein IW08_00351 

IW08_00372 hypothetical protein IW08_00372 

IW08_00374 hypothetical protein IW08_00374 

IW08_00380 hypothetical protein IW08_00380 

IW08_00389 hypothetical protein IW08_00389 

IW08_00390 hypothetical protein FP 

IW08_00392 hypothetical protein IW08_00392 

IW08_00397 hypothetical protein IW08_00397 

IW08_00409 hypothetical protein IW08_00409 

IW08_00413 hypothetical protein IW08_00413 

IW08_00436 hypothetical protein IW08_00436 

IW08_00445 hypothetical protein IW08_00445 

IW08_00446 hypothetical protein FP 
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IW08_00463 hypothetical protein IW08_00463 

IW08_00468 hypothetical protein IW08_00468 

IW08_00469 hypothetical protein FP 

IW08_00480 hypothetical protein IW08_00480 

IW08_00487 peptidase 

IW08_00488 deoxyguanosinetriphosphate 

triphosphohydrolase-like protein 

IW08_00489 hypothetical protein IW08_00489 

IW08_00490 hypothetical protein FP 

IW08_00491 hypothetical protein FP 

IW08_00492 hypothetical protein Dfer 

IW08_00496 hypothetical protein IW08_00496 

IW08_00511 hypothetical protein IW08_00511 

IW08_00527 lycopene cyclase 

IW08_00539 hypothetical protein 

IW08_00554 hypothetical protein IW08_00554 

IW08_00558 hypothetical protein IW08_00558 

IW08_00561 hypothetical protein FP 

IW08_00562 hypothetical protein IW08_00562 

IW08_00595 hypothetical protein IW08_00595 

IW08_00635 hypothetical protein IW08_00635 

IW08_00642 hypothetical protein FP 

IW08_00662 hypothetical protein FP 

IW08_00669 hypothetical protein IW08_00669 

IW08_00696 hypothetical protein IW08_00696 

IW08_00713 Carboxypeptidase 

IW08_00728 hypothetical protein IW08_00728 

IW08_00735 hypothetical proteinFjoh 

IW08_00737 hypothetical protein FP 

IW08_00750 hypothetical protein IW08_00750 

IW08_00777 hypothetical protein IW08_00777 
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IW08_00838 tyrosine-protein kinase ptk 

IW08_00842 acetyltransferase 

IW08_00843 phosphodiesterase 

IW08_00844 NAD-dependent epimerase/dehydratase 

IW08_00845 carbamoyl phosphate synthase-like protein 

IW08_00853 hypothetical protein FP 

IW08_00855 hypothetical protein IW08_00855 

IW08_00864 hypothetical protein IW08_00864 

IW08_00870 hypothetical protein FP 

IW08_00873 hypothetical protein IW08_00873 

IW08_00875 hypothetical protein IW08_00875 

IW08_00930 hypothetical protein IW08_00930 

IW08_00931 hypothetical proteinHalhy 

IW08_00935 ATPase 

IW08_00936 AAA ATPase 

IW08_00941 hypothetical protein IW08_00941 

IW08_00958 conserved hypothetical protein 

IW08_00975 hypothetical protein IW08_00975 

IW08_01007 hypothetical protein FP 

IW08_01018 hypothetical protein IW08_01018 

IW08_01054 hypothetical protein IW08_01054 

IW08_01065 Transposase 

IW08_01087 hypothetical protein IW08_01087 

IW08_01104 conserved hypothetical protein 

IW08_01105 hypothetical protein IW08_01105 

IW08_01108 hypothetical protein IW08_01108 

IW08_01109 hypothetical protein IW08_01109 

IW08_01124 transposase 

IW08_01130 hypothetical protein IW08_01130 

IW08_01147 hypothetical protein IW08_01147 

IW08_01161 hypothetical protein IW08_01161 
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IW08_01176 hypothetical protein IW08_01176 

