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Abstract

Infections due toStreptococcus pneumonigéne pneumococcus) remain a substantial
source of morbidity and mortality in both develapiand developed countries despite a
century of research and the development of effectherapeutic interventions (such as
antibiotic therapy and vaccination). The ability tbe pneumococcus to evade multiple
classes of antibiotic through several geneticafitetmined resistance mechanisms and its
evasion of capsular polysaccharide based vaccimesigh serotype replacement and
capsular switching, all reflect the extensive dsitgrand plasticity of the genome of this
naturally transformable organism which can readilter its genome in response to its

environment and the pressures placed upon it ierdodsurvive.

The purpose of this thesis is to investigate thigerity from a genome sequence
perspective and to relate these observations torpoeoccal molecular epidemiology in a
region of high biodiversity, the pathogenesis ataia disease manifestations and assess
for a possible bacterial genetic basis for the premoccal phenotypes of, “carriage” and,

“invasion.”

In order to do this, microarray comparative genohyicridization (CGH) has been utilized
to compare DNA from a variety of pneumococcal issdachosen from 10 diverse
serotypes and Multilocus Sequence Types and framcally relevant serotypes and
sequence types (particularly serotypes 3, 4 andritdsequence types ST9, ST246 and
ST180)) against a reference, sequenced pneumocgetedime from an extensively
investigated serotype 4 isolate — TIGR4.

Microarray comparison of the transcriptional predilof several isolates has also been
undertaken to compare gene expression from isotdtegrotype 1 (ST227 and ST306)
and serotype 3 (ST180) related to particular dsstastes and exposure of a multi-resistant
pneumococcus to an antimicrobial (clarithromyciajnenonly used to treat pneumococcal

pneumonia.
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1 Introduction

Infections due toStreptococcus pneumonigéhe pneumococcus) remain a substantial
source of morbidity and mortality in both develapiand developed countries despite a
century of research and the development of thetapé@uterventions such as multiple
classes of antibiotics and vaccination. The Worlehlh Organisation estimates that in
developing countries 814,000 children under the @fgéve die annually from invasive
pneumococcal diseases (Scott, 2007) with an estdriad million deaths affecting all ages
globally (WHO, 2007).

The ability of some isolates &. pneumonia¢o evade many antibiotic classes through
several distinct genetically determined resistameghanisms and pneumococcal evasion
of capsular polysaccharide based vaccines throegbtype replacement and capsular
switching, along with the discovery of 91 distipeilysaccharide capsular types and over
4000 Multi Locus Sequence Types (MLST) all refldat extensive diversity and plasticity
of the genome of this naturally transformable orgianwhich can readily alter its genome

to survive in response to its environment and tlesgures placed upon it.

The purpose of this thesis is to investigate tleisagnic diversity from a genomic sequence
perspective using contemporary microarray and sexjug technology and to relate these
findings to the epidemiology of invasive pneumo@atisease (IPD) and carriage with the
intent of further understanding a genetic basispfteumococcal disease pathogenesis and

the response of pneumococci to specified currenyylable therapeutic options.
1.1 Taxonomy of Streptococcus pneumoniae

The taxonomy ofStreptococcus pneumoniaghe pneumococcus) has undergone a
dynamic process since separate initial descriptiossliva by Pasteur (Pasteur, 1881) and
as Micrococcus lanceolatusoy Sternberg (Sternberg, 1881). For instance, %031
Schottmuller describe8treptococcus mucosSchottmuller, 1903) but within a couple
of years (Parlet al, 1905, Collins, 1905) wvas reclassified as a pneumococcus (a term
used since 1886 (Fraenkel, 1886)) on the basistofbiochemistry and specific
agglutination and agglutinin absorption tests despis markedly different mucoid
morphology on solid agar. From 1926 the genusdaiptcus was used until 1974 when it

changed t&streptococcus pneumoni@dusher, 2005). More recently, it has become clear
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that the species boundaries betwé&rpneumoniaand particularlyStreptococcus mitis

andStreptococcus oraliare not easily defined (Whatmageal, 2000).

Such a catalogue of reclassifications and dispidedtification reflects the remarkable
phenotypic diversity of the pneumococcus, whichum reflects the substantial genomic
and transcriptional diversity of the organism, tesg from a constellation of several
interacting mechanisms — the investigation of whsctihe focus of this thesis.

1.2 Phenotypic identification and characteristics o f

Streptococcus pneumoniae

Streptococcus pneumonias a Gram positive coccus which can be identifisd its
production of a-haemolysis on blood agar, bile solubility, inhibit by ethyl
hydrocupereine (optochin) and catalase negatiwiysher, 2005). It is noteworthy that the
Gram stain itself was developed by Christian Grasnaameans to distinguish the
pneumococcus from other pathogens in specimensn tél@m patients with lobar
pneumonia (Gram, 1884). One or more of these tastp be inconclusive and further
phenotypic tests such as agglutination with an@gpnococcal polysaccharide capsule
antibodies or genotypic tests can be requiredgtingjuish the isolate from closely related
oral streptococci (Whatmoet al, 2000, Hanaget al, 2005) although even some of these

tests may also be inconclusive in rare instancesvdon, 2004).

1.2.1.1A History of Serotyping Streptococcus pneumoniae

In 1909 Neufeld and Haendel raised antibodies teuprococci in horses and donkeys,
allowing serological identification (Neufeld and mtkel, 1909). This was repeated with a
second strain in 1910 (Neufeld and Handel, 19101913, A.R Dochez and L.J. Gillespie
at the Rockefeller Institute in New York (Dochezdaillespie, 1913) and Frederick Lister
at the South African Institute for Medical Reseaiich Johannesburg (Lister, 1913)
published serologically based typing schemes fauprococci. The Rockefeller Institute
scheme described Types |, Il, Il and IV of whiclyp&s I, Il and Il were identified
serologically and Type IV was a group for pneumaecéound not to react with their three
sera. There was overlap with Lister’'s typing scheaseType | corresponded to Lister’s
Group C, Type Il corresponded with Lister's GroupaBd Type Il corresponded to
Lister’'s Group E (Urquhart, 1921). Consequentlyltfster scheme fell into disuse.
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To complicate matters, the Rockefeller Institutgodyl was found to be a heterogeneous
group (Urquhart, 1921) and probably consisted ofesd different contemporary
serotypes. It is likely that since Type 1 was hoam@pus and since clinical descriptions of
Type 1 associated disease patterns match thoseb#estor the contemporary serotype 1,
that the Rockefeller Type 1 pneumococcus is egentato the modern serotype 1

pneumaococcus.

Avery et alin 1917 at the Rockefeller Institute, proposed fhiaeumococcus mucosus
described as, “larger, rounder, and less lancethai® other types of pneumococcus,” and
possessing, “a large distinct capsule,” which goemblood agar with colonies which were,
“moist, mucoid, and confluent” should become knoastheir Type Ill pneumococcus
(Avery et al, 1917). This phenotypic description matches #e#n for contemporary
serotype 3 isolates although mucoid colonies caselee in serotypes 1, 3, 6, 8, 18, 20, 23
and 25 (Gransdest al, 1985). Averyet aladdressed this in 1917 saying,

“For these reasons the identification of Type pPheumococcus by
morphologic and cultural characteristics is not afs absolute, and the
diagnosis should be established by immunologic odth when Type Il
serum is available (Avergt al, 1917).”

However, it was not until 1934 when type Il coddd distinguished serologically from the
phenotypically similar Type VIl (Finland and Sdit}i1934) so only after 1934 is it fair to
conclude that descriptions of the Type Ill pneunuocts are equivalent to the

contemporary serotype 3 pneumococcus.

Standardisation of the Rockefeller typing schem&ieat Britain is documented by Glynn

and Digby (Glynn and Digby, 1923), who note thainir 1920, diagnostic and treatment
sera for use in Britain by the Medical Researchr@duwas supplied by the Rockefeller

Institute. Standardisation of antipneumococcalselnad been practiced at the Rockefeller
Institute since 1917 (Cole and Moore, 1917).

The Quellung technique for serotyping the pneumogesdecame the preferred method for
serotyping in 1932 (Neufeld and Etinger-Tulczynsk832) although first described in

1902 (Neufeld, 1902). Between the end of World Waand the early 1980s there was
little international agreement regarding pneumoabcomenclature based on serotyping
and the reasons for this are reviewed by Henriclidenrichsen, 1999). The most recent

serotype to be discovered was 6C in 2007 (farkl., 2007) bringing the current total of
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recognised serotypes to 91 and reinforcing obsienaby Waltmaret al (Waltmanet al,
1991) that there is often substantial diversityhwitserogroups.

1.3 Genetic typing of Streptococcus pneumoniae

Typing methodologies based on the pneumococcattigesteucture have been developed.
These genetic typing schemes are reviewed beldwwah it is worth noting that many
early methods were only useful for examining gene@latedness in temporally and
geographically restricted studies (Robingbmal, 1998).

The need for standardised molecular typing schehees been due in part to the
international spread of clones of multiply antilmatesistant pneumococci (Hermaetsal,,
1997b) and after the establishment of the Pneuntatdtolecular Epidemiology Network
(PMEN) in 1997, guidelines for molecular typing weiflance were published (McGex

al., 2001a). It is becoming apparent though thathevi¢h current technologies,

“the clearest picture of invasiveness and gemetatedness can be viewed
when typing methods are used collectively (Okeedl, 2007).”

1.3.1.1 Pulsed Field Gel Electrophoresis (PFGE)

PFGE was first described for the pneumococcus ligvteet al (Lefevreet al, 1993) and
has been used in several studies to establish ghetig relatedness of pneumococcal
isolates (Hermanst al, 1995, Obertt al, 2007, Poraet al, 2006, McGeeet al, 2001b,
Tsoliaet al, 2002, Rosset al, 1998, Watanabet al, 2003, Hallet al, 1996). In general it
consists of generating fragments of chromosomal RNk the restriction enzyngmad
and then separating them using gel electrophor@sisexperimental conditions are not
always identical between studies, the comparisorresiilts over time and between
different laboratories is fraught with difficultiet is labour intensive and does not lend
itself well to computerised interpretation (Hermagisal, 1995). Maideret al also
propose that PFGE is better suited to investigatinfpreaks as it is discriminatory enough
to distinguish between strains circulating within geographical area but is not

discriminatory enough for long term epidemiologisatveillance (Maideet al, 1998).

1.3.1.2 Restriction Fragment End Labelling (RFEL)

RFEL was described by Van Steenbergeral in 1995 (Van Steenbergest al, 1995).
Although similar to PFGE, smaller DNA fragments apeoduced by RFEL and
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pneumococcus specific reference bands can be prddwbich aids computer assisted
analysis of results (Hermaes al, 1995). It has been used to identify clones dibaotic
resistant pneumococci (Hermaes al, 1997b) as well as clustering within penicillin

susceptible strains (Overwegal, 2000a).

1.3.1.3 Restriction Fragment Length Polymorphisms (RFLP)

RFLP was an uncommon method used mainly in the 48902 means of assessing clonal
relationships between similar isolates of the saeretype (Swiatl@t al, 1996, Robinson
et al, 1998). Pneumococcal genomic DNA was digestedh whe restriction enzyme
Hindlll, separated by gel electrophoresis and pressunegacuum transferred to a nylon
membrane where hybridization of fragments with pslof a recognised pneumococcal
gene (such apspA) or an insertion sequence (such a%li&/) occurred.The resulting
banding patterns are used to denote different pabty Often RFLP was used in
combination with another method of investigatinqheec relationships such as MLEE
(Robinsonet al, 1998) and penicillin binding protein gene fing@énting (Hermanst al,
1997D).

1.3.1.4 Penicillin Binding Protein Gene Fingerprin  ting

The discovery that alleles for penicillin bindingpgeins (pbps) in the pneumococcus were
heterogenous permitted their use in an early médectyping scheme for the
pneumococcus. The genes for pbps 1A, 2B and 2% aeplified from genomic DNA by
Polymerase Chain Reaction (PCR). The purified gdoepbps were then digested by
restriction enzymes using methodologies similaRELP (Munozet al, 1991, Hermanst

al., 1997a, McGeet al, 2001b, Swiatlet al, 1996, Kellet al, 1993, Coffeyet al, 1991).
Like many early typing schemes, although significgenomic diversity could be
demonstrated, gel results were difficult to intetphard to standardise and therefore hard

to reproduce by different laboratories.

1.3.1.5 BOX fingerprinting

BOX fingerprinting for pneumococci is a method whihas been superseded by
contemporary techniques. Essentially genomic DNA digested by a restriction enzyme
and separated by gel electrophoresis and hybridageanst an oligonucleotide probe (a
section of or the entire BOX repeat — a repetitivesaic sequence comprised of boxA,
boxB or boxC subunits found in the pneumococcalogen (Koeuthet al, 1995, Van

Belkumet al, 1996) ). This allowed clustering of strains @mgridentical fingerprints or

banding patterns. BOX fingerprint clusters ofted dot correspond to clustering based on
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serotyping (Hermanst al, 1995, Rodriquez-Barradas al, 1997, McGeest al, 2001Db,
Mollerachet al, 2004) or RFLP results (Robinsen al, 1999). BOX fingerprinting has
been used in combination with RFLP using th&1&7 sequence to determinellB57-

boxAgenotypes but it was concluded that,

“markers such as 967 and boxA are not ideal for dealing with the large
genotypic diversity seen in cross-sectional samptgmeumococci (Robinson
et al, 2001).”

It did have an application in investigating pnewoaxal outbreaks (Ertugret al, 1997).

1.3.1.6 Multi Locus Enzyme Electrophoresis (MLEE)

MLEE was developed in the mid 1980s (Selareteal, 1986) and used extensively to
investigate genetic diversity of the pneumococeushe 1990s (Halet al, 1996). This
method detects variation within housekeeping ensyare their differing electrophoretic
mobilities (Feilet al, 2000a). It was used to demonstrate diversitgerficillin resistance
genes (Kellet al, 1993), capsule (Sibolet al, 1992) and Immunoglobulin A1 protease
(Lomholt, 1995) and often used in studies in corathan with other methods such as
RFLP (Robinsoret al, 1998), PFGE (Hakt al, 1996) and penicillin binding protein gene
fingerprinting (Coffeyet al, 1991). However, MLEE can produce ambiguous tesd it,

“relies on the indirect assignment of alleles basedthe electrophoretic
mobility of enzymes, and indistinguishable mobiltgriants may be encoded
by very different nucleotide sequences (Maideal., 1998).”

It did, however, pave the way for Multi Locus Seqce Typing.

1.3.1.7 Multi Locus Sequence Typing (MLST)

The development of Multi Locus Sequence Typing (ML$Enright and Spratt, 1999b,
Enright and Spratt, 1998) generated a genotypinghade which sequences seven
conserved housekeeping gertaoE, gdh, gki, recP, spi, xpt, ddissigning each unique
allele with a number, allowing relatedness betweésslates to be identified with a
numerical code and overall sequence type whiclasslyereproducible and comparable
between laboratories thereby providing unambiguoesults which are electronically
portable and suitable for global surveillance stadria the internet (Obeet al, 2007). It
has been successfully automated (Jefferied, 2003).
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The depositing of MLST sequence data in an inteoased repositotygreatly enhances a
global understanding of bacterial epidemiology #mel development of software such as
eBURST (electronic Based Upon Related Sequence s)ygéows the construction of
identifiable genetic lineages and clusters (Fetl al, 2004). The contributions of
recombination and mutation to clonal divergence aaon be assessed using this data (Feil
et al, 2000Db).

MLST has a further advantage as it can be perforafet PCR amplification of DNA
extracted directly from clinical material or norable organisms and, unlike serotyping,
can be performed on uncapsulated organisms (Haertgd, 2005) which can both
improve diagnostic yields and epidemiological sulaece (Maidenet al, 1998). The
advantages, disadvantages and clinical applicabbMdLST are reviewed by Sullivaet

al (Sullivanet al.,, 2005).

1.3.1.8 Multi Locus Variable Number of Tandem Repe at Analysis
(MLVA)

MLVA was proposed for use as a typing scheme fadeapiological studies by Koeaht

al (Koeck et al, 2005). They used a set of 16 polymorphic tandepeat sequences
identified from published fully sequenced pneuma@ebcgenomes from which 49
genotypes of pneumococci were identified. Althoutgivas claimed to be cheaper and
requiring less expertise than MLST, it has not ceteg well against the popularity of
MLST.

1.3.1.9 Multi Invasive Locus Sequence Typing (MILS T)

Multi Virulence Sequence Typing is a further deysient of the MLST scheme which
adds virulence genes to the housekeeping genesimughd profiling of bacteria. It has
been used for typind.isteria monocytogenewith greater discriminatory power than
MLST alone (Zhanget al, 2004). This typing scheme has been adaptedrnfenmpococci
by Obertet al to form a scheme which they termed MILST (Olstral, 2007) and which
they propose not as a replacement for MLST buhasxpansion of the scheme.

1.3.1.10  Microarray Comparative Genomic Hybridizati on (CGH)

One of the most utilised applications of microartaghnology is to allow comparison of

bacterial genomes and identify conserved regiorss r@gions of diversity. The first

! http://www.mlst.net {accessed 10™ December 2008}
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applications of this technology to examine the pnecoccal genome demonstrated that
some genes such as hyaluronidase, neuraminidase nfeuraminidase B, autolysin or
pneumolysin were highly conserved while sequenceatian could be demonstrated for
cell surface proteins such as pneumococcal sunfamotein C, other choline binding
proteins and the trimethoprim resistance gene ddfgthte reductaselfifr) (Hakenbeck
et al, 2001). The absence of genes such as some cagsukes when comparing the R6
and TIGR4 genomes resulted in an understandingtiieae were significant regions of
diversity in the pneumococcal genome and attempideatifying a set of “core” genes.
This has also been possible for CGH studieBrderococcus faecali§hakraet al, 2007)
and Staphylococcus aurey&indsayet al, 2006). Cassonet al review examples of the
application of CGH to the study of intra- and intapecies genomic diversity for

Mycobacteria SalmonellaandYersiniaspecies (Cassom al, 2007).
Hollingshead and Briles observe that,

“there is also valuable information to be gleaneanf knowing the sequence of
more than one genome within the same species. iddditgenome sequence
data for well-chosen strains will yield importaniues to solving certain
puzzles about the biochemical diversity, the vinake and pathogenesis range
and/or the evolution of bacterial species (Hollimggsd and Briles, 2001).”

The CGH studies which follow in subsequent chaptees designed to enhance such
understanding of the diversity of the pneumocoaahome by comparing clinically

relevant pneumococcal isolates with the establisteglienced pneumococcal genomes
TIGR4 and R6 and also assess diversity in morentgceequenced pneumococcal

genomes.

1.3.1.11  Transcriptome Microarrays

Rather than comparing gene sequences from genomid, bacterial transcriptome
microarrays assess the presence or absence ofssiqoreof genes by taking total
messenger RNA expressed by the organism, undefultareontrolled conditions, and
synthesizing cDNA from the RNA by reverse trangooip. The cDNA is then hybridized

against the DNA sequences of the microarray. Ak, shey are,

“a powerful tool to dissect regulatory networksrfii et al, 2000).”

The first transcriptome microarrays were for @artr full genomes Escherichia coli
(Richmondet al, 1999, Chuangt al, 1993) andsaccharomyces cerevisifee Risiet al,
1997, Wodickeet al, 1997)).
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De Saizieuet al, 1998 used the first pneumococcal transcript oligibeotide microarray,
which contained only 100 genes, to investigate gexmession during competence (De
Saizieuet al, 1998). With regard to pneumococcal disease pathesis, microarrays have
been employed in the investigation of the genedisivof autolysis (Sublett al., 2004),
the genetic basis of capsule loss (Ogburn and Dow&a04), competence (Mascletral.,
2003, De Saizieet al, 1998, Petersoat al, 2004, Petersoat al, 2000, Riminiet al,
2000), mechanisms of iron uptake (Ulijastzal, 2004b), the vancomycin stress response
(Sublett et al, 2004) and the transcriptional adaptation of pmecocci to various
environmental changes (Pandtaal, 2005, Novalet al, 1999, Hendrikseet al, 2004).
One potential limitation of this approach thoughhat microarrays can only detect genes
which are on the array so whole pathways may natepeesented if they involve novel

genes.

