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ABSTRACT

Surface exposed proteins $freptococcus agalactigé&BS) may be used in
serotyping and may have a potential role as vaccine candidates. The proteins
R3 and the recently discovered Z1 and Z2 were found to be important
markers in GBS from Zimbabwe. However, their prevalence in most
geographical areas, anket genes encoding these proteins have so far not
been identified. Therefore, thenaiof this work was to identify andidate
genes (CGs) for the R3, Z1 and Z2 GBS surface exposed proteins in GBS.
Two GBS strains from Zimbabwe, GMFR293 and CMFR30, found to
express R3, Z1 and Z2, and Z1, respectively, were genome sequenced.
CMFR30 was sequenced on a Pacific Biosciences instrument and assembled
to a complete genome. GMFR293 was sequenceRéshe 454 pyro
sequencing, which was combined with optical mappingasembly to a
complete genomeRAST was used forin silico gene prediction and
functional annotation for each genome, é@mparison ofpredicted coding
sequence$CDSs)and for comparisonwith four reference genomes of R3,

Z1 and Z2 negativestrains. The CDSs were analysed by various
bioinformatics tools to identify candidate gen€&DSs were analysed to
estimate the moleculaveight (MW) of the encoded protein and poedict the
potential surface expositiolBased on previous published characteristics of
the R3, Z1 and Z2 protein§sGs were chosen amondCDSs encoding
proteins of a MW higher than 50 kDahich hada functional annotation as
membrane or surface associatgebtein or as hypothtical protein (HP)

predicted to b@otentialy surface exposed.



GBS strain GMFR293 comprisetj037,090 bpand CMFR302,062,772 bp,
respectively. A total of 2023 CDSs were predicted in GMFR293 and 2060 in
CMFR30. Around 80% of all CDSs had a putative assigned function. &niqu
geneswere identified whenhey were compared with the other GBS strains.
26% of the CDSs from both genomes were predictedvaprbteins. From
these, 113 CDSs from strain GMEB3 had aMW >50 kDa 21 harboured a
signal peptide, eightand four had anLPxTG and/or YSIRK signal
respectively, and 14 were identified as lipoproteinscomparison,of 70
CDSs predicted as TMs inCMFR30 that had aMW >50 kDg nine
harboured a signal peptide, sevand one had an LPXTG and/¢6IRK
signal respectively, and were identified as lipoproteinEinally, 51 CDSs
were chosen as CQer R3, Z1 and Z2 in the GMFR293 genome, and 32
CDSs were chosen as C@s Z1 in the GMFR30 genome. Among them
were CDSs annotated dwypothetical proteinwith putative function and
some with predicted functio.he CGs identified byn silico analysesn this
studyneed to be further tested in experimental analyisefore This work
demonstrates that identification of candidate genes for the surface exposed
proteins R3, Z1 and Z2can be done by comprehensivan silico
characterization of selected reference genomes.

Among theCGsfor R3 was a hypothetical protein of 105kDa whattowed
97% similarity with the R5 (BPS) proteiencoded by thesar5 gene
published in NCBI.To test the hypthesis whether R5 may be similar or
identical to R5, thesar5 genewasconedin E. coli LB21 expression of R3
proteinand was thereafter tested by immunological methbldsvever,the
observation thattransformants were negativier expression of R3 by
immunofluorescence testingnay indicate thatR3 and Rb5are different
proteins. Howeverthere may beother possible explanationfor these

results, whicmeedto be evaluated ifurtherexperiments



In this study we have assembled two GBS strains toaoeaplete genomes,
and done a thorough silico characterization athe twoGBS genomewvith
prioritization of potential candidagenes for the surface associated proteins
R3, Z1 and Z2Final identification of the genes encoding these proteins
depend oreither that more informationabout the physical and phenotypic
characteristics of these proteins becomes available infuhee or
experimentabnalysis ofexpression of the proteims overexpression or gene
knockout experimentsShis work describes thigrst attempt to identify CGs

for these three GBS proteins.
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1 INTRODUCTION

Streptococcusagalactiae (Group B streptococcysGBS) is an important
human and animal pathogen. In humans, it is the leading cause worttiwide
diseases such as neonatal pneumonia, sepsis and meninigigdso a cause

of morbidity among pregnant women, and was recently found to be
pathogenic in immunocopromisedadults’ 2. GBSstrains are classified into
ten different serotypes known & (type la, Ib and IthroughlIX) based on
differences in capsular polysacchar{@PS)>°. In addition to the CPS, the
proteins exposedn the bacterial cell surface are considered as important
markers intyping of GBS. Also, several studies suggest that surface proteins
play a major role in GBS binding during the invasion of humarcosal
surfaces. Bth the capsular antigen and the cell surface proteins are
important targets of protective antibodies and as vaceindidates* °.

GBS «press several surface proteins. Theresaraehighly conservecand

othersar e hi ghl y as s oserotypas& dhe distribution sfpeci y c
serotypes andurfaceprotein vary with geographical region, ethnic origin

and the virulence of clinicasolate$ °. Therefore, effective vaccines based

on strain variable surface antigens should preferably contain more than a
single antigen in order to confer protection agaimstipminant circulating

serotype%

These strain variable proteinsinclulen e ¢ proteins (U and
(R1 through R5) and the most recently described Z proteins (Z1 3ft'Z2
Many of the genes encoding surface proteins have heentified .

However, the genes coding R3 and Z proteins are unknowmrsd He

2



identification of candidate genes f&®3 and Zthroughin silico methodsis

the main aim of this study.

On the other hand, in a previosisidyon surface proteirserotype markers in
a GBS strain collection from Zimbabwé& was observed thadtrains that
expressed R3almost always expressed R5 surface protein (879 Bince
the sequence ofhe gene encoding the R5 surface protesarf) has been
publishal andis availablein the NCBI data bas&xperimentsusing cloning
and transformationf sar5could help to elucidate this gene encodd?3 or
notand thereby clarifyfiR3 and R&areidentical ordistinct antigens.

To date, there are sevenmplete whole genome sequences and more than
two hundred incomplete genome sequences of GBS strains, available as
contigs, in the NCBI databasévww.ncbinim.nih.goy. That type of

information available in the genomic databases, together infithmation

from studies on serotype surfagarotein markers on GBS strajns
bioinformatics software recombinant DNA techniqueand a accurate
prioritization of candidate genegonstitutes keys steps in accelerating the
discovery of gene functionsf this important pathogen. his type of
knowledge maylsobe of importance for the understanding of pathogenesis

and for vaccines development.

1.1. The genus Streptococcus

The genusStreptococcuss adiversegroup of Grarmositive bacteriavith a
considerable importance medicine andn industry®. Various streptococci
are importantn several ecosystemas part of the normal micra flora of


http://www.ncbi.nlm.nih.gov/

animals and humanklowever, they are also one of the most invagnmips
of bacteria beingidentified ascausesof many infections in humans and
animals. For instance, somepeciesconsidered to beommon cause of
infections includeS. pneumonigeS. pyogenesS. suis, S. dysgalactia8.

agalactiae S. mutangndS.viridans™® 4,

1.1.1 Classification and features
Taxonomically,the genusStreptococcuss classifiedas: BacteriaKingdom,
Phylum Firmicutes, ClassBacill, Order Lactobacillales andFamily
Streptococcaceae This Family includes the genera Enterococcus
Lactococcusand StreptococcusPhenotyphically,Streptococcus straingre
Grampostive cocci, less than 2 um in diametend usuallyarranged in
pairs or chainsof varying lengths They do not form sporesthey are
facultative anaerobic catalase negativeand have complex nutritional

requirements* .

Streptococci are classified on the basis of colony morphology, hemolysis,
biochemical reactions, arzbta haemolytistreptococcmainly byserologic

specificity. They are divided into three groups by the type of hemolysis on

bl ood -mgmol ythic (cl ear, complete | ysi
(incompl ete, green hemol ysi s)The and
serologic grouping iasedoa6 6 Lancefield grouping6d,
antigenic differences in cell wall carbohydrates (designed by a -gpger

letter of the alphabetgroups A to V), inthecell wall pili-associated protein,

and in the polysaccharide capsule in group B strepme® *°.

Currently, there are more than 1@8pecieswithin the Streptococcugenus™.
Most of them are groupe i n Si X O0species group:
Salivarius, Bovis, Anginosus and Mutans. However, some of the non

pyogenicstreptococci (Mitis, Anginosus and Salivariudden referredo as

4



viridansstreptococci, have been resistant to satisfactory classificattaoh

is reflectedin frequently changing nomenclature and significant problems of
identification by phenotypic analysis and by sequencing of 16S rRNA
gene¥®,

1.2. Group B Streptococccus (GBS) Streptococcus

agalactiae

Streptococcus agalactideelongs to th@yogenicgroup and constitutes the
Lancefiel dos g (GBS) P ThBGrantposidve enoapsolatedi
bacteriumexhibits various type of haemolysison blood agar, molst b-
hemolysis, but 1-3% do not cause anlyaemoysis'’.

The nameGBS comes fromthe polysaccharideype anchored to their cell
wall; the group Bspecific carbohydrate (GBQC)and ther serotype comes
from their capsularpolysaccharide antigen (CPAWwhich definesthe ten
different serotypeknowntoday(la, Ib, I1, Ill, IV, V, VI, VII, VIIl and 1X) *&.

1.2.1. Epidemiology and burden of GBSdisease
GBS can be founds a commensal bacterium or as an opportunistic pathogen
in humans and in animalsufninant$®, dogs, horses, guinea pigscamet’,
cattleé? and fisl¥). It is the leading cause ofeonatal sepsiworldwide. In
humans, therisk populationsare: neonates, pregnant women and-non
pregnant adults.In neonates GBS mayause pneumonia sepsis or
meningitis. GBS also causesmorbidity among pregnant women, aitdis
also pathogeni;m immunocompromised adults and in the eldewhere an
increase irthe number of cases have been reported from several cotifitries
18 The prevalenceof GBS and serotyp@listributionhas chaned over time

andbetweerregiors, both within and betweearountried® .



Neonatal GBS disease

New-bornsare thepopulationmost affected by thenpact of GBS disease in
terms of severity and incidence. It takes place im#mnataperiodup to the
first 90 days of life Neonatal GBSliseasehas beendividedin two groups:
early onset diseagEOD) andlate onset diseageOD)®.

Early onset GBS disease (EOD)accountsto approximately 6d0 % of all
neonatalGBS diseasdt is defined asdisease which startsithin thefirst six days

of life (0-6 days) EOD infectionis usuallycaused byransmisgn of GBS from the
mother either before or during birth. About 15% to 30% of pregnant women are
colonized asymptomatically with GBS the gastrointestinal and/or genital tr&¥ts

2’ Infection takes placevia vertical transmissigrbetween the infarand amother

who is GBS carrieduring the pregnancy Around 50% of babie®f colonized
mothersbecome colonizedut only 0.52 per 1000 live birthslevelopEOD due to
GBS infectio’. Maternal intrapartum GBS colonization is the primary risk factor
for earlyonset disease in infanté classic prospective cohort sty conducted
during the 1980s revealed that pregnant womith GBS colonization were >29
times more likely than pregnant women with negative prenatal cultures to deliver
infants with earlyonset GBS disea®e In addition to materdacolonization, there

are othes factors associated with an increased risk of neonatal colonizéiese
include male sex, lack race, prolonged rupture of membranes, prematurity, low
levels of maternal ant6BS antibodies and intrapartum fe¥ef®. The dsease
shows rapid progressipwith signslike respiratory distress, apnea, or other signs of
sepsis which are often evident at birth or within the first 1RBours of life It could

present as pneumonia, sepsis or meningitis, or a combinatibend.

Late onset GBS disease (LODs defined agnfection occurring later in
infancyfrom 7 to 90 dayslt is caused predominantly ksgrains ofserotype
lll. In this case, the infectiocanbe acquired from the mother (perinatally)

or from environmental sources (nosocomially or from community sources).



