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Populärvetenskaplig sammanfattning 

 

 

Under de senaste åren har utvecklingen inom sekvenseringsteknologin varit nästintill explosionsartad. 

Sanger sekvensering ger en DNA sekvens per reaktion, medan parallellsekvensering ger miljontals 

sekvenser per reaktion. Vid optimala analyser av ett mikrobiellt genom kommer i stort sätt all genetisk 

information finnas representerad. Det stora arbetet är sedan att kartlägga alla sekvenser och skapa en 

fullständig DNA molekyl. 

 

I detta projekt var målet att kartlägga ett parallelsekvenserat bakteriegenom, där fokus låg på en 

jämförande analys i hopp om att finna en underliggande orsak till varför en bakterie orsakar sjukdom 

hos djur. 

 

Bakterien som kartlades var gris- och fågelpatogenen Brachyspira intermedia PWS/A
T
. Genuset 

Brachyspira består av 7 kända arter varav 4 nu blivit kartlagda; Brachyspira intermedia PWS/A
T
, B. 

hyodysenteriae WA1, B. murdochii 56-150
T
 och B. pilosicoli 95/1000. Den jämförande analysen 

innefattade därför B. intermedia och de 3 andra kartlagda Brachyspira där B. hyodysenteriae och B. 

pilosicoli är kända patogener som orsakar kraftiga tarmsjukdomar i grisar och B. murdochii är en icke-

patogen. 

 

Det här projektet har bidragit till en djupare förståelse för likheter och olikheter mellan de olika arterna. 

En plasmid och sex bakteriofager har dessutom upptäckts där två av bakteriofagerna troligtvis varit 

involverade i horisontell genöverföring.  
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List of abbreviations  

BLAST – Basic Local Alignment Search Tool  

BLAST coverage – A value calculated upon the fraction between an alignment length and a query 

sequence length 

BLAST e-value – Expect value. A value describing the number of hits one can expect to see by chance 

when searching a database of a particular size 

BLAST identity – Alignment similarity in percent 

BLAST score – A value calculated upon a scoring matrix with predefined values for all possible 

combinations  

CDS – Coding sequence 

COG – Cluster of Orthologous Groups 

Contig – Assembled overlapping reads  

Core genome – Shared genes between all strains within a phylogenetic clade 

ddNTP – Dideoxy-nucleotide triphosphate 

Dispensable genome – Shared genes between two or more strains 

dNTP – Deoxy-nucleotide triphosphate 

Gap - A missing piece between two contigs 

HGT – Horizontal gene transfer 

LOS – Lipooligosaccharide  

NCBI – National Center for Biotechnology Information  

Pan-genome – Full complement of genes from all strains within a phylogenetic clade 

Plasmid copy number – The number of copies the plasmid is found in the host cell 

Read – A short nucleotide sequence generated by a sequencing technique 

rRNA – ribosomal RNA 

tRNA – transfer RNA 

Unique genes – Genes unique to a single strain 

IHMP – B. intermedia PWS/AT, B. hyodysenteriae WA1, B. murdochii 56-150T and B. pilosicoli 

95/1000 

IHM – B. intermedia PWS/AT, B. hyodysenteriae WA1 and B. murdochii 56-150T 

IHP – B. intermedia PWS/AT, B. hyodysenteriae WA1 and B. pilosicoli 95/1000 

IMP – B. intermedia PWS/AT, B. murdochii 56-150T and B. pilosicoli 95/1000 

HMP – B. hyodysenteriae WA1, B. murdochii 56-150T and B. pilosicoli 95/1000 

IH – B. intermedia PWS/AT and B. hyodysenteriae WA1 

IM – B. intermedia PWS/AT and B. murdochii 56-150T 

IP – B. intermedia PWS/AT and B. pilosicoli 95/1000 

HM – B. hyodysenteriae WA1 and B. murdochii 56-150T 

HP – B. hyodysenteriae WA1and B. pilosicoli 95/1000 

MP – B. murdochii 56-150T and B. pilosicoli 95/1000 

I – B. intermedia PWS/AT 

H – B. hyodysenteriae WA1 

M – B. murdochii 56-150T 

P – B. pilosicoli 95/1000
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1.0 Background 

1.1 Brachyspira intermedia
 

Intestinal diseases in mammalian and avian species are sometimes caused by bacteria within the genus 

Brachyspira [1]. This genus contains seven officially approved species [2], of which four genome 

sequences have been published; Brachyspira intermedia PWS/A
T
 [3], B. hyodysenteriae WA1 [4], B. 

murdochii 56-150
T
 [5] and B. pilosicoli 95/1000 [6]. 

 

The genome of B. intermedia PWS/A
T
 was just recently published. The article includes results of this 

project and for a review, see Håfström et al., 2011 [3]. 

 

Brachyspira intermedia is a mild bird and porcine enteropathogen [7]. B. hyodysenteriae and B. 

pilosicoli have a higher degree of porcine enteropathogenicity and cause swine dysentery and 

spirochetosis respectively [6]. B. pilosicoli is also known to colonize the intestines of humans where it 

is suspected to cause colitis [8]. B. murdochii however, is not considered to be a pathogenic bacterium 

[5]. 

 

1.2 The bacterial genome  

The bacterial genome is the sum of all genetic information in the bacterial cell. It includes at least one 

chromosome and sometimes plasmids and bacteriophages. The bacterial chromosome is a circular or 

linear shaped structure, consisting of deoxyribonucleic acid (DNA). It contains genes coding for 

proteins (CDS), transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs).  