IW08_01183 hypothetical protein IW08_01183 

IW08_01186 hypothetical protein IW08_01186 

IW08_01190 hypothetical protein IW08_01190 

IW08_01195 hypothetical protein IW08_01195 

IW08_01201 hypothetical protein IW08_01201 

IW08_01208 hypothetical protein FP 

IW08_01211 hypothetical protein IW08_01211 

IW08_01214 hypothetical protein IW08_01214 

IW08_01228 hypothetical protein IW08_01228 

IW08_01233 hypothetical protein IW08_01233 

IW08_01235 hypothetical protein IW08_01235 

IW08_01247 hypothetical protein IW08_01247 

IW08_01254 hypothetical protein IW08_01254 

IW08_01257 Uncharacterized ABC transporter ATP-binding 

protein YhaQ 

IW08_01262 hypothetical protein IW08_01262 

IW08_01274 hypothetical protein IW08_01274 

IW08_01275 hypothetical protein IW08_01275 

IW08_01276 hypothetical proteinPedsa 

IW08_01284 hypothetical protein IW08_01284 

IW08_01288 hypothetical protein IW08_01288 

IW08_01289 hypothetical protein IW08_01289 

IW08_01295 hypothetical protein IW08_01295 

IW08_01301 hypothetical protein IW08_01301 

IW08_01302 hypothetical protein IW08_01302 

IW08_01303 hypothetical protein IW08_01303 

IW08_01309 hypothetical protein IW08_01309 

IW08_01325 hypothetical protein IW08_01325 

IW08_01330 hypothetical protein IW08_01330 

IW08_01333 hypothetical protein IW08_01333 
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IW08_01345 hypothetical protein IW08_01345 

IW08_01347 hypothetical protein IW08_01347 

IW08_01349 hypothetical protein IW08_01349 

IW08_01366 hypothetical protein IW08_01366 

IW08_01383 hypothetical protein IW08_01383 

IW08_01385 gliding motility-associated protein GldC 

IW08_01387 hypothetical protein IW08_01387 

IW08_01403 hypothetical protein IW08_01403 

IW08_01409 hypothetical protein IW08_01409 

IW08_01414 hypothetical protein IW08_01414 

IW08_01470 hypothetical protein IW08_01470 

IW08_01472 hypothetical protein IW08_01472 

IW08_01473 hypothetical protein IW08_01473 

IW08_01479 hypothetical protein IW08_01479 

IW08_01481 hypothetical protein IW08_01481 

IW08_01403 hypothetical protein IW08_01403 

IW08_01409 hypothetical protein IW08_01409 

IW08_01414 hypothetical protein IW08_01414 

IW08_01470 hypothetical protein IW08_01470 

IW08_01472 hypothetical protein IW08_01472 

IW08_01473 hypothetical protein IW08_01473 

IW08_01479 hypothetical protein IW08_01479 

IW08_01481 hypothetical protein IW08_01481 

IW08_01495 modification methylase Eco47II 

IW08_01496 type-2 restriction enzyme Sau96I 

IW08_01497 hypothetical protein IW08_01497 

IW08_01504 conserved hypothetical protein 

IW08_01515 hypothetical protein IW08_01515 

IW08_01523 hypothetical protein IW08_01523 

IW08_01549 hypothetical protein IW08_01549 

IW08_01564 hypothetical protein IW08_01564 
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IW08_01582 hypothetical protein IW08_01582 

IW08_01614 hypothetical protein IW08_01614 

IW08_01630 hypothetical protein IW08_01630 

IW08_01631 hypothetical protein IW08_01631 

IW08_01632 hypothetical protein 

IW08_01633 modification methylase HpaII 

IW08_01634 hypothetical protein IW08_01634 

IW08_01642 hypothetical protein IW08_01642 

IW08_01647 hypothetical protein IW08_01647 

IW08_01665 hypothetical protein IW08_01665 

IW08_01675 hypothetical protein IW08_01675 

IW08_01692 hypothetical protein IW08_01692 

IW08_01693 transposase for insertion sequence element 

ISRM3  

IW08_01710 hypothetical protein IW08_01710 

IW08_01732 hypothetical protein IW08_01732 

IW08_01754 lysophospholipase-like protein 

IW08_01755 hypothetical protein IW08_01755 

IW08_01756 hypothetical protein FP 

IW08_01757 hypothetical protein IW08_01757 

IW08_01758 hypothetical protein IW08_01758 

IW08_01759 hypothetical proteinAFE 

IW08_01760 conserved hypothetical protein 

IW08_01761 hypothetical protein IW08_01761 

IW08_01762 hypothetical protein FP 

IW08_01763 hypothetical protein FP 

IW08_01764 hypothetical protein FP 

IW08_01765 hypothetical protein FP 

IW08_01766 hypothetical protein FP 

IW08_01767 hypothetical protein FP 

IW08_01768 hypothetical protein FP 
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IW08_01769 hypothetical protein FP 