The two most common clinical manifestationsL@D are meningitis and
bacteraemiaThe mortality rate fothe disease isignificantly lower(2-6%)
than the rate of EOMhutthe morbidity is high?®.

The burden of GBS disease innew-borns

A review ofthecurrentburdenof GBS diseasavaspublishedoy Edmondset
al. in 2012°. The studyreporteddatacollectedafter year 2000from several
countries around the worldh this study the following were estimated(a)
the incidence of GBS invasive disease and case fatalibfants agedi 89
days (b) the incidence of EOD and LOD an() the distribution of GBS

serotypes in invasive disease specimens

There was substantial heterogeneitgnong the studies. Differences in
incidence were observed both between and within geographic régibne
overall incidence was df.53caseger 1000 live birthsrange 0.44 0.62) in
the European regiorD.67 (0.54- 0.80) in theAmericas and 0.15 (0.03
0.07) in Australasia. The mean case fatality veds 9.6% (7.5 11.8).The
incidence of EOD wa$.43 per 1000 livebirths (0.37-0.49) andthe case
fatality rateof EOD (6.2i 18.3) were twotimes higher thahOD%.

The most prevalentserotypein all regionswas CPS type Il (48.9%)
followed by types la (2B%), V (9.1%), Ib (7.0%) andll (6.2%Y°. The
distributionof CPS typess eems t o be simil ar I n
Europe, the Americas, and the eastern Mediterranean regimhis has not

changed over the past 30 years
Prevention

To prevent GBS diseases in neonates, screening based strategies and
intrapartum antibiotic prophylaxis has been implemented in several



European countries and in the USather strategy which is used by several
countries including Norwayis a risk based strategy where antibiotic
treatmentis given only in the presee of specific risk factors foGBS
diseaseThese strategies have been shown to retheeéncidence of EOD,

but notLOD, and had only a limited impact on the incidence of GBS disease
in pregnant women. Therefore, a better method of protecting infants is
required.Several different GB®arbohydrates and antigenic proteins have
been considered candidates for potential vaccines. Howaweently there

is not a GBS vaccine available, although vaccination is an attractive
preventative strategyrhe currenstatus of thaGBS antigens that have been

studied as potentiaiaccinecandidatesire summarized inthetable £1%.

Tablel-1. GBS antigens with potential as vaccine candidate¥.

Antigen Virulencefactor Preclinicalstudies  Clinicalstudies
Carbohydrates

Group B antigen No Yes No

la CPS Yes Yes Phase 1 and 2
Ib CPS Yes Yes Phase 1 and 2
I CPS Yes Yes Phase 1 and 2
I CPS Yes Yes Phase 1 and 2
V CPS Yes Yes Phase 1

VI CPS Yes Yes No

VIl CPS Yes Yes No

Proteins

C proteins

Alpha Yes Yes No

Betha ? Yes No

Epsilon ? No No

Rib ? Yes No

R proteins ? No No
Cbhapeptidase ? Yes No

Sip ? Yes No

LG Yes Yes No

Pili Yes Yes No




GBS disease in pregnantand post-partum woman

GBS has been reported as a pathogen in pregnant woman, whaighsra
estimatedelative risk for GBS diease (5.,0range2.9 - 8.7) compared with
nonpregnantwomeri-. Maternal colonisation of GBS can vary depending
on ethnicity and geographical distributiobhe serotypes causing maternal
GBSdiseas have been similar to those that causeF®

GBS cause differenypes ofdiseas in mother and childDuring pregnancy
GBS infection can cause miscarriage intraamniotic and urinary tract

infection. In the postpartum period a mother olonized with GBS could
develop invasive diseasendometritisor chorioamnionitis (inflammation of
the fetal membrangsMost pregnancyssociateddiseaseof the mother
occus in the postpartunperiod® *. The recognition and identificatioof

maternal GBS colonisatidmas beeithe key factoof preventive stragies of

perinatal GBS disease.
GBS Disease innon-pregnant adults

GBS in nonpregnant adults causdiseases asskin, and/or soft tissues
infections, bacteraemia, pneumonia and less often probleosteasnyelitis
meningitis and endocarditis associated with considerable morbidity and
mortality'® 3% The risk factors that havéeenshownto be related with
disease in non pregnant adults areolder age, diabetes mellitus,
cardiovascular diseasdsgart failure, history of canceaJcoholism, obesity

and liver and renal insufficiency.

The case fatality rate is markedly highamag adults than amongew-
borns However compared to neonatal éisse,the epidemiology in non
pregnant adultshas beenless studied.The rate of invasive disease is

approximately 7 cases per 100,000 #poegnant adultsTherisk of death is
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lower among younger adults, and adults who do not haderlyingmedical

conditions The source of infection for adultsusknowr:>,

1.2.2. Virulence factors of Group B streptococcus
The virulence ofamcr oor gani sm i s deyned as
or the relative capability of a microbe to cause host dan@@B8.encodes a
variety of virulence factors that facilitate its abilityitovade the host, cause
disease, and evade host defemazhanismsSome of these virulence factors
have been identified and characterized, and incluthe cell wall
carbohydrateantigen(group B antigen and paular polysaccharidegpxins
(dhemol ysi n/-HG am ICAMPI fattor)pib and several surface

proteing®3’,

Cell wall carbohydrates antigens: The two major factorsby which this
pathogen evadethe host defence mechanisare the group Bspecific

antigen and the capsulpolysaccharides

Group B specific antigenis common to all GBS strasnlt is composed of
four different oligosaccharideshamnose galactose, Macetylglucosamine,
and glucitolin a highly conserved structurairangement.

Capsular polysaccharidesconfer serotype specificity and acensideed as
highly importantGBS virulence factorsCurrently there are 10 different
GBS serotypes (la, Ib, Il to IX), each of them antigenically and structurally
unique. They are complex carbohydrates composed of approximately 150
repeating oligosaccharide subunits and each subunit contains a, signar
disacclaride side chain terminating in an-&kcetylneuraminic acid (sialic
acid) residue. Thden serotypes are different by their arrangements of
monosaccharidesithin the oligosaccharide repeat ufits

10
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The cell wall anchored polysaccharide capsule is recognized as virulence
factor becauset inhibits the deposition of alternative congphent pathway
factor C3b on thesurfaceof the bacteriumcausingdecreased phagocytosis

by macrophages and neutrophils in the absence of sermgpgodic
antibody°.

Pore-forming toxins: GBS encodes at | east two por
hemdysin/c y t o | JHAC) and tHe [CAMHactor. These promote the entry

of the pathogen into the host cellwhich facilitate treir survival and
disseminatiof.

b-hemol y si n/-E/g)tiscehcgded by thdylb geneof GBS and its
expression is associated with the production of an orange pigmeasive
GBS infections are almost exclusively causedblyemolyticstrains.The b-

H/C is toxic for manyeukaryoticcells and it has atrong influence on the
intracellular survival of the bacteria inside the hdstaddition, the orange
pigmenationis related to the protection of GBS against the toxic effects of
reactve oxygen speciefROS) generated by the oxidative mechanism of

phagocytic killingby macrophagés #2

CAMP factor is another secreted protein with pdoeming properties that
has beerobservedto oligomeriz and form discrete pores on susceptible
target membrane€xperiments have shown an increased mortality when
injection of purified CAMP factor is inoculated in rabbits and mice.
However its role in GBS pathogenesigmains controversial rste some
authorshaveobserved thatleleting the CAMP factor encoding geroéof in

a GBS strairdoesnot result inattenuabn of systemic virulenc@otential of
this straiff®. A suggested explanation for thatiservation ighatthe CAMP
factor may be nonessential for GBS pathogen€&igen their pordorming

abilities, it is aso likely thatb-H/C may play a compensatory rdier the
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absence of CAMP factor during infectioBo, CAMP factor may only be
essential for GBS pathogenesis in host niches wheaf#C activity is
diminished”.

Pili aresmall celtsurfaceexposedappendages thatave been discovered as
important virulence factor® GBS as well as promising vaccine candidates.
Pili mediate GBS resistance tantimicrobial peptidesAMPSs), facilitate
adherence and attachmayitthis pathogen to host cells, promagatry into
the central nervous systeamd enhance biofilm formatioand resigance to
phagocyte killing.

In GBS there are three pathogenicity islands encoding pilin proteins: Pilus
Island1 (PF1), Pilus Islaneka (Pt2a) and Pilus Islan@b (PF2b). Pili are

high molecular weight structures made of two subunits: the major baekbo
protein (BP)that is distributed along the pilus structuaed two ancillary
proteirs (AP), a major (AP1) and a minor (AP®)at are needed for pilus
assembl. The pilus 2a backbone protein (B) is one of the most
structurally and functionallgharacterized components opetential vaccine

formulation againsGBS>" *4,

Surface proteins consist of diverse groupd proteins that mediateacteria

host receptor interaction¥hey act as adhesins and may also be involved in

the evasion of the immune systeB8o far,27 main surface proteinsave

been identified in GBS. @&ne of theseare anchored to the bactéria
membranewhile othes are justsurfaceexpressed proteiffs Somesurface
proteinsare highly conservednd present in all GBS straifsee tablel-2)
whileothesar e hi ghly associ atseedabldB)f.ln speci
addition, the proteins exhibit size variation between strdgygending on the

number ofnucleotiderepeats in theorresponding gen&s
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Tablel-2. GBS Surface proteins expressed in most of the GBS strains

Protein Gene Approx. Function and characteristics Ref.
MW (kDa)

Surfaceimmunogenic protein Sip 45.5 kDa | Unknown function. 64

(Sip)

Cba peptidase /SEpA ScpB 120 kDa | Promotes resistance to phagocytosis Scef@xposed protein. | “°

Cba peptidase B5cpB) ScpB 140 kDa | Promotes resistance to phagocytosis Surface exposed protg “®

Laminin ~ binding  surfac{ Lmb 34 kDa Surface exposed lipoprotein. Role in colonization and invag *

protein Lmb) Gene is located on a putative composite transposon.

Fibrinogenrbinding protein fbsA 110kDa Binds to human fibrinogen and is involved in theéhesion of| *°

(FbsA GBS to human cells.

Serinerich protein Srr1) srr-1 144 kDa | Promotes colonization by enhancing adhesion. %0

Serinerich protein(Srr-2) Srr-2 132 kDa | Unknown function. Associated to CPS Higly virulent| >

variants have been associated with the gemne2.

Cell surface  associatg cspA 7.3kDa | Cleaves human fibrinogen and selected chemotaxins. Su| *

protein (CspA) associated protein.

Hyaluronate lyasgHyIB) hylB 121.2 kDa| Associated with cell invasion. >3

Sortase ASrtA SItA 27.1 kDa | Required for adhesion to epithelial cells. 8
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Strain variable proteins are important GBS serotype marRensng hese

strain variable proteinareincluded: the C protein( @ n dsubinit3, the R

proteins (R1 through RS5)the alphdike proteinsand the most recently

described Z proteins (Z1 and Z22)". These proteins are highlycomplex

immunologically, and havsites withdifferent antigenicspecifidgties, and

sites which seem to be immunologicaligenticaf*. Many of the genes

encoding surface proteins have bégentified. However, the genes coding
R3 and Z proteindhave not been identifiedo far (see tablel-3). The

characterization of their structures may advance the understanding of some

details of the pathogenesiad the vaccines against GBS diseases

Tablel-3. Strain variable surface proteins of GBS

Surface Gene GenBank Approx. MW CPS serotype
Protein Number (kDa) associaton
C protein
/[ h bca® M97256 62.5to0 167kDa la, Ib, I, I1X>°
/i bac® 130kDa la, Ib, 1l, IX®
R proteins
R1/ Alp2 alp2’ AF208158 74.7kDa la, 11, \#*°
R2/ Alp3 alp3’ AF245663  77.7-95.1kDa V, VII, VIfP
R3 unknown - 140kDa la, I, 11,V 10
R4/ Rib rib* U583333 65-123kDa 1, 10, V, V%
R5 sars’ AJ133114 105Da v
Other alplike proteins
Alp1/Epsilon alpl U33554 23.98-43kDa  Evenly distributecand
prevalent in bovine
straing®
Alp 4 alp4 AJA88912 38.63kDa *NT strainé®
Z proteins
Z1 unknown - >250kDa v?
Z2 unknown - 135kDa v

*No typeable
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Alpha-like protein family

Severalof the major GBS surface proteibglong toa large protein family

calledthe alplike proteirs (Alp). GBSstrains usuallyontainat least one of

the genes encodind\lp-like proteing®. Such genes arenosaic allelic

structures generated by a recombination of modules the same
chromosomal locysesulting in sharing of epitopes and immunological cross
reactivity beeween different proteins belonging to this gréupAmong the

alp-like proteinfamily and its encoding gen@sesentirGBSar e: CU pr ot
(bca), Alp1 (epsilon/alp), Alp2 (alp2), Alp3 (alp3), Alp4 andR4/Rib (rib)*.