 

1.2.1 Plasmids 

Plasmids are mostly circular shaped DNA structures separated from the chromosome within the 

bacteria cell. Compared to the size of a chromosome, plasmids are generally smaller and they are often 

present in many copies. Plasmids contains genes and they have an autonomously replication, i.e. they 

are replicons, within the cell. They are distributed between the daughter cells during cell division and to 

ensure a stable propagation they often contain genes the products of which benefit the host cell, e.g. 

virulence gene like the lipooligosaccharide (LOS) gene which product are an important outer 

membrane proteins of various bacteria causing infection [9] or genes that can provide growth 

advantages in certain environments. 

 

1.2.2 Bacteriophages and horizontal gene transfer 

Bacteriophages are viruses that infect bacteria. They may be seen as intracellular parasites, lacking 

autonomous replication outside a bacteria cell and must therefore infect a host for that purpose. Many 

bacteriophages integrate within the bacterial chromosome where they are called prophages or gene 

transfer agents. Both plasmids and prophages are important agents in horizontal gene transfer (HGT), 

which is a process of transferring genes between organisms [10]. Horizontally transferred genes can be 

detected by studying their phylogenetic relationships and they often has a nucleotide compositional 

bias compared to the rest of the genes within the genome [11]. Transferred genes might bring new 

properties to an organism and therefore, both plasmids and prophages play a significant role in the 

bacterial adaptation and evolution [10]. 

 

1.2.3 Bacterial genome evolution 

The size of the bacterial genome is not static and gain of genetic material increases the size and loss 

DNA decreases it. Reductive genome evolution is a process in which the size of a genome decreases as 
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a result of gene loss. Non-essential genes that are not conferring a selective advantage to the cell are 

thought to have a propensity to vanish over time [12]. 

Bacteria often have a fast growth which is most of times an advantage for adaptation, selection and 

development in constantly changing environments. Fast growth requires fast replication, and a small 

chromosome is more rapidly replicated than a larger. When an organism adapts to a smaller niche, a 

small genome is thought to be derived from a larger through genome reduction [13]. 

 

1.3 Comparative genomics 

Comparative genomics refers to the study of relationships between the genomes of different species or 

strains.  

 

1.3.1 COG database 

Related genes that have descent from a common ancestor are called homologous and they are 

characteristically conserved. Homologous genes that were separated by a speciation event are called 

orthologous. Orthologous genes generally retain the same function in the course of evolution and are 

therefore critical for prediction of gene function in newly sequenced genomes [14]. The database 

Clusters of Orthologous Groups (COGs) is widely used for analysis of orthologous genes. By assigning 

genes to already predefined COGs, information like functional categories and major pathways can be 

obtained [15]. 

 

1.3.2 Pan-genome 

A general definition of a pan-genome is the full complement of genes from all strains within a 

phylogenetic clade, often a species or otherwise related group. It contains the "core genome" consisting 

of genes present in all strains, the "dispensable genome" consisting of genes present in two or more 

strains, and the "unique genes" which are genes unique to a single strain [16]. Studying the pan-genome 

gives a deeper understanding of differences and shared properties among species. 

 

1.3.3 NCBI and BLAST 

The National Center for Biotechnology Information (NCBI) contains both bioinformatic tools such as 

the Basic Local Alignment Search Tool (BLAST) and information stored in huge databases like the 

GenBank, a comprehensive sequence database. All databases within NCBI are available online at 

http://www.ncbi.nlm.nih.gov. The widely used BLAST program is a comparison tool that constructs 

local alignments by measurement of similarities between protein sequences (BLASTP) or between 

nucleotide sequences (BLASTN). BLAST enables a query sequence to be compared to the whole 

GenBank or other databases and sequences resembling the query to be identified. 

An output file from a BLAST run contains information such as sequence name, sequence similarity in 

percent (identity), coverage, expect value (e-value) and score. The score is calculated upon a scoring 

matrix with predefined values for all possible combinations and it reflects both the alignment length 

and identity. A higher score means a better alignment. The e-value is based on the alignment quality 

and the proportions of the explored database. The definition according to NCBI is: “The e-value is a 

parameter that describes the number of hits one can expect to see by chance when searching a database 

of a particular size”, which means that the lower the e-value, the better the alignment. The coverage is 

the fraction between the alignment length and the query sequence length [17]. 

 

1.4 Sequencing 

Since the genome encodes the hereditary information in an organism, determining the complete 

genome sequence is of significance in order to understand an organism’s origin, evolution and way of 

life. 

http://www.ncbi.nlm.nih.gov/
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1.4.1 Genome assembly 

Sequencing techniques generates the information of the nucleotide order in form of short DNA 

sequences, often called reads. Overlapping reads can be merged together (assembled) by various 

computer programs into contigs. A missing piece between two contigs is called a gap. The ambition is 

then to position and fuse all contigs along the physical map of the chromosome to create a complete 

representation of the genomic sequence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       Illustration is used with permission and made by Anders Sundström 2011 

 

                      Figure 1 Principle behind the parallel sequencing technique Roche 454 GS-FLX.  

1. Genomic DNA is fragmented. 2. Two adaptor molecules are ligated onto each end and fragments are attached  

to beads. A denaturation step is performed to build up a library containing single stranded template DNA. 3. 

Each bead complex is captured within a water drop in oil and DNA fragments amplified via emulsion PCR. 4. 