1.3.1.12 Genome Sequencing

The first published whole genome sequences forebadbegan to appear in the mid-1990s
beginning with that oHaemophilus influenzaa 1995 (Fleischmanet al, 1995). As
early as 1991, partial sequences of a pneumocgesadme (located o6mad and Apal

fragments) were used to construct a map of therger(@aset al, 1991).

Initial sequencing of regions of a pneumococcaloges (R6) with the aim of identifying
potential drug targets (amino-acyl tRNA synthetasel ribosomal protein genes) are
described by Baltzt al (Baltz et al, 1998). The first comparative analysis of a draft
pneumococcal genome was published in 2001 wherdrtfe genome of G54 (a serotype
19F strain) was compared with the genomeSteptococcus pyogenéBopazoet al,
2001). Currently, according to the National CefberBiotechnology Information (NCBI)
Genome Projeét there are six completely sequenced pneumococeabrges with a

further 14 in progress and a further 16 at an abbestage. The list of genomes, “in
progress,” includes the ATCC700669 serotype 23Hatso(used in Chapter 3) at the
Wellcome Trust Sanger Institute but does not inglttte OXC141, INV104B or INV200

isolates (used in Chapter 3) which have also be&guenced by conventional Sanger
sequencing (using dideoxynucleotide sequence tetram and capillary electrophoresis
with fluorescent marker excitation by laser (Ryetnal, 2007, Metzker, 2005)) and are

available from the Wellcome Trust Sanger Institwbsité. Neither does it include the

“http://www.ncbi.nlm.nih.gov/sites/entrez2db=genomepri&cmd=Retrieve&dopt=Overview&list uids
=12328 {accessed 17" November 2008}

*http://www.sanger.ac.uk/Projects/S_pneumoniae/ {accessed 17" November 2008}




Chapter 2, 27

sequencing of isolates 03-2672, 03-3038, 06-1386dun Chapter 10), nor 02-1198, 03-
4156, 03-4183, 07-2838, 99-4038 and 99-4039 (useGhapters 6 and 10) which are
being sequenced at the Wellcome Trust Sanger utestitsing high-throughput 454 Life
Sciences Corporation (Roche, USA) pyrosequencinthodelogies (Margulieet al,
2005) recently described in the sequencingsaimonella typhiHolt et al, 2008) and
pneumococci (Hilleet al, 2007).

Knowing the genome sequence of a pathogen doesn#éssarily mean that knowledge
regarding gene function is known although it caniriderred (Tang and Moxon, 2001).
From these inferences, potential antimicrobial dargets (Brazas and Hancock, 2005) or
vaccine candidate molecules (Wizemaatral, 2001) can be identified although sequence
similarity should be combined with other evidencels as experimental data to assign
function (Kaushik and Sehgal, 2008). Comparativeogee analysis is useful for assigning
function to unknown genes as gene and protein haiyaon different bacteria are likely to
be functionally linked and have similar degreesafservation within the same pathways
(Martin et al, 2003b).

Bacteria which show substantial diversity (evenhiitthe same serotype) have a gene
repertoire which can be divided into a “core” gemooomprising essential genes such as
housekeeping genes, a “dispensable” genome arairi'sfpecific genes” which may confer
selective advantages such as adaptation to partieavironments (Kaushik and Sehgal,
2008, Fraser-Liggett, 2005). When an ST180 sero8/gérain (0100993) was compared
with TIGR4, a variety of chromosomal rearrangemesutsl variations due to mobile
genetic elements were discovered along with 17 Ingemes not present in TIGR4
(Oggioniet al, 2001). The first full comparison of pneumococgahomes was published
by Bruckneret alin 2004, who compared the TIGR4 and R6 genomesy fibted that the
two genomes differed in size (2 versus 2.16Mb) mndpproximately 10% of their gene
content (Bruckneet al, 2004). R6 was noted to contain 69kb of genettemial not seen

in TIGR4 and TIGR4 has 157kb of genetic materidlse®n in R6 (Bruckneat al, 2004).
This is similar to the situation in non-typealitaemophilus influenzaesolates where
around 10% of the gene content of 10 isolates wastified as novel compared to the
sequencedH. influenzaeRd KW20 genome with many of these unique genes non
uniformly distributed in the genome (Shenal, 2005). Shert al were later to describe
58 novel genes from 8 pneumococcal isolates (geest, 6A, 9F, 11, 14, 18C, 19F and
23F) which were not present in either the TIGR4R& genomes (Sheet al, 2006a).
Consequently, attempts have been made to try tatifgdea core pneumococcal genome
(Hiller et al, 2007, Oberet al, 2006). It is becoming clear though that the sage of a
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single pneumococcal genome (e.g. TIGR4) and everthef multiple pneumococcal
genomes becoming available (Hillet al, 2007) may not adequately represent the full

extent of genomic diversity of this bacteria.
1.4 Pneumococcal Carriage

Pneumococci predominantly colonise the human nasgpk and in the vast majority of
instances do not progress to cause invasive distasiee first two years of life, 95% of
children can be colonized with pneumococci and &% carry at least two serotypes
simultaneously (Obaro and Adegbola, 2002). Nasgpigeal colonization can begin as
early as the day of birth. The duration of carriémyea particular serotype is commonly 2.5
to 4.5 months and the duration of carriage decseasth each successive pneumococcal
serotype. This duration of carriage is inverselyreated with age (Gragt al, 1980) as

pneumococcal carriage declines as children groerdBogaeret al, 2004).

Historical observations regarding the carrier statel'ype | and Type Ill pneumococci are
often different in the pre-antibiotic era when cargd with modern times. Modern
accounts tend to suggest that it is uncommon td Berotype 1 being carried by
individuals (Brueggemann and Spratt, 2003, Brueggemnet al, 2003) and it has been

claimed that,

“serotype 1 is almost never carried (Brueggemetral, 2004),”

It is erroneous to conclude that such a state d¢asoour. Several historical accounts from
the pre-antibiotic era make it clear that a heatthsrier state of Type | did and can occur
in individuals in close contact with cases and goolonged periods in those who had

recovered from Type | associated lobar pneumontiaont antibiotic therapy.

Dochez and Avery in 1915 noted carriage of Typaduymococci in 3 of 66 pneumococcal
carriers (4.5%) who were, “normal individuals.” Fhevere unable to assess Type Il
carriage rates due to a lack of Type Ill antisédachez and Avery, 1915). Stillman in
1917 noted that,

“although pneumococcus is present in the mouthabafut fifty percent of

normal individuals, it is extremely rare to findgamococcus of Type | in the
normal mouth except in individuals who have beemiimate association with
patients suffering from lobar pneumonia (Stillmafa17).”
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This was a conclusion based on his earlier observat 1916 that only 4 of 172 (2.3%)

pneumococcal orophayrngeal carriers carried Typedl44 of the 172 (26%) carried Type
lll. There was persistent carriage of Type Ill fover 3 months in some instances
(Stillman, 1916) and Type | carriage of up to 9§slafter recovery from pneumococal
pneumonia (Dochez and Avery, 1915). Meyer in 19d8monstrated higher Type Illi

carriage rates than for Type | which was not detk¢Meyer, 1920). Strom in 1932 also
documents a long period of Type | carriage for dysdafter recovery from pneumonia
(Strom, 1932).

Stillman in 1917 cultured 107 healthy householdtaots of 28 patients admitted with
Type | lobar pneumonia and found that 15% were Tyqeriers (Stillman, 1917). Almost

a third of cases gave rise to a carrier state ieast one of their immediate associates. For
these healthy contacts, the average period ofaggrnivas 25 days for Type | - undoubtedly
providing a human reservoir for further infectigery et al, also in 1917, notes a Type |
carriage rate of 13% in the contacts of cases barlgpneumonia and only 0.33% in
controls who had no contact with cases of lobaruprenia and noted that the Type |
carriers harboured it for 3 to 4 weeks (Avatyal, 1917). Similar differences between
contacts and controls with regard to Type | cagiage documented in Glasgow in 1932
(Christie, 1932).

In a carriage study in 1919, using specimen catlaanethodology remarkably similar to
the current World Health Organisation (WHO) staddarethod (O'Brien and Nohynek,
2003), Sailert al in Georgia, USA performed nasopharyngeal swabbm@00 soldiers
and detected a pneumococcal carriage rate of 16%meCrarriers, 5.4% were Type | and
4.5% were Type lll. They observed that their cgeiaates were influenced by recent
outbreaks of measles and influenza (Sateal, 1919). There is also an association with
higher pneumococcal carriage rates during timesmélemic upper respiratory tract
infection (Gordon, 1921). Strom in 1932 documehesdecline in serotype 1 carriage rates
after a serotype 1 outbreak in a Norwegian orphamad. 931 finding serotype 1 carriage
rates of 33% at the height of the outbreak droppcd6.9% 3 months later but being
undetectable at all times in neighbouring orphasag®affected by the outbreak (Strom,
1932). The serotype 1 pneumococcal pneumonia @kbe¢ the State Hospital in
Worcester, Massachusetts also noted a carriagefratmost 10% (Smilliet al, 1938).

Other risk factors for pneumococcal carriage arell wecognised and include
overcrowding (Hodgest al, 1946, DeMarieet al, 1980, Hogeet al, 1994), concurrent
outbreaks of invasive pneumococcal disease andnpor@a (DeMarizet al, 1980, Dagan



Chapter 2, 30

et al, 2000, Hogeet al, 1994) and adults in close contact with child(glendleyet al,
1975), ethnicity, family size, smoking and recentil@otic use (Bogaeret al, 2004).
Children are thought to be the most important resefor pneumococci (Leibermaet al,
1999, Kyawet al, 2002),

Pneumococcal carriage rates vary substantially dmmwstudies and populations as
demonstrated in the review by Bogaettal (Bogaertet al, 2004). Hodges and MacLeod

suggest that serotype 1 and serotype 3 carriags katried so much in early carriage
studies, because of differences in the methodolfoyy specimen processing. They

compared several methods and mouse inoculatiorofad by the early Rockefeller

Institute studies in New York) yielded higher reeoyrates of serotype 1 and serotype 3
pneumococci than direct plating of throat swab® dbvod agar (Hodge=t al, 1946).

The demonstration that different cultural methofiech the observed carriage rates could
readily account for why serotype 1 carriage ratesevapparently higher at the start of the
20" century when mouse inoculation was common but vbimpped in later years when
most carriage study methodology involved variaritplating nasopharyngeal swabs onto
blood agar (Hodgest al, 1946). Differences in the frequency of samplargl in the
populations studied could also account for diffeeerin carriage rates (Davies and
Lockley, 1987). It is reasonable to conclude thotlgit serotype 1 carriage does still occur
in communities, that it does increase when numbkcrases of pneumococcal pneumonia
due to serotype 1 increase in the community butithmay not be as readily detected by

current standard methods as other serotypes susdraype 3.

The distribution of serotypes identified in the ogisarynx is usually wider than those
causing IPD in the same population but varies sulisily between human populations.
In Europe and the USA the commonly seen serotypasdf in carriage studies are 6B, 14,
19F and 23F (Bogaedt al, 2004, Kyawet al, 2002). This has a direct impact on the
coverage of serotypes included in conjugate vascimeich can also vary substantially
(Bogaertet al, 2004). The prevalence of nasopharyngeal camngagonsiderably higher

in developing countries and the probability of expp@ to a non-vaccine serotype

considerably greater (Scott, 2007).

The mechanism of colonisation is reviewed by Bogaeral (Bogaertet al, 2004).
Extracellular neuraminidase decreases viscosityatous on epithelial cell surfaces and
exposes N-acetyl-glycosamine receptors which intemsith pneumococcal surface-

associated proteins such &saA Cytokines from the host epithelial cells resuit i
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upregulation of platelet activating factor receptd®neumococcal cell wall phosphocholine
attaches to these receptors. The choline bindiateprCbpAbinds to exposed sialic acid
residues and lacto-N-neotreatose on the epithslimface binding to the polymeric
immunoglobulin receptorp(gR) which facilitates transcytosis. Phase variationaliso
involved with transparent phase variants showiregatpr adherence than opaque variants.
It is significant that pneumococcal conjugate wvaation but not pneumococcal
polysaccharide vaccination has been shown to redwarsage of vaccine included

serotypes as well as IPD (O'Brien and Dagan, 2003).

1.5 Manifestations of Pneumococcal Infection

1.5.1.1.1 Acute OtitisMedia
Acute otitis media (AOM) is the commonest pneumaeebcdisease manifestation

(Hausdorffet al, 2002) and is felt to be a major driving forcetire establishment of

antimicrobial resistant pneumococci (Hausdeitffal, 2002). This possibly relates to the
frequent development of biofilms at this site proimg persistent infection and facilitating
horizontal gene transfer (McEllistreet al,, 2007).

In a multinational study, including several couegrirom the Americas and Europe, it was
determined that serotypes 19F and 23F each cordpfi8e25% of middle ear fluid
isolates, 14 and 6B comprised 6-18% and 6A, 19A@h@ach comprised 5-10% despite
differences in location. In children aged 6 morith$9 months, 60-70% of the causative
serotypes are covered by the 7-valent pneumocamgligate vaccine (PCV-7) but in
children less than 6 months old or over 5 yearstbisl coverage drops to 40 to 50%.
Serotypes 1, 3 and 5 are important causes of AOthiidren under 6 months (Hausdorff
et al, 2002). In Southern Israel, serotypes 1, 38&;,119A and 19F were associated with
the development of AOM (Shouvat al, 2006). Serotypes 6A, 6B, 15A and non-typeable
pneumococci do not tend to cause AOM (Shoevall, 2006).

PCV-7 is effective at preventing acute otitis me@skolaet al, 2001) although not

recurrent otitis media (Veenhovenhal., 2003).

1.5.1.1.2 Pneumonia
The pneumococcus is the commonest bacterial pathtgeause community acquired

pneumonia (up to 35% of cases) in adults requinogpitalisation (Moineet al, 1995).
Predisposing factors for the development of pnewotoal pneumonia include advanced
age, smoking, chronic obstructive pulmonary diseeaecer, HIV, diabetes, chronic heart
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failure, alcohol abuse, liver disease, neurologidaease, recent hospitalisation and

previous pneumonia (Mushet al, 2000)

Co-infection or recent infection with influenza Hasen recognised as an association with
pneumococcal pneumonia since the 1918 influenzdguaic (McLelland, 1918) but has
only recently been clearly demonstrated to resolt1P%-30% of excess cases of

pneumococcal pneumonia (Grabowskal, 2006).

The introduction of penicillin reduced mortalityom pneumococcal pneumonia from 60%
to 9% (Flippinet al, 1951).

1.5.1.1.3 Pneumococcal Bloodstream | nfections
The importance of obtaining blood cultures duringegmococcal infections was

recognised even in the early”?@entury (McLelland, 1918). In 1938 it was recoguishat

a blood culture positivity rate of 20% could be ridufor patients hospitalised with
pneumococcal pneumonia (Mushet al, 2000). Blood culture positivity rates are
influenced by the severity of infection and levélbacteraemia, the culture method used
(with closed automated systems being more senkitivel whether there was prior
administration of antibiotics or pneumococcal vaation. The presence of pneumococci
in the bloodstream can result from invasion atdie of colonisation (primary) or from
invasion at the site of an established infecti@ct¢mdary) (Musher, 2004). Likewise, the
detection of pneumococci in the bloodstream mafrdoesient and inconsequential or form
part of more significant and life-threatening masthtions of the systemic inflammatory

response syndrome, severe sepsis or septic shaokf¢hd, 2005).

1.5.1.1.4 Meningitis
Meningitis, the infection of cerebrospinal fluiddathe meningeal coverings of the brain, is

one of the most serious manifestations of invagimeumococcal disease. Pneumococci
account for about 37% of all adult cases of acatgdyial meningitis (Duranet al., 1993).
Even when treated appropriately with penicillin aithird generation cephalosporin (in
penicillin susceptible cases) or vancomycin or dragphenicol (for penicillin non-
susceptible cases), the case fatality rates canfuam 11 - 60% (Stanek and Mufson,
1999). Of those who survive, up to 54% developrolegical sequelae which may persist
for a lifetime (Stanek and Mufson, 1999, Boér al, 1984). Recently, it has been
determined that early co-administration of dexammstime with antibiotics may reduce the
severity of these neurological sequelae in adiWtn(de Beeket al, 2004) as well as
children (Mclintyreet al, 1997).
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In animal models, the infecting serotype appeardetermine recognisable differences in
cerebral histopathology with serotype 1 causingemmortical haemorrhage, serotype 3
cortical necrosis and abscess formation and sexo®y subcortical abscess formation
(Ostergaareet al,, 2004).

The pathogenesis of pneumococcal meningitis wasewed extensively by Weber
(Weber, 2004) and Koedat al (Koedel et al, 2002) and involves the co-ordinated
activities of several virulence factors includingeunamindase A, IgA protease,
hyaluronidase, capsule, pneumococcal surface prdéeand C, pneumolysin, choline

binding protein A, phase variation and autolysin.

1.5.1.1.5 Conjunctivitis
Pneumococcal conjunctivitis tends to manifest abreaks (Leightoret al, 2003, Martin

et al, 2003a, Medeirost al, 1998) although sporadic cases are recognisect(Eal,
2006). Serotype 3 and non-typeable pneumococcasseciated with the development of
acute conjunctivitis (Berromt al, 2005, Shouvakt al, 2006). It is thought that non-
typeable pneumococci have a selective predispasiticcause acute conjunctivitis (Porat
et al, 2006) in both outbreaks (Medeiresal, 1998, Leightoret al, 2003, Martinet al,
2003a) and sporadic cases (Showtahl, 2006). It is therefore unfortunate that current
vaccination strategies have no effect on non-tyleepbeumococci (Poratt al, 2006,
Martin et al,, 2003a).

1.5.1.1.6 Endocarditis
Between 0.8-3.4% of patients with pneumococcal draeimia develop endocarditis

(Lindberg and Fangel, 1999). There is an assodatith alcoholism (Bruyret al, 1990)
and a predilection for the aortic valve (LindbemglaFangel, 1999, Bruyat al, 1990).
Affected valves can rapidly ulcerate and fail (Saewand Flint, 1919). Embolic
phenomena are common (Finland and Barnes, 197@fegsaravalvular abscesses (Bruyn
et al, 1990). Even with appropriate antibiotic therathyere is a fatal outcome in as high as
40-50% of cases (Finland and Barnes, 1970, Batyl, 1990)

1.5.1.1.7 Cerebral Abscess
Pneumococcal cerebral abscesses are uncommon duasaociated with significant

morbidity (40% of survivors are left with neurologi deficits) and high mortality (a case
fatality rate of 35% in one series) despite appeaderantibiotic therapy and surgery
(Grigoriadis and Gold, 1997). Serotype 3 pneumachege historically been associated
with cerebral abscesses (Fincher, 1946, Anonynifi&), Colman and Hallas, 1983).
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1.5.1.1.8 Pleural Empyema
The epidemiology of pneumococcal pleural empyems w@l documented by Glynn and
Digby in 1923 for the Medical Research Council (@lyand Digby, 1923). During the
1920s serotype 1 related pneumococcal empyema s@smon manifestation with a high
mortality of up to 53% of serotype 1 related digeasd 77% of all cases of pneumococcal
empyema in one British series (Whittle, 1929). 8gre 3 related pneumococcal empyema
was rare (6% of all cases of pneumococcal empyéWihittle, 1929). These observations
suggest that the current increase in serotypeateklpaediatric pneumococcal empyema
being experienced in the United Kingdom (Fletogteal,, 2006, Eastharat al, 2004) may
not necessarily be a new phenomenon but may beniti@l signs of the serotype 1

pneumococcal population in this country revertiagloto a previously high incidence.

1.5.1.2 Genomic Diversity in Invasive Pneumococcal Disease

It is unwise to make generalisations regardingglobal epidemiology of IPD precisely
because of the extent of genomic diversity andfdlethat different geographical regions
(Hausdorffet al, 2001) and different human host populations withigeographical region
(Hausdorffet al, 2001, Flanneret al, 2004, Greenwood, 1999) can demonstrate vastly
different incidence of IPD, with different pneumacal serotypes and sequence types
contributing. In addition, IPD is the result oktmteraction between a dynamic population
of bacteria and a dynamic human host populatioh wiftanges over time being evident,

especially in response to the use of antibiotics\atcination policies (Kristinsson, 2008).