Alp-like proteins are high molecular mass proteins. The biological
function(s) of the Alp family of proteins remains unclear. However, it is
known that deletion an Alpke gene may cae attenuated virulence of the
GBS strain (53). All Alp family proteins are constructed in a similar manner:
1) a signal peptide of50 amincacids(aa); 2) N terminus composed of ~180
aa; 3) C terminus with a variable numle¢identicaland tandemlarranged
repeats, each composed of ~80 aa; 4¢r@inal end of 4460 aa and with a
cell wall anchoring motif. Variable number mpeats resultg variation in
molecular mass of the proteins. Both the N terminus and the repeat region
possess immunogendomains ofdifferent immunological specificities. The
level of sequence homology between the N and C termini of diffédgst
seemgo determine the level of immunological crassctivity or uniqueness

of these domains, for instance if domains aregimegpecific.
C proteins

The C protein was the first surface proteinich wasidertified in GBS It is
composed of dibuaita XIGBB strpim cart express one of them
or bottf. The C alpha proteinwhich is trypsin resistant has been fouradbe
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present inmany clinical GBS isolatesand has also been found ather
Grampositive organisnis The calculated mass for the protein is k08 It
consists of ara Gterminal domain (45 amino acids), containing an LPXTG
peptidoglycaranchoring motif and arN-terminal domain (170 amino acids)
followed by a variable number of tandem repeats (82 amino acids
each}®The C Beta proteinwhich is trypsin sensitiveis unrelated to the
other component of the ¢ antidett is known to bind differentomponents

of the immune systerwhich suggest thaBeta C proteinplays a role in
virulence. However, it is unknown it is a virulence factor. The genes
encoding the two componentstbe C protein are located in the same part of
the GBS chomosome, but they are not closkhked”.

R proteins

The R proteinsof GBS are cell surface proteins that are resistancertain
proteasesTheywere described first in group Btreptococcuysbut were later
found to bepresent irseveraldifferent B-haemolyticStreptococci (A, B, C,
F, G, and L)However, hey are not produced by all the strathsuntil now,

five distinct species of R proteimave beendentifiedin GBS according to
their immunoprecipitation reactions in agarosd, R2, R3, R4 and R5
However, some of the R proteins are dike proteins; for instanceR4

proteinhas beeffound to badentical toprotein Rib

In general, studiesegardingserotype markers of GBS strain collecgon
from different geographical locations have shown tihat distribution of
serotypes andurfaceproteinchangewith geographical region and tle¢hnic
origin® °. These proteinkave beemsubjectto scientific researchvith the aim

of createvaccines against GBSAn effective vaccines based on strain
variable surface antigens should preferably contain more than a single
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antigen in orderto confer protection against predominant circulating

serotype$

1.2.3. R3, Zsand R5 Surface proteins association
Among the less well studied GBS membrane proteins are R3, Rthand t
most recentlydescribedZ proteins Z1 and Z These proteins were found to
be present in a high proportioof GBS straiis from pregnant women from
Zimbabwe but less commorin clinical isolatesfrom Norway. However,
knowledge about the occurrence of these markers other geographical

locations is missing

Amongtheseproteins R5 is the onlyone where the corresponding gédvaes
beensequenced lts relationship tahe R3 and the Z proteirfg/hich usually
arepresent in the sanstraing has been nastablishedThe genes encoding
theZ and R3proteinshave not yet beendentified and sequencedut teir
expressiorand some featurdsas beemetemined byseveralantibodybased
methods such asnmunofluorescené® whole cellbased ELISA and by
Western blotting

R5 surface protein : Initially called BPS (group B protective surface
protein), the R5 protein wakescribed in 2002 as a newliRe protein. This
protein was identified fromthe GBS strainCompton R (ATCC9828/
Compton 2560/Prague 256@hich was previously typed as R3 and R4
positive using a polyclonal antiserum raised against the R protein fraction of
this strain to screen a lambda Zap library. DEEguence analysis showed
that R5 belongs to a family of the GBS surface proteins with repetitive
structures. It is formed by 979 amingcids and it contairs two identical
repeats of 76 amino acideparated by a 10dmino acidsspacer in the €

terminal region. Therotein hasa signal
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sequence and a membrane anchor retyipital of a Gam positive surface
protein. Its surface location was confirmed by immunogold electron
microscopy using BPS specific antiseruand it was identified as unique
protein separate from R3 and R¢ilmmuroprecipitation in agarosgels R5

did not showcrossreactionwith the R1 and R4andappearedo be different

from R3, the other surface proteins presentieCompton R straih

Although R5 was found to balifferent from R3 in the initial study later
studies done on #se proteindiaveindicated that they are highly relatedA
studyon differentserosubtype protein markers detected in GBS strains from
Zimbabwe showed thaGBSisolates which were positive f&3 expression

were almost alway®5 genepositive (97%) as welf*. In the same study,
variable R3 antigen expression was found when some GBS strains were
negative for the R3 protein expression in whole cell based ELISA but in a
posterior absorption test, R&pression wasonfirmed*. This results are
agree with the previous knowledge abo®BS genes may not always be
expressed, or expressed in quantities insufficient for detection of the gene
product™.

An attempt to identify the R3 protein sequences from R3 positive GBS
strains by mass spectrometry 2010 resulted in a-&equences consistent
with R5 protein sequences (unpublished results). This result, together with
the inclination of R3 expression and R5 gene possession to occur together
made itpossiblethat the encoding genes and gene products, R3 and R5,
could be idaetical. Elucidation of this possibility was one of the goals of the

present study.

R3 surface protein : The R3 protein was described in 1972 as one of the
members of the R proteins found in GBSnitially called Pprotein and then
calledR3 protein it has beerctharacterizedy immunological methodsin
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spite of its expression has been knofen a long time,it has been not
sequenced until nowperhaps because R3 has beemsidered oflow
prevalence However, the R3 surface ptein prevalence in GBS carrier
strainshas been found variable deperg on the geographical site of the
study It was showed in a study comparing GBS strains collextimm
Zimbabwe and Norwayhat R3 expression occurred with a much higher

frequency in Zimbabwe than in Norwegimolate$”.

From the immunologal experiments it is known thahe R3 protein is a
high molecular mass protein in the rangel80-140 kDa. It is a trypsin
resistant protein that forme ladderlike banding pattemin Western blat
suggestive ofrepetitive sequencesand istherefore known as a ladder
forming protein (similar to Alp proteins). The R3 protein dot cross
reacedwith anyof the other GBS proteins identified until knbw

In two recent studies of GBS from Zimbabwe, it was exprebgedore than
20% of the strainspf which 75% belonged to serotype®/There was a
higher prevalence inGBS strains from Zimbabwe tham strainsfrom
Norway. The studiesfrom Zimbabwe suggest that R3 may be more

important in certain geographic arga%

Z1 and Z2 Surface proteins: Currentlythere are two Z proteins, which has
been identified and described recenty; Initially, an unrecognized protein
antigen called Z was detectbdcausea supposely R3 specific polyclonal
antibody contained Z antibodies in contrast to the R3 monoclonal
antibodies.

Z1 was found to be expressed by) a R3 reference strain (Praga 10/84,
ATCC 49447) andi) in 27.2%of GBS strains from Zimbabwe (usually in

combination with R3 protein expressicamdiii) in a lower number in GBS
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strains from Norwayusually in combination with R3 protein expression.
The new protein was shown tme similar physicochemically to R3, but
immunologicallydistinct. In asubsequerstudy, antiserum consideréalbe

Z specific contained antibodies against twifedent antigensas well. They

were identified fronthe pattern generateloly immunoblottingwith the strain
08-17 whichresulted from its expressiaf the two proteinslatercalledZ1

and Z2 The original antR3 polclonal antybody contained af#PR
antibodies due to the fact that for its preparation the antiserum had been

crossabsorbed by Z1-expressing strain but not by a-8pressing strain.

The genes encoding the tifoproteins have not been identified until now.
However, immunologic methods sudBLISA, FAT, and Western blotting
using the polyclonal antibodies to Z1, Z2, and R#ave been used to
characterizendfind associations between these proteins.

From the experiments using the methods previously mentioned it was
possible toestimatethe molecular massf the proteins Z1 is a high
molecular mass protein ¢f250 kDa while Z2 is a lower molecular mass
protein of D135 kDa. The Z proteins generataultiple stained bands and
have similar chromatographifeatureswith respect toaggregate formation

and charggsimilar to the R3proteinas well

Twenty eight GBSsolatesof human and bovine origiftom Zimbabwe and
Norway were tested foexpressiorof Z1, Z2 and R3using antibody based
methodsIt was foundhattheseGBS strains expresdone some or nonef
these proteins The associatioetweenthe proteinsvaried. Twenty of the
strainsexpress any of the three proteifsur expressed all three antigens,
two expressed Z2 and3, oneexpressed Z1 or R8nly, andnoneexpressed
only Z2. In general the three proteins occurred with particularly high
frequency (80%) in the CPS type V isolates
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The identification and charaization of the gendabkat encode R3 arttieZ
proteins and studies about the relationship between them and Rpveid
clearerand complete landscap# the genetic bas of such GBS surface
associated protein¥his informationwill help to developmolecularmethods
for a more complet&5BS serotyping and to study the potential of these

proteinsas vaccine candidate components

1.3. Bacterial genome evolution

Bacteria retainmost of their genetic information from generation to
generationHowever theyalsoneed to develop strategies that allow them to
acquirenew geneticmaterialin their genomes to adapt and surviveaim
environmentthat changecontinually Genomes of moreclosely related
bacteria are more conserved but the genome variability exists within

different genera and among different isolates of a single bacterial species.

In the bacteriapangenome, thedadre genom@ @s the conserved stable
regionswith relatively low mutational capacitgontaining the genes present

in all strains. The "dispensable genome" is coradoby genes that are
present ilmorethan onebut not in allthe strainswhile the "unique genés

are specific toa single strain The variable genome represents the total
amount of foreign DNAs available for recipient celisee living bacteria
genomes often carry phagesid repetitive sequences mediating genetic
rearrangements. Their genetic stability is associated with the genomic
cortent of repeated sequences, mobile genetic elements, and influenced by
the bacterial lifestyle. Althis takespart in the bacterial genome evolution.

The mains mechanisms that contribtdethe plasticity of bacterialgenome
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are:the acquisition of DNAgene gain)andthe loss of genetic information

(gene los$f. The molecular and genetic mechanisms leading heset

changes are summarized in the talile!.

Table1-4. Mechanisms contributing to bacterial genongasticity °°.