Beads are put into individual wells on a PicoTiterPlate and DNA polymerase incorporates dNTPs to the DNA 

strand and sulfurylase converts APS to ATP during subsequent joining of dNTPs. 5. Luciferase uses ATP for 

oxidizing luciferin, producing chemi-luminescence which is monitored by a camera and compiled into a 

sequence. 
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1.4.2 Sanger and parallel sequencing 

Sanger sequencing was developed by Frederick Sanger in the 1970s. Sanger techniques generates one 

DNA sequence per reaction, using the reagents DNA polymerase, an oligo nucleotide primer, deoxy-

nucleotide triphosphates (dNTPs) and fluorescently labelled dideoxy-nucleotide triphosphates 

(ddNTPs). The method is based on separating synthesized DNA strands by length, collecting data and 

converting it into a sequence, i.e. base calling. DNA polymerase is the enzyme that incorporates dNTPs 

during DNA polymerization, creating a DNA strand. To start the polymerization, it needs a short 

primer that can hybridize to the template. dNTPs are the four nucleotides containing the bases adenine 

(A), guanine (G), cytosine (C) and thymine (T) that builds up the DNA. ddNTPs are structurally 

modified dNTPs, lacking a hydroxyl group. The hydroxyl group is required for subsequent nucleotide 

incorporations. DNA polymerase cannot distinguish between dNTPs and ddNTPs and when a ddNTP 

are incorporated to a growing DNA strand the polymerization of that strand is stopped, thereby creating 

sequences of different lengths. The ddNTPs also contains four different fluorescence tags which emit 

light during excitation, enabling base calling. 

ABI PRISM® 3100 Genetic Analyzer is a Sanger instrument that uses capillary electrophoresis [18] to 

separate synthesized DNA strands by length. It creates a read length up to 1000 base pair (bp) with 

high accuracy. A long sequence with high accuracy makes the ABI PRISM® 3100 Genetic Analyzer 

an excellent technique for solving gaps in a genome project. However, the process is time-consuming 

and relative expensive per read compared to other newer sequencing techniques and the technique is 

therefore not suitable for whole genome sequencing (www.appliedbiosystems.com). 

 

The parallel sequencing technique was developed in 1993. In contrast to Sanger techniques are parallel 

sequencing techniques capable of generating up to many millions of sequences per run. Roche 454 GS-

FLX is an array based parallel sequencing technique which involves fragmenting genomic DNA via 

nebulization and attaching them to beads (Figure 1). Each bead complex is then captured within a water 

drop in oil and the DNA fragments are amplified via emulsions PCR [19]. Beads are thereafter put into 

individual wells on a PicoTiterPlate [20] and placed in a sequencing instrument. In the instrument, 

reagents like dNTPs, DNA polymerase, ATP-sulfurylase and luciferase are the main components for 

producing the DNA sequence. ATP-sulfurylase and luciferase are both enzymes important for the 

sequencing reaction. The role of ATP-sulfurylase is to convert pyrophosphate, released during 

subsequent joining of dNTPs, to ATP. The ATP is then used by the luciferase for oxidizing luciferin 

which is a reaction that produces a detectible light (chemi-luminescence). In the sequencing run, 

reagents are mechanically washed over the PicoTiterPlate in four different sub cycles (one for each 

dNTP) and the light signal from the chemi-luminescent reaction is monitored by a camera. A computer 

program then compiles the data into a sequence. 

 

Roche 454 GS-FLX has the capacity to produce hundreds of millions bp of DNA sequences per run 

with an average read length of 250 bp or more. The large amount of data will cover most of a bacterial 

genome and is therefore very suitable to use for whole genome sequencing (www.454.com). 

 

1.5 Goals 

The goals of the project was: to close the parallel sequenced genome sequences from B. intermedia 

PWS/A
T
,
 
using computational bioinformatic tools. Since parallel sequencing doe not generate hundred 

percent coverage, complementary sequences needs to be incorporated and laboratory experiments, 

including PCR amplification and Sanger sequencing are therefore necessary. A final goal was to assign 

annotations to the genome and perform a comprehensive comparison between the genome of B. 

intermedia PWS/A
T
 and the already completed genomes of B. hyodysenteriae WA1, B. murdochii 56-

150
T
 and B. pilosicoli 95/1000. 

http://www.appliedbiosystems.com/
http://www.454.com/
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This project will help us to achieve a deeper understanding of different and shared properties between 

the four species and hopefully clues for a better understanding of the different degrees of 

enteropathogenesis.  

 

Since I have already worked part-time during one year with this project, the mapping of the genome 

was nearly finished and by the start of this project there was only 15 contigs left to solve (compared to 

203 contigs I started working with).  

 

2.0 Materials and methods 

2.1 Genome assembly  

The genomic DNA of B. intermedia strain PWS/A
T
 had been parallel sequenced with the Roche 454 

FLX platform and generated sequences were assembled using the Newbler GS assembler 

(www.454.com). 15 contigs with sizes ranging between 525 and 1,058,100 bp was handled by the 

Consed software [21]. Gaps were closed and solved by manual examinations, local reassemblies and by 

using the methods PCR and ABI PRISM® 3100 Genetic Analyzer. A total of 218 Sanger reads were 

incorporated into the assembly.  

 

2.2 Sequence analysis and annotation 

Genes were predicted using Glimmer 3 [22] and annotations were handled by the Artemis software 

[23]. Orthologous genes in B. intermedia and B. hyodysenteriae, B. murdochii and B. pilosicoli were 

determined by BLASTP and automatically annotated by transfer of already annotated data by an in-

house made script. Remaining genes were compared by BLASTP to all bacterial genes in GenBank and 

annotations from orthologous genes were automatically transferred. If matches were weak a manual 

inspection was performed. A good match was considered to have an e-value <10
-9

, an identity >30% 

and a coverage>60%. To find tRNA genes the program tRNAscan-SE [24] was used. rRNA genes was 

identified by their similarity to rRNA genes within the other three Brachyspira species. Genome 

alignments were made with Mummer [25] and ACT [26]. 