However, the informed use of antibiotics and vaation programme planning depends on
knowledge of regional pneumococcal epidemiology:. #his reason, several global and
regional networks currently exist which record pmegoccal epidemiology and antibiotic
resistance patterns such as the WBkeptococcus pneumonid&&obal Disease Burden
project, the Pneumococcal Global Serotype Proj@étbpal Alliance for Vaccines and
Immunizations Pneumococcal Vaccines Accelerateceepment and Introduction Plan
(GAVI PneumoADIP), Pneumococcal Molecular Epidemmgy Network (PMEN), South
Asian Pneumococcal Alliance (SAPNA), Asian Netwdok Surveillance of Resistant
Pathogens (ANSORP), The Network for Surveillanc@iéumococcal Disease in the East
Africa Region (NETSPEAR) or the Pan American He@tiganisation (PAHO). Likewise
there are also national surveillance programmaesutiirout the world such as the Centres
for Disease Control and Prevention (CDC) Active tBeal Core Surveillance/Emerging
Infections Program Network in the USA and the Hed&Motection Agency (HPA) and
Health Protection Scotland (HPS) in the United Kiow.
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Different studies have associated different semgypwith IPD and the results of some of
these studies are displayed below in Table 1-1.

Serotype associated Country Reference
with IPD
1,4,14,18C England (Brueggemann et al., 2003)
1,57 England, USA, Papua New Guinea, (Brueggemann et al., 2004)
Kenya, Canada and Iceland
1,4, 7F, 9V, 12F, 18C Sweden (Sandgren et al., 2004)
1,5, 12F Israel (Shouval et al., 2006)

Table 1-1 Common pneumococcal serotypes associated with IPD in various countries.

Most recently, the Pneumococcal Global SerotypgeBradentified the most common
serotypes causing IPD in children under 5 yearagef This shows that 7 to 11 serotypes
account for over 80% of disease in every region thatl Asia and Africa share the top 8
serotypes. Serotype 14 is most commonly isolateallinegions but in older children in
Asia and Africa, serotype 1 was most common (OHBri2008). This is compatible with
earlier observations (Kyaet al, 2002, Hausdorfét al, 2000a, Hausdorgt al, 2000b).

In Scotland, at the start of the®2dentury, the serogroups most commonly associattd w
IPD were 14, 9, 6, 19, 23, 8 and 4 (Kyawal,, 2003) although enhanced surveillance has
shown that this has changed between 2003 and 2G06b(et al, 2008). Again using
Scotland as an example, it appears that the nuofddILST clones associated with IPD
which circulate in a particular geographical regasa limited and generally stable (Clarke
et al, 2004b, Clarkeet al, 2005, Clarkest al,, 2004a, Jefferiest al, 2008)). This appears
also to be true of antibiotic resistant clonesh@sriumber of such clones to be found in any
individual country tends to be few (McGeeal, 2001a, Smitlet al, 2006).

1.6 Studies of the Genomic Diversity of Streptococc  us

pneumoniae

Different species of bacteria demonstrate differdagrees of genomic diversity. For
instance, Helicobacter pylori (Alm et al, 1999, Bjorkholm et al, 2001) and
Campylobacter jejunishow extensive genomic diversity (Dorrat al, 2001) while
Mycobacterium tuberculosisloes not and appears to show a high level of genom
conservation (Behet al, 1999).S. pneumoniaés an organism which exhibits a high
degree of genomic diversity and natural populatiappear to maintain a fluid state of

genetic exchange in order to adapt to their enwemt. This section will document some
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of the historical milestones which have aided us@erding of this diversity of
pneumococcal genomes, the mechanisms generatmditarsity, the role of biofilms and

regions of the pneumococcal genome which have igesrified as being highly variable.

1.6.1.1 Historical background

In 1991 using restriction fragment digests of tmeymococcal strain R6 (an avirulent,
serotype 2 unencapsulated strain derived fromttlaendD39 (Lanieet al, 2007)), Gaset

al estimated this pneumococcal genome to be betweér® Znd 2,270kbp (Gast al,
1991). It wasn’t until 2001 that the fully sequed@genome for R6 was published (Hoskins
et al, 2001).Also published in 2001, was the sequenced genomandbolate termed
TIGR4 (Tettelinet al, 2001), as it was a serotype 4 isolate beingsigated by The
Institute of Genomic Research (TIGR) which origethfrom the blood of a 30 year old
man in Kongsvinger, Norway during the 1990s (Mahal, 2006, Orihuelat al, 2004b,
Bruckneret al, 2004, Tetteliret al, 2001). Although investigation of natural varatiof
individual alleles was possible by PCR and sequen{Whatmore and Dowson, 1999),
comparison of entire genomes was expedited by theufacture of DNA microarrays
based on the R6 and TIGR4 genomes allowing di@tiparisons between these genomes
and those of other clinical isolates by using corafpge genomic hybridization (Bruckner
et al, 2004, Hakenbed#t al, 2001).

Comparing the R6 and TIGR4 genomes was a milestorealising the potential extent of
diversity of pneumococcal genomes. The two genaodifésr in size (R6 being 2Mb and
TIGR4 being 2.16Mb and more similar to the othexfidgenomic sequence at that time for
serotype 19F strain G54 which was 2.1Mb (Dopeizal, 2001)). R6 and TIGR4 differ in
around 10% of their genes (Bruckredral, 2004). The R6 genome contains 69kb in six
regions which are absent from TIGR4 and TIGR4 dasta57kb in twelve clusters which
are absent from R6 (Brucknet al, 2004). Analysis of further genomes has idegifi
many more genes which are not present in eitheoRBIGR4 genomes (Sheest al,
2006a). As further isolates have been compared ®Rfhand TIGR4 genomes, it has
become apparent that there are recognised regiodwersity within the pneumococcal
genome (Bruckneet al, 2004, Embryet al, 2007, Oberet al, 2006, Shert al, 20064,
Silvaet al, 2006, Hakenbecét al, 2001) and attempts have been made to try todeliec
whether there is a “core” genome required by theupmococcus for either invasive disease
or asymptomatic carriage (Obettal, 2006). Often spurious conclusions are drawnesinc
no apparent acknowledgement that host factors neyinfluencing invasive disease

presentation is appreciated (Hiller al, 2007, Oberet al, 2006). Such comparisons are,
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however, compatible with a distributed genome hlypsis which states that pathogenic
bacteria possess a “supragenome” or gene pool wkichuch larger than that of any
single isolate and that a large set of “non-corehap is accessed to generate genomic
diversity (Hiller et al, 2007). These studies have also demonstratedithaddition to
allelic variation, the pneumococcal genome dematesdr intra-species genic variation

which refers to the absence or presence of cegenes (Hilleret al, 2007).

1.6.1.2 Mechanisms of Natural Diversity of the Pne  umococcus

1.6.1.2.1 Horizontal genetransfer and competence

“Horizontal gene transfer, or the acquisition obg&nous genetic material and
its subsequent stable incorporation into a rectpggnome, has been, and
continues to be, a central force that drives badtewvolution (Joyceet al,
2002).”

Joyceet alalso note that,

“Gene transfer events have been revealed througilysses of genome
sequences, which differ in guanine and cytosine@Geontent and codon
usage at chromosomal locations that have recemipiged foreign DNA
(Joyceet al,, 2002).”

This acquisition of exogenous DNA by the pneumouascdepends on competence
(Claverys, 2000), a state whereby DNA can be aedunom the extracellular environment
during a short period in the pneumococcal growttieeyvhich is carefully controlled by
the com operon of three genesdmC comD and comE ) which encode competence
stimulating peptide (CSP), histidine kinase aneésponse regulator. CSP is exported into
the extracellular environment bgomA and comB and when CSP reaches a critical
concentrationcomD s activated, phosphorylatimgpmEand resulting in the upregulation
of several genes involved in permitting competefWéatmoreet al, 1999).ComCand

comDthemselves have multiple alleles (Whatmetral, 1999, Pozzet al, 1996).

The earliest descriptions of horizontal gene trangi the pneumococcus related to the
acquisition of penicillin resistance. Dowsenal in 1989 hypothesised that altered pbp2X
genes arose from interspecies recombinational sweith other species of streptococci
(Dowsonet al, 1989). In 1991, Laibleet al demonstrated that pbp2X had highly
divergent regions likely resulting from interspecrecombinational events (Laible, 1991).
Also in 1991, isolates of serogroup 19 and serqgi2®iwere studied which had identical
genes for pbplA, pbp2A and pbp2X and it was coredluthat these penicillin binding

protein genes had been exchanged by horizontal ansfer although the possibility of
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horizontal exchange of capsular genes was not fuikynissed (Coffeyet al, 1991).
(Capsular switching as an example of horizontakgeansfer will be discussed below and
the allelic diversity of pneumococcal surface pirigeand other virulence factors will also
be reviewed.) Further work published in 1993 foenttience of pbp2B gene transfer from
Streptococcus mitiso the pneumococcus (Dowsat al, 1993) and that there was
horizontal transfer of pbp2B from the pneumocodouStreptococcus oralifCoffeyet al,
1993) showing that the horizontal transfer of gangseumococci was a bilateral process.
Further evidence of the extent of horizontal geaadfer was later seen when isolate$ of
mitis were discovered which harboured pneumolysin artdlysin — virulence factors
which were thought, until that time, to be spectbche pneumococcus (Whatmateal,
2000, Neelemamet al, 2004a, Neelemaet al, 2004b). Bruckneet al conclude that the
high numbers of insertion elements evident in preroucal genomes and the high

number of PTS systems suggests high flexibilitthese genomes (Brucknetral,, 2004).

This accumulated evidence demonstrates that sepeealmococcal genes exhibit many
polymorphic alleles, many of which are mosaic gemdsch have been generated by
intragenic recombination (Maiden, 1998, Brucketrl, 2004). Feilet al have estimated
that in the pneumococcal genome, recombinationrgeggenew alleles at a frequency ten
time higher than mutation and that a single nudeats fifty times more likely to change
through recombination than mutation (Fetilal, 2000a).

1.6.1.2.2 Capsular switching
Capsular switching is a form of horizontal genasfar whereby the capsular genes coding

for one serotype are exchanged for those of ardiiteserotype (Coffewt al, 1998a,
Coffeyet al, 1999, Ramirez and Tomasz, 1999, Coffewl, 1991). It is thought that this
occurs relatively frequently in mixed pneumococpapulations (Coffeyet al, 1998a)
which are often found in the nasopharynx. The dapsyene cassette, flanked by genes
dexBandaliA, is found at the same chromosomal location fopatumococcal serotypes
except serotype 37 (Claverys, 2000). This casssttgains up to 19 genes, several of
which are serotype specific (Claverys, 2000). Témtype 37 capsule is coded by a single
gene,tts, located 820kb distant to the capsular gene I¢clusl et al, 1999, Llullet al,
2000). Recently it has been observed that not catythe capsular locus be transferred
spontaneously but also the adjacent pbps (Figufg &an also be involved in a
spontaneous recombination event biotlitro (Trzcinskiet al, 2004, Coffeyet al, 1999)
andin vivo (Brueggemaneet al, 2007, Coffeyet al, 1999).
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Figure 1-1Schematic diagram of the pneumococcal genome.

Adapted from (Brueggemann et al., 2007) this identifies the location of the capsul  ar locus
and its flanking genes (aliA and dexB) in relation to pbps (pbplA, pbplB, pbp2A, pbp2B,

pbp2X, pbp3) and housekeeping genes used for determination of M LST sequence types
(aroE, gdh, gki, recP, spi, xpt, ddlI)

The net effect of this is that a pneumococcal isol@ith a particular sequence type can
exist as several different serotypes depending bithwcapsular genes it contains and
expresses (Jefferiet al, 2004, Coffeyet al, 1998b). The relationship between serotype
and genome is complex and switching capsules caease or decrease virulence (Kelly
et al, 1994). Genetic factors other than just capsaofience virulence (Obertt al.,
2006).

This is of significant concern as there is accunmdgevidence that after the introduction
of PCV-7 within a population, serotype switchindgpals pneumococcocal populations to
gradually escape the effects of the limited valemagcines by disposing of the capsular
genes affected by vaccination and replacing theth serotypes which the vaccine does

not cover (Brueggemaret al, 2007).

1.6.1.2.3 Serotype replacement
Serotype replacement is also driven by the intradocof pneumococcal conjugate

vaccines. By targeting only a limited number ofosgpes, it is observed that non-vaccine
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related serotypes can replace serotypes covergddmynes in the nasopharynx, permitting
increased carriage and transmission of non-vacsgretypes in the community and
subsequently, invasive disease from non-vaccinetygegs (Spratt and Greenwood, 2000,
Brueggemanret al, 2007). Unlike capsular switching (Ramirez andnész, 1999), the
genotype of these replacement serotypes maintaggaence type in a relationship which
is the same as that which was seen prior to vadaimeduction. Evidence for this is
particularly dramatic for an increased incidence sefrotype 1 related, complicated
pneumonia in Utah, USA (Byingtoet al, 2005c), serotype 3 related otitis media
(McEllistrem et al, 2007, McEllistremet al, 2005) and 19A invasive disease in Alaska,
USA (Singletoret al, 2007) and New York, USA (Pichichero and Cas&g72.

One beneficial effect of serotype replacement h@wmevs a decreased incidence of
penicillin resistance among pneumococci after egaie vaccine introduction due to their
predominant serotypes being included in such vacdormulations (Byingtoret al,
2005c, Spratt and Greenwood, 2000). Of greatecaronthough are manifestations of
serotype replacement resulting in the emergencemoltiply antibiotic resistant

pneumococci of non-vaccine serotypes (PichichedoGasey, 2007).

1.6.1.2.4 Phasevariation
The pneumococcus exhibits phase variation wherebyisolate of the same serotype and

MLST can exist in two distinct phenotypes (Bruckeeral, 2004, Weiseet al, 1994).
These two forms, opaque and transparent, are mststal when grown on translucent
solid media (Weiseet al, 1994). Ringet al found that the transparent phenotype of phase
variation increased the ability of pneumococci tass the blood brain barrier by as much
as six fold compared to the opaque phenotype (Rin@l, 1998). The transparent
phenotype has more cell wall phosphorylcholines leapsular polysaccharide and has
different surface proteins than its opaque couaitgipdicating diversity of associated cell
surface components which may influence virulendedRt al, 1998, Weiser and Kapoor,
1999). Higher rates of transformation occur in $fzarent variants compared to opaque so
less capsular material (transparent) appears taneehtransformation (Weiser and Kapoor,
1999). Opaque variants survive better than traespan the bloodstream and appear more

resistant to phagocytosis (Obaro and Adegbola, R00&iseret al conclude,

“An isolate should be considered a mixed populatibphenotypes which
differ in amounts of capsular polysaccharide, teiclacid and choline binding
proteins (Weiser and Kapoor, 1999).”
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1.6.1.2.5 Bacteriophages
It is estimated that as many as 75% of clinicaluypmecoccal isolates contain temperate
bacteriophages (Ramirezt al, 1999) of which four have been sequenced (Lopek a
Garcia, 2004). Bacteriophages have also been faiamdmonly in nasopharyngeal
carriage isolates (Sa-Least al, 2002). Lytic phages appear to contribute to matu
transformation of the pneumococcus by expanding réeervoir of exogenous DNA
available for incorporation into the pneumococah@ne (Lopezt al, 2000, Ramireet
al.,, 1999) and may also alter virulence by creatingmeric enzymes through

recombination after excising DNA from genes (Lopeéal, 2000).

1.6.1.2.6 Plasmids
It is thought that plasmids are not a common mdgnahich diversity is introduced into

the pneumococcal genome (Brucknet al, 2004). The role of conjugation in
pneumococcal diversity is also unclear (Bruckeeal, 2004). However, the acquisition
and loss of plasmids by pneumococci has been deratet as comparison of the genome
of R6 with its progenitor strain D39, shows losstefpDP1 plasmid (Laniet al, 2007).

1.6.1.2.7 Theroleof biofilmsin propagating pneumococcal genomic diversity
It is established that pneumococci form biofilms éimat these contribute to certain disease

manifestations such as otitis media (McEllistretral, 2007, Hall-Stoodlegt al, 2006).
DNA release and transformation are a part of tlodilbi-related life cycle and readily
occurs in many bacteria with released DNA stalnigisine biofilm structure (Molin and
Tolker-Nielsen, 2003). Phase variation is alsoeature of pneumococcal biofilms
(McEllistrem et al, 2007). It is likely that such an environment docive to horizontal
gene transfer has a role in generating genomiagtyein pneumococcal populations in

order to aid survival in changing environmentalditons (Boleset al, 2004).

1.6.1.2.8 Regions of diversity in the pneumococcal genome
Several groups have used microarray CGH to denaiastegions of diversity in the

pneumococcal genome using the TIGR4 genome aseneker Initial reports of these
regions were by Hakenbeak al who detected 10 clusters where hybridization dggna
indicated no hybridization in 20 diverse pneumoabgsolates from different serotypes
and different geographical regions when hybridiagdinst a serotype 4 strain (KNR.7/87)
using an Affymetrix oligonucleotide array (Hakenket al, 2001). These regions varied
in size from 9kb to 37kb each (Hakenbetlal, 2001).
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In studies identifying regions of diversity in thHGR4 genome (Silveet al, 2006,
Bruckneret al, 2004, Embryet al, 2007), there has been no standardised defindfon
what should characterise such a region. This sgdtesl in some groups considering there
to be 13 regions of diversity of 3.7kb to 40.3kbsine (Embryet al, 2007, Oberet al,
2006) while others have considered regions of dityeto be as small as 1.7kb and so
document 25 such regions (Silgaal, 2006). Several regions of diversity relate toege

which have an identified virulence function (Emietyal, 2007).

Bruckneret al have also identified 6 regions of diversity wittite R6 genome (Bruckner
et al, 2004) and Sheet al, identified 58 novel sequences in clinical isadatet present in

TIGR4 or R6, some of which were virulence assodié&heret al, 2006a).
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Region of Location in Size Encoded Virulence References
Diversity TIGR4 (kb) Determinants
Genome
RD 1 SP0067-0074 9.0 Zinc Metalloproteinase (Silva et al., 2006, Bruckner
(ZmpC) et al., 2004)
RD 2 SP0109-0115 5.8 (Silva et al., 2006, Bruckner
et al., 2004)
RD 3 SP0163-0168 5.6 (Silva et al., 2006, Bruckner
et al., 2004, Obert et al.,
2006)
RD 4 SP0346-0360 14.2 | Capsular Polysaccharide | (Silva et al., 2006, Bruckner
synthesis operon et al., 2004)
RD 5 SP0378-0380 3.3 (Silva et al., 2006)
RD 6 SP0394-0397 5.4 (Silva et al., 2006, Bruckner
et al., 2004)
RD 7 SP0460-0468 12.6 (Silva et al., 2006, Bruckner
et al., 2004)
RD 8 SP0473-0478 7.1 (Silva et al., 2006)
RD 9 SP0531-0544 5.6 (Silva et al., 2006, Bruckner
et al., 2004)
RD 10 SP0643-0648 11.0 RIrA pathogenicity islet (Silva et al., 2006)
RD 11 SP0644-0666 8.0 (Silva et al., 2006)
RD 12 SP0692-0700 4.4 (Silva et al., 2006, Obert et
al., 2006)
RD 13 SP0888-0891 1.7 (Silva et al., 2006, Bruckner
et al., 2004)
RD 14 SP0949-0954 7.9 (Silva et al., 2006)
RD 15 SP1050-1065 11.9 Pneumococcal (Silva et al., 2006, Bruckner
Pathogenicity Island 1 et al., 2004, Obert et al.,
(PPI1) 2006)
RD 16 SP1129-1147 9.2 (Silva et al., 2006, Bruckner
et al., 2004, Obert et al.,
2006)
RD 17 SP1315-1352 33.7 (Silva et al., 2006, Bruckner
et al., 2004, Obert et al.,
2006)
RD 18 SP1433-1444 12.1 (Silva et al., 2006, Bruckner
et al., 2004)
RD 19 SP1612-1622 10.3 (Silva et al., 2006, Bruckner
et al., 2004, Obert et al.,
2006)
RD 20 SP1756-1773 | 34.8 PsrP-sec Y2A2 (Silva et al., 2006, Bruckner
pathogenicity island et al., 2004, Obert et al.,
2006)
RD 21 SP1793-1799 5.3 (Silva et al., 2006, Bruckner
et al., 2004)
RD 22 SP1828-1830 3.2 (Silva et al., 2006)
RD 23 SP1911-1918 3.2 (Silva et al., 2006)
RD 24 SP1948-1955 9.4 (Silva et al., 2006, Bruckner
et al., 2004)
RD 25 SP2159-2166 5.3 (Silva et al., 2006, Bruckner

et al., 2004, Obert et al.,
2006)

Table 1-2 Regions of diversity in the TIGR4 genome,
determined by CGH in previous studies.

size and putative virulence functions as
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Region of Location in R6 Size Function Reference
Diversity Genome (kb)
RD 1 spr0102 to spr0119 14.4 Arginine biosynthesis (Bruckner et al.,
2004)
RD 2 spr0311 to spr0323 9.4 Capsule biosynthesis (Bruckner et al.,
(equivalent to SP0347-0360) 2004)
RD 3 spr0955 to spr0971 171 Macrolide efflux mefE related (Bruckner et al.,
(equivalent to SP1054-1064) 2004)
RD 4 Spr1184 to spr1198 14.3 ABC transporter (Bruckner et al.,
(equivalent to SP1309-1337) 2004)
RD 5 spr1403 to spri404 9.6 Cell wall anchor protein (Bruckner et al.,
2004)
RD 6 Spr1618 to spri621 4.1 ABC transporter (Bruckner et al.,
(equivalent to SP1796-1799) 2004)

Table 1-3 Regions of Diversity in the R6 genome, si  ze and putative virulence functions as
determined by CGH.