Genetic element or
mechanism

Consequences

Gain ofproperties

Point mutation

Alteration of gene expression

Homologous recombination

DNA rearrangementsnversion, duplication, deletion o
DNA.
Integration of horizontally acquired DNA

Transformation Gain of additionagienetic information
IS elements composite| Insertion deletion, inversion of DNAalteration of gene
transposons expression
Integrons Transfer of genePDNA rearrangements
Conjugation
Conjugative transposony Horizontal gene transfer
plasmids Mobilization of other plasmids

Bacteriophages

Generalized or specialized transduction
Horizontal gene transfer

*GEls or PAls, pathogenic
islets

Horizontal gene transfer.
Integration and deletion of large DNA regions.

Loss of properties

Point mutation

Alteration of gene expressiofgss of function

Homologous recombination

DNA rearrangemenisdeletion of DNA,ntegration of
horizontally acquired DNA

Transposition

Alteration of gene expressigtoss of function

*GEIl, genomic island; IS, insertion; PAI, pathogenicity island.
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1.3.1. General features and genetic evolution of the GBS Genome
Sequencing of th&BSgenomehas providead valuable information to the
understanding of this pathogen and howaitisedisease in humango date,
eightcompletesequencesand292 draft GBS genomdsave been deposited
in the National Centre for Biotechnology Information database (NCa&iy
a database called Streddd for comparative genome analysis of group A
(GAS) and group B (GBS) streptococtittp://oger.tubs.de/strepto_gb**.
Among the complete GBS genonssmestrains belong to the major disease

causing GBS serotyp&s humansand some isolaterefrom animal sources
(See tablel-5). The GBSgenomesre in the range of,800 to 2160Kb in
size with approx. 10 to 2055 predicted protein coding genes and a G+C
contentabout $%.

Tablel-5. GBS complete genome sequences in the NCBI database.

GBS Strain Source Genome GC% Genes Proteins
Size (Mb)
2603V/R Human isolate 2.16 35.6 2,279 2,127
09mas018883 dairy cattle 2.14 35.5 2,190 2,089
A909 Human isolate 2.13 35.6 2,136 1,996
GD20100801 Tilapia 2.06 35.6 2,088 1,964
ILRIOO5 dairy cattle 2.11 35.4 2,256 2,155
ILRI112 milk ofcamel  2.03 35.3 2,173 2,073
SA2606 Tilapia 1.82 35.6 1,872 1,710
138P - 1.84 35.5 1831 1539

The forces that drive the genome evolutionGBS have been studied by
combining experimental and silico approachesFurther analysis of the
complete genome sequenaesngcomparative genomics studies from eight
sequenced strainfom human and animal sourcé2603V/R, NEM 316,
A909, CJB111, H36B, 18RS21, COH1 and 5h&% defined the composite
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organization of5BS genomeslt was eSmated that approximately 80uf
genesbelong to the core genonfminimum 1,806 genesandaround20%to

the dispensablgenome The number of shared genes in each genome varied
becauseof gene duplications and paralogs. The number of new genes was
decaying exponentially when a new sequence was added to the analysis. The
number of new genes when comparing two genome sequeveesin
average 16land this number decrease to 33 retiin speific genesafter

the eight genomesere addedThe number of genes found in a single strain
were 358 genesonformed by a variedumber depending of the GBS strain
(2603V/R (47), NEM316 (137), A909 (13), CJB11l1 (14), H36B (61),
18RSZ (13), COH1 (31) and1® (20)) In other wordsthe number of genes
classified as core genome, accessory genome and strain specific genes
dependedo high degree on the number of compared strains and, the more
strains compared the lower number of core genes, higher number of
accessory genes, and higher pan genome. All these agpedtdbuteto

GBS genetic diversify.

In addition, genesclassified as strain specific genetended to cluster in
genomic island Theseare highly variable between the different strains and
for instance, the analysis dhe NEM316 genome revealefl4 putative
chromosomal pathogenicity islands containing surface préfeifisesedata
could suggesthat horizontaltranser (HGT) is an important evolutionary
force within GBS".

HGT is the processes that persiihe exhange of DNA among organisms
both within and betweespecie®. The horizontalgenetransfer can occur by
one ofthree main mechanisms: transformation, transduction, or conjugation.
Transformation refers to the process when a cell takes up isolated DNA

from the environment and has the potential to transfer DNA between
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distantly related organisms. A second mecharngsgonjugation, which is
defined as the direct transmission of DNA from one cell to another and the
last one, transduction, which is phage mediated transfer of genetic
materials. In the past few years, there has been growing evidence that HGT

may playa vital role in the evolution of bacterial genorffes

The availableGSB genome sequencikave been reported to contatmong
evidence of HGT events leading to virulence acquisition and genetic
diversity. For instance, it has been suggested that the genes encoding the
virulence factors capsular polysacchasi@ad surface membrane proteins
were acquiredby HGT'® . Also, it has been demonstrated that large
conjugal exchanges have contributed significantly to the genome dynamics
of GBS, strengthemg the understanding of therole of integrative
conjugative elemenis the dynamics of bacterial chromosoiftes

Repetitive sequences are often found in the genom&BS strains, dr
instance thgenes encoding thephalike proteingroup which has region

with a variable number of identical, tandeepeat’. Otherdata suggest

that small repeats (SSRs) contributeo genome plasticity iIGBS.
Comparative genomic analysis of eight bacterial genomes shevigeince

of genotypic variation in GBS caused by slipped strand mispairirthen
SSR regionsA total of 2,233 SSR were identified in the GBS reference
genome 2603V/RWhen these loci were emined insevenotherGBS
genomesatotal of 56 SSR loci were found to exhibit variation, where gain
or loss of repeat units was observed in at least one other genome, resulting in
aberrant genotype€hanges bygh a mechanism aldead toantigenic
variation that could be used to escape selective pressure of specific

antibodie&®,
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Studies on genetic diversitin streptococcalspeciesshowed thatGBS
clusters together withS. dysgalactiae subsp. dysgalactiae and S.
dysgalactiaesubsp.equisimili€®. The presence of almost identical genes,
mosaic genes and mobile genetic elements between 55 different
streptococcal species are signalsgehetic recombinatioevents.This is
thought to be the main cause of genetic change in sesteeptococal
speces. On the other handgenetic diversityin GBS populations has been
studied by different methodslike multi-locus variable number of tandem
repeats (MLVA)> andmultilocus sequence typing (MLS™ ’’. The results
obtainedallow a better knowledge ahe population structure, the genetic
lineageandor long-term evolutionary development of ti&BS specis The
resultsof MLST analyseged to theclassificationof GBS indifferent clonal

complexes.

1.3.2. Bacterial genome sequencing and analyses
Bacterialgenome sequencing and analysis is an important field of biological
sciencs. This approachwas developed by a diverse group of sciemstist
interested ina varietyof topics related t@enetics and the evolot. The
mains steps thatower this field are: egquencing, assembly, ordering of
contigs, annotation, genome comparison and extraaf common typing

informatior’®,
Genome sequencing

DNA sequencing is the process to determine the nucleotasr of a given
DNA sample.Genome sequencanalysis allows taet information for the
study of organisns, such asconstitutive features (predicted encoding
regions, ribosomal RNA operons, IS elements, repeat regie@sc@tent,
origins of replicationopewon structure and so pmandassignment of gene

name and functional role(s).
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There are different sequencing techniques. The oldest and still used has been

the Sanger DNA sequeing method.This technique uses sequersgecific

termination of a DNA synthesis reaction using modified nucleotide
substrates and it wassed in theHuman Genome Project (1990J. is

considered as @6 f i r st gener at i on obgginhilgdinhnol og
1977 the mdtod has been improved. Currently, this allows sequencing of up

to 384 DNA fragment®f up to 1.000bp in length, with an accuracy value

higher than 99.9993,

The genome sequencing technologies has continued progressing and
improving over timeNewer methods have been developed and are referred
to as next generation DNA sequencing (NGS). NGS technology combined
with advancesn bioinformatics,have resulted in what is calléde new era

of genomic sciené8 8.

Nowadays, genomes from humans and other model orgamawe been
sequenced. At the time of writin(@4/2014), there were around8P15
genome projects publicly available. total, 3 041 complete genomewere
finished while 15874 were availableas drafts. 36Zbdong to studies in
archaeas, 906 in eukaryotes and 17,647 in bacteria

(http://www.genomesonline.oyg This reflects the considerabledevelopments

in sequencedenonesover the past decade.

The first bacterial genome sequenced Wasmophilus influenZafollowed

by Mycoplasma genitaliufi in the same year (1995). They have been
consideed a miestone in microbial andjenome sequening studie§’.
Currently, there are more thmal7.000 of microbial genome sequences
(finished and unfinishedavailable in the data bases and bacterial genome
sequencing technologies uWeabeen progessing and improving over time

with developed instruments and platforms that allow facing the DNA
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revolution; however, the functional analysis of encoded gesestill a

challengé.
Next Generation Sequencing (NGS)

There are severaNGS technologiescommercially available today
includng Roche/454 FLX, the Illlumina/Solexalife/APG, Helicos
Biosciences and the most recentyinchedplatform Pacific Biosciendé
Among themost important aspects thdistinguish one technology from
another are the combination of specific protocols, the type and quality of
data produced, biological applications and their cost. skps involved in
Next Generation Sequenciimgludes template preparation, sequencing and
imaging, and genome alignment and assemidDue to differences in
methodology and technology between the NGS platf@ach platformhas
advantages and disadvantages that should be takenacmunt when
choosing the technologio use in specificsequencingprojeds and for

analysingsequencelata both own and publicly availabtéatd®.
Genome assembly

Most of the NGS technologs produce many databut short sequence
fragments (SRSs). These SR8ave to be assembled into continuous
sequences referred a s 0 6 ¢ which thenseéed to be ordered and
oriented to gea full genome sequente Forassemby of reads into contigs,
several annotation systems have been developed, for instefiReche 454

FLX Titanium platform orhe Newbler assembler from Roche

Newbler is a software developed forde-novo genome assemplprojects
based on the Roche 454 sequencing plafforithis assembler was
developed especially for working with the reads from the Roche/454 Life

Science sequencing technology. It has been used for many large and small
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genome asselies (many bacteria). However, this assembler is apan

sourcesoftwarewhich limitsits uses.

During the assembly process, the progratantifies pairwise overlaps
between readonstructingmultiple alignments of overlapping read$hen

it introduces breaksinto the multiple alignments in the regiomghere
consistent differences are found between different sets of, rgaitsy as
resulta preliminary set of contigs that represent the assembled readsa Then
consensus base callgeneratedyy usingquality and flow signainformation

for each nucleotideThe Outputconsistsof the contigsbhased orconsensus

sequences and the corresponding quality scores

An additional approach to ensure correct assembly and contigs order of the
genome is the use physical maps constructed by restinn of the genome

with enzymedigestion. This approach helps improve the final genome
assembly and also teerify the finished sequence data. Optical mapping is
an approach to create orderssbtriction maps from asmbliesof single

molecule&,

After the sequencing press and the genome assembbscriling the status

of such genome projects important The picture is further complicated by

the lack of a communitaccepted nomenclature that clearly defines levels of
sequenceompleteness.Two, are the most common standards for purposes
of sequence analysis finished genome sequenceavhich represents a
completegenome sequenceherethe order and accuracy of every base pair
have been verified. In contrast, draft genomesequencerepresents a
collecion of contigs of various sizesith unknown order and orientatipn

that contais sequencing errors and possibiésassembled-inished data of

the highest quality is the most desirable state for a genome sequence.

However, thé requires a relatively rigorous quality check and verification
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with the aid of manual laboratory and computational proc&ssgsen, with

the advent of the latest sesncing technologiest he t er ms Adr af
Af i niasemeldnger sufficient to describe the varying levels of genome
sequence quality being produced, amerms such agicompletedraftd or
Aessenti al | yamrcdhanrpdfdygt eualityt diafé , mproved

high quality drafb and fiNoncontiguoudinished haveappeared to describe
differentstandards®,

Bacterial optical mapping

Optical mapping i® methodor whole genome analysthat wasintroduced
in 1995 It may beused for genome assembly after sequeriéginghe
processcomprisesthe creation ofa genome restriction enzyme map of an

organism, from very small quantities of high molecular weight DNA.