IW08_01770 N-acetylmuramoyl-L-alanine amidase 

IW08_01771 hypothetical protein FP 

IW08_01772 signal peptide peptidase A 

IW08_01773 conserved hypothetical protein 

IW08_01774 conserved hypothetical protein 

IW08_01775 hypothetical protein FP 

IW08_01776 hypothetical protein FP 

IW08_01777 hypothetical protein FP 

IW08_01778 SNF2 family domain protein 

IW08_01779 uncharacterized protein ybdN 

IW08_01780 uncharacterized protein ybdM 

IW08_01781 XRE family transcriptional regulator 

IW08_01782 hypothetical protein FP 

IW08_01783 hypothetical proteinBF 

IW08_01784 conserved hypothetical protein 

IW08_01785 hypothetical protein FP 

IW08_01786 conserved hypothetical protein 

IW08_01787 conserved hypothetical protein 

IW08_01788 hypothetical proteinZPR 

IW08_01789 hypothetical protein FP 

IW08_01790 hypothetical protein FP 

IW08_01791 hypothetical protein FP 

IW08_01792 conserved hypothetical protein 

IW08_01793 conserved hypothetical protein 

IW08_01794 conserved hypothetical protein 

IW08_01795 hypothetical protein FP 

IW08_01796 hypothetical protein FP 

IW08_01797 hypothetical protein FP 

IW08_01798 hypothetical protein FP 

IW08_01799 hypothetical protein FP 



183 

 
IW08_01800 hypothetical protein FP 

IW08_01801 hypothetical protein FP 

IW08_01802 hypothetical protein FP 

IW08_01803 phage tail tape measure protein 

IW08_01804 hypothetical protein FP 

IW08_01805 hypothetical protein FP 

IW08_01806 Probable tyrosine recombinase xerC-like 

IW08_01808 hypothetical protein IW08_01808 

IW08_01809 hypothetical protein IW08_01809 

IW08_01812 hypothetical protein FP 

IW08_01837 hypothetical protein IW08_01837 

IW08_01849 hypothetical protein IW08_01849 

IW08_01855 hypothetical protein IW08_01855 

IW08_01859 hypothetical protein IW08_01859 

IW08_01860 hypothetical protein IW08_01860 

IW08_01865 aminopeptidase N 

IW08_01872 hypothetical protein IW08_01872 

IW08_01909 DNA polymerase I 

IW08_01913 hypothetical protein IW08_01913 

IW08_01918 hypothetical protein IW08_01918 

IW08_01927 hypothetical protein IW08_01927 

IW08_01928 hypothetical protein IW08_01928 

IW08_01929 hypothetical protein FP 

IW08_01933 hypothetical protein IW08_01933 

IW08_01942 OmpA/MotB domain-containing protein 

IW08_01943 OmpA/MotB domain-containing protein 

IW08_01946 hypothetical protein IW08_01946 

IW08_01947 hypothetical protein IW08_01947 

IW08_01966 heavy metal transport/detoxification protein 

IW08_01967 hypothetical protein IW08_01967 

IW08_01982 hypothetical protein IW08_01982 
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IW08_01984 S23 ribosomal protein 