 

2.3 Plasmid analysis  

The plasmid was purified by the “QIAGEN Plasmid Mini Kit” (product nr. 12123). Plasmid copy 

number was calculated as plasmid coverage divided by chromosome coverage. Primer-pairs used for 

plasmid genes amplifications was G1f 5’-CAATTTTAATGCTAAGACTTTGAA-3’, G1r 5’-

CGCTTTAATGTTCTATTCGG-3’,G2f 5’-GTTTTACCTTTCATATCATCACAA-3’, G2r 5’-

TTTTCTGTCGTCATTATCTTTTC-3’, G3f 5’-GACTAACGCACCGACAATAAT-3’, G3r 5’-

AATTCTTAATAGTTGCCTTTCAGTA-3’. Reconstruction of the B. murdochii 56-150
T
 plasmid was 

done by local reassembling of downloaded B. murdochii 56-150
T
 454 reads from NCBI sequence read 

archive (SRA) using GS Reference Mapper (www.454.com). Consed was used for sequence analysis 

and a similarity comparison to the plasmid in B. intermedia PWS/A
T
 was made by local BLASTN.  

 

2.4 Genome comparisons 

 Measurement of the phylogenetic distance between the complete genomes of B. intermedia PWS/AT, 

B. hyodysenteriae WA1, B. murdochii 56-150T and B. pilosicoli 95/1000 was done with the Average 

Similarity of the conserved Core method (ASC) [27]. A dendrogram was created by converting a 

similarity matrix to a distance matrix. A phylogenetic tree was then designed from the distance matrix 

by the neighbor-joining method [28] through PHYLIP 3.67 and the Mobyle platform 

http://www.454.com/
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  Table 1 General genomic feature of Brachyspira species 

 

(HTTP://MOBYLE.PASTEUR.FR/) and plotted by PhyloDraw 

(HTTP://PEARL.CS.PUSAN.AC.KR/PHYLODRAW/). 

 

2.5 The pan-genome  

All CDS within the four Brachyspira genomes were compared in an all-against-all comparison using 

BLASTP. Alignments with an e-value<10
-9

 were considered to be orthologous and an in-house perl 

script were assigning all orthologous genes into 15 predefined classes (IHMP, IHM, IHP, IMP, HMP, 

IH, IM, IP, HM, HP, MP, I, H, M and P). The results were collected in a table, available online at; 

http://www.biomedcentral.com/1471-2164/12/395 and the numbers of orthologous genes in each class 

can be viewed in Figure 3.  

 

2.6 Assigning of COG categories 

COG classification was performed by a BLASTP comparison between all genomic CDS, from the four 

Brachyspira species, and the categorized CDS in the COG database. Alignments with an e-value below 

1e-9 were considered to be orthologous and assigned to the corresponding COG category. COGs were 

analyzed and manually assigned into the 15 different classes IHMP, IHM, IHP, IMP, HMP, IH, IM, IP, 

HM, HP, MP, I, H, M and P. The result can be viewed in Table 2.  
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Size (bp) 3,304,788 3,260 3,000,694 35,940 3,241,804 2,586,443

Number of CDS 2,870 3 2,613 31 2,809 2,299

Assigned  function 1,854 0 1,755 29 1,993 1,615

Number of COGs
*

1,667 0 1,574 0 1,625 1,387

rRNA 3 0 3 0 3 3

tRNA 33 0 34 0 34 33

*)
 i.e. Number of COG classified genes

http://mobyle.pasteur.fr/
http://pearl.cs.pusan.ac.kr/phylodraw/
http://www.biomedcentral.com/1471-2164/12/395
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Figure 2 Phylogenetic analysis. Unrooted phylogenetic tree of B. intermedia PWS/A
T
, B. hyodysenteriae 

WA1, B. murdochii 56-150 and B. pilosicoli 95/1000. Distances were measured by the Average Similarity of 

the conserved Core genome (ASC) method and a dendrogram was produced by the neighbor-joining method.  

 

 

 

3.0 Results 

3.1 Genomic features and phylogenetics  

The genome of B. intermedia strain PWS/AT consisted of a single circular 3,304,788 bp chromosome, 

which made it the largest of the four Brachyspira species compared, and a 3,260 bp plasmid (Table 1). 

2,870 CDS were found in the chromosome and 3 in the plasmid. 1,854 of the 2,870 chromosome genes 

were assigned a function. 33 tRNA representing all 20 amino acids and 3 rRNA genes were identified.  

Phylogenetic distances between B. intermedia strain PWS/AT, B. hyodysenteriae WA1, B. murdochii 

56-150T and B. pilosicoli 95/1000 showed that B. intermedia PWS/AT was most closely related to B. 

hyodysenteriae WA1 (Figure 2). 