The techniquencludes runningthe DNA samplethrough nanochannels,
which later are fixed in place, stained, digested and visualised using an
optical microscop®&. The individual fragments within the molecules of DNA

are then measured and the molecules are assembled together according to
matching patterns of cleavage, thus creatinde@ovo restriction @zyme

map’>. Optical mapping provides a graphical representation of the location of
restriction sites in the wholgenome othe organisms under studyhe maps

are then analysed by computesisted interpretation software such as
Ma p S o | deeelofied by the company OpGéritif://www.opgen.com/

Thistool allows the alignment and comparison of toatiguous optical map
with thein silico restriction map determined for the partially complete
wholefyenomeassembly

In microbiology, everalstudies havéeen done using the applications of the
optical mapping approach. Sevecaimplete bacteriajenomeshave been

assembledy integrating data from Roche 4BGS with optical mapping
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assembly For instance:Providencia stuarti*, Xenorhabdus nemathopila
(ATCC 19061)and X. bovienii®> Yersinia pestisKIM® E. coli and S.

cerevisiaeamongothers.

1.3.3. Gene prediction and annotation
Assembly is followd by gene prediction andnnotation. The gne
prediction process is the first step in genome analysis. This is
computational process in which regions of the DNA containing coding genes
are identified.Annotation of a genome involves prediction of the limits of
the genes (start dons andstop codonsin all the open reading frames
(ORF9) and other genomic elements as welttesprediction of théunction
of thegene productsToday, the annotatioof a gene involves integration of
information from genone sequencing bioinformatics analyses and

experimental validation.

Rapid Annotation using SubsystemsTechnology (RAST)is an automatic
databasdor rapid and accuratennotation of bacteria and archgaomes
which has been used by many researsfarpredicton ofgene function and
discovery of new pathways. It was introduced in 1997 and so far, over
12,000 users worldwide have annotated more tha®@D genomes using
RAST®,

The program identifiesprotein encodinggenes assigns gene function,
predicts which subsystems are represented in the genome and use them to
construct the metabolic network. In addition, RAST supports detailed
comparison against existing genomes, determination of genes that the
genome has in commowith specific sets of genomes (or, genes that

distinguish the genome from those in a set of existing genomes).
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The RAST server implements two classes of asserted géhpsubsystem
based assertionsvhich are based on recognition of functional variants of
subsystems (abstract functional roJesind (2) non-subsystem based

assertionsusing integrated common approaches from a number of tools.

RAST is composed by a set of proteins (a protein famildieation called

OFGfam® 6 ) , a family function and a dec
genome is submitted to RAST, genes are called and their annotations are
made by comparison to the FIGfam collection. The program takes a protein
sequence as input andoiltes if a protein could be added to the family by

looking if it is globally similar to the members and shares a common
function. They can be placed in the same family if they were located in the

same subsystem (same functional role), the similarity regfiamed by the

two sequences are above 70%nd if they come from closely related
genomes. With these parameters, the program is able to recognize well over

90% of the genes in a newly sequenced stfain

Basically, the steps used by RAST to get the genome annotations are: (1) call
the tRNAand rRNA genes, (2) make initial proteencoding genes calling
using GLIMMERS3 to geputative geneq3) establista phylogenetic context

by usng a small set of representative protein sequerfoaiversal in
prokaryotes) to find the closest phylogenetic neighbours. For each detected
gene the starting position is adjusted and moved from putative to determined
genes, (4) a targed search based drlGfams that occurs in closely related
genomes because they are likely to be found in the new genonmrecéH)
proteinrencoding genes using the previous training set, (6) processing the
remaining putative genes against the entire FIGfam collectiorclézh up
remaining gene calls to remove overlaps and adjust starting positions using

blast to determine similarity based eviden¢(®) process the remaining,
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unannotged protein encoding gengand finally (9) construct a metabolic
reconstruction (a collection of the active variants of subsystems that have
been identified) connecting genes in the new genome. The metabolic
network is assembled using biochemical reaction information associated wit

functional roles in the subsysteths

1.3.4. GBS genome comparison s
Comparative genomics is the analyses between multiple genonctssely
related bacterialt hasallowed a better comprehension amany genomic
variations answering biological questions related lacterial evolution,
physiology andpathogenicity In addition, comparative genomiesalyses

have led to aimprovement ofthe process of genome annotatins

In the special case of GBS, the availability of genome sequéeasediowed

a better understanding of the evolutionary path followed by this species that
belongs to a genus that encompasses many harmful pathogenic species.
Comparative genomic studies in GBS haeen done byfettelinet al.*

using multiple genomes &treptococcuagalactiaestrainsandotherspecies

of pathogenicStreptococc(S. pneumoniaandS. pyogened)p elucidate the
molecular basidor GBS virulence. These studies reweshthat the GBS
genome has a substantiaimilarity with those of the related human
pathogens. pyogeneandS. pneumoniaddowever, GBSvas shown to be
different from the other streptococci in several metabolic pathways and
related membrane transport systems that probably relate to adaptation
distinct niches in its human and animal h&sn the other hand, the study

alsoreveaédthat theravasextensive genomic intrgpecies diversity.

Tettelin et al®

in a later studyexplored gene variability within the GBS
species usinghe complete genome sequence of eight GBS represehéng

five major serotypeghuman isolates and one of bovine origifihe results
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suggestedhe composition of the GBS genome whaan be described by its
A par no foeneéd by acore genomeand a dispensable genontbat
consists of genes shared by all the strains studied and probatdbyles

functions related to the basic biology and phenotypes of the species

1.3.5. Candidate gene prioritization
The candidate gene approach has been a pioneer in many fields of genetic,
studiesincluding epidemiology to find casual gene variants for candidate or
genome wide association studies. silicotools gives fast, efficient and
reliable resultsin addition to bean alternative to costly collections of
experimental datd’. Accurate prioritisation of candidate genesnstitutes a

key step in accelerating the discovery of gene functians

In silico candidate gene prioritisation ranks genes basedhe features
associated withthe genes and the function of intereStudies suggest that
phylogenetic profiles provida valuable tool for predicting geffienction
linkage. It is becausehte phylogenetic profile of a gene is a reflection of its
evolutionary history and can be defined as the differential presence or
absence of a gene in a sdtreference genom&s. For example,i GBS
phylogenetic profiles of all GBS genes across 467 bacterial reference
genomes were determined by candidate against all BLAST searches, which
were then used to identify candidate vinde gene$™.
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2 AIMSOF THE STUDY

2.1. Main objective

The main aim of this studyasto identify candidategenesfor the R3 and Z
surfaceexposedroteins intwo GBS strain isolated from pregnant wamia

Zimbabwe.

2.2. Specific objectives

91 First, to get & complete as possiblgenome sequensdrom two
Zimbabwean GBS strasnGMFR293,known to express the R3, Z1
and Z2 surfaceexposedproteins and CMFR3@hat expresss only
Z1.

1 To usein silico methods to identify candidate genes for the R3, Z1
and Z2 protein®ased oranalysis of the sequentnctional features
assisted by genome comparigpproaches.

1 To clarify if the R5 and R3 surface prats are identicakrough

cloning experiments.
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3 MATERIAL AND METHODS

3.1. GBS strains

The reference and prototype GBS strains used in this anedysted in table
3-1, including their capsular polysaccharide type and thegrosubtype

proteins markers.

Table3-1 GBS strains used in this project.

GBS strain CPS GBS surface proteins Procedure

GMFR293 Vv R3 R4 71, Z2 Genome sequencing
Genome comparison

CMFR30 Ib | 1A R5 PCR

2603 VIR Vv R4

NEM316 (ATCC12403) Il Alp2

A909(NCTC 11078) la h 2 | Genome comparison

515 la  Alpl1,z1

04-534 IX /[ hY |1 X wc

2603V/R Vv R4/ Rib

08-17 V R3, Z1, Z2 R5 PCR

161757 V  alp3

ComptonR NT R3,R4,R5

(NCTC9828/Prage2560)

% R5 was tested by PCR for the gemecodingsar5 not by antibody based
methods.

The isolateswere two strains from Zimbabwe which were chosen for
sequencingbased on the psence of proteins markers reportadorevious
studies® **. TheGMFR293andCMFR30strainswere found to express the
surface proteins of interest; R3, Z1 and d@d Z1 respectively The rest of
the strainslisted were GBS reference strains of different serotypes used in
different steps through thiproject. Most of themhave been previously

sequenced and amublished as completer draft genomes in the NCBI
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database. W the strainswere availableat the GBS strain collection of the

Departmentof Medical Microbiology, St. Olavs Hospital, Trondheim,

Norway.

3.2. Genome sequence, assembly, annotation and

Candidate genes prioritization

The procedurenadeto select the canditka genes codinfpr the R3 and Z
surface proteins is summarized in the following flolmart, and described in

detail in the next sections.

Sample: Strain GMFR293 from Zimbabwe

Sample: strain CMFR30
Serotype: V/R3, R4, Z1, 72, RS

Serotype: Ib/CB, Z1

DNA extraction

PacBio RS Il DNA Roche/454 GS FLX | fix -stain- digest (Ncol) |
Sequencing System pyrosequencing System

7 v
|

Assembly withNewbler | Visualize through optical microscope

454 Roche's assembler

Send to OpGen

Individual fragments were measured and

Result: 48 contigs. assembled.

v

{ Restriction enzyme map of the genome
|

[ Contigs digestion in silico (Ncol) I

| Alignment using MapSolver™
Genome assembly

N|
—1 enome annotation I_ * Proteins molecular
| v weight (kDa).
Genomes comparison | ‘ Genome properties analysis |‘;: * Genomic islands.
* Membrane protein
Topology.
* Protein motifs.

—\l In silico prioritization of CG Ié

Figure3-1. Flow chartexplainingthe methodology used tmbtain
candidate genegor R3, Z1 and Z2
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3.2.1. Genome sequencing and assembly

GMFR293 genomesequencing and assembly

The procedure to get the complete genome sequence of the GBS strain
GMFR293considergdata produced through 4%bchepyrosequencingnd

optical majping.

Genome sequencing of strabBS GMFR293yy the 454 GS-LX sequencer
resulted in aotal of 159529reads 059,021,738 bp in size The readsvere
assembled using the Newbler G8e novo assembler software

(www.454.con) using default assembly paraieies

GMFR293optical map

In parallel to the 454 sequencing process, the same strain was skat to

OpGen Companywww.opgen.cor for optical restriction maping of the

bacterial genome. @ optical map is an assergbbf a number of partial
restriction fragment maps into a single complete genome restriction map. In
brief, themethodconsistf running the DNA through nanochannels (Figure
a), fixing in place, staining, digestn with the restriction enzyme (Figulg,

and visualiation of fragmentsusing an optical microscope interfaced with a
digital camera. The individual fragments within the molecules of DNA are
then stained, measured (Figuc) and assembled together according to
matching patterns of cleavaféigured), thus creating a de novo restriction

enzyme map (Figure).

The optical map was based on the restriction of the GBS strain GMFR293

genome with the enzymnidcol.
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Figure3-2. Steps in the creation of an optical map

(http://www.opgen.com/)
Genome assembly

Using t he Map Sol v ©pGEn tre ocbntigs afronethe f r o m
assembly of reads from thb4 sequencing process were digestedilico
with the same enzymé¢ol) to createanotheroptical mapof the GMFR293

contigs

Contigs restriction maps were aligned to the optical map of the GMFR293
genome. Thereby, many die contigscould beorderedand oriented. In
caseswheremisassembled contigsere identified they were broken/joined

and realignedThereby som of the gapsetween contigs wergdosed The
remaining gaps were identified and their sequences were found by using
Blast alignment of &lcontigs on the closest reference genome to find their
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sequences. The closest reference genome was GBS 2603V/R. It was chosen
by creating similarity clusters between GMFR293 and several g&38mes

with the tool clusteringft he MapSol ver E software.