IW08_01993 hypothetical protein IW08_01993 

IW08_02006 hypothetical protein IW08_02006 

IW08_02016 hypothetical protein IW08_02016 

IW08_02017 hypothetical protein IW08_02017 

IW08_02022 hypothetical protein IW08_02022 

IW08_02040 hypothetical protein IW08_02040 

IW08_02058 integrase family protein 

IW08_02059 integrase 

IW08_02071 hypothetical protein FP 

IW08_02072 hypothetical proteinCpin 

IW08_02093 hypothetical protein IW08_02093 

IW08_02094 hypothetical protein IW08_02094 

IW08_02098 hypothetical protein FP 

IW08_02100 hypothetical protein IW08_02100 

IW08_02102 hypothetical protein IW08_02102 

IW08_02106 hypothetical protein IW08_02106 

IW08_02107 transposase for insertion sequence element 

ISRM3  

IW08_02108 transposase Mutator Type 

IW08_02109 transposase Mutator Type 

IW08_02110 transposase for insertion sequence element 

ISRM3  

IW08_02114 hypothetical protein IW08_02114 

IW08_02115 hypothetical protein 

IW08_02116 hypothetical protein IW08_02116 

IW08_02117 hypothetical protein IW08_02117 

IW08_02118 hypothetical protein IW08_02118 

IW08_02119 hypothetical protein IW08_02119 

IW08_02120 hypothetical protein IW08_02120 

IW08_02121 hypothetical protein IW08_02121 
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IW08_02122 hypothetical protein IW08_02122 

IW08_02123 hypothetical protein IW08_02123 

IW08_02124 hypothetical protein IW08_02124 

IW08_02125 hypothetical proteinRunsl 

IW08_02131 hypothetical protein IW08_02131 

IW08_02132 hypothetical protein IW08_02132 

IW08_02184 hypothetical protein IW08_02184 

IW08_02186 hypothetical protein FP 

IW08_02193 hypothetical protein IW08_02193 

IW08_02194 hypothetical protein FP 

IW08_02198 hypothetical protein IW08_02198 

IW08_02220 hypothetical protein IW08_02220 

IW08_02230 hypothetical protein IW08_02230 

IW08_02238 hypothetical  protein 

IW08_02257 conserved hypothetical protein 

IW08_02274 hypothetical protein IW08_02274 

IW08_02285 hypothetical protein IW08_02285 

IW08_02312 hypothetical protein IW08_02312 

IW08_02313 hypothetical protein IW08_02313 

IW08_02316 hypothetical protein IW08_02316 

IW08_02332 hypothetical protein IW08_02332 

IW08_02340 hypothetical protein IW08_02340 

IW08_02343 hypothetical protein IW08_02343 

IW08_02345 hypothetical protein IW08_02345 

IW08_02346 hypothetical protein IW08_02346 

IW08_02351 hypothetical protein IW08_02351 

IW08_02423 hypothetical protein IW08_02423 

IW08_02424 hypothetical protein IW08_02424 

IW08_02430 Transposase IS4 Family Protein 

IW08_02432 hypothetical protein IW08_02432 

IW08_02441 hypothetical protein IW08_02441 
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IW08_02448 hypothetical protein FP 

IW08_02454 hypothetical protein IW08_02454 

IW08_02473 hypothetical protein IW08_02473 

IW08_02505 hypothetical protein IW08_02505 

IW08_02538 hypothetical protein IW08_02538 

IW08_02539 hypothetical protein IW08_02539 

IW08_02545 hypothetical protein IW08_02545 

IW08_02558 hypothetical protein IW08_02558 

IW08_02564 hypothetical protein IW08_02564 
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Appendix B: PERL script to identify unique 7 and 12 mer MHC 1 

binding peptides in the F. psychrophilum genome 
 

use List::Util qw(sum); 

 

unless (@ARGV) 

{  

 print "usage: perl $0 <kmer length> <kmer.fasta (training peptides)>  <background 

proteome (one line fasta)> <foregoung proteome>\n"; 

 print "# This program outputs kmers unique to foreground proteome (not found in 

background proteome\n"; 

} 

 

 

sub mean { 

    return sum(@_)/@_; 

} 

 

 

$k = $ARGV[0]; 

 

print "Reading in fasta file of training peptides (kmers)...\n"; 

 

open FILE,$ARGV[1]; 

 

while (<FILE>) 

{ if (substr($_,0,1) eq ">") 

 { $numSeqs++; 

 } 

 else 

 { 

  for $i (0 .. length($_) - 1) 

  { $res = substr($_,$i,1); 

   $pos{$i}{$res}++; 

  } 

 } 

 

} 

 

 

print "Calculating frequency scores of training peptides...\n"; 

 

open FILE,$ARGV[1]; 

while (<FILE>) 

{ 

        if (substr($_,0,1) eq ">") 



188 

 
        {        

        } 

        else 

        {        

          chomp; 

          if (length($_) == $k) 

          { 

     $word = $_; 

     $w_score = 0; 

     for $k (0 .. length($word)-1) 