 

3.2 Pan-genome analysis 

The pan-genome of B. intermedia (I), B. hyodysenteriae (H), B. murdochii (M) and B. pilosicoli (P) 

was categorized into 15 classes (IHMP, IHM, IHP, IMP, HMP, IH, IM, IP, HM, HP, MP, I, H, M and 

P). The numbers of genes in each class are shown in Figure 3. The core-genome (the IHMP class) 

consisted of a total of 2,184 genes. The greatest number (114) of shared genes between two species (the 

IH, IM, IP, HM, HP and MP class) was in the MP class and the class with the least number (7) of 

shared genes was HP. Of the genes present in three species (the IHM, IHP, IMP and HMP class), the 

highest number (190) of shared genes was in the IHM class and the lowest number in the HMP class 

with only 12 shared genes. In the category “genes unique to a single species” (the I,H,M and P class), 

the largest number (269) was in the I class closely followed by the M class (212). The smallest number 

of unique genes was in the H class 116 and in the P class 131. 
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Illustration and explanation is used with permission and taken from the article, Håfström et 

al., 2011 [3]. 

 

Figure 3 Genome content comparisons. Venn diagram of genome content unique to and 

shared between B. intermedia (I), B. hyodysenteriae (H), B. murdochii (M) and B. pilosicoli 

(P) based on a BLASTP comparison analysis with an e-value cutoff set to 1e-9. 15 classes can 

be recognized (IHMP, IHM, IHP, IMP, HMP, IH, IM, IP, HM, HP, MP, I, H, M and P). 

 

 

 

 

 

 

 

 

 

 

3.3 COG analysis 

A COG analyze was performed to compare the four Brachyspira genomes and COG classified genes 

were included into the 15 classes; IHMP, IHM, IHP, IMP, HMP, IH, IM, IP, HM, HP, MP, I, H, M and 

P (Table 2). 

 

75.5% of the genes in the core genome (IHMP class) were assigned a COG category. 7.1% of the 

75.5%, were assigned to the category “Amino acid transport and metabolism”. 

 

The dispensable genome (IHM, IHP, IMP, HMP, IH, IM, IP, HM, HP and MP class) had 28.9-52.1% 

COG categorized genes. The value 52.1% belonged to the IHP class of which 8.3% of the genes 

belonged the categories; “Energy production and conversion” and “Amino acid transport and 

metabolism”. In the IHM class, 37.9% of the genes were COG categorized and the majority of genes 

were found in “Carbohydrate transport and metabolism”, “Amino acid transport and metabolism” and 

“Inorganic ion transport and metabolism”. 

 

~15-22 % of the unique genes in the I, H, M and P classes were assigned a COG category. The M class 

contained 3-6 times more genes in the category “Replicon, recombination and repair” and 2-11 times 

more in the category “Amino acid transport and metabolism”. Both the I and P class had more genes in 

the COG category “Carbohydrate transport and metabolism”, and I was 2-8 times more abundant in the 

category “Secondary metabolites biosynthesis, transport and catabolism”. 
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3.4 The VSH-1 prophage like element in B. hyodysenteriae 

VSH-1 is a prophage like element and a gene transfer agent previously found in B. hyodysenteriae [29]. 

The prophage was also found in B. intermedia with a 94% identity (according to a BLASTN 

comparison). The VSH-1 region in B. intermedia PWS/A
T
 was divided, with a 1,3 kb cluster consisting 

of 2 genes localized 25,0 kb upstream of a second cluster (Figure 4). The second cluster stretched over 

19 genes with a size range of 16,1 Kb. 9 of the genes in the second cluster were known phage genes 

and 2 were putative phage genes (orfB and orfE). The structure was similar to the previously described 

VSH-1 region in B. hyodysenteriae with two clusters (3,6 and 16,3 Kb) separated by a 16,7 kb long 

region [30]. However, the VSH-1 structure in B. murdochii and B. pilosicoli were not divided and the 

genes were rearranged compared to the VSH-1 phage in B. hyodysenteriae.  

 

 

 
 

 

Figure 4 VSH-1 regions within the chromosomes of a. B. intermedia PWS/A
T
, b. B. hyodysenteriae 

WA1, c. B. murdochii 56-150
T
 and d. B. pilosicoli 95/1000. Genes are colored as; VSH-1 described 

genes (black arrows), host genes (striped arrows) and putative VSH-1 genes (white arrows). All genes are 

oriented according to their direction of transcription.  
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c. VSH-1 region in B. murdochii 56-150
T
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d. VSH-1 region in B. pilosicoli 95/1000
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Figure 3  VSH-1 regions whitin the chromosomes of a. B. intermedia  PWS/A
T
, b. B. hyodysenteriae  WA1, 

c. B. murdochii 56-150T and d. B. pilosicoli 95/1000. VSH-1 genes (black arrows), host genes (striped arrows)

and putative phage genes (white arrows).
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Figure 5 ACT comparisons of the two phages pM1 and pP1. Sequences are aligned by BLASTN from the predicted 

start of the phages and the ACT cutoff is set to ~100. A potential HGT gene (BP951000_1480) is colored yellow.  

 

 

3.5 Newly discovered prophages 

Two prophages were found in B. intermedia, pI1 and pI2. pI1 had a size of ~28 kb and contained 37 

genes of which 36 were unique to B. intermedia (belonged to the I class). One gene Bint_0072 had a 
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homolog in B. hyodysenteriae (belonged to the IH class). The second prophage, pI2 was ~16 kb and 

contained 24 genes of which 21 belonged to the I class.  

In the chromosomes of B. pilosicoli and B. murdochii, another shared prophage was found. The 

prophage had a size of ~20 kb and was found in one copy in B. pilosicoli (pP1) and in three copies in B. 

murdochii (pM1, pM2 and pM3). An extra gene was identified in pP1, BP951000_1480 (Figure 5). The 

gene was absent in the other phages (pM1, pM2 and pM3) and had a closest gene homolog in the 

Lactobacillus genus (e-value= 4e-51). 
 