Assesgnent of the alignment of the in silico map of contigs and the

optical map of the GMFR293 genome

The assembled genome producedirarsilico map. This was subjected to
verification trough identification of uncertain rems, which were
identified searchingfor differences in the restriction patterns between the
optical and then silico maps(DRP1) The parameters evaluated to identify
them were missing fragments andalségmissing cuts between the ogtic
map and the assembleth (silico) genome.After that the relationsip
between fragment size ameélative error(RE) was calculated (see Equation
1) in the optical mapfragments and plotted against th& silico map

fragments

'Y'O 1)

In paralle] FASTA sequence from the GBS reference genomes A909,
2603V/R and NEM316 (available in NCBI) were convertedirtosilico
restriction mapaisingthe MapViewer software (OpGen technologies, ,Inc)
for direct comparison between the three GBS reference genometheand
GMFR293 optical maps. This comparisorasvperformed to calculate
fragments size variation, to identify restrigti pattern difference@ORP2)

and to usdahese datdo identify which locations in the assemblgeénome
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that would need tdoe verified through experimental work to validate the

finished sequence
GBS CMFRG genome sequencing and assembly

The CMFR30 genome was sequenceding the PacBio RS 1l DNA
Sequencing Systenihe sequencing process resulted 1298 reads with an
average read length of4®7 bp anda total number of bases 809.9Mb.
The obtained genome sequence was used for the catimpagenomic
analysis.

Reads obtained frorthe PacBio sequencing process were assembled using
HGAP v2 (Pacific Biosciences). Thocess resulted ione singlecontig of
2,062772 bp with 146 times average coveragé-urtherlocal assembly
efforts weretherefore noneeded.

3.2.2. Genome annotation
The asemby of the GMFR293 genomeand the sequencing ofGBS
CMFR30 wasfollowed by gene prediction/annotation in which DNA regions
containing codingsequences ([@Sg were identified. Annotation and
analysis were performed using RASTRapid annot@n using subystem

Technology http://rast.nmpdr.ong which usesby default the software

GLIMMERS to perform gene predictionin order to enrich the annotation
process, dnctional annotations were donm addition by usingthe web

server webMGA”? (http://weizhonglab.ucsd.edu/metagenomic

analysis/server/cop/which performs function annotation by usitig RPS

Blast program at the Cluster Orthologous Groups (COG) database

(prokaryotic proteins)
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Physicochemical parameters of p roteins

The software ProPAS (Protein Properties Analyses SoftWamds tsed to
calculate several physicochemical parameters of the proteins, including the
isoelectric point (P, hydrophobicity (Hy) and moleculaweight (MW).
CDSs coding for high MWproteins ofmore than 5kDa was one of the
parameters used to prioritize possibles3Gr the R3, Z1 and Z2 proteins

Prediction of Genomic Islands (GEIs)

GEls are discrete DNA segments, whiohy bemobile or not, or no longer
mobile, which differ among closely related straffi$ In GMFR293 and
CMFR30 genomis islands were predictedy using the IslandViewer

software tool (http://www.pathogenomics.sfu.calislandvieyver

which integrateghe two sequence composition Gl prediction meth8dSI-
HMM and IslandPattbIMOB, and a singleomparative Gl prediction

methodislandPick®. In this process, default parametamsre used.
Protein stopology

The methodology used to predict the potential location of éheoded
proteinsin the GMFR293 and CMFR30 genomes was basegrediction of
transmembrane hel§@MH) and ofretention of signal sequencéstgovern
the transport and localisation afprotein in a cellThiswas done to identify
CDSs encoding potential surface exposed proteinsvhich could be

membrane osecretegrotein.
Transmembrane helix prediction (TMH)

Transmembrane helices are characterigiicmembrane proteins.In this
study we used TMHMM (a hidden Markov model (HMM)) for predicting
the number of transmembrane helices, their location, and in/out orieritation
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all the CCssin the GMFR293and CMFR30 genomesRroteins predicted as
transmembraneereconsidered potentialandidate gendsr the R3, Z1 and

Z2 proteins
Identification of motifs or domains

Pfam (http://pfam.sanger.ac.uk/ and HMMER

(http://www.cbs.dtu.dk/services/ TMHMM/ were used to search motifs

described as cell wall anchoring or binding domaimsGram positive
bacteria included Streptococéilotifs or domains detected were considered
significant if they obtained a score higher than 10 and thelgeain E
value was lower than 0.1 These were used as query profiles in the
analysis of the CDSs from the GMFR293 and CMFR30 genomes.
ScanPrositghttp://prosite.expasy.orgivas used for pattern recognition of
lipoprotein LPXTG and YSIRK signals and SIGNALP
(http://www.cbs.dtu.dk/services/Signaf®/ was used to identify signal

peptidesCandidate lipoprotein signal peptides wiagged by matchewith
the pattern{DERK}(6) -[LIVMFWSTAG](2)-[LIVMFYSTAGCQ]-[AGS]-
C %.YSIRK signalthrough the pattern [WYF][ST][IL][RK][KR]XXXGXxSV
andLPxTG signalby matchesvith the patterffLIF]PXT[GSN].

3.2.3. In silico genome comparison
Protein coding genesf GMFR293 and CMFR30 were comparadainst
each otherand also against genomes offour reference strainsA909,
NEM316, 515 and 2603 V/RThe comparisonwas done by RAST
comparison toolat the protein sequence level usifgLASTP. Genome
comparison was used to assist the selection of the CGs and to idenely

surface proteins.
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3.2.4. In silico prioritization of candidate genes
The strategy followed for finding candidageneswas based ortwo
complementary approaches. One was to comphee GMFR293 and
CMFR30 genomes to related reference genomes published in the NCBI
databasewnhile the other approach was to test proteimcoding regions in
the genome foproperties associated with the proteins of interastMW
and potentialfor beng surface exposegroteins. The potential candidate

genegpresengdthe following attributes:

1 CDSs encoding proteins with a MW higher than50 kDa. This
criterion was based o the assumption that R3, Z1 and Z2 are high
molecular weight proteins.

1 CDSs with predicted functional annotations as membrane
associated, surface associated or hypotheticéipis.

1 CDSsencoding proteinpredicted as potential surface located or
secreted This criterion was based on the knowledge of surface
exposition of R3, Z1 and Z2 proteins. Proteins predicted to have
TMH are potential TM, proteingetainingLPxTG or YSIRK signals
are predicted to beovalently or transiently linked to the cell wall and
proteins carrying signal peptides deatures of secreted proteins or

lipoproteins

3.3. Analysis of the sar5 gene in relation to the

expression of the R3 surface protein

In orderto clarify if R3 and R5 are identical proteins,avyprocedures were
used First, avariety of R3 positive reference and prototyp&BS strains
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were tested usinthe sar5 PCRand seconlg, we cloned the gene encoding
the R5 surface proteir(sar5 behind an inducible promotor on plasmid
PET15. The resulting plasmipET1%ar5 were introduced intoE.coli
BL21cell and the strai® containing the plasm&were then tested for R3

expression bynmunofluorescence.

3.3.1. Bacterial strains , growth and media
GBS strainausal for the experimentarelisted in table 3L. Additionally to
the GBS strainsE. coli DH5U cells (plasmidc DNA production cells
(pPDNA)) andE.coli BL21 cells(recombinant proteiproduction cellyfrom
Life technologiesvereused for cloning experiments

GBS strainsstored at-80°C were grown over night (ON) on blood agar
plates.E.coli cells stored at-80°C were grow ON in Luria-Bertani (LB)
broth, unless otherwise specifie&. coli bacteriaweregrown onto LB agar
with the presence of 10Qg of ampicillin/mlor on LB agar plategontaining
IPTG (inducer) when this was needédcubations were performed 37C,
ON.

3.3.2. Chromosomal DNA extraction from GBS strains
For nucleic acid extractiomne colonywas picked fromsubculture oma
blood agar plates aratided to 300 pul of a lysis solution contain@g@ pl of
Tris-EDTA (TE) buffer, 15 ul of lysozyme (20 mg/ml), 6 ul of proteinase K
(20mg/ml) and mutanolysin (10.000 ). The mixure was incubated at
37°C and 65°C for 15 minutes eacBNA was purified using th&iagen
column from theDNeasy Blood & Tissue Ki{Qiagen Hilden, Germany)
and eluted ira volume of50 pl.
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3.3.3. Oligonucleotide primers and PCR amplifications
The primers satised in this work and their sequeseee listed inTable3-2.
Theprimers weralesigneased on the published sequence oktr& gene
of GBS Compton R EMBL accessionnumber AJ133114.). The first
primer set(reported previousfy ) was used to detethe sar5 gene in the
prototype and reference GBS genomBsmer set two and threewere
designed using the progranClone Manager 9 (SciEd Software

http://www.scied.com/pr_cmbas.ht)nto amplify the fultllength sar5 gene

by PCR. These primers included restriction endonuclease recognition sites to

enable subsequent cloning into a modified expression vector.

Table3-2. Primers set used through the experiments

Primer Primer t NAYSNI a®IRdzSy O
set name
1 Sar5Forward CGTAAATTTTCGGTTGGAATAGC
SarbReverse GACGAACCACCGTTGTTTCAG

2 R5 FXhol GTCACTCGAGATGTTTCGTAAATATAA
R5 RBamHI GAGCTGGATCCATCTATGATGTGATTAT
3 R5 trunc FXhol GTCAACTCGAGACTCCAACAGGTG
R5 RBamHI GAGCTGGATCCATCTATGATGTGATTAT

Amplification wascarried out in a final volume of 2% containing the Tag
Polymerase Promega® buffer 1X0( mM TrisHCI, pH 8.3; 50 mM KCI;
0.1% Titon® X-100); 1.5 mM de MgG| 200 puM from each dindeotide
(dATP, dCTP, dGTP, andTTP (Promega®), 0.4M of each primer]1.5
units from the Taq Polymeraserémega® enzyme, and from the DNA

sampleThe amplifcationconditions used are listed iable3-3.
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Table3-3. PCR cycling conditions used through the experiments

Amplification phases No
Primer of
St Initial Denaturation Annealing Extension Fnal cycles
denaturation extension
1 96°G5min 95°C/1min 58°/45sec  72°C/10min 10°Ck 36
2 96°C/5min  65°C/1min 50°C/45sec 72°C/10min 10°Ck 36
3 96°C/5min  65°C/1min 53°C/45sec 72°C/3min  10°Ck 36

The amplificationproducts were visualiziethrough electrophoresis in 1.0%
agarose gelstainedwith ethidium bromide To estimate ta size of the
amplified product,two molecular weight patterns were used: 1 kb DNA
Ladder with a reading range between 10,000 andib@nd a molecular
weight patern 2-Log DNA Ladderwith fragments ranging from 100 bp to
10kb, both from New England Bichbinc.

3.3.4. Identification and cloning of the Sar5 gene
Amplified fragments were cloneoehind an inducible promoter on plasmid
pET15b (Novagen (EMD Millipore) and introduced intothe pDNA
production cellsE.coli DH5 U. It was d o Neowl/Bamkl | i gat
fragment of Sar5 gene intoNcolBamHI pET-15b and transforming the
E.coi DH5 U ¢ o mp e Them theplasenid Icarying thesar5 gene
(PET15sarH were introduced into E.coli BL21 cells and the strain
containing the plasm& werestreaked onto agar plated containing IPTG

(inducer). Description is presented as follows:

Following PCR amplification(using primer set 2 and ,3}jhe fultlength
products weredigested with the restriction enzymeé&ol and BamHL
Digested products were purifiesing theQIAquick PCR Purification Kibf
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QIAGEN and cloned into the vector pEThbSvhich carries an Nerminal
Hi s ®Tsaeggence followed by a thrombin site and multiple cloning sites.
Plasmid DNA was prepared using tReu r e Y i Minipr=System from
Promeg®. The vectorwas previously digestedith the same restriction
enzymes used to digetite PCRproducts allowing insertion ofthe sar5
gene io the vector The resultingrecombinantplasmid (pET15%sar5 were
used to transform th&. coli DH5 Ucompetentcells by the heat shock
transformation methodriefly, 10ul of the PCR product was mixed witlpl2
of (10x) T4 ligase buffer, 4l of pET15b vector (40ngl), 2 pl of T4 DNA
ligaseand 3ul of deionised water. Thmixtures werancubatedON to 16°C.
Transformatios of E. coli DH5 (kells were made by mixing fl of the
ligation reaction mixture with 50 of competent cells on ice (20 min), heat
shocking the cells at 42 (30 sec) and cooling on ice (2 mifhen LB
medium (1ml) was added and th@xture was incubatedat 37°C for two
hours. Transformed cell cultures were plated on LB agar ptatesining
ampicillin (10Qug/ml) and incubated at 3TC ON.