1.6.1.3 Genomic Diversity and Temporal Changes lll  ustrated by
Emerging and Significant Serotype and MultiLocus
Sequence Type Combinations

It is clear that pneumococcal populations are dyoand although there is much concern
regarding how vaccination policies are alteringsth@opulation structures, it is evident
that noticeable changes in the population strustwere occurring prior to the introduction
of conjugate vaccines. This section will focus orsedection of serotype and MLST

combinations which illustrate this dynamic diveysand which feature in later chapters.

1.6.1.3.1 Serotype 1
Figure 1-2 demonstrates the burden of disease @doysserotype 1 (Type I) pneumococci

respectively in Glasgow from the 1920s until thé8Q® There is a marked decline in
serotype 1 disease over thé"aentury, even recognising that many of the origp@pers

in the pre-antibiotic era include both patients whoeived anti-pneumococcal serum and
those who did not in their datasets and that cafiritions are not standardised. Figure 1-3
illustrates declining numbers of reported casesngfumonia in Glasgow during the 1950s
and 1960s (which may be a product of the Clean A&t passed in 1956, the use of
antibiotics after MRC trials demonstrated theiditytiin 1951, the associated decline in
cases of pulmonary tuberculosis or a general exgofrom the social and economic

effects of World War 1) which could be influencirthe reported numbers of cases of
serotype 1 associated lobar pneumonia from thesl®80it is noteworthy that the same
decline in serotype 1 reporting was seen in EdigibyFigure 1-4) and in Boston, USA

(Figure 1-5) suggesting that a genuine declineerotgpe 1 associated pneumococcal

disease was occurring in the United Kingdom and8@& during the 1950s and 1960s.
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Figure 1-2 Proportions of cases of hospitalised pneumococc al lobar pneumonia due to
serotypes 1 and 3 documented in Glasgow over the 20 " Century.

Data taken from (Grant, 1922, Christie, 1932, Grist et al., 1952, Smart, 1987, Cowan et al.,
1932)
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Figure 1-3 Annual number of cases of pneumonia (all types) reported in Glasgow (1920-
1972).

Data taken from Reports of the Medical Officer of H  ealth, City of Glasgow 1920 to 1971. It is
noteworthy that 1922, 1930, 1952, 1957 and 1970 wer e documented as years when there
were recognised influenza epidemics in Glasgow.
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Figure 1-4 Proportions of cases of hospitalised pneumococc al lobar pneumonia in
Edinburgh due to serotypes 1 and 3 over the 20 B Century.

Records from Edinburgh reproduce the same dramatic fall in the proportion of cases of
serotype 1 associated disease that was documented i  n Glasgow during the 1950s and 1960s
(Figure 1-2) and Boston, USA (Figure 1-4) and concu rrent rise in the proportion due to
serotype 3.

Data taken from (Morgan et al., 1983, Calder et al., 1970, Davidson, 1925, Alston and Stewart,
1930)
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to serotype 1 and serotype 3 (1935-1974).

This also shows a dramatic fall in cases of serotyp e 1 associated disease during the 1950s
and 1960s similar to that seen in Scotland but with  out an associated rise in proportion of
cases due to serotype 3 during the early 1970s. Dat  a from (Finland and Barnes, 1977b).
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It is clear from contemporary reports of IPD inb&cotland (Kirkhanet al, 2006, Lamb

et al, 2008, Diggle and Edwards, 2006) and England\&iates (Georget al, 2006) as
well as other European countries (Hausdorff, 200#)quetet al, 2008) that cases due to
serotype 1 are now increasing in incidence. Figuéedocuments this increase in Scotland
since 1993.

Number of Reported IPD
Episodes
(o]
o
\

‘B0 0l aeana L

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

Year

Figure 1-6 Number of episodes of invasive serotype 1 assoc  iated disease seen in Scotland.

Data relates to episodes reported to the Scottish M eningococcal and Pneumococcal
Reference Laboratory 1993-2006.

Serotype 1 accounts for > 6% of IPD in many gedgiag regions, but it is not included
in the PCV-7 (Hausdorfét al, 2000b) although it is included in a new 13 valmjugate
vaccine (Kieningeet al, 2008). Unlike Europe and the USA, it is one g tommonest
serotypes causing IPD in children in selected studliom Africa and Asia (Hausdorét

al., 2000b) and Latin America (Corat al, 2001). It is associated with very high odds
ratios for invasiveness in children (Brueggemanml, 2004). This serotype also has an
association with causing outbreaks of IPD (Jeffegieal, 2007) and is more commonly
cultured from blood than CSF (Hausdodf al, 2000a). Serotype 1 has also been
determined to have a low case fatality rate in Sme(Gandgrert al, 2005, Berget al,
2006) and dower relative risk of death in Denmark (Martezisal, 2004).
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Figure 1-7 MLST sequence types associated with serotype 1 capsule in Scotland causing
invasive pneumococcal disease (2002-2006).

16.1.3.11 ST227

Within the serotype 1 related IPD cases in Scotkinde 2002, there are several sequence
types represented but predominantly ST227 and STRE@6re 1-7). The proportion due to
ST227 has remained stable since 2002. It was #doptinant, stable serotype 1 clone in
the USA between 1993 and 2002 (Brueggemann andtSpo@3, Gonzaleet al, 2004).

In the immediate period after PCV-7 introductioridtah (pre 2003), ST227 accounted for
all cases of serotype 1 related paediatric empy@vyiagtonet al, 2005c) but since 2003
this has not been the case (Byingtinal, 2008). ST 227 is associated with a low case
fatality rate in Sweden (Sjostroet al, 2006).

16.1.31.2 ST306

It is of some concern that the proportion of sgvetyl related IPD due to ST306 is
increasing each year in Scotland (Lamb al, 2008). This phenomenon was also
documented 10 years ago in Sweden (Hedlendl, 2003, Henriques Normart al.,
2001). ST306 accounts for the majority of the aurriacrease in serotype 1 IPD in
Scotland (Lamket al, 2008, Jefferiest al, 2008). It is possible that ST306 is a new clone
which has entered the Scottish population but &l$® possible that it is a clone that was
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prevalent during the early ®Ocentury, was lost from the Scottish pneumococcal
population for whatever reason and is now returnpagentially because of a lack of herd
immunity to it as people who may have been exptsetdand developed some immunity
during the 1920s and 1930s come to the end of tifiespan. It is certainly clear that a
proportion of elderly, non-vaccinated, patientsairGlasgow Geriatric Hospital had pre-
existing immunity to serotype 1 pneumococci (Thalkdeal, 1998) presumably the result

of exposure to it earlier in their lifetimes.

ST306 has also recently emerged in Utah, USA asmnmn clone associated with
paediatric empyema (Byingtoet al, 2008) although it is not clear whether this is a
phenomenon associated with serotype replacemeultingsfrom pressure produced by
PCV-7 or whether it is solely a property of ST30Bieth allows it to expand rapidly in a
population as it is known that ST306 harbours nmtatin virulence factors which may
alter its behaviour (Kirkharet al, 2006). ST306 is also the dominant serotype heclo
found in some South Pacific islands and has besporsible for invasive disease
outbreaks in 1999 and 2007 (Le Hedtoal, 2008.).

The association of ST306 with greater survival hls® been documented in a mouse
model of pneumonia and bacteraemia where ST30Gasxiated with the production of
less tumor necrosis factor when compared to o#guence types associated with invasive
disease (Sandgrest al, 2005). ST 306 is also associated with a low d¢atadity rate in
Sweden (Sjostrorat al, 2006) and, unusually, has been detected asriage associated
isolate in Portugal (Nune= al,, 2007).

1.6.1.3.2 Serotype3
Serotype 3 pneumococci have always been noted ve laa distinctive phenotypic

appearance with substantial mucoid capsule (Schtidm1903) (or “slime layer” (Wood
and Smith, 1949)). More recently it has been dateththat duplications in theap3A
gene in the type 3 capsule locus are associatédhigh frequency phase variation (Waite
et al, 2001). Properties of this polysaccharide capall@v it to interact with Dendritic
cell-specific ICAM 3 grabbing non-integrin (DC-SIGMWhile most other pneumococcal
serotypes do not (Koppel al, 2005). Likewise, only serotype 3 pneumococciespdo
have a gene calledjadA which encodes a protein similar to human glutamate

decarboxylase (Garcia and Lopez, 1995).

Serotype 3 is a common cause of AOM (Hausdetril, 2000a, McEllistrenet al., 2007,
Shouvalet al, 2006) where biofilm formation may be importamtits pathogenesis. It also
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causes acute conjunctivitis and it is postulated ferotype 3 possesses virulence factors
which predispose it to mucosal sites (Showtall, 2006).

Serotype 3 is rarely carried by Israeli childrerh@Bval et al, 2006) although it is a
serotype 3 associated MLST (ST180) which is mosbngly associated with
pneumococcal carriage by children in Oxfordshireu@ggemanet al, 2003).

In Sweden, greater severity of IPD and higher dasaity rates from IPD are due to
serotype 3 disease when compared to all otherypE®{(Sjostronet al, 2006). Serotype 3
associated IPD also has the highest relative risdleath in Denmark (Martenst al,
2004).

Globally, serotype 3 consistently comprises onlp%-of IPD in young children
(Hausdorff, 2007). In a meta-analysis of serogrspgcific odds ratios for invasiveness in
children , serotype 3 was one of the least likelgdause IPD (Brueggemasn al, 2004).
Paradoxically, it is often one of the commonesbigres to cause IPD in adults and the
elderly where it is associated with severe cliniognifestations and poor outcomes
(Inverarity et al, 2008, Gransdemt al, 1985). Figure 1-2 demonstrates the burden of
disease caused by serotype 3 (Type lll) pneumodac@lasgow and Figure 1-4 from
Edinburgh from the 1920s until the 1980s. The sg®B8 population does not appear to be
increasing at present in Scotland (Lamtbal, 2008). There are many sequence types
among serotype 3 isolates in Scotland but thisty@eeois predominantly comprised of
ST180 as seen in Figure 1-8 and Figure 1-9. ltoteworthy that serotype 3 isolates of
different genotypes may have different virulencamite (Kelly et al, 1994, Reret al,
2003). Genes associated with virulence have betmndmed in serotype 3 pneumococci
by means of signature-tagged mutagenesis étal, 2001).
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Figure 1-9 Relationships of MLST sequence types constructe  d using eBURST version 3 * of
all isolates in the MLST database which express ser  otype 3 capsule.

Blue dots indicate STs which are founders of clones from which single locus variants are
demonstrated in black. Yellow dots indicate STs whi ch are subgroup founders. ST180 is the
dominant founder clone of serotype 3.

In countries where use of PCV-7 is more establiskerbtype 3 is increasing in incidence,
which is likely to be a result of serotype replaesm(Byingtonet al, 2008, Hickset al,
2007).

16.1321 ST180

Serotype 3 ST180 has emerged since 2001 as a cdupaediatric pneumococcal
empyema in Utah, USA (Byingtaet al, 2008) and in Spain (Obandbal, 2008) and has
also emerged as a non vaccine serotype in Alaska, ¢ausing IPD in adults and children
(Miernyk et al, 2008) as well as paediatric empyema (Singletoal., 2008). In addition,
ST180 is a common sequence type associated with AMbEllistrem et al, 2005).
ST180 is associated with the highest case fataltg/from IPD in Sweden (Sjostroghal.,

* http://spneumoniae.mlst.net/eburst {accessed 20th December 2008}
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2006). It has also been determined in children f@xfordshire that ST180 rarely caused
IPD but was highly associated with nasopharyngaalage (Brueggemaret al, 2003).

The neuraminidase gem&anB appears to be present in all ST180 isolates wialeC is
absent from all ST180 isolates (Pettigretwal, 2006).

1.6.1.3.3 Serotype4
Serotype 4 pneumococci are an important cause DfdRd can cause severe invasive

disease in animal models (Sandgegnal, 2005) although in humans they have been
associated with milder disease manifestations {®joset al, 2006).

1.6.1.3.4 Serotype 14
At the start of the Zicentury, serotype 14 was the commonest serotypause IPD in

children in the USA, Europe (including Scotland éwet al, 2003, Clarkeet al,, 2004c))
and Latin America and was still among the top fsexotypes associated with paediatric
IPD in Africa and Asia (Hausdor#t al, 2000b). It is more commonly cultured from blood
than CSF (Hausdortt al, 2000a) and is associated with an intermediat [&f mortality
(Henriqueset al, 2000). Serotype 14 pneumococci also interach wite dendritic
pathogen receptor DC-SIGN (Kopptlal, 2005).

Serotype 14 has recently been identified by PCR eause of paediatric empyema in the
United Kingdom from culture negative pleural flushmples (Sheppardt al, 2008).
Overuse of macrolide antibiotics has been citedamdributing to the spread of multiply
resistant clones of serotype 14 pneumococci (imetu&T9) in Europe (Dias and Canica,
2004).

16.1341 ST9
In children from Oxfordshire, ST9 was mostly asatail with causing IPD (Brueggemann

et al, 2003). ST9 is almost 5 times more common in dith@n it is in non-invasive sites
(Amezageet al, 2002) and has been associated with meningitiwi(Uet al, 1996). It is
also associated with increased expression of amaiorm of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) which may relate to its emgk (Castet al, 1999). The ST9
clone is associated with the M phenotype for madealesistance which is associated with
the mefA gene but with a sequence more commonly associidd Streptococcus
pyogene§Amezagaet al, 2002). The PMEN clone, Englan#9, is a serotype 14, ST9
clone which can be found in Scotland but here ofias lower antimicrobial minimum
inhibitory concentrations compared to the origid@ne suggesting some diversity within
the clone (Smitket al, 2006).
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1.6.1.3.5 Serotype 19A
Serotype 19A is not prevented by PCV-7. In coustrich introduced this vaccine into
their paediatric schedule around the year 2000h sag the USA, there was later a
noticeable increase in the incidence of serotypA i€lated IPD (Kristinsson, 2008,
Weatherholtzet al, 2008, Singletoret al, 2008, Carvalhet al, 2008, Paket al, 2005,
Hicks et al, 2007). To complicate matters there is evidemom fcountries which did not
introduce the vaccine, such as Scotland and Gernthaly serotype 19A was responsible
for significant levels of IPD (Ruckingest al, 2008, Lambet al, 2008, Clarkeet al,
2004c) and that the incidence of serotype 19A IRD &lso increased (Kristinsson, 2008,
Hanquetet al, 2008, Byingtoret al, 2006). So it was not initially clear whethersttiad
been an example of serotype replacement in resgortbe vaccine or the acquisition of a
more virulent clone of serotype 19A. It is also agmt that serotype 19A can be found
causing asymptomatic carriage (see Chapter 9).

More perplexing was the discovery that the cirdéotatserotype 19A population in the
USA since the introduction of PCV-7 was geneticdiverse as shown in Figure 1-10 and
Figure 1-11 (Paiet al, 2005). For instance, some isolates are resistannultiple
antibiotics while others are not (Brueggemaral, 2007, Kristinsson, 2008, Pichichero
and Casey, 2007, Singletehal, 2007). More strikingly, Brueggemamhal demonstrate
that although some serotype 19A isolates are gpiuatiy identical to strains circulating
in the USA since the 1990s (and likely to have bsellected by serotype replacement),
there are others which clearly have evidence oingabeen produced as the result of
capsular switching (Figure 1-11) whereby the chpmsuthat of 19A while the genotype is
identical to that of a serotype 4 clone (Brueggemetnal, 2007). They postulate that at
least two vaccine escape capsular switch events besurred. The main event resulted in
a penicillin nonsusceptible serotype 19A with ggpet ST695 which arose from
recombination between a recipient serotype 4 ST&8b a donor serotype 19A ST199.
This likely occurred around 2003 and resulted mnal expansion through the Northeast
USA because of its antibiotic resistance (Haneigal, 2008, Paet al, 2005). A second
recombination event occurred between a donor geEo®A ST2365 and a recipient
serotype 4 ST247 (Brueggemaanal, 2007). There is also evidence from Utah that a
serotype 19A of sequence type ST667 (which is meually seen in serotypes 14 and 19)
is causing IPD (Byingtoet al, 2008) and from Atlanta and Massachusetts tisatratype
19A of sequence type ST320 (acquired from the gpeofl9F multiply resistant PMEN
clone Taiwah’™14 ) accounts for a multiply antibiotic resistafine which is resistant to
penicillins, macrolides, clindamycin, tetracyclineso-trimoxazole, cefuroxime and
meropenem (Chancest al, 2008, Carvalh@t al, 2008, Hanaget al, 2008). In Alaska
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though, the serotype 19A clone which has expandesksociated with ST 172 and has
been associated with a fall in antibiotic resisea(fgingletoret al, 2007).
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Figure 1-10 Relationships of MLST sequence types construct  ed using eBURST version 3 ® of
all isolates in the MLST database which express ser  otype 19A capsule.

Blue dots indicate STs which are founders of clones from which single locus variants are
demonstrated in black. Yellow dots indicate STs whi ch are subgroup founders. ST199 is the
dominant founder clone of serotype 19A. There is su bstantially greater diversity within STs
which express serotype 19A capsule than for serotyp elor3.

® hitp://spneumoniae.mist.net/eburst {accessed 20th December 2008}
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19A from <5 years
2003-2004, post-PCV7

n=127
m:%ﬂ CC199 ¢ CC271R CC1296 R
199" (194, 15B, 6) 199* (19A, 15B, 8) 271+ (19F) 1296° (6A)
845 (19A) 667 (14,19) 320 (19F, 19A) 1339 (19A)
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Figure 1-11 Pie charts demonstrating the diversity of MLST
or CC) which express serotype 19A capsule before an
vaccine introduction.

Figure taken from Pai et al, 2005. This increase in
introduction has also been seen in other expanding
(Byington, 2007). R indicates resistance to multipl
intermediate resistance to penicillin using Clinica
criteria.

230* (14, 24F)
sequence types (clonal complex
d after pneumococcal conjugate

diversity post conjugate v  accine

non vaccine serotypes such as 3 and 7F

e antimicrobials and r indicates

| and Laboratory Standards Institute (CLSI)

Serotype 19A ST199 isolates are associated withurppoeoccal haemolytic uraemic

syndrome which is also increasing in incidencehe United Kingdom (Waterst al,

2007).