3.6 The 36 kb plasmid in B. hyodysenteriae 

A BLASTP comparison with an e-value cutoff of 10
-9

 between the 36 kb plasmid in B. hyodysenteriae 

WA1 and the genomes of B. intermedia PWS/AT, B. murdochii 56-150T and B. pilosicoli 95/1000 

showed that only 12 genes of 32 where unique to the plasmid. Five of the unique genes where known to 

be involved in peptidoglycan biosynthesis and 1 in lipopolysaccharide (LPS) biosynthesis. 4 genes are 

thought to be involved in virulence [31], were not unique to the plasmid. All 4 genes had homologs in 

B. intermedia, 3 in B. murdochii, 1 in B. hyodysenteriae and 1 in B. pilosicoli. Although, the rfbA 

homolog in B. intermedia was a nonfunctional pseudogene with two stop codons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.7 The 3,2 kb plasmid in B. intermedia 

A 3260 bp plasmid was found in B. intermedia PWS/A
T
, contained three genes with unknown function. 

By calculating the fraction of the coverage between the plasmid and the chromosome, the number of 

copies per cell was estimated to 36. To find out if the plasmid was present in other Brachyspira strains 

a PCR run was performed with primers designed to target the three genes in 10 different strains (Table 

3).The PCR run showed that the plasmid was present in B. murdochii 56-150
T
. Even though the 

genome of B. murdochii 56-150
T
 has been sequenced and deposited in GenBank, the plasmid has not 

yet been described [5]. By downloading the B. murdochii 56-150
T
 reads from SRA, a reconstruction of 

the plasmid was done and a BLASTN comparison of the two plasmids revealed a similarity of 96%.  

 

Table 3 PCR targeting the 3,2 kb plasmid of Brachyspira intermedia 

            

Brachyspira strain Gene 1 Gene 2 Gene 3     

B. hyodysenteriae AN1409:2/01 - - -     

B. intermedia PWS/A
T
 + + +     

B. intermedia AN2004/1/01 - - -     

”B. suanatina" AN4859/03R - - -     

B. innocens B256T - - -     

B. innocens AN64/1/04 - - -     

B. murdochii 56-150
T
 + + +     

B. murdochii AN1780/3/03 - - -     

B. alvinipulli AN1268/3/04 - - -     

B. pilosicoli P43/6/78
T 

 

- 

 

- 

 

- 
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4.0 Discussions 

4.1 Comparative genomics  

We found that the genomes in general were similar in their Cluster of Orthologous groups and the main 

difference therefore probably lies among the poorly characterized genes and genes not assigned a COG 

category. However, the small numbers of unique genes found in the H and P class suggests that 

reductive evolution has taken place and that B. hyodysenteriae WA1 and B. pilosicoli 95/1000 have 

adapted to a smaller niche. The few genes in the B. hyodysenteriae WA1 and B. pilosicoli 95/1000 

class indicate that B. hyodysenteriae WA1 and B. pilosicoli 95/1000 have evolved independently 

towards different environmental niches.  

 

The number of shared genes between three species can be seen as the same number of genes lost by 

one species. The largest number of shared genes between three species was in the IHM class, which 

means that B. pilosicoli 95/1000 lost the largest amount during reductive evolution. Genes B. pilosicoli 

95/1000 lost are metabolism genes involved in the pathways of inorganic ions and amino acids. The 

fact that both the IHM and P class contained 6.3% and 6.1% respectively in the COG category 

“Carbohydrate transport and metabolism” indicate that B. pilosicoli most likely contain unique features 

in this category distinguishing B. pilosicoli from the other three compared.  

 

A Pan-genome comparison has previously been made between an incomplete genome sequence of B. 

murdochii 56-150
 T

, a complete genome of B. hyodysenteriae WA1 and B. pilosicoli 95/1000 [6]. By 

adding the fourth genome B. intermedia PWS/A
T
 the comparison has improved remarkable. In the 

previous comparison, 1,589 unique genes were identified in the B. murdochii 56-150
 T

 class, 703 in the 

B. hyodysenteriae WA1 class and 525 in the B. pilosicoli 95/1000 class. Here the B. murdochii 56-150
 

T
 class contains only 212 unique genes, B. hyodysenteriae WA1; 116 and B. pilosicoli 95/1000; 131 

which corresponds to a reduction of 4-7 times, thus we are one step closer in order to understand 

different and shared properties between the four species. However, work still remains in order to 

understand species-specific traits and further sequencing of more Brachyspira genomes will probably 

improve the understanding even more.  

 

4.2 Prophages  

The VSH-1 prophage like element is the only gene transfer agent, so far described in the genus of 

Brachyspira [29]. However, Since the VSH-1 gene transfer agent is present in all four Brachyspira 

species it is not restricted to B. hyodysenteriae and is probably responsible for HGT event in all four 

Brachyspira species. However, the different structures and gene rearrangements in the VSH-1 regions 

of B. murdochii and B. pilosicoli shows that these gene transfer agents altered and it would be 

interesting to find out if they still are functional.  

 

Since no other gene transfer agents been described, the finding of the 6 prophages pI1, pI2, pM1, pM2, 

pM3 and pP1 are of great interest. The two genes Bint_0072 and BP951000_1480 in pI1 and pP1 

respectively, appear to be a result of HGTs which suggests that the VSH-1 prophage like element is not 

alone responsible for HGT event in Brachyspira species. Also, since the gene BP951000_1480 in pP1 

had a homolog in the Lactobacillus genus, this phage seems to be able to transfer genes between genera. 