To confirm thathe pDNA producergontainedhe sar5gene colory growth
on LB agar plates containing ampicillin (J0¢/ml) wasgrown in 2ml of LB
ON. Pasmids were purified by h e P ur ®liviprepl Sgskem from
Promeg® anddigested with the same restriction enzymes. fHstrictions
were checked to fragments of correct molecular weighthrough
electrophoresis in 1.0%garose gelstained with ethidium bromidelhe
transformation was also ciirmed trough PCR using the plasnidNA and
the primersreversesar5and R5 trunc FXhol. UntransformedE.coli DH5U-

cells weretested as control.

Then, he resulting plasmajproduced by th&.coli D H 5-délls (pET15arb)

wereintroduced intcE.coli BL21 (recombinant protein productiaells) and
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the strain containing the plasmid was streaked onto agar plated containing
IPTG (inducer).

3.3.5. Testof sar5 transformants for R3 expression
E. coli LB21 sar5 transformats were tested forR3 surface protein
expressiorby immunofluorescenceasingrabbit polyclonal antbodies (PAS)
raised againsthe R3 reference straiGBS Prague 25/60 (ATCC9828)
previously shown to contain antibodies against R3.Slides for
immunofluorescenctesting wergrepared fromE. coli LB21 culture on LB
medium and the testing was performed essentially as descrifdTihe
antiserum was used dilutdd50 and 1:200respectively, andR3 expression

was tested by using fluorescent anatibbit IgG antibodies.
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4 RESULTS

4.1. GBS strain GMFR293 genome sequencing and

assembly

The data obtained from 454 pyrosequencing and optical mapping allowed
assembly of GMFR293 into a complete genork&st, sequencing of
GMFR293 by 454 pyrosequeing resulted in a total of 1399 reads of
59,021738 Kb in size, with about 28 foltbverage of the genome. In total,

48 corigs with an average size of 582 bp and a mediatontig size (N50
value) of 133175 were produced when the reads were assembled, using the

assembly software Newbler.

By optical mapping of genomic DNA of straMFR293 restriction cut by
Ncol, 196 fragments and 195 restriction cuts were identified. By this method
the total size of the genome was estimate2i@@9591 bp, wih fragments in

the range from 1,723 bp to 393 bp.

By aligning anin silico restriction map of the contigs from the assembly of
sequencing reads using restriction cut sites similar to th&tcof to the
optical map, 78 % of the genome sequence assembly (11 contigs) was
covered while 37 of the contigs did not align with the optical map. All
contigs were then aligned with the most similar reference genome of strain

GBS2603 V/R (Figurd.1). This allowed closure of the gaps and completion
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of the genome. The final GMFR29® silico map composed of 235

restriction fragments had a size of 2,0330) bp.

Map Similarity Cluster using UPGMA
N. Streptococcus agalactiae 2603V/R chromosome, complete genome
S. agalactiae (GMFR293)
N. Streptococcus agalactiae NEM316, complete genome
N. Streptococcus agalactiae A909 chromosome, complete genome
*E N. Streptococcus agalactiae GD201008-001 chromosome, complete genome
N. Streptococcus agalactiae 09mas018883 complete genome

N. Streptococcus agalactiae SA20-06 chromosome, complete genome
E N. Streptococcus agalactiae ILRIO0O5 complete genome
| e e |

N. Streptococcus agalactiae ILRI112 complete genome

20 15 10 5 0

Percent Difference

Figure4-1. Phylogenetic tree showing similarity at genome level between GBS
strain GMFR293 and other complete GBS genomes, including the most similar
genome of reference strain 2603 V/R.

4.1.1. Assessmen of GMFR293 genome assembly
To assess accuracy of the GMFR2§28nome assembly, the optical
restriction map and the generatad silico restriction map of assembled
contigs were compared. A total of 67 fragments were classified as uncertain
regions due to differences between the optical restriction map anid the
silico restriction pattern(Appendix A contains the full list of thes&7
uncertain regions Among these were 27 fragments which were present in
the in silico map but not in the optical map, and 40 fragments which were
shared between the maps, but where there were differences in the fragment
size. Relative sizing error was calatdd (Figure 4), and for nine
fragments the error vgahigher than 10% (Figure3).
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Figure4-2. Plots of optical map fragment sizes versimssilicorestriction map
fragment sizes ofl0 uncertain regions.
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Figure4-3. Relative fragment size error rate versussilicorestriction map sizes
of 40 fragments from identified uncertain regions.

When the uncertain regions of the GMFR283ilico map were compared
with the in silico restriction maps of the three GBS references genomes of
strain 2603V/R, A909 and NEM316, 16 fragments were found to have
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different restriction patterns and 51 had identical restriction pattern with at
least one of theeference genomes. Five of the 16 fragments had a different

size, and 11 were unique for the GMFR293ilico map.

Finally, after analysis of all the parameters evaluated, 29 fragnremte
assembled genome, corresponding to 8.7% of the GMFR293 total genome,
with fragment sizes between one and 28,186 bp (Figede Were still
considered uncertain which should therefore preferably be subjected to
experimental verification Appendix B ontains the full list of uncertain
regions selected to verificatipnin order to confirm the accuracy of the

finished sequence.

30

25

Ascending ordered Fragment
Number
&t
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Figure4-4 Ascending ordered fragment number versus fragment size in Kb
of places in the genome assembly that must be verified experimentally to
obtain a finished genome.
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4.2. General features of the GMFR 293 and CMFR30

genomes

The complete GMFR293 genomwithout verification of the remaining
uncertain regions mentioned abovepnsisted of a single circular
chromosome of 2,03090 bp, with a G+C content of 35.5%, containing
2,023 coding sequences (CDSs) with putative predicted proteinded
genes. The genome containgsl RNAs composed by 74 tRNA, 14 rRNAs,
and 7 sRNAs (seedure 45).

1’600. 0og

GBS_GMFR293

2,037,090 bp

000'600"V

Figure4-5 Circular representation of the genome of GBS strain GMFR293,
analysed byGeneious version 7.%2 Arrows: Pink, tRNAs; Red, rRNAs; Green,
Genomic islands. Inner AT graph (in green) and GC content (in blue).
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The complete CMFR30 geome consistedf a single circular chromosome

of 2,062772 bp, with a GE content of 35.4%. There wereDg0 coding
sequences (CDs) with putative predicted proteinodimg genes. The
genome containe@8 RNAs composed by: 70 tRNA, 12 rRNAs, and 6
sRNAs (®e figure 46). The general features of both the sequenced GBS

genanes are presentedtable 41.

1,600, 0og

GBS_CMFR30
2,062,772 bp

000 000V

Figure4-6 Circular representation of the CMFR30 genome, analyse@kyeious
version 7.1)% Arrows: Pink, tRNAs; Red, rRNAs; Gre@enetic islands. Inner AT
graph (in green) and GC content (in blue).

Table4-1. General featuresof the GMFR293 and CMFR30 genomes.

Strain Replicon Size bp GC% CDs tRNA rRNA
GMFR293 Chrom 2.037.090 35.5 2023 74 14
CMFR30 Chrom 2.062.772 35.4 2060 70 12
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In order to obtain more complete information about the gene coding
sequences in the genomes, functional annotations were grouped into COG

functional categoes and FIGfamsubsystems (RAST

The gene distribution of the two GBS genomes according to their COG
functional categories is presented in tabig, /and the statistickom the
annotation process through COG functional categories is presented in table
4-3.

Table4-2. Number of genes associated with the general COG functional
categories in strain GMFR293 and CMFR30.

Code Description GMFR293 CMFR30

Value % |Value %

C | Energy production and conversion 56 2.76 |55 2.71
Cell cycle control, cell division

D | chromosome partitioning 25 1.23 |24 1.18

E | Amino acid transport and metabolism | 152 7.51 | 148 731

F | Nucleotide transport and metabolism 83 4,10 | 84 4.15

G | Carbohydrate transport and metabolism 167 8.25 | 186 9.19

H | Coenzyme transpordnd metabolism 55 2.71 | 56 2.76

[ Lipid transport and metabolism 52 2.57 |50 2.47
Translation, ribosomal structure an

J | biogenesis 149 7.36 [152 751

K | Transcription 134 6.62 | 137 6.77

L | Replication, recombination and repair | 114 5.63 | 123 6.08

M | Cellwall/membrane/envelope biogenesi§ 106 5.23 | 107 5.28

N | Cell motility 9 044 |6 0.29
Posttranslational modification, protei

O | turnover, chaperones 53 2.61 |59 2.91

P | Inorganic ion transport and metabolism | 102 5.04 | 109 5.38
Secondary metabolites biosynthesis,

Q | transport and catabolism 23 1.13 | 20 0.98

R | General function prediction only 213 10.52| 215 10.62

S | Function unknown 167 8.25 | 172 850

T | Signal transduction mechanisms 76 3.75 |83 4.10
Intracellular trafficking, secretion, an

U | vesiculatransport 26 1.28 | 23 1.13

V | Defence mechanisms 44 217 | 47 2.32

Not in COGs 217 10.721 208 10.28
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Table 4-3. Functional genome annotations through COGs of the GBS
strains GMFR293 and CMFR30

Strain Total Genes with Function Not in Assigned
number assigned unknown COGs to COGs
of genes function

GMFR293 2023 1639 167 217 1806
(81%) (8.2%) (10.7%) (89.3%)

CMFR30 2064 1684 172 208 1856
(81.6%) (8.3%) (10%) (89.9%)

Almost one third of the genes ieach of the two GBS genomes were
predicted as hypothetical proteins when they were annotated by RAST. The
statistical values of this annotation process are presented in table 4
including the description of the steps that the RAST server implemented to
automatically produce the two classes of asserted gene functions: subsystem
based assertions are based on recognition of functional variants of
subsystems (Collection of functional roles jointly involved in a biological
process) while nosubsystembasedassertions are filled in using more
common approaches based on integration of evidence from a number of

tools.

In the genome of GMFR293 400 CDSs were annotated as hypothetical
proteins; 16 CDSs as surfaassociated, 65 CDSs as membrane associated
and 11 CDSs as cell wall associated by annotation with RAST,. In
comparison, in the CMFR30 genome 390 CDSs were annotated as
hypothetical proteins, 18 CDSs as cell surdassociated 69 CDSs as
membrane associated and 15 CDSs as cell wall associated proteins. The
latter were the first CDSs evaluated as potential CG for R3, Z1 and Z2

surface exposed protein.
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Table 4-4. Statistics of the annotation process thugh RAST pipeline

annotation.
Total Numberof Number of ron-
number Hypothetical Hypothetical
Strain of CDSs| Coverage Annotation Proteins proteins
Hypothetical
In 46 (4.2%)
subsystems| Non hypothetical
GMFR293| 2023 1102 (55%) 1056 (95.8%) 400 1623
Hypothetical (19.8 %) (80.2%)
Nortin 354 (38.43%)
subsystems| Non hypothetical
921(45%) 567 (61.6%)
Hypothetical
In 48 (4.2%)
subsystems| Non hypothetical
CMFR30 | 2064 1139 (56%) 1091 (95.8%) 390 1674
Hypothetical (18.9%) (81.1%)
Nortin 342 (37%)
subsystems| Non hypothetical
925 (44.8%) 583 (63%)

In addition, molecular weights (MW) were calculated for all CDSs that were
present in both genomes. This was done in an attempt to identify the R3, Z1,
and Z2 by their molecular weight, which had been estimated to around 140
kDa for R3, 250 kDa for Z1 antB5 kDa for Z2 in a previous study.