1.6.1.4 Genomic Diversity and Virulence Associated

1.6.1.4.1 Antibiotic Resistance Genes

1.6.1.4.1.1 Penicillin binding proteins (PBP)

Genes

The discovery of several allelic variants for pbp2Xp2B and pbpl1A of the six penicillin

binding proteins was pivotal in understanding therpmenon of horizontal gene transfer
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between pneumococcal isolates and between the muewecus and other streptococcal
species (Hakenbecét al, 1999). It has also been noted that when capswarching
occurs, that penicillin resistance genes may alsotiansferred at the same time
(Brueggemanret al, 2007). Diversity in the pbp2B gene can alsduigrice diversity in
the ddl housekeeping gene during interspecies recombmadtiexchanges (Enright and
Spratt, 1999a).

1.6.1.4.1.2 Macrolides

Resistance to macrolide antibiotics such as clamtycin occurs mainly by two
mechanisms. The first is methylation by a 23s-rRiNkethyltransferase which prevents
macrolides from binding to the ribosome (Retsenthfn 2001), resulting in resistance to
macrolides, lincosamides and streptogramins (th&sdviihenotype) (Jain and Danziger,
2004). Several erythromycin ribosome methylase gdeen genes) produce the MES
phenotype (Jain and Danziger, 2004). EneB gene predominates in pneumococci (Jain
and Danziger, 2004) and is carried by transposalimying transmission of this gene to
occur horizontally and clonally (Okitset al., 2005). The ML§ phenotype results in high

levels of resistance to macrolides.

The second mechanism is due to antibiotic effluxcvltan occur via two classes of pump
— the ATP-binding-cassette (ABC) transporter supmify and the major facilitator
superfamily (MFS). The macrolide efflux punimefA)predominates in pneumococci and
results in low to moderate resistance (the M phgetwith Minimum Inhibitory
Concentrations of 1-64 mg/L) (Jain and DanzigeQ4£Mydeet al, 2001). The presence
of themefAgene in R6 and its absence in TIGR4 features éregion of diversity which

is apparent when these sequenced genomes are eahiBanckneset al, 2004).

A third unigue mechanism which developed rapidly anpatient with serotype 3

pneumococcal pneumonia and which contributed tatal outcome, resulted from an
insertion of an 18bp tandem repeat in the L22 obwa protein and was described by
Musheret al (Musheret al., 2002).

Macrolide resistance predominantly affects serogsdd, 9, 14, 19 and 23 (Jacobs, 2002).
In serotype 14, macrolide resistance is particylasksociated with ST9 in Scotland (Clarke
et al, 2004b).
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16.14.1.3 Tetracyclines

Six diverse alleles for theet(M) gene which confers tetracycline resistance in the

pneumococcus have been identified (Dohettgl, 2000).

16.14.1.4 Trimethoprim

Two main groups of mutations in the dihydrofoladéeuctase gene have been identified in
pneumococcal isolates (Adrian, 1997). One of theatations (lle100-Leu) confers a 50
fold increase in the 50% inhibitory dose {hpof trimethoprim (Adrian, 1997).

1.6.1.4.2 Capsular genes
Diversity of capsular genes and their expressiahissussed earlier in section 1.6.1.2.2.

1.6.1.4.3 Surface Proteins

1.6.1.4.3.1 Neuraminidase

The nanAgene is thought to be universally present in aiipnococcal strains (Pettigrew
et al, 2006) whilenanBwas present in 96% of a series of isolatesrerCwas present in
only 51% of the same series (Pettigretnal, 2006).NanAitself has substantial sequence
diversity with three large regions of diversity -esaic blocks A, C and D — and regions of
insertions. Indeed, when comparing the R6 and TI@B4omes, it was noticed that the
nanAgene in TIGR4 was smaller than that in R6 (Bruclateal, 2004). Point mutations
and frameshift mutations have also been recognisethe nanA sequence (Calum
Johnston, University of Glasgow, personal commuioox

1.6.1.4.3.2 Choline Binding Proteins

1.6.1.4.3.2.7Pneumococcal Surface Protein RspA

PspAandPspCare choline binding proteins associated with vinake There is particular
interest inPspAas it is immunogenic and has potential use foradepn based vaccine
(Mollerach et al, 2004, Heeget al, 2007). ThePspA genes are mosaic genes
(Hollingsheadet al, 2000) andPspAsequences can be classified into three main fasnili
by the variability in their alpha helices (Rocbeal, 2003) although over 95% of strains
belong to family 1 or family 2 (Rochet al, 2003, Corakt al, 2001, Molleractet al,
2004). Families 1 and 2 &fspAare over 50% divergent by sequence analysis @rah,
2003). Each family can be further subdivided into dades (Hollingsheadt al, 2000,
Heeget al, 2007).
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1.6.1.4.3.2.2Pneumococcal Surface ProteinfspQ

PspCis encoded by a heterogeneous group of mosaicsd@&neoks-Walteet al, 1999).
It has a virulence role in adherence, invasion awasion of complement (Kegt al,
2006) but as it is highly polymorphic (lannedi al, 2002), there is substantial strain to
strain variation and this influences virulence (Ketral, 2006). Such sequence variation is
noticeable when performing microarray DNA CGH expents (Hakenbeckt al, 2001).

1.6.1.4.3.2.30ther Choline Binding Proteins (cbps)

In their comparison of the R6 and TIGR4 genomesicBmneret al identified differences
between the two for several other cbps (Brucleteal, 2004). One of these, cpbG, has
been noted to exist in a truncated form due to @A Tepeat causing a frameshift and
premature stop codon (Mamt al, 2006) although different clinical presentatiaas be
associated with either form (Mam al, 2006).

1.6.1.4.4 Pneumolysin
Genetic diversity in the structure of pneumolysas mecently been shown to be associated

with different biological behaviour of the toxinefferieset al, 2007, Kirkhamet al,
2006) indicating that genetic differences in theteaal virulence genes could account for
different disease manifestations. Sequence diyeisithe pneumolysin gene has been
recognised since 2005 (Hanageal, 2005).

1.6.1.4.5 Zinc Metalloproteinases
The pneumococcus exhibits large proteases on ifacgeuwhich are predominantly zinc

metalloproteinases and early sequenced genomesdhbere to be up to four per isolate
(Chiavolini et al, 2003). These are particularly important foragwe infections and
virulence in serotype 4 pneumococci, none appegoitant for virulence in serotype 3
pneumococci and only two are required for virulenteerotype 19F (Chiavoliret al,
2003). Two of these have been characterised ang shbstantial genomic diversity —

IgAl protease and ZmpC.

1.6.1.451 Immunoglobulin Al protease

This class of proteases allow the pneumococcuyvdadeshost mucosal immunoglobulin
which explains its substantial diversity as it equired to cleave structurally diverse
substrates (Poulseat al, 1998). Pneumococcal strains demonstrate vamiaiio the
number and sequence of repeat regions to facililase(Poulseret al, 1998). There are

also substantial sequence similarities betweenptiumococcus and other species of
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alpha haemolytic streptococci (Poulsanal, 1998). This high level of diversity can be
seen in results of microarray DNA CGH experimentere failure to hybridize indicates

substantial divergence from the probe on the micayaHakenbeclet al, 2001).

1.6.1.45.2 Zincmetalloproteinase C (ZmpC)

ZmpC specifically cleaves human matrix metallopraee 9 (MMP-9) (Oggionet al,
2003). It is absent from the R6 genome (Hosldhsl, 2001, Chiavoliniet al, 2003). It
has been determined to be present in 26% of isolatel has an association with
pneumococcal isolates from patients with pneum@@fraavolini et al, 2003) and was not
found in isolates from nasal or conjunctival swablates (Oggionet al, 2003). It has
therefore been suggested that it has a role inevice and pathogenicity in the lung
(Oggioniet al, 2003).

1.6.1.4.6 Two-component signal transduction systems (TCSs)
Two component systems allow pneumococci to resgonthanges in their environment

(Patersoret al, 2006). The two components are two proteins —eanbrane associated
sensor histidine kinase which on receipt of a gpestimulus phosphorylates an aspartate
residue in a cytoplasmic cognate response reguktah invariably results in alteration
of levels of gene transcription (Paterseinal, 2006). There are thirteen TCSs and one
orphan response regulator described in the pnewnosqPatersost al, 2006, Standish
et al, 2007). Allelic variation in these TCSs is recmgal (Reichmann and Hakenbeck,
2000). All thirteen TCSs have been sequenced avetaeare homologous with genes of
other Gram positive bacteria (Langeal, 1999). For at least one of the TCSs, regulation

of gene expression is strain dependent (Hendriksah, 2007, Blue and Mitchell, 2003).

1.6.1.4.7 Pneumococcal pilus
A pneumococcal pilus is encoded by thé islet (LeMieuxet al, 2006), which includes

genes for three pilus subunits (RrgA, RrgB and Rm@@l can be found in some but not all
pneumococcal isolates (Paterson and Mitchell, 20@®re it has a role in adherence and
may be involved in virulence (Barocadi al, 2006, Gianfaldonet al, 2007). Its presence
is associated with serotypes 4, 6B, 9V and 14 whhas been documented as absent from
serotypes 1, 7F, 8 and 12B and its presence apfeebesa clonal property (Aguiat al,
2008, Moschionket al, 2008, Bassett al, 2007) where it is particularly associated with
ST156 and ST162 (Sjostroat al, 2007). Sequencing of thieA islets has identified three
clade types with homology of 88-92% (Moschi@tial, 2008). Diversity of sequence in
the gene SP0466 within thirA islet resulting in false negative microarray CGdsults
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has been recently demonstrated (Sjostetrmal, 2007). A second pilus has also recently
been described (Bagnat al, 2008).

1.6.1.5 Why Sequence the Pneumococcal Genome?

There are several practical applications resultirm investigating the diversity of
pneumococcal genomes and their constituent gettes, than to merely catalogue species
diversity. This can identify genes which may digtirsh oral streptococci and so improve
taxonomy (Hollingshead and Briles, 2001, Lan an@wes, 2001). Additionally, highly
variable genes may distinguish poor vaccine cameligenes from more conserved and
useful ones (Hollingshead and Briles, 2001, Serettal, 2004) such akytA (Whatmore
and Dowson, 1999). The availability of genome seqeedata facilitates the development
of new technologies (Hindst al, 2002b) which can be used to develop new diagnost
tests (Hindset al, 2008) or improve antimicrobial drug discoveryoiigh the development
of genomic expression profiling (Hollingshead andlé3, 2001) or the identification of

novel virulence associated genes (HollingsheadBaibels, 2001, Fournieet al, 2007).

1.6.1.6 Aims of the Work Described in this Thesis

The aims of this work were to investigate:

1. The genomic diversity of defined populations ohidally relevantStreptococcus
pneumoniaeby means of a comparative genomic hybridizationreggh using a

validated contemporary PCR product microarray, RG&genomic sequencing.

2. Factors which may be causing genomic diversity saglneterogeneity of genes,

gene deletions or insertion of genetic material.
3. The influence that genomic diversity may have oertype.
This was approached by:

e Comparison of microarray CGH results with genomgusece data for 4 fully

sequenced pneumococcal isolates.

« lllustrating, using ten pneumococcal isolates dfedent serotypes and unrelated

sequence types, where regions of the pneumocoenahte were variable.
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« lllustrating differences in the extent of inter@igpe and intra-serotype genomic
diversity by comparing five isolates of ST9 fronffelient serotypes with five

isolates of ST9 all of which were serotype 14.

» lllustrating the extent of diversity within two c¢les of identical serotype and

sequence type (serotype 3, ST180 and serotype24l65T

* Investigating the degree of diversity which could demonstrated in isolates
retrieved from nosocomial outbreaks where isolaitdhe same serotype and
sequence type (serotype 4, ST206 and serotype 273 Tere known to be linked

epidemiologically.

« Documenting sequence type diversity involved inymecoccal carriage in a

paediatric population from a geographical regiohigh biodiversity.

The influence of genomic diversity on phenotypetiyh the demonstration of microarray

transcriptional profiles was investigated by:

e Comparison of IPD related serotype 3, ST180 isslatgh serotype 3, ST180
isolates isolated from nasopharyngeal carriagavestigate whether there could be

a genetic basis for the difference in “invasivetidoarriage” phenotype.

* Identification of transcriptional profiles from égfrent clinical disease conditions:

1. serotype 1 (ST227 and ST306) isolates associatéal parapneumonic

complications of pneumonia.

2. serotype 3 (ST180) isolates from cases of cereltagdess and meningitis.

» Demonstration of the transcriptional effects on altiply antibiotic resistant

pneumococcal isolate by a sub-therapeutic dosofrmomycin.
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2 Materials and Methods

2.1 General Procedures

2.1.1.1 Bacterial Strains and Growth Conditions

Details of the strains used in microarray experitaeme displayed in Appendix 1. These
details include serotypes, Multilocus Sequence $ypatibiotic sensitivities, details of the
body fluid from which isolates were identified atite age of the source patients. Isolates
were obtained from the strain collections of thetssh Meningococcal and Pneumococcal
Reference Laboratory (SMPRL) and the UniversityGdisgow Pneumococcal Research
Group. All strains were taken from frozen stocksl gmown overnight at 37°C on 5%
horse blood agar (Oxoid, United Kingdom) in prepiarafor the manufacture of fresh

glycerol stocks.

2.1.1.2 Glycerol Stock Manufacture and Culture Che  cks

Single colonies of test isolates grown overnight5éa horse blood agar were inoculated
with a sterile plastic loop into 10ml of Brain Headnfusion broth (Oxoid, United
Kingdom) and grown at 37°C in a water bath to amicap density of 0.6 at 600nm
determined on a WPA biowave C08000 Cell Densityegv€VPA, United Kingdom). 1.2
ml of sterile glycerol (Riedel-de-Haen®, Germanyassadded to the remaining 9ml of
culture and mixed. 1ml aliquots were then pipetted cryotubes (Sarstedt, Germany) and
stored at -80°C. The purity of glycerol stocks vaasessed by growth of diQplated onto

5% horse blood agar and incubated overnight at 37°C

2.1.1.3 Antibiotic Susceptibility Testing

Antibiotic susceptibility were determined using aisusceptibility testing applying the
Clinical and Laboratory Standards Institute (CLSHethodology. Susceptibility to
oxacillin, ampicillin, ciprofloxacin, clarithromyai and clindamycin were determined and

these are documented in Appendix 1.

Isolates which were collected as part of the paedi@neumococcal carriage study in
Bolivia (Chapter 9) and isolate South Africa 25@hépter 12) had antibiotic Minimum
Inhibitory Concentrations (MICs) determined usingeSts® (AB Biodisk, Sweden). MICs
were determined for penicillin, erythromycin, vangein, chloramphenicol, tetracycline

and co-trimoxazole and documented in Appendix 2.



Chapter 2, 64
2.1.1.4 Serotyping

All serotyping of strains was performed at SMPRIngsa coagglutination method (Smart,
1986) utilising sera from Statens Serum InstitignBark.

2.1.1.5 Nucleic Acid Extraction

2.1.1.5.1 DNA Extraction for Microarray Analysis and Polymerase Chain
Reaction

From a pure frozen glycerol stock of the test pnecmocal isolate, 10 was inoculated
into 20mL Brain Heart Infusion and incubated at @7vernight. Purity of this broth
culture was assessed by streakingill@septically onto 5% horse blood agar (Oxoid,

United Kingdom) and incubating this overnight atG7

The remaining culture was centrifuged at 4000ok&ions per minute (rpm) for 15
minutes (serotype 3 pneumococcal cultures requd@dminutes) at 4°C in a Sigma
Laboratory centrifuge 4K15 (Philip Harris, Unitedingdom). After decanting the
supernatant, the pellet was resuspended in 1nd bydfer (consisting of 10ul 1M Tris pH
8.0 (Ambion/Applied Biosystems, United Kingdom);(20 0.5M EDTA (Ambion/Applied

Biosystems, United Kingdom); 50ul 10% Sodium Dodec8ulphate (SDS)

(Ambion/Applied Biosystems, United Kingdom); 740dbuble distilled water). The
resulting solution was transferred to a sterilarl.gicrocentrifuge tube (Greiner Bio One,
Germany) and incubated at 37°C for 1 hour in ataligiry bath (Accublock™ Digital Dry

Bath, Labnet International, Inc., United KingdonBroteinase K (Invitrogen, United
Kingdom) was added to a final concentration of 1@ (5ug per ml from a 20mg/ml
frozen stock). The resulting solution was incubatedhe digital dry bath at 50°C for 3

hours.

RNaseA (Sigma-Aldrich, United Kingdom) was addedatfinal concentration of 20ug/ml
(i.e. 2ul per ml of a 10mg/ml stock which had béeiled to remove DNase activity) and
incubated at 37°C for 30 minutes. An equal volurhphenol: chloroform: isoamylalcohol
(25:24:1) (Sigma-Aldrich, United Kingdom) was addmad mixed by inverting the tubes
sharply several times then centrifuged at 13000 fpnB8 minutes at room temperature
(Eppendorf centrifuge 5417C, USA). The upper phveas removed without disturbing the
lower phase and added to a fresh microcentrifuge.t0.2 volumes of 10M ammonium
acetate (Fisher Scientific, United Kingdom) wereexal along with 600ul absolute ethanol
(Fisher Scientific, United Kingdom). The tubes wéren inverted gently then spun at 30
minutes 13000 rpm to pellet the DNA.
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The supernatant was carefully decanted and theinergdDNA pellet was air dried for 15-
20 minutes upside down on a paper towel then rpesuted in TE buffer (200 pl). Once
re-suspended, the DNA was stored at -20°C. The Bda quantified on a Nanodrop ND-
1000 spectrophotometer (Agilent Technologies, WhiKengdom).

2.1.1.5.2 RNA Extraction for Microarray Analysis
From a pure frozen glycerol stock of the test pnecoocal isolate, 10 was inoculated

into 15mL Brain Heart Infusion and incubated at@ftil an optical density at 600nm of
0.6 was reached. Purity of this broth culture wasessed by streakingpl@septically

onto 5% horse blood agar and incubating this ogétrat 37°C.

10ml of broth culture was centrifuged at 5000 rgnoam temperature for 5 minutes in 15
ml centrifuge tubes after which the supernatant we&sarded and the pellet frozen
immediately in liquid nitrogen. Frozen pellets wdreen stored at -80°C until RNA
extractions for all the hybridizations in a partaruexperiment could be performed in

parallel.

Due to the possible action of RNases, it was censttlessential to include a step early in
the cell harvest and RNA extraction protocol whiolactivates RNases (Conway and
Schoolnik, 2003), thereby limiting bias in the wanpt representation due to differential
turnover rates of RNA. On comparing a liquid niteagfreezing step with the addition of
RNAprotect Bacteria Reagent (Qiagen, United Kingyir@ezing in liquid nitrogen was
not only more cost effective but yielded highencentrations of RNA which were of

better quality.

Fresh lysozyme TE buffer was made. For 1ml of lysez TE buffer, 10ul 1M Tris HCI
pH8.0 (Ambion/Applied Biosystems, United Kingdon3ul of 0.5M EDTA pH8.0

(Ambion/Applied Biosystems, United Kingdom) and 1w lysozyme (Sigma-Aldrich,
United Kingdom) were added to 1ml of nuclease weger (Ambion/Applied Biosystems,
United Kingdom).

To begin the extraction, 200ul of lysozyme TE Buffe5 mg/ml) was added to the pellet,
vortexed for 10 seconds using a rotamixer (Hook &dndker Instruments, United
Kingdom) and incubated at room temperature for irfutes with vortexing for 10 seconds
every 2 minutes. 700ul of RLT Buffer from a QiageNeasy Mini Kit (Qiagen RNeasy
MINI KIT, Qiagen, United Kingdomyvas added and vortexed for 10 seconds.
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The resulting lysate was transferred to a sterifenl microcentrifuge tube (Greiner Bio
One, Germany) containing 25-50mg of 100um glassddegigma-Aldrich, United
Kingdom). Using a Hybaid Ribolyser (Hybaid, Unit&chgdom) set at speed 4, three runs
of 20 seconds were used to facilitate the disraptd cells. The solution was then
centrifuged at 13000 rpm (Eppendorf centrifuge 321TSA) for 10 seconds. The
supernatant (approximately 900ul) was recovered tew 1.5ml microcentrifuge tube
(Greiner Bio One, Germany). 500ul of Ethanol 100®sl{er Scientific, United Kingdom)

was added and mixed without vortexing.