The phage genes in pP1 and pM1-3 also partly explains the high number (114) of shared genes in the 

MP class and the pI1-2 phage genes contributes to the 269 unique genes of B. intermedia (the I class).  
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4.3 Plasmids 

The rfb gene cluster (rfbA, rfbB, rfbC and rfbD) has previously been discussed as a potential virulence 

factor in B. hyodysenteriae and the products are thought to incorporate into the cell wall LOS [31].  

Since all four genes had homologs in the chromosome of B. intermedia, it would be interesting to see if 

a functional rfbA gene would contribute to a higher degree of enteropathogenicity.  

 

The small 3,2 kb plasmid found in B. intermedia PWS/A
T
 and B. murdochii 56-150

T
 did not contain 

any known virulence genes like the large 36 kb plasmid in B. hyodysenteriae. However, since plasmids 

have the ability to autonomously replicate, they are often used as cloning vectors in biotechnology. A 

cloning vector in this sense is a replicon into which a gene is inserted in vitro and transformed into a 

host cell where the gene is expressed. Most plasmids isolated from bacteria are too large to function as 

vectors [10] but the 3,2 kb plasmid found in B. intermedia PWS/A
T
 and B. murdochii 56-150

T
 have the 

advantage of being small and the high copy number makes it relative easy to purify. These two 

properties suggest that it might be a suitable vector for Brachyspira.  

 

5.0 Conclusions 

In this project we classified shared and unique genes into 15 different classes. B. intermedia and B. 

murdochii contained the largest amount of unique genetic material. B. hyodysenteriae and B. pilosicoli 

are thought to separately have evolved towards different life strategies, as seen by the little number of 

genes shared between them. Of the four species compared, B. pilosicoli seem to have lost many 

transport and metabolism genes during reductive evolution. Features distinguishing the four 

Brachyspira species from each other are mainly poorly characterized and metabolism genes.  

 

Even though B. pilosicoli and B. murdochii are different species they both seem to be infected by the 

same prophage.  

 

The enteropathogenicity of B. hyodysenteriae is perhaps due to acquisition of the 36 kblasmid since no 

virulence associating genes was found in the H class. However, we lack functional information about 

many genes and no definite conclusions can therefore be drawn.  

 

Most likely, some of the unique genes are result of horizontal gene transfer due to prophage infections. 

Genome sequencing of more strains will probably reduce the numbers of species-unique features even 

more. Although the large number of poor annotations among the unique genes shows that we must 

perform further studies in order to understand species-specific traits. 

 

6.0 Acknowledgements 

First and most deeply I would like to thank my supervisor Bo Segerman for his great support and 

supervising through the project. I would also like to thank Désirée Jansson and Märit Pringle for 

answering my questions and contribution to an encouraging environment. Finally I would like to thank 

Lars-Göran Josefsson for accepting the role as my scientific reviewer. 

 

 

 

 



17 

 

7.0 References 

1. The Genus Brachyspira. Thaddeus Stanton. 4, The Prokaryotes, 2006, Vol. 7. 

2. Reclassification of Serpulina intermedia and Serpulina murdochii in the genus Brachyspira as 

Brachyspira intermedia comb. nov. and Brachyspira murdochii comb. nov. David J Hampson, Tom 

La. 5, International Journal of Systematic and Evolutionary Microbiology, 2006, J. Mol. Microbiol. 

Biotechnol., Vol. 56, pp. 341-344. 

3. Complete Genome Sequence of Brachyspira intermedia Reveals Unique Genomic Features in 

Brachyspira Species and Phage-mediated Horizontal Gene Transfer. Therese Håfström, Desireé S 

Jansson, Bo Segerman. BMC Genomics, 2011, Vol. 12. 

4. Genome Sequence of the Pathogenic Intestinal Spirochete Brachyspira hyodysenteriae Reveals 

Adaptations to Its Lifestyle in the Porcine Large Intestine. Matthew I Bellgard, Phatthanaphong 

Wanchanthuek, Tom La, Karon Ryan, Paula Moolhuijzen, Zayed Albertyn, Babak Shaban, Yair 

Motro, David S Dunn, David Schibeci, Adam Hunter, Roberto Barrero, Nyree D Phillips, David 

J Hampson. 3, PLoS ONE, 2009, Vol. 4. 

5. Complete genome sequence of Brachyspira murdochii type strain (56-150T). Amrita Pati, 

Johannes Sikorski, Sabine Gronow, Christine Munk, Alla Lapidus, Alex Copeland, Tijana 

Glavina Del Tio, Matt Nolan, Susan Lucas, Feng Chen, Hope Tice, Jan-Fang Cheng, Cliff Han, 

John C Detter, David Bruce, Roxanne Tapia, Lynne Goodwin, Sam Pi. 3, Standards in Genomic 

Sciences, 2010, Vol. 2. 

6. The complete genome sequence of the pathogenic intestinal spirochete Brachyspira pilosicoli and 

comparison with other Brachyspira genomes. Phatthanaphong Wanchanthuek, Matthew I 

Bellgard, Tom La, Karon Ryan, Paula Moolhuijzen, Brett Chapman, Michael Black, David 

Schibeci, Adam Hunter, Roberto Barrero, Nyree D Phillips, David J Hampson. 7, PLoS ONE, 

2010, Vol. 5. 

7. Infections with weakly haemolytic Brachyspira species. Vladimir Komarek, Anton Maderner, 

Joachim Spergserb, Herbert Weissenböck. 3, Veterinary Microbiology, 2009, Vol. 134. 