Most predicted proteins of the GMFR293 and GBS CMFR30 genovees

in the range of 4.1 +1 td72.3 kDa. From the,@24 CDSs that constituted
the complete GMFR293 genome and th@62 CDSs that constituted the
genome CMR30, 29 and 30 CDSs, respectively, had molecular weight of
more than 100 kDa.
weight as high as that predicted for Z1 (250 kDa). Based on this result, the
range of MW used as filter to target CDSs for CGsvadjusted to higher

However, there were no proteins with a molecular
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than 50 kDa. Based on this filter, 321 CDSs of GMFR293 and 242 CDSs of
CMFR30 were selected as candidate genes for for R3, Z1 and Z2.

4.2.1. Genomic islands (Gls)
Strains GBS GMFR293 and CMFR30 possess several virulence fagtors
transposons and insertion sequen&g @lements, distributed over their
genomea. It is well known that genes contributing to pathogenesis frequently

are located in such genomic Islands.

Strain GMFR293 contained six putative genomic islands (seeefi¢6)
incorporating 91 predicted gen@sany of which were mobile elements. The
genomic islands were composed of 10 to 25 genes with molecular weights
between 4.7 kDa and 93 kDa. 48 thesegenes were predicted to encode
hypothetical proteins and 25 veepredicted to be transmembrane proteins.
Nine of the 25 genes were hypothetical proteins and predicted to be
transmembrane proteins. We also checked if the garteencoding the R5
surface protein was part of a genomic island, but it was not present of a

the predicted genomic island in GMFR293.

Isolate CMFR30 contained seven putative genomic island (see figtire 4
incorporating 79 predicted genes. The islands were composed2fénes

with molecular weight in the range of 4.4 kDa to 128 kDa. @%eg were
predicted to encode hypothetical proteins and 19 were predicted to be
transmembrane. 13 of the predicted CDSs were classified both as

hypothetical and transmembrane proteins.
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4.2.2. Known surface proteins in GBS GMFR293 and GBS
CMFR30
Surface proteins in Granpositive bacteria are frequently implicated in
virulence. In GBS, numerous genes have been identified as genes encoding
surface proteins. These proteins together with secreted products are
identified as potential virulence factors.

After annotation of the GMFR293 and CMFR30 genomes, it was possible to
identify previously sequenced GBS surface proteBmme of the known
surface proteins found in both GBS genomes we€®a peptidase, cold
shock protein CspA, surface protein Rib, sortase re(m CMFR30 and
three in GMFR293), fibronectin/fibrinogdsinding protein, hyaluronate
lyase precursor, laminibinding surface protein, group B streptococcal

surface immunogeaiprotein and the CAMP factor.

4.2.3. Prediction of surface exposed proteins
The praliction of proteins carrying signature motifs to Gram positive surface
proteins is important becaudeetcarriage of signal peptides is involved in
the protein secretion and surface display in such bacteria. Themafore
attempt was done to predict potahtsubcellular locations of the proteins
encoded by the GMFR293 and CMFR30 genomes. The aim was to identify
CDSs encoding potential surface exposed and secreted proteins. The results

for both GBS strains are presented in the takie 4
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Table4-5 Results of the prediction of transmembrane helix (TMH) and
signature motifs inthe GMFR293 and CMFR30 genomes.

Parameter GMFR293 CMFR30
Predicted Total CDSs Total CDSs Meaning
CDSs >b0OkDa| CDSs >50kDa
536 113 545 70 Characteristic (o]
TMH (26.5%) (5.58%)| (26.40%) (3.39%)| membrane proteins

Found in proteins tha
Signal 114 31 114 27 are secreted, retaineq
Peptides (5.36%) (1.53%)| (5.52%) (1.30%)| or proteins that cross
the membrane only
once (single pass).

YSIRK 7 4 7 6
Sgnal (0.34%) (0.19%)| (0.33%) (0.29%)| Found in protein with
LPXTG 58 13 64 26 potential to be
Signal (2.86%) (0.64%)| (3.10%) (1.26%)| secreted into the cel
wall.
Lipoproteins 111 14 108 16 Lipoproteins

(5.48 %) (0.69%)| (5.23%) (0.77%)

CDs predicted to encode TM, and/or proteins carrying signals peptides were
selected, and included in the finaltlisf CG for R3, Z1 and Z2 proteins
(Appendix D contains the full list of CDpss well as fothe Z1 protein
(Appendix E contains the full list of CDBs

4.3. Comparison of the GMFR293 and CMFR30

genomes against reference GBS genomes

The pangenome is the entire gene repertoire isekection of a strain or a
species, representing the sum of the above mentioned core genome and the

dispensable genomen previ ous studies it was f
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expressed the proteins RS3ar 5Z1g eahnedai /2
CMFR30 expressadbgdatbue WwgsPCR anal ys
reference strains A909, NEM316, 2603
expression of al wetsaembiglhigy eRGROARBEANYES
Il this study we did a comparative an
homol ogy. CDSs of the GMFR293 and CN
against the five complete GBS genomes
CMFR30 anKR293.GMIrhe aim of the compa
candi date genes for the ®&B8,adcHcdu rarnedn cZe2

pattern (absence/ presence) and the gr

In general, the number of genomes that are included icomparison
influences on the distribution of CDSs between the core and dispensable
genome of each strain, and the number of genes which are unique to each

genome.(See figure 47).
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Figure4-7 Comparative analysis of CGB ofthe GMR293 genome with five GBS
reference genomesColours indicate the number of genes that were present in
all or just a subset of the genes, depending on how many genomes that were
compared
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CDSs highly co%segeprdmes whieclcGBwer e ¢
shared between the genomes and strairtr
and CMFR30 could be i dbeanste df i ceadmpaafrtiesro |
figudref odr an il lustration of the comp

Reference Streptococcus agalactiae GMFR293

Comparison Organism 1 streptococcus agalactiae 515
Comparison Organism 2 Streptococcus agalactiae CMFR30
Comparison Organism 3 Streptococcus agalactiae 2603V/R

Comparison Organism 4 Streptococcus agalactiae A909

Percent protein sequence identity
Bidirectional best hit [10099.999.899.5 99 98 95 90 80 70 60 50 40 30 20 10
Unidirectional best hit 100 99.999.899.5 99 98 95 90 80 70 60 50 40 30 20 10

Figure4-8 Circular map with coloicoded table showing sequence identity &ur
reference GBS genome®mpared toGMFR293, using the RAST sequence based
comparison tool The colours represent changes in consereatirelative to the
reference genomeGMFR293. Colours going from blue representing highest
protein sequence similarity to red representing the lowestach gene is marked
as being unique, a unidirectional best hit or a bidirectional best hit in comparison
to the reference genome The order of the circles from the inner to the outer is
as follow: A909, 2603V/R, CMFR30 and 515
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Compared to the CMFR30, 515, A909, 2603 V/R and NEM316 GBS
genomes, 14 genes were identified as strain specific genes for GMFR293

(see table 46), and the proteins encoded by these genes were estimated to be

4.3.1. GBS GMFR293 genome comparison

in the range of 4.25 kDa to 35.09 kDa. Mostlu# CDSs were annotated as

hypothetical protein encoding genes, four were predicted to be part of the

genomic island Ill, and none of the CDs in this group of strain specific genes

were classified as transmembramecarrier of signal peptides.

Table4-6 GMFR293 strain specific genes.

MW Genomic
CDS| Start End Annotation (kDa) | Topology lslél?)d
303 | 320618 | 320505 | hypothetical protein 4.25 | outside :
559 | 569880 | 570050 | hypothetical protein 6.33 | inside
560 | 570227 | 570667 | Phage protein 17.24 | outside
562 | 571695 | 572537 | DNA replication protein| 31.89 | outside | llI
563 | 572537 | 572683 | hypothetical protein 5.75 | outside | Il
564 | 572673 | 572948 | hypothetical protein 10.86 | outside | llI
581 | 580027 | 580935 | Phage protein 35.09 | outside | llI
892 | 906624 | 906755 | hypothetical protein 5.25 | outside
1189 | 1206597| 1206220| hypothetical protein 14.82 | outside
1384 | 1411217| 1411354| hypothetical protein 5.32 | outside
1671 | 1680553| 1680675 hypothetical protein 4.75 | outside
1744 | 1761221| 1761352| hypothetical protein 498 | outside
1874 | 1882814| 1882647| hypothetical protein 6.59 | outside
1891 | 1894488| 1894631 | hypothetical protein 5.59 | outside
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A total of 180 CDSs from GMFR293 hadsimilarity percentage less than
100% when compared with CDSs in the other five GBS genoiftexre

were 57 CDSswhich werepredicted as transmembrane and annotated as
hypothetical proteins, 43 CDSs had a molecular weight higher than 50 kDa,
and thesewere therefore selected as candidate CDSs for R3 and Z2,
especially those predicted to be potential surface exposed from the previous
analyses. The features presented by the members of this group are
represented in the table74

Table 47 Features of thetarget CDs for R3 and Z2 CGs obtained through
the GMFR293 CDs comparative analysis.

CDSs Features No of | Sgnal Lipo- YSIRK| LPxTG
CDSs| peptide | proteins | signal | signal
CDSs with wlecular weight| 43 5 2 3 2
higher than 50 kDa
CDSs with wlecular weight| 137 7 6 4 1
lower than 50 kDa
TOTALof CDSs with similaritf 180 12 8 7 3

less than 100%

4.3.2. CMFR30 genome comparison
The comparative analysis of the CMFR30 CDSs against the GMFR293, 515
A909, 2603 V/R and NEM316 GB&enomes was done in order to identify
candidate CGs for the Z1 protein, especially searchingCio6s more
similar with CDSs in GMFR293, and absent or less similar with CDSs in the

other genomes.

After the comparison with the other GBS genomes, 48 CDe8s wdentified

as CMFR30 strain specific based on absence or similarity to other genomes
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of less than 50%. The molecular weight of the encoded proteins in this group
was in the range of 3.8 kDa to 63.2 kDa. 25 CDs were annotated as
hypothetical proteinsral six were predicted to belong to a genomic island
(GI) (Appendix C contains the full list of the CMFR30 strain specific CDSSs).

All the CDSs that were 100% identical between the CMFR30 and GMFR293
genomes and a similarity less than 100% with the refergeaomes were
selected for further analyses. Using that criterion, eight genes were identified
with MWs in the range of 4.1 kDa to 80.01 kCrowever, only one of the
CDSs had a molecular weight higher than 50 kDa.

4.4. R3, Z1 and Z2 candidate genes

Thein silico approach allowed the identification 8 CDSs in the CMFR30
genome with potential to be CGs for the Z1 protein. 26 of these were
annotated to have a putative function and six as hypothetical proteins or
proteins of unknown function. Many of themhgbited features similar to

GBS surface proteins previously identified (see figure® and 410 for

some examples). 14 CDSs were found sharing a similar organeation
pattern: a Nerminal signal peptide and at€rminal LPXTG motif. Five of

them carred an YSIRK motif which is positioned within the signal peptide at
the start of the transmembrane domain and six CDSs were predicted as

carriers of the consensus sequence of lipoprotein precursors.
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Figure4-9 Graphsshowing the prediction of transmembrane regions (TMHMM) and
prediction of the domain architecture (Pfam) of thB . { LINE GEnBahk / h 0o
M97256.1 and R5 (BPSenBank: CAB46338.1).
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