700l of this solution was added to the RNeasy Maotumn(Qiagen- RNeasy MINI KIT,
Qiagen, United Kingdom)and centrifuged at 13000 rpm for 30 seconds at room
temperature (Eppendorf centrifuge 5417C, USA). flbne-through was discarded and the
remaining 700ul added to the same RNeasy Mini coland centrifuged at 13000 rpm for
30 seconds. 350ul of RW1 Buffer was added into RiNeasy Mini column (Qiagen-
RNeasy MINI KIT, Qiagen, United Kingdom) and cefuged at 13000 rpm for 5 minutes

at room temperature.

10ul DNase | stock solution was added to 70ul BURBD (Qiagen RNase-Free DNase
Set, Qiagen, United Kingdom) and this 80ul was gakedirectly onto the RNeasy Mini
column silica-gel membrane, and placed on the kepcht room temperature for 15

minutes.

350ul of Buffer RW1 was pipetted into the RNeasyuom then centrifuged for 30

seconds at 13000 rpm at room temperature anddhetfirough was discarded. A further
700ul of RW1 Buffer was added into the RNeasy Mioiumn and centrifuged at 13000
rpm for a further 30 seconds. The flow-through wgain discarded and 500ul of RPE
Buffer added into the RNeasy Mini column and cémgged at 13000 rpm for 30 seconds.
After discarding the flow through, an additionalOp0 of RPE Buffer was added to the
RNeasy Mini column and centrifuged at 13000 rpm 2Zominutes to dry the silica-gel

membrane.

To elute, the RNeasy Mini column was transferred teew 1.5 ml collection tube. 50ul of
nuclease free water (Ambion/Applied Biosystems,tethKingdom), was pipetted directly
onto the silica-gel membrane (30ul was added dootgpe 3 pneumococcal RNA as the
RNA yield was generally much lower than other sgyes). The tube was left to stand for
3 minutes and then centrifuged for 1 minute at D3@®n. A 5ul aliquot was removed for

quality assessment on an Agilent 2100 bioanaly#agildnt Technologies, United
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Kingdom) where an RNA integrity number above 9 waasidered high enough quality
for further use and quantification on a Nanodrop-NIDO spectrophotometer (Agilent
Technologies, United Kingdom) while the remainingck of RNA was stored at -80°C

until required.

2.1.1.5.3 RNA Extraction for Quantitative Real Time Polymerase Chain Reaction
(QRT-PCR)
In addition to the steps above, a second treatteemémove DNA was performed by

adding 1 Ambion TURBO DNA{ree™ (Ambion/Applied Biosystems, United
Kingdom) after elution into nuclease free water (@om/Applied Biosystems, United

Kingdom) prior to assessing the RNA quality.

2.1.1.6 Polymerase Chain Reaction (PCR)

PCR of genes to confirm their presence or absemd¢est genomes was performed on a
Techegene thermal cycler (Bibby Scientific, Unitéitigdom). This was set to 2 minutes
of denaturation at 94°C followed by 35 cycles of®4or 30 seconds, X°C for 30 seconds
(where X was 2°C lower than the primer melting tenapure) and 40 seconds at 72°C.
The final extension was set for 2 minutes at 72A@ then the reaction was held at 4°C.
The reaction volume was @bconsisting of 0.1l Go Taqg® DNA polymerase (Promega,
USA), Sul of 5xBuffer (Promega, USA), |2 of Magnesium Chloride (Promega, USA),
0.5ul of 20mM dNTPs (Invitrogen, United Kingdom), @/5orward primer, 0.5l reverse
primer, Jul genomic DNA and 15.38 PCR grade water.

2.1.1.7 Gel Electrophoresis

Prior to use in microarray experiments, the qualitgenomic DNA was also assessed by

gel electrophoresis using a 0.7% agarose gel (AgawtP, Roche Diagnostics, Germany).

PCR products were run on a 2% agarose gel to aeepsoduct size using a 100 bp DNA
ladder (Promega, USA). SYBR® safe (Invitrogen, ©ditKingdom) was used to

demonstrate bands of DNA.

2.2 Microarray Protocols

2.2.1.1 DNA Comparative Genomic Hybridization (CGH )

DNA CGH experiments were all performed using a cammeference design with TIGR4

as the reference pneumococcal genome. Each exmerinoduded fluorochome labelling
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of DNA with a dye swap step so that for each tesfate of pneumococcal DNA
(biological replicate), two microarrays were hylmet (technical replicates) — one with
the test DNA labelled with fluorochrome Cy3 (GE Heeare, United Kingdom) and one
labelled with Cy5 (GE Healthcare, United Kingdor@h(rchill, 2002) as shown in Figure
2-1.

Figure 2-1 Results of microarray CGH dye swap experiments for isolate 06-1805 (ST227).

In both microarrays illustrated above, DNA from the test clinical isolate 06-1805 (used in
Chapter 10) is competitively hybridized with DNA fr  om the laboratory reference strain,
TIGR4. On the left, the TIGR 4 genes are labelled w ith the fluorophore Cy3 and 06-1805
genes are labelled with the fluorophore Cy5. This|  abelling is reversed on the microarray on

the right. When genes are present in TIGR4 but not  the test clinical isolate they appear as
red dots (left) or green dots (right). When genes a  re present in 06-1805 but not the TIGR4
genome they appear as green dots (left) and red dot s (right) — these genes are identifiable in

the laboratory reference strain R6 but are absent f rom TIGR4. Where genes are present in
both 06-1805 and TIGR4 there is competition to hybr idize on the array and the dots appear
yellow.

For each microarray, one Cy3 labelled DNA sampleé ane Cy5 labelled DNA sample
were prepared by heating (for 5 minutes at 959@) 6f DNA and lul of random primers
(Invitrogen, United Kingdom) made up to 4fl5with nuclease free water (Ambion/
Applied Biosciences, United Kingdom). This was tharap cooled on ice and briefly
centrifuged. To each was addgd 320xREact 2 buffer (Invitrogen, United Kingdomll
dNTPs (5mM dATP, 5mM dGTP, 5mM dTTP and 2mM dCTRjul Cy3 or Cy5 dCTP
(GE Healthcare, United Kingdom) angllLarge fragment DNA Polymerase | (Klenow)
(3-9Ul) (Invitrogen, United Kingdom) and the solutionsvacubated at 37°C in the dark

for 90 minutes in a Techegene thermal cycler (BiSbientific, United Kingdom).

Microarrays were prepared by soaking in a prehymaitbn solution preheated to 65°C
(composed of 8.75ml 20xSSC (Ambion/Applied Biosces) United Kingdom), 2%0
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20% SDS (Ambion/Applied Biosciences, United Kingdprdml (100mg/ml) Bovine

Serum Albumin (Sigma-Aldrich, United Kingdom) anchde up to 50ml of sterile double
distilled water) for 20 minutes in a Coplin jar gker Scientific, United Kingdom) and
placed in a Techne Hybridizer HB-1D (Bibby ScieiotitUnited Kingdom). Prehybridized

arrays were rinsed in 400ml double distilled wdterl minute and then in 400ml propan-
2-ol (VWR International, USA) for 1 minute. Eachrar was placed in a 50ml centrifuge
tube and centrifuged at 1500 rpm for 5 minutes thtened in a dust free box until ready

for hybridization.

Cy3 and Cy5 labelled DNA samples were combined afQiagen Minelute purification
column (Qiagen, United Kingdom). 5@0of Buffer PB was added and centrifuged at
13000 rpm for 1 minute (Eppendorf centrifuge 541T45A). The flow through was
discarded and 5@0 of Buffer PE was added and centrifuged at 13Q#@ for 1 minute.
Again the flowthrough was discarded then @256f Buffer PE was added to the same
column and centrifuged at 13000 rpm for a minutewRhrough was discarded and then
the column was spun again for 1 minute at 13000 tphem placed in a fresh 1.5ml
collection tube. 159 of nuclease free water (Ambion/Applied BiosciesicéJnited
Kingdom) was added to the membrane and centrifigedl minute at 13000 rpm to elute
DNA for hybridization.

14.9ul of the Cy3/Cy5 labelled DNA sample was added .BuHlof filtered 20xSSC and
3.5ul of 2% SDS and the resulting solution heated foni@utes at 95°C in a Techegene
thermal cycler (Bibby Scientific, United Kingdonmbifter slips (Erie Scientific Company,
USA) were placed on the pre-hybridized microarrayd the DNA solutions pipetted onto
the bottom left corner to allow the solution todrawn across the microarray by capillary
action. Prepared microarrays were placed in a Hpaiion cassette, sealed and then
submerged in a water bath at 65°C in a Techne Higer HB-1D (Techne, USA) in the
dark for 20 hours.

After hybridization, arrays were transferred tolidesrack and washed with agitation in a
pre-heated solution of 20ml 20xSSC, 1ml 20% SDSemguito 400ml with sterile double
distilled water for 2 minutes and then transferteda further solution of 1.2ml 20xSSC
made up to 400ml with sterile double distilled wated washed with agitation for 4
minutes. Microarrays were then placed in 50ml cfige tubes and dried by
centrifugation at 1500 rpm for 5 minutes. The hgizeéd microarrays were then scanned

using ScanArray Express ™ (Packard Bioscienceshigiotechnologies, Perkin Elmer).
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2.2.1.2 RNA Comparative Hybridization

RNA expression experiments were also performedgusiocommon reference design using
TIGR4 RNA grown to midlog phase (Conway and Schi@l2003). Unlike the DNA
CGH experiments, 3 biological replicates of eadt isolate RNA (i.e. three independent
RNA extractions from different broth cultures) wérgbridized against TIGR4 RNA (from
the same batch of TIGR4 RNA) with only one techhreplicate per biological replicate
as required for statistical validity (Foster andbidy 2002). The choice of using an RNA
reference control grown to midlog phase was madéhigsis an established means of
determining a baseline for gene expression. Itpgreciated that this is not the only
possible method and that alternatives such as ugempmic DNA or a mixture of
reference RNA from several sampling conditions hails been used (Conway and
Schoolnik, 2003).

For each microarray, one Cy3 labelled cDNA sam@ddug) and one Cy5 labelled
cDNA sample (2-1Qg) were prepared by heating for 10 minutes at 7@Ath 1yl of
random primers (Invitrogen, United Kingdom) and mag to 1l with nuclease free
water (Ambion/ Applied Biosciences, United Kingdonfihis was then snap cooled on ice
and briefly centrifuged. To each was addedl SxFirst strand buffer (Invitrogen, United
Kingdom), 2.%I DTT (100mM), 2.3 dNTPs (5mM dATP, 5mM dGTP, 5mM dTTP and
2mM dCTP), 1.1l Cy3 or Cy5 dCTP (GE Healthcare, United Kingdonmd a2.5ul
SuperScript 11 (200Uil) (Invitrogen, United Kingdom) and the solution sveacubated at
25°C in the dark for 10 minutes then 42°C for 9wumes in a Techegene thermal cycler
(Bibby Scientific, United Kingdom).

Microarrays were prepared in an identical way tat thescribed above in Section 2.2.1.1.
Cy3 and Cy5 labelled DNA samples were combined afQiagen Minelute purification
column (Qiagen, United Kingdom). 280 of Buffer PB was initially added and
centrifuged at 13000 rpm for 1 minute (Eppendoritaige 5417C, USA). The rest of the
procedure for preparing the hybridization solutidmybridizing the microarray and

scanning is identical to that described in SecBidnhl.1.

2.2.1.3 Microarray Normalization for DNA Comparati ve Genomic
Hybridization

Tagged Image File Format (TIFF) images of the sednmicroarrays created by

ScanArray Express ™ (Packard Biosciences Biochighiielogies, Perkin Elmer) were
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entered into Bluefuse for Microarrays 3.5 © witle @y3 labelled image in Channel 1 and
the Cy5 labelled image in Channel 2. The arrayngap files provided by the Bacterial
Microarray Group at St George’s Hospital, Universdaf London (BUG@S, United
Kingdom) were utilised. The post processing peotavas devised by Dr Jason Hinds of
BuG@S and comprised of initial exclusion of undgkaresults due to poor quality
hybridizations with a confidence estimate of ldsmt0.1. Controls spots on the array were
identified using an array gridmap GenePix Array tLiS(GAL) file
(SPvl_1 0 _CGH_Gridmap.bcf) and data pertaining dotrol spot hybridizations was
automatically removed from the analysis. To corfectspatial, intensity and dye related
effects, normalization was performed using theapti'Global Lowess excluding all with
text.” Confidence flags were set at their defaettisgs. Replicates of each dye swap were

combined by fusion.

CGH was performed in Bluefuse for Microarrays 3.6€ing a protocol devised by Dr
Jason Hinds through the identification of a noruhiatribution of experimental variability
and by identifying variability which was two stamdadeviations from the mean of this
normal distribution for all the results for the TR@ and R6 genes represented on the
microarray. Automated classification of regionsvafiability was performed by setting a
ratio threshold for amplification as 1.0 and ratweshold for deletion at -1.0 with the
minimum number of clones included in the regiononder for it to be classified as an

amplification or a deletion set at 1. Dye swap pssing was enabled.

Data analysis was completed in Genespring GX {Agllent Technologies, USA) again
using protocols devised by Dr Jason Hinds. Outpused CGH files were imported into
Genespring GX 7.3.1 and further normalization wadggmed after data transformation to
account for dye swaps. This normalization was peréal using the, “Per spot and divided
by control channel,” protocol with a cross gene@emodel using the error model for one-
colour data. The error model was based on devidtmn 1. The generation of gene lists
using Genespring GX 7.3.1 (Agilent TechnologieSA)Y was accomplished by importing
the Bluefuse for Microarrays 3.5© generated outfused.xls files to create an
experiment whereby the microarray dye swaps foh estr@in could be analysed using the,
“Filter on data file,” option. To generate each gdist, a search was performed using the,
“Type,” column employing the search criteria, “Coln values must be not equal to NO
CHANGE,” and “Value must appear in at least 1 & selected columns.” The resulting
gene list could be saved or exported into Micro§dfice Excel 2003, Microsoft®, United

Kingdom for comparison with further strains.
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2.2.1.4 Microarray Normalization for RNA Expressio n

For RNA expression experiments, normalization waggomed (again using protocols
written by Dr Jason Hinds) by importing the Outgused.xls files into Genespring GX
7.3.1 (Agilent Technologies, USA) for the 3 biolcgli replicates of each isolate. When
TIGR4 cDNA was labelled with Cy3 an initial “dye ap/’ normalization step was used for
RNA expression experiments. An additional, “Peregénormalization step was applied to
specific samples (serotype 1 isolates) where tbkatess being compared involved more
than one MLST of5. pneumonia# take into account clustering by MLST rathemthowy

the clinical condition being investigated.

Statistical analysis of RNA expression data geeerdity Genespring GX 7.3.1 (Agilent
Technologies, USA) was performed using the statistanalysis (ANOVA) tool. This
performs a l-way parametric test without assumirgiances are equal. The false
discovery rate was set at 0.05 resulting in a fdiseovery rate of about 5% of genes.
Multiple testing correction was performed using @nfmini and Hochberg False
Discovery Rate. Npost hodests were used.

The class prediction function on Genespring GX17 (3gilent Technologies, USA) was
used to generate lists of genes which were prediaif invasiveness, brain abscess or
complicated pneumonia respectively, with a predectstrength calculation based on
Fishers Exact Test. These lists were then impoirtéal Microsoft Office Excel 2003,

Microsoft®, United Kingdom for comparison.
2.3 Gene Sequencing and Multi Locus Sequence Typing

Gene sequencing and MLST of isolates (Enright amct§ 1998) was performed at the

SMPRL using their protocols as outlined below.
2.3.1 Gene Sequencing

PCR products from reactions performed using primeosted in Appendix 3 (MWG
Biotech AG, Germany) which were manufactured toegete the PCR products utilised in
the manufacture of the microarray were used fousegng. A semi automated PCR clean
up (Clarke and Diggle, 2002) was performed usinBadoAmp liquid handling robot
(MWG Biotech AG, Germany). Likewise, a sequencectiea using the RoboAmp

thermocycler (MWG Biotech AG, Germany) with a seautomated sequence cleanup was
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performed as per the published method (Clarke amgyl® 2002). Sequencing was
performed using a MegaBACE™ 1000 96-capillary seqgae (GE Healthcare, United
Kingdom) and a published protocol (Jefferedsal, 2003).

2.3.2 Multi Locus Sequence Typing

MLST was performed using a previously published issmomated protocol (Jefferies

al., 2003). The primers for the seven housekeepinggased for MLST are listed below.

Housekeeping Gene Primer Sequence (5 —3’)

aroE forward

GCC TTT GAG GCG ACAGC

arokE reverse

TGC AGT TCA (G/A)AA ACA T(A/T)T TCT AA

gdh forward

ATG GAG AAA CCA GC(G/AITIC) AG(CIT) TT

gdh reverse

GCT TGA GGT CCC AT(G/A) CT(G/AITIC) CC

gki forward

GGC ATT GGAATG GGATCACC

gki reverse

TCT CCC GCA GCT GAC AC

recP forward

GCC AAC TCA GGT CAT CCA GG

recP reverse

TGC AAC CGT AGC ATT GTAAC

spi forward

TTATTCCTCCTGATTCTGTC

spi reverse

GTG ATT GGC CAG AAG CGG AA

xpt forward

TTATTA GAA GAG CGC ATC CT

Xpt reverse

AGA TCT GCC TCC TTA AAT AC

ddl forward

TGC (CIT)CAAGT TCC TTATGT GG

ddl reverse

CAC TGG GT(G/A) AAA CC(AIT) GGC AT

Table 2-1 Primer sequences used for MLST.

2.4 Analysis of Genome Sequences Using the Artemis

Comparison Tool

The Artemis Comparison Tool (ACT) was developed asmeans of visualising
comparisons of complete genome sequences ancasaiciated annotations (Caret¢mal,
2005). The genomes of the two microarray referesicains (TIGR4 and R6) were
compared with the annotated sequences for fulljueseced pneumococcal genomes
provided as EMBL files by Mr Nicholas Croucher, \¢elme Trust Sanger Institute using
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the BLASTN algorithm from the web site DoubleACT iath is hosted by the Health
Protection Agency The resulting files were imported into ACT tooal comparison of
either the TIGR4 or R6 genomes with other sequenstdins. These sequence
comparisons could then be used to validate the oaicsy comparative genomic
hybridizations using the same four test strains rwhgbridized competitively against
TIGRA4.

2.5 Quantitative Real Time Polymerase Chain Reactio n

2.5.1 cDNA Synthesis

2ug of high quality RNA (RNA integrity number > 9 oAgilent 2100 Bioanalyser
(Agilent Technologies, United Kingdom)) was mixedthw 2ul Random Hexamers
(Invitrogen™, United Kingdom) and 1 pul RNaseOUT ™Mvtrogen™, United Kingdom)
and nuclease free water was added (Ambion/AppliedyBtems, United Kingdom) to a
total volume of 17.5 pl. This was denatured at 7@CLO minutes in a Techegene thermal
cycler (Bibby Scientific, United Kingdom), then pah ice. To each sample were added
6ul of 5x First Strand Buffer (Invitrogen™, Unitedingdom), 3ul of 0.1M DTT
(Invitrogen™, United Kingdom), 1.5ul of 10mM dNT(vitrogen™, United Kingdom)
and 2ul of SuperScript® Il (Invitrogen™, Unitedrigdom). The reaction was incubated
at 42°C for 16 hours and then inactivated by heain70°C for 15 minutes. 1ul &. coli
RNase H (Invitrogen™, United Kingdom) was added amclbated at 37°C for 20
minutes. The concentration of the resulting cDNAswgaantified using a Nanodrop ND-

1000 spectrophotometer (Agilent Technologies, WhiKengdom).