8. Human intestinal spirochetosis. Efstathia Tsinganou, Jan-Olaf Gebbers. 7, German medical 

science, 2010, Vol. 8. 

9. Endotoxin of Neisseria meningitidis Composed Only of Intact Lipid A: Inactivation of the 

Meningococcal 3-Deoxy-d-Manno-Octulosonic Acid Transferase. Yih-Ling Tzeng, Anup Datta, V 

Kumar Kolli, Russell W Carlson, David S Stephens. 9, Journal Of Bacteriology, 2002, Vol. 184. 

10. Molecular genetics of bacteria. Larry Snyder, Wendy Champness. 1, ASM Press, 2007, Vol. 3. 

11. Horizontal gene transfer, genome innovation and evolution. Peter J Gogarten, Jeffrey P 

Townsend. 9, Nature Reviews Microbiology, 2005, Vol. 3. 

12. Insights into the evolutionary process of genome degradation. Jan O Andersson, Siv GE 

Andersson. 6, Genetics & Development, 1999, Vol. 9. 

13. Bacterial Evolution. Carl R Woese. 2, Microbiological Reviews, 1987, Vol. 51. 

14. Distinguishing homologous from analogous proteins. Walter M Fitch. 2, Systematic Zoology, 

1970, Vol. 19. 

15. The Clusters of Orthologous Groups (COGs) Database: Phylogenetic Classification of Proteins 

from Complete Genomes. Eugene V Koonin. 1, The NCBI Handbook, 2003, Vol. 1. 



18 

 

16. The microbial pan-genome. Medini Duccio, Claudio Donati, Herve Tettelin, Vega Masignani, 

Rino Rappuoli . 6, Genetics and Development, 2005, Vol. 15. 

17. Basic local alignment search tool. Stephen F Altschul, Warren Gish, Webb Miller, Eugene W 

Myers, David J Lipman. 3, Journal of Molecular Biology, 1990, Vol. 215. 

18. Practical Capillary Electrophoresis . Robert Weinberger. 1, LAVOISIER S.A.S., 2000, Vol. 2. 

19. Amplification of complex gene libraries. Richard Williams, Sergio G Peisajovich, Oliver J 

Miller, Shlomo Magdassi, Dan S Tawfik, Andrew D Griffiths. 7, Nature Methods, 2006, Vol. 3. 

20. John H Leamon, William L Lee, Karrie R 

Tartaro, Janna R Lanza, Gary J Sarkis, Alex D deWinter, Jan Berka, Kenton L Lohman. 21, 

Electrophoresis- Wiley Online Library, 2003, Vol. 24. 

21. Consed: A Graphical Tool for Sequence Finishing. David Gordon, Chris Abajian, Phil Green. 

16, Genome Research, 2005, Vol. 21. 

22. Improved microbial gene identification with GLIMMER. Arthur L Delcher, Douglas Harmon, 

Simon Kasif, Owen White, Steven L Salzberg. 23, Nucleic Acids Research, 1999, Vol. 27. 

23. Artemis: sequence visualization and annotation. Kim Rutherford, Julian Parkhill, James 

Crook,Terry Horsnell, Peter Rice, Marie-adèle Rajandream, Bart Barrell. 10, Bioinformatics, 

2000, Vol. 16. 

24. tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence. 

Todd M Lowe, Sean R Eddy. 5, Nucleic Acids Research, 1997, Vol. 25. 

25. Versatile and open software for comparing large genomes. Stefan Kurtz, Adam Phillippy, 

Arthur L Delcher, Michael Smoot, Martin Shumway, Corina Antonescu, Steven L Salzberg. 2, 

Genome Biology, 2004, Vol. 5. 

26. ACT: the Artemis Comparison Tool. Tim J Carver, Kim M Rutherford, Matthew Berriman, 

Marie-Adele Rajandream, Barclay G Barrell, Julian Parkhill. 16, Bioinformatics, 2005, Vol. 21. 

27. Bioinformatic tools for using whole genome sequencing as a rapid high resolution diagnostic 

typing tool when tracing bioterror organisms in the food and feed chain. Bo Segerman, Dario De 

Medici, Monika Ehling Schulz, Patrick Fach, Lucia Fenicia, Martina Fricker, Peter Wielinga, 

Bart Van Rotterdam, Rickard Knutsson. 1, International Journal of Food Microbiology, 2011, Vol. 

145. 

28. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Naruya Saitou, 

Masatoshi Nei. 40, Molecular Biology and Evolution, 1987, Vol. 4. 

29. Purification and Characterization of VSH-1, a Generalized Transducting Bacteriophage of 

Serpulina hyodysenteriae. Samuel B Humphrey,Thad B Stanton, Neil S Jensen, Richard L 

Zuerner. 2, Journal of Bacteriology, 1997, Vol. 179. 

30. Identification of Divided Genome for VSH-1, the Prophage-Like Gene Transfer Agent of 

Brachyspira hyodysenteriae. Thaddeus B Stanton, Samuel B Humphrey, Darrel O Bayles, Richard 

L Zuerner. 5, JOURNAL OF BACTERIOLOGY, 2008, Vol. 191. 

31. Evidence that the 36kb plasmid of Brachyspira hyodysenteriae contributes to virulence. Tom La, 

Nyree D Phillips,Phatthanphong Wanchanthuek, Matthew I Bellgard, Amanda J O'Hara, David 

J Hampson. Veterinary Microbiology, 2011. VETMIC 5220. 

 