     { $w_score += $pos{$k}{substr($word,$k,1)};  

     } 

     print $word," ",$w_score,"\n"; 

     push (@scores,$w_score); 

    } 

        } 

} 

 

$m_score = &mean(@scores); 

print "\n\nThe mean score of the input peptides is: ",$m_score,"\n"; 

 

close FILE; 

 

 

print "\n\nExamining all background proteome peptides...\n"; 

 

open FILE,$ARGV[2]; 

 

while (<FILE>) 

{ 

 if (substr($_,0,1) eq ">") 

 { $seq = ""; 

  #print; 

 } 

 else 

 { $seq = $_; 

  for $i (0 .. length($seq) - $k -1) 

    

  { $word = substr($seq,$i,$k),"\n"; 

   $seen{$word} = 1; 

  } 

 } 

 

} 

close FILE; 
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print "\n\nExamining foreground proteome to find unique peptides...\n"; 

 

open FILE,$ARGV[3]; 

while (<FILE>) 

{ 

 

        if (substr($_,0,1) eq ">") 

        {       chomp; 

    $id = $_; 

                #print; 

        } 

        else 

        {       $seq = $_; 

          $seqlength{$id} = length($seq); 

                for $i (0 .. length($seq) - $k -1) 

 

                {       $word = substr($seq,$i,$k),"\n"; 

                        if ($seen{$word}) 

                        { 

        if ($goodword{$word}) 

        { 

         $prot{$id}++; 

         $peptides{$id}{$word} = 1; 

        } 

                        } 

                        else 

                        {       $count++; 

        $w_score = 0; 

        for $k (0 .. length($word)-1) 

        { $w_score += 

$pos{$k}{substr($word,$k,1)};  

        } 

        #$ids{$word}{$id} = 1; 

        if ($w_score >= $m_score) 

        {  

         print $count," ",$word," 

",$w_score,"\n"; 

         $goodword{$word} = 1; 

         $prot{$id}++; 

         $peptides{$id}{$word} = 1;  

 

        } 

                        } 

                } 

        } 



190 

 
 

} 

 

close FILE; 

 

print "\n\nProteins containing the highest number of high-scoring (score > ", $m_score,") 

peptides:\n"; 

 

print "\nPress <enter> to continue....\n"; 

 

#<STDIN>; 

 

print "#Protein Length NumHighScorePeptides\n"; 

 

foreach $key (sort { $prot{$b} <=> $prot{$a} } (keys{%prot})) 

{ 

 print $key,"\t",$seqlength{$key},"\t",$prot{$key}, "\t("; 

  

 $c = 0; 

 foreach $pep (keys %{ $peptides{$key} }) 

 { $c++; 

  if ($c == 1) 

  { print $pep; 

  } 

  else 

  { print ", ",$pep; 

  } 

 } 

 print ")\n"; 

} 

 

 

undef %seen; 

undef %ids; 
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Appendix C: Changes in NERVE program 

PERL script: Autoimmunity.pl 

Line 37 Originally: 

$mismatch=1 

Changed to: 

$mismatch=0 

 

PERL script: Select.pl 

Line 84 Originally: 

  $q = "SELECT 

ID,localiz,Pad_percent,N_transmbr_helices,N_HomolPept2H_sapiens_l9_s3_m1,putat_fun

ction FROM $Query WHERE ((N_AA2_H_sapiens /length)<=0.15 and 

HomolPept2H_sapiens_l9_s3_m1 not like '%positive%' and N_transmbr_helices<=2) and 

((Pad_percent>46 and localiz not like 'cytoplasm%')OR(Pad_percent>38 and localiz LIKE 

'extracellular'));";  

 

Changed to: 

  $q = "SELECT 

ID,localiz,Pad_percent,N_transmbr_helices,N_HomolPept2H_sapiens_l9_s3_m0,$conserva

tion,length,putat_function FROM $Query WHERE ((N_AA2_H_sapiens /length)<=0.15 

and HomolPept2H_sapiens_l9_s3_m0 not like '%positive%' and N_transmbr_helices<=20) 

and ((Pad_percent>20 and localiz not like 'cytoplasm%')OR(Pad_percent>20 and localiz 

LIKE 'extracellular')) order by ($conservation / length) DESC;"; 