2.5.2 Quantitative Real Time Polymerase Chain React ion Protocol

Quantitative Real Time PCR was performed at SMPRLlad.ightCycler® 480 (Roche,
United Kingdom). Pneumococcal DNA gyrase subunit(2P1219) was used as the
reference gene and its expression compared to g test genes for each experiment.
TIGR4 cDNA was used as a positive control and negatontrols were nuclease free
water and the RNA sample from which cDNA was maaotfieed (non-reverse
transcription negative control). Standard curvesewsmnstructed using cDNA at dilutions
of 1.5, 1:50, 1:500, 1:5000 and 1:50,000. Primezsavuised at a concentration @M and

® http://www.hpa-bioinfotools.org.uk/pise/double_act.html# {accessed 17" November 2008}
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the total reaction volume was J20(5ul cDNA, 10ul LightCycler® 480 SYBR Green |
Master (Roche, United Kingdom)uBnuclease free water,ull forward primer and fl
reverse primer). The protocol used consisted akanrubation step for 5 minutes at 95°C
and then 40 cycles of an amplification step comgsdf 10 seconds at 95°C, 20 seconds at
50°C and 30 seconds at 72°C. The melting curveecgohsisted of 5 seconds at 95°C, 1
minute at 65°C followed by reaction termination7&°C then cooling to 40°C for 10
seconds. The results of the real time PCR expetsneare analysed using the software Q-
gene (Mulleret al, 2002) for assessment of relative expressioriddee genes of interest.

It is important to recognise though that gRT-PCRaisnore quantitative method of
comparing gene expression than by using microamdysh are semi-quantitative and so
there can be notable differences in the level afegexpression detected by the two
methods with microarrays often underestimating gewrpression by two to ten fold
(Conway and Schoolnik, 2003). The primers usedjRT-PCR experiments are displayed
in Appendix 4.



3 Microarray and Genome Sequencing
Approaches to the Study of Pneumococcal

Genomic Diversity

3.1 What is a Microarray?

A microarray consists of a series of, up to sevr@lisand, nucleic acid targets attached to
a solid substrate. Hybridization of fluorescentipelled DNA or cDNA probes from test
genomes using methodology developed in the 1908 Bouthern blotting and reverse
Northern blotting (Gucet al, 1994) can allow assessment of the presencequesee
divergence of identifiable genes of interest oreasment of relative expression levels of
genes (Bryantet al, 2004, Yeet al, 2001). There are two major classes of DNA
microarrays — PCR product or “spotted” microarragad oligonucleotide based
microarrays (Yeet al, 2001, Hindset al, 2002a, Bryantet al, 2004, Frieberg and
Brunner, 2002). In general, “spotted” microarrays better for detecting the presence or
absence of entire genes and are more economicake(Bieinet al, 2002) whereas
oligonucleotide microrrays, which have a greatensity of smaller probes, can detect
sequence polymorphisms within a gene more reaBilyantet al, 2004, De Saizieet al,
1998, Cassonet al, 2007). For “spotted” DNA microarrays, sequencegesponding to
single open reading frames are preferable (Rietiail, 2000).

Several advancements in the last decade have dtherdevelopment of microarray
technology. There has been a great expansion lofitpees that have birthed methods for
fluorescent tagging of DNA and fluorescence scamnirechniques developed from on-
chip photolithography and inkjet and microjet depos allow the accurate "spotting" or
application of DNA to minute areas of solid substrauch as glass microscope slides
(which are inert at high temperature, allow covaleinding of DNA to the glass surface,
tolerate high ionic washes, have low backgroundréiscence and permit competitive
hybridization) (Hindset al, 2002a, Gucet al, 1994, Dharmadi and Gonzalez, 2004),
membranes (which are larger and only permit siogknnel hybridizations) (Hindst al,
2002a) or microchips. This allows DNA hybridizatibm be performed against thousands
of genes simultaneously (Hinag al, 2002a, Kumaet al, 2005). Fears of bioterrorist
attacks and biological warfare have motivated aedto develop technology that can
rapidly identify pathogens (Wilsoat al, 2002, Pannucaet al, 2004, Hashsharat al,

2004) and has stimulated the miniaturisation ofstxy technologies for genomic
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identification for application and utilisation outtv a laboratory. The complete sequencing
of bacterial genomes has also provided a backlmmplate of genes against which strains
of the same or similar organisms can be compartewialg studies of genomic diversity
and genotyping, refinement of taxonomy and a gyeattreased understanding of
pathogenesis since gene expression studies ndedger be performed in isolation but in
the dynamic context of enzymatic pathways and taptation of the organism to a range
of changes in environmental exposures (Brral, 2004).

A growing number of human parasites as well asdoett fungal and viral pathogens have
been studied using microarray technology in addlitio Streptococcus pneumonig&Be
Saizieuet al, 1998, Petersoat al, 2000, McCluskeet al, 2002, Martin-Galianet al,
2004, McDaniekt al, 2004, Shert al, 2006a, Orihuel&t al, 2004b). In an attempt to
standardize data produced from different microaplatforms with different experimental
designs, using different analysis methods, therist eguidelines as to the Minimum
Information About a Microarray Experiment (MIAME)hich should be accessible for any
microarray generated dataset (Dharmadi and Gonza@¥, Brazmeet al, 2001). In
order to be compliant with the MIAME guidelines| adicroarray data pertaining to these
experiments are stored inUB@SBase, the microarray data repository for theteBet

Microarray Group at St George’s Hospital@B@S), University of London.
3.2 Applications of Microarrays

3.2.1.1.1 Virulence studies
In the pneumococcus, microarrays allowed a compiehe analysis of the timing and

extent of activation of known components of the petence cycle along with the
identification of additional loci not previously aegnised as being involved in
pneumococcal competence (Peterspal, 2000, Petersoet al, 2004, Dagkessamanskaia
et al, 2004, De Saizieat al, 1998, De Saizieat al, 2000, Riminiet al., 2000, Mascher
et al, 2006). The identification of genes involved inepmococcal competence and
transformation was also the subject of a recendystusing genomic array footprinting
(Burghout et al, 2007). Orihuelaet al have demonstrated different patterns of
pneumococcal gene expression which occur when at&ttafrom different anatomical
locations in mice (Orihuelat al, 2004b).

By comparing gene expression at different timethengrowth of the pneumococcus, Kb
al (Ko et al, 2006), showed that the late log or early staigrphase is the most virulent

phase of pneumococcal growth. A growth phase depensgwitch in virulence gene
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expression has also been describedHelicobacter pylori(Thompsonet al, 2003). An
advantage of the microarray approach to studyinge gepression is that they eliminate
bias generated by prior selection of genes to studigh are believed to be involved in

pathogenesis (Cassoekal., 2007).

Microarrays based on the human genome have also bssd to investigate the host
response to pneumococcal virulence factors sugn@smolysin (McDaniedt al, 2004).

In bacteria other than pneumococci, combining namay CGH with Bayesian
phylogenies has allowed the identification of nathpgenic, low pathogenicity and highly
pathogenic clades ofersinia enterocolitica and a hypervirulent clade @lostridium
difficile by means of comparative phylogenomics (Howetdal, 2006, Stableet al,
2006). Chizhikovet al have also used a oligonucleotide microarray t@atetirulence

factors in strains ddalmonellaShigellaandEscherichia col(Chizhikovet al, 2001).

3.2.1.1.2 Drug Discovery and Development
As DNA CGH and RNA expression experiments can iddptify putative gene functions,

their roles in metabolic pathways or effects ofulatpry systems, they are ideal for
speeding up the process of identifying potentiginaicrobial drug targets (Yiret al,
2004, Galperin and Koonin, 1999) or identifyingtotist patterns of gene expression in the
presence of antimicrobials. Bijlsmet al, (Bijlsma et al, 2007) and Burghouét al
(Burghoutet al, 2007) have recently used Genomic Array Footprin{GAF) which
combines random transposon mutagenesis and miayo&chnology to create a high
throughput method of identifying essential geneshia pneumococcus which could be
applied to aid identification of proteins to targer vaccine and antimicrobial drug

development.

3.2.1.1.3 Diagnostics
It is possible to customise microarrays to addegeific diagnostic issues (Kumetr al,

2005). One such application would be to rapidlynidg the presence of antimicrobial
resistance genes (Cassateal, 2006, Zhuet al, 2007, Grimmet al, 2004, Callet al,
2003). With regard to the pneumococcus, there lhaem moves to develop a serotyping
microarray although some of these prove unable isgrichinate between serotypes,
although they can discriminate between serogrowen@et al, 2007). Other serotyping
microarrays, although more accurate (Himtisal, 2008) cannot yet compete against the
economy and rapidity of serotyping by co-aggluimat Use of microarray technology to

perform MLST has also proven to be unsuccessfulalse of unacceptably high



Chapter 3, 79

misidentifications at polymorphic loci (Swiderekal, 2005, Verneet al, 2004). This has
led to the conclusion that microarrays should metcbnsidered a substitute for classical
typing techniques (Cassoeeal, 2007). Microarrays are also being developed wisan
discriminate between pneumococcal and other rdepyrdacterial and viral infections
(Lin et al, 2007).

Poor sensitivity and discriminatory power when iifgimg polymorphic loci, particularly
when considering homologous sequences betweenriahsigecies has limited the use of
microarrays as a platform for the rapid, reliabdentification of unknown organisms
(Wilson et al, 2002), the simultaneous detection of multipléhpgens or discrimination
of infection with closely related pathogens (C&005, Palacio®t al, 2007) although
attempts are being made to resolve such issuek 0@b, Palaciost al., 2007, Liuet al,
2004). It has been estimated that hybridizatiolh @ successful if genetic dissimilarity
between probe and target is less than 10-15% (PBal&t al, 2007). This is also
influenced by the location of sequence dissimyaa$ hybridization is less successful if
polymorphisms are located centrally or throughdwg probe sequence (Palacietsal,
2007). Successful hybridization is also influentests by mismatched GC rich fragments
than by mismatched AT rich fragments (Pala@bsl, 2007). Microarrays are not well
suited to enable a determination of pathogen wvtgbdr quantification of numbers of
bacteria present such as would be required to atdian infectious dose for a significant
pathogen (Palaciast al,, 2007).

Cassoneet al have suggested that to overcome inherent semgitivhitations with
microarrays, amplification of selected sequencesldcde performed but notes that
introducing this bias may not be acceptable iniaical setting (Cassonet al, 2007).
There would likely need to be a PCR-independenglevigenome amplification to avoid
such bias. For such reasons as these, DNA micksamay not be destined to become the,

“standard laboratory tool,” which some have presgigwsuggested (Yet al, 2001).
3.3 Microarray Design

The technology required for microarray manufactanel the methodology behind their
manufacture are reviewed by several authors (Kwehat, 2005, Dharmadi and Gonzalez,
2004, Yeet al, 2001, Bryantet al, 2004, Hindset al, 2002b, Hindset al, 2002a,
Finkelsteinet al, 2002).
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The SPv1.1 microarrays utilised in this work arenafactured by the Bacterial Microarray
Group at St. George’s Hospital, University of LondBuG@S) as a PCR product
microarray which harbours the genes of the entl(é@RA genome (Tetteliet al, 2001)
plus 117 genes from the R6 genome (Hoskinal, 2001) all of which are represented in
duplicate and attached to an aminosilane coatesk giide (Hindset al, 2002a). The
microarray manufacturing procedures for this pnetmooal microarray are described by
Hinds et al (Hindset al, 2002a, Hind®t al, 2002b) and are identical to those published
for their Staphylococcus aurefgVitneyet al, 2005) andCampylobacter jejunjDorrell et
al., 2001) arrays albeit SPv1.1 utilises pneumocaacaiers and PCR products.

Optimised conditions relating to DNA or cDNA contextion used, temperature, buffer
and salt concentrations are required for hybrithrat Complementary hybridization
between probe and target sequence results in stragignal than between probe and

mismatches, insertions or deletions (Kuregal,, 2005).
3.4 Microarray Analysis Methods

The fluorophores Cy3 and Cy5 have good photostghilith a wide range of separation in
their excitation (550nm for Cy3 and 649nm for Cg@id emission spectra (570nm for Cy3
and 670nm for Cy5). The emitted light wavelengtbwas$ visualisation of Cy3 as red and
Cy5 as green (Kumaat al,, 2005).

DNA CGH and RNA expression experiments generatgelamounts of complex data
requiring tailored bioinformatics and biostatisticmftware, the use of which can have
great impact on the interpretation of results (Kuetal, 2005).

In order to address systematic variables introducts microarray experiments through
their inherent experimental design such as slidehbheterogeneity, differences in spot
morphology or different degrees of background digagrocess of data normalization is
required to allow direct comparisons between miceys (Kumaret al, 2005, Finkelstein
et al, 2002). For the purposes of this work, regresdimormalization has been used by
which a best fit slope is determined as a diagbnealon a scatter plot (Kumat al, 2005,
Dharmadi and Gonzalez, 2004). Normalization candéermined from this line by a
variety of statistical methods in the software @aygs Bluefuse for Microarrays 3.54ad
Genespring GX 7.3.1 as illustrated below in Figguk
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(A) (B)

Figure 3-1 Comparison of normalization methods for CGH of Sample 03-4183.

Scatter plots A and B correspond to two separate dy e swap experiments for sample 03-
4183. In (A) the TIGR4 reference was labelled with  Cy3 and in (B) the TIGR4 reference was
labelled with Cy5. No normalization was performed u  sing Bluefuse for Microarrays 3.5 © and
Locally Weighted Scatterplot Smoothing (LOWESS) nor  malization was performed for each
in Genespring GX 7.3.1. For both there are signific ant “tail artefacts” resulting from low
signal hybridizations and inclusion of signal from control spots. (C) was generated using
the normalization procedure described in Chapter 2 whereby the merging of both dye
swaps, removal of low signal artefacts and control spot artefacts and LOWESS
normalization were performed in Bluefuse for Microa rrays 3.5 © with a further “Per spot-
Divide by Control Channel” normalization step perfo rmed on this data in Genespring GX
7.3.1 resulting in substantially fewer false positi ve results.

The most appropriate normalization methodology tfos work was determined by Dr
Jason Hinds (BG@S) and is described in Chapter 2. Normalizatian be performed
within a slide to account for efficiency of dye arporation and the presence of staining

artefacts, between the two slides of a dye swap OINZH experiment or across slide

replicates of RNA expression experiments €fal, 2001).
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3.5 Microarray Validation Experiments

3.5.1 Validation of DNA CGH

A fully validated microarray should include evaloat of all of the probes on the
microarray with all potential genomes to which thegy be applied (Call, 2005). This
validation has been performed for SPv1.1 /WD S (Hindset al, 2002a).

3.5.1.1Determination of normalized log ratiocuto  ff

The normalized log ratio cutoff is a means of deiamg the presence or absence of genes
from DNA CGH data and is generated by comparing Higleridization signal strength
between the clinical isolate and TIGR4. In order determine a cut off for these
experiments a method by Obeitt al was adapted (Obedt al, 2006). This identified
genes SP0278, SP0410, SP0458, SP0568, SP0764,85RIR1104, SP1381, SP1799,
SP1975 and SP2142 on the basis that they haveralogs, the genes are >50kb apart and
no one physiological process was oversampled. nbhealized log ratios for these genes
as determined by Genespring GX 7.3.1 are displdyeldw in Table 3-1. PCR was
performed for these genes on the six serotype 24&isolates which feature in Chapter 7.
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Gene Function
Hydrolase, haloacid dehalogenase-like

SP0104 | hdl family 1.072 1.04 1.338 0.964 0.986 0.95
SP0278 | pepS aminopeptidase 0.972 0.924 0.97 0.96 0.931 0.966
SP0410 | ext Exfoliative toxin, putative 0.815 1.029 1.037 | NoHyb | 1.898 1.036
SP0458 | dinP DNA-damage inducible protein P 1.125 0.951 0.825 0.988 1.1 1.037
SP0568 | valS valyl-tRNA synthetase 0.97 0.943 1.029 0.938 1.027 1.122
SP0764 | pyrDa Dihydroorotate dehydrogenase A 1.004 1.034 1.132 0.907 1.064 1.197
SP1018 | tdk thymidine kinase 1.237 1.027 0.959 1.056 1.126 0.976
SP1381 | abcT | ABC transporter, ATP binding protein 0.873 0.887 0.859 0.775 0.817 0.795
SP1799 str sugar-binding transcriptional regulator 0.374 0.49 0.425 0.246 0.233 0.278
SP1975 | spoJ spolllJ family protein 0.883 0.989 0.948 1.027 1.07 1.018
SP2142 | rok ROK family protein 0.896 0.991 0.97 1.002 0.982 1.012

Table 3-1 Normalized log ratios determined by Genespring GX 7.3.1 for genes used to
determine an appropriate cut-off value.
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Figure 3-2 Comparison of microarray CGH result with PCR re sults from the ST246
pneumococcal isolates used in Table 3-1.

Yellow indicates that hybridization occurred on the microarray or that a PCR product was
obtained. Blue indicates that hybridization did not occur on the microarray or that a PCR

product was not obtained.

On the basis of these investigations (excludingltedor SP1799), a cutoff log ratio (fold
change) of 2 was decided upon in order to havetgrsansitivity by having low numbers
of false negative hybridizations. Similar previaisdies using this (Silvet al, 2006) and
other (Obertet al, 2006) pneumococcal “spotted” arrays have usedtaff log ratio of
1.5. However, using this “tighter” cutoff, it wagident that it was not uncommon to find
poor agreement between microarray and PCR restilisat al, 2006) for genes whose
normalized log ratio was near the cutoff value. ldger, even with a less stringent cutoff,
it is clear that, as illustrated by gene SP1799%abthat there will still be instances of
discrepant results when determining the presenabsgnce of a gene by microarray CGH
or PCR. Probable reasons relate to the choice afoariray used as Joyee al elucidate,

saying,

“typically spotted DNA arrays are not sensitive eglo to detect the variability
in genes with a single or a limited nucleotide podyphism (Joyceet al,
2002).”

False positive hybridizations, which could accoiamtthe result for SP0278 in isolate 03-
5339 can be the result of cross hybridization ev@rttich are more likely for genes with

several alleles which could be homologous with otgenes (Dorrellet al, 2001).
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Occasionally false positive hybridizations may acdua gene is absent but its adjacent
genes are present (Dorretlal, 2001).

Microarray CGH may over-estimate genomic diversityabsence of hybridization is
assumed to signify absence of a gene from a tekditésrather than diversity within its
sequence. In addition a lack of hybridization canobserved where there is no sequence
diversity between the PCR product and the micrggorabe (see Chapter 7). Other groups
have also documented this occurrence of false ivegaybridization with rates as high as
41% (Pepliest al, 2003). This may possibly be the result of foidof the DNA in the
hybridization solution into a secondary structureompatible with hybridization (Palacios
et al, 2007, Pepliest al, 2003) or overlap of the microarray probe withypervariable
region of the gene (Obeet al, 2006). Whatever the mechanism is, these falgative
hybridizations call into question the accuracy @éntifying regions of diversity in the

pneumococcal genome using microarray CGH.

3.5.1.2 Assessment of microarray hybridization acc  uracyin a
variable region

Because of the unpredictable nature of false pesdnd false negative hybridizations for
individual probes on microarrays, it is virtuallgnpossible to determine a meaningful
sensitivity and specificity for the overall tesesties of false hybridization should be
considered on an individual gene basis, particufani known hypervariable genes. Obert
et al consider this for the pneumococcal surface prgispAwhen they realised that their
microarray failed to hybridize for this gene in thejority of tested strains despite its
successful amplification by PCR from the same s&ré§Dbertet al, 2006). Hybridization

results described in subsequent chapters are cinepatth this observation.

When the hypervariable genes which code for commsnef a pneumococcal pilus

(SP0461-SP0468) were considered in serotype ltésotd ST227 and ST306, the SPv1.1
microarray failed to detect any of them althougé thajority of them were present and
detectable using PCR (Figure 3-3).
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MLST ST306 | ST227 ST306 ST227 ST227 ST306 ST306

P”e“mo'?'c None None Empyema | Effusion | Empyema | Effusion | Effusion
complication

Source_of Blood Blood | Pleural Pus | Blood Blood Blood Blood
Bacteria
SP0461
SP0462
SP0463
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SP0465
SP0466
SP0467
SP0468

Figure 3-3 An investigation into the accuracy of hybridiza tion and diversity of genes coding
for the pneumococcal pilus islet  rlrA investigated by PCR.

Yellow indicates the presence of the gene intheis  olate by PCR. Blue indicates absence of
the gene by PCR. All these genes failed to hybridiz e on the SPv1.1 microarray.

When the PCR products generated using the SPO4#6érsrwere sequenced from the test
isolates, they had 86-99% similarity to SP0464 gmesn TIGR4. SP0464 did not
hybridize by CGH in the sequenced serotype 1 stfdWfil04B but again a product was
detectable by PCR with a sequence which showed98<$milarity to the TIGR4 SP0464
as determined by BLAST softwdrdJsing the Artemis Comparison Tool (ACT) it can be
seen that a gene with 94% similarity to SPO464e&niifiable in the INV104B genome
(Figure 3-4) where it is identified gsnrAwhich is additional evidence to suggest that the
disparity between hybridization results and PCRili@se genes is genuine and due to false

negative hybridization rather than false positiaRP

” http://blast.ncbi.nlm.nih.gov/Blast.cqi {accessed 8th January 2009}
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Figure 3-4 Comparison of SP0464 in the TIGR4 and INV104B g enomes using the Artemis
Comparison Tool (ACT).

SP0464 in TIGR4 (top of figure) is highlighted demo nstrating 94% similarity (yellow
triangles) to the pmrA gene in INV104B (bottom of figure).

This highlights that caution should be exercisedancluding that variable genes (such as
the components of this pneumococcal pilus) arerabsem particular serotypes when
evidence is presented solely from hybridization edasechnology such as CGH or
Southern blotting (Barocclat al, 2006) or from PCR data pertaining to the whalasp
(Moschioniet al, 2008) rather than individual genes as noted aland by Bassett al
(Bassetet al, 2007) as different methodologies can producemiht results which can be
misleading.

3.5.1.3Validation of RNA Common Reference Hybridiz  ation
Experimental Design

The common reference design for RNA expressionraxeats requires that there is little
variation in the nucleic acid used as the contrbic in these experiments is always
TIGR4 RNA. Rather than use TIGR4 DNA for our congiar in RNA expression
experiments, RNA was preferable albeit total RN#ea than purely mRNA (De Saizieu
et al, 1998). However, being more variable, initial hgizations using TIGR4 RNA
hybridized against TIGR4 RNA were performed in ortie gauge how much variability
inadvertently could be introduced into the expeniand determine means by which

control TIGR4 RNA variability could be kept to ammum.
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3.5.1.3.1 Variation observed in TIGR4 RNA extracted from cultures grown in
different media batches

Figure 3-5 Comparison of TIGR4 gene expression from RNA ex tracted after growth in
different batches of BHI grown on different days.

Both RNA extractions were performed on cultures gro wn to midlog optical density 0.6 at
600nm demonstrating that batch to batch variation s ubstantially influences observable
differences in gene expression with scatter evident extending past the 2 fold cut off lines
around the line of equal fluorescence passing throu gh the origin and which would have
been considered as a significant difference in expr ession.

Although an increase in expression extending gestchosen fold change cutoff may be
due to the cumulative effect of many different podens for one gene (Petersenal,
2004), this should not be the case when both th&@oand test isolates being hybridized
are from the same genome and so it is legitimatatttdoute the variation in Figure 3-5
above to having been introduced by the experimedésign. Similar findings were
considered by Gmuendet al who noted greater variability in hybridization oDNA
manufactured frontHaemophilus influenzaBNA extracted from different cultures than if
RNA was extracted from the same culture. They natsaut 61 transcripts (about 3% of
genes on their Affymetrix oligonucleotide basedagyrto lie above or below a 2 fold
change cut off when RNA was taken from differentichas of culture and attributed this
increased variation to different media batcheghdly different inoculum sizes or slightly

different optical densities when cells were harsdsGmuendeet al, 2001).
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3.5.1.3.2 Variation observed in TIGR4 RNA extracted from cultures grown using
the same batch of media

1000

Figure 3-6 Comparison of TIGR4 gene expression from batche s of RNA extracted from
culture using the same batch of BHI and grown on th e same day.

Both RNA extractions were performed on cultures gro wn to midlog optical density 0.6 at
600nm demonstrating substantially less variation in gene expression than Figure 3-5 with
expressed genes generally all lying well within the lines of 2 fold cut off around the line of
equal fluorescence passing through the origin.

Based on these results, whenever gene expressienients have been performed in this
work, the control channel TIGR4 RNA is always takéar each hybridization, from the
same overall culture grown in the same batch ofimy@dom which aliquots have been

taken for RNA extraction.
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3.6 Comparisons of Microarray DNA CGH results with

Sequenced Pneumococcal Genomes

3.6.1 Choice of Diverse Sequenced Strains

Isolates considered here have undergone Sangesrseqg. Listed below in Table 3-2 are
the respective serotypes, MLST and size of gendimey demonstrate diversity in each of
these categories and are of significance with cedarwork described in subsequent
chapters of this thesis. Genes of the TIGR4 andy&@®mes form the reference genes on
the microarray which have been used in these &tudii@ comparative genomic
hybridizations. ATCC700669 is the reference strafnthe Spain®*~-1 Pneumococcal
Molecular Epidemiology Network (PMEN) clone (Munetal, 1991) which is the same
PMEN clone as isolate South Africa 2507 used inpfdrall. OXC141 is a carriage
serotype 3 isolate of ST180 which forms part of ¢benparison of invasive and carriage
serotype 3, ST180 isolates described in Chapté¥¥104B is of the same serotype and
sequence type as some of the isolates associathd parapneumonic manifestations
considered in Chapter 10 and INV200 features inp@&heb in a comparison of CGH data

from serotype 14, ST9 isolates.

Isolate Serotype MLST Genome Length (Bp)
TIGR4 4 205 2160800
R6 Non Typeable 128 2038400
ATCC700669 23F 81 2220800
OXC141 3 180 2036800
INV104B 1 227 2140800
INV200 14 9 2098400

Table 3-2 Sanger sequenced isolates which have been compa  red with microarray DNA CGH
results.

3.6.2 Comparison of Microarray DNA CGH results with Genome

Sequence Data

3.6.2.1Diversity of TIGR4 genes in test genomes

Appendix 5 compares the TIGR4 genes identifiedashgbridizing in at least one of the
four test sequenced genomes with their presenabsance from the sequencing data. The
Artemis Comparison Tool can be used to visualigsehdifferences between the TIGR4

reference genome and the test sequenced genomess Miistrated in Figure 3-7.
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Figure 3-7 ACT comparison of the TIGR4 genome with the ATC  C700669 genome.

The red lines indicate the presence of homologous g enes in both sequences. This screen
shot indicates that there are no homologs of the TI  GR4 genes (top of figure) SP1615-1622 in
the ATCC700669 genome (bottom of figure), consisten t with the microarray CGH results
which indicated no hybridization of DNA from ATCC70 0669 to the probes for these genes.

3.6.2.2 Regions of Diversity

The regions of diversity described in Chapter hl&d.-2 were identified from microarray
CGH studies. On identifying these regions in thguseiced genomes, it is clear that the
full extent of these regions has not been realisiag the microarray CGH method which

often underestimates the size of the region ofrditye
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Region of Size of Region Size of Region identified by Sequence Comparison
Diversity identified by CGH (unpublished data from Nicholas Croucher,
(Silva et al., 2006) Wellcome Trust Sanger Institute)

RD 1 SP0067-0074 SP0066-0075

RD 2 SP0109-0115 SP0107-0118

RD 3 SP0163-0168 SP0161-0173

RD 4 SP0346-0360 SP0342-0366

RD 5 SP0378-0380 SP0378-0381

RD 6 SP0394-0397 SP0390-0400

RD 7 SP0460-0468 SP0459-0471

RD 8 SP0473-0478 SP0471-0478

RD 9 SP0531-0544 SP0529-0544

RD 10 SP0643-0648 No diversity seen in ATCC700669, OXC141, INV104B
or INV200

RD 11 SP0644-0666 No diversity seen in ATCC700669, OXC141, INV104B
or INV200

RD 12 SP0692-0700 SP0690-0701

RD 13 SP0888-0891 SP0866-0892

RD 14 SP0949-0954 SP0948-0954

RD 15 SP1050-1065 SP1045-1067

RD 16 SP1129-1147 SP1128-1151

RD 17 SP1315-1352 SP1306-1354

RD 18 SP1433-1444 No diversity seen in ATCC700669, OXC141, INV104B
or INV200

RD 19 SP1612-1622 SP1610-1623

RD 20 SP1756-1773 SP1754-1774

RD 21 SP1793-1799 SP1790-1800

RD 22 SP1828-1830 SP1827-1833

RD 23 SP1911-1918 No diversity seen in ATCC700669, OXC141, INV104B
or INV200

RD 24 SP1948-1955 SP1946-1956

RD 25 SP2159-2166 SP2158-2167

Table 3-3 Comparison of size of regions of diversity iden tified by microarray CGH with the
size of the same regions of diversity identified fr om sequence data.

In addition, comparison of the sequences for ATAIBAY, OXC141, INV104B and

INV200 identifies a further 47 newly identified tegs of sequence diversity. These
regions are: SP0020-0022, SP0027-0032, SP0054-08BB079-0083, SP0137-0139,
SP0141-0144, SP0267-0271, SP0338-0340, SP0376-&%1390-0400, SP0489-0493,
SP0502-0510, SP0517-0519, SP0529-0544, SP0566-@&7®/37-0741, SP0783-0784,
SP0794-0795, SP0825-0828, SP0873-0875, SP0881-@3366-0893, SP0906-0908,
SP0938-0943, SP0948-0958, SP1008-1009, SP1018-BR1)35-1040, SP1153-1155,
SP1173-1176, SP1212-1213, SP1291-1293, SP1356-B38D466-1467, SP1546-1547,
SP1563-1564, SP1706-1707, SP1739-1742, SP1782-5R¥827-1833, SP1848-1851,
SP1885-1887, SP1903-1906, SP1984-1985, SP1988-Em2092-2094, SP2135-2141
(Nicholas Croucher, Wellcome Trust Sanger Instjtpggsonal communication).
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3.6.2.3 ldentification of R6 genes in test genomes

The four sequenced genomes were compared to thgeRéne, and no new regions of
diversity were identified other than those desdilby Bruckneret al (Bruckneret al,
2004). The genome sequence data has an advantagenmvoarray CGH data in that it
can definitively identify the absence of R6 gengkhough the R6 genes identified as
present by microarray CGH were, in the majority aafses, correctly identified, the
microarray approach generated a significant nurab&lse negative hybridizations for R6
genes and underestimated the number of R6 gensasnpiie each genome. There were two
false positive results in the microarray CGH resudis spr0118 and spr0966 were
incorrectly identified as present in isolate ATCO®809. The results of the microarray
CGH dye swap experiments and the Sanger sequeresatis are compared in Figure 3-8
below. As CGH experiments were performed using AGRd not R6 as the reference
DNA, it is not possible to draw any conclusions atbthe non hybridization to the
microarray probes as, for the R6 genes represeasriethe microarray, binding of test
isolate DNA to the microarray probes is not contpeti against reference R6 DNA in

these instances.
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CGH Data Sequence
[e2] (2]
2o 3|82 3|8
Gene Gene Function SERS § S S § S
Z|Z2|o0| 0|z o| O
- < | <
spro067 Conserved Hypothetical Protein
spr0104 Hypothetical Protein
spr0105 Transporter, truncation
spr0106 Transporter, truncation
spr0107 Hypothetical Protein
spr0108 Conserved Hypothetical Protein (similar to comB protein)
spr0111 Hypothetical Protein
spr0112 Hypothetical Protein
spr0113 Hypothetical Protein
spr0114 Hypothetical Protein
spr0115 Hypothetical Protein
spr0116 Hypothetical Protein
spr0117 Hypothetical Protein
spr0118 Hypothetical Protein
spro119 Hypothetical Protein
spr0225 Hypothetical Protein
spr0320 Type 2 capsule locus cps2L
spr0321 Type 2 capsule locus cps2M
spr0322 dTDP-glucose-4,6-dehydratase cpsN
spr0323 dTDP-L-rhamnose synthase cpsO
spro416 Hypothetical Protein
spro491 Hypothetical Protein
spr0493 Conserved Hypothetical Protein
spr0703 Hypothetical Protein
spr0800 Hypothetical Protein
spr0955 Hypothetical Protein
spr0956 Hypothetical Protein
spr0957 Tn 5252, relaxase, truncation
spr0958 Tn 5252, relaxase, truncation
spr0959 Hypothetical Protein
spro960 Similar to positive transcriptional regulator MutR
spr0966 Conserved Hypothetical Protein (Probable acid-CoA ligase)
spr0972 Conserved Hypothetical Protein
spr1042 Immunoglobulin Al protease
spri093 Conserved Hypothetical Protein
spr11l4 | Conserved Hypothetical Protein (Probable transcriptional regulator)
spril79 Conserved Hypothetical Protein
spri403 Hypothetical Protein
spr1404 Conserved Hypothetical Protein
spri478 Hypothetical Protein
spr1549 Hypothetical Protein
spr1550 Conserved Hypothetical Protein (similar to MutR protein)

Figure 3-8 Comparison of microarray CGH results for R6 gen  es with genome sequence data
for the same genes.

Red indicates the presence of an R6 gene, identifie  d by either method. Blue indicates the
absence of the gene from sequence data.
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3.6.3 Genomic Diversity Identified by Genome Sequen ce Data

Alone

To illustrate how genomic diversity may be idewtifi from pneumococcal genome
sequence data alone using ACT and impact on therstahding of virulence, two
examples of diversity affecting known virulencettas in these isolates are considered —

serotype 2 capsule genes and IgA1 protease.

3.6.3.1.1 Serotype 2 capsule genes
As R6 is an avirulent, non-capsulated laboratorgistderived from a serotype 2 strain,

called D39, it is not surprising that remnantshef serotype 2 capsule locus remain in the
R6 genome (Laniet al, 2007). It is of interest that four of the sep#y2 capsule genes
(cps2L, cps2M, cpsN and cpsO) are identifiable ie genomes of INV104B and
ATCC700669 (neither of which are serotype 2) withd%% homology to the R6 versions
of the genes suggesting that they may have besyduted by horizontal gene transfer or
are fulfilling a function other than solely capsuelysaccharide synthesis. All four of
these genes are involved in dTDP-rhamnose biossisthehis is illustrated below by ACT
in Figure 3-9.
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Figure 3-9 ACT comparison of the spr0320-spr0323 genes in  OXC141 (A), ATCC700669 (B)
and INV200 (C).

The R6 genome is displayed at the top of each figur e and the test genome is displayed
beneath. In (A) the genes spr0320-spr0323 are absen t in OXC141 but present in both
ATCC700669 (B) and INV104B (C) with a high degree o f homology to their counterparts in

R6 (identified by the yellow bands).
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3.6.3.2 IgAl protease

A further interesting finding was the presenceh&f R6 gene spr1042 in all four of the test
sequences. This is significant as it codes for Igidtease which is noted in Chapter 1 as a
divergent gene in the pneumococcal genome allowawvgsion of host mucosal
immunoglobulin. Its homolog in TIGR4 is SP0071 whitas been identified as a virulence
factor required in a mouse pneumonia model (HandaCamilli, 2002). Interestingly, the
TIGR4 allele for this gene is absent from all théser sequenced strains using Sanger
sequencing and does not hybridize from any of éisé gtrains to the probe for SPO071 on

the microarray, which is not surprising given ibs@nce from their genomes.

Nevertheless all four strains have a gene for Ighdtease but CGH comparisons made
solely against the genome of TIGR4 as a refereram@ome could easily lead to the
erroneous conclusion that these strains lack Igidtepse and cast doubt over whether it
genuinely is required for virulence. This highlighhe fact that making assumptions about
the presence or absence of genes based on conmganigb only one allele of a gene from
a single reference genome produces a skewed uagirsg of “core” gene content in
bacteria with such a high degree of genomic ditaeiss the pneumococcus. The absence
of the reference genome allele of a gene does ex#ssarily equate with the absence of

the geneer seas other alleles may be represented.
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3.6.4 Using Pneumococcal Genome Sequences to Identi  fy Gene

Insertions

One significant limitation of a microarray CGH appch to understanding genomic
diversity is that a microarray cannot identify geme a genome if there are no probes for
these genes represented on the microarray. Conmgbquehie microarray used for this
work cannot identify additional pneumococcal gewdsch are not present in the TIGR4
genome or the R6 genome. It is clearly the casé e pool of genes which the
pneumococcus can host is greater than those priesdmg TIGR4 and R6 genomes and,
through transmissible genetic elements and horiayegne transfer, the pool is not even
limited by current bacterial species boundariesk@t@ecket al, 2001). Knowledge of the
full test genome sequence and the ability to comgas with other pneumococcal genome
sequences does allow the identification of regiohgenetic material which have been
inserted into the genome. Such inserted sequeraseshen be analysed to predict open
reading frame# silico with software such as GLIMMER (Gene Locator angtpolated
Markov ModelER) (Delcheet al, 1999). Identification of putative functions ftiese
genes can be performed using software such as BLB&%ic Local Alignment Search
Tool) (Altschul et al, 1990) by comparing known sequences in pneumo@out other
bacteriain silico (Parkhill, 2002).

Of the four test sequenced genomes utilised indhapter, only two (ATCC700669 and
OXC141) are considered here with regard to thetiatdil genetic material which they
harbour as they have been sufficiently annotatadentify the putative functions of these
inserted genes in most cases. In ATCC700669, 20Ri@hl genes were identified in the
genome when compared to TIGR4 using ACT (Appendixagd for OXC141, 123
additional genes were identified using ACT (Append).

In both these genomes, large regions of insertegtgematerial appear to relate to the

integration of genes of bacteriophage origin.

3.6.4.1 Genetic Material in the ATCC700669 Genome in addition to
that seen in the TIGR4 genome

The full list of additional genes identified in th&TCC700669 genome is listed in
Appendix 6. There is evidence of genetic insertimough bacteriophage integration and

through transposon activity. A region of 49 geneserted between the homologs of the
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TIGR4 genes SP1563 and SP1564 appears to haveatedifrom a bacteriophage and is
illustrated below using ACT (Figure 3-10).
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Figure 3-10: Comparison of gene insertions not present in the TIGR4 genome but present in
the ATCC700669 genome using ACT.

This illustrates the absence in TIGR4 of some of th e 49 genes present in ATCC700669
(bottom of figure) which appear inserted between th e homologs of the TIGR4 genes (top of
figure) SP1563 and SP1564.

Also of interest is a region inserted between tbedlogs of SP1806 and SP1807 which
codes for components of a pneumococcal phosphégrass (PTS) system (The diversity
of pneumococcal genes coding for PTS systems isidered more in Chapter 6). This can

also be easily visualised in ACT (Figure 3-11).
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Figure 3-11 Comparison of PTS system genes in the TIGR4 ge nome with the ATCC700669
genome using ACT.

This illustrates the absence of some of the PTS sys tem genes present in ATCC700669
(bottom of figure) which appear inserted between th e homologs of the TIGR4 genes (top of
figure) SP1806 and SP1807.

Of greater clinical significance is the finding génes in the ATCC700669 genome
involved in tetracycline resistance (SPN23F1305@Q achloramphenicol resistance
(SPN23F12590) as ATCC700669 is resistant to meltgidsses of antimicrobial (Munoz
et al, 1991).

3.6.4.2 Genetic Material in the OXC141 Genome in a ddition to that
seen in the TIGR4 genome

As the OXC141 genome is smaller than that of TIGR&as expected that there would be
less additional genetic material than that idesdifin the much larger ATCC700669
genome. On comparing the TIGR4 and OXC141 genoinesevident that between the
OXC141 homologs of the TIGR4 genes SP0019 and SR@0&izeable amount of DNA
has been inserted. This region has recently beandfdo code for a pneumococcal
prophage called phiOXC (Dr Patricia Romero, Uniitgrsof Glasgow, personal
communication). Genes identified by ACT as presen®XC141 but not in TIGR4 are
displayed in Appendix 7.
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Figure 3-12 Comparison using ACT of the TIGR4 genome with the OXC141 genome using
ACT demonstrating the insertion site of the phiOXC prophage.

This comprises 43 additional genes in the OXC141 ge  nome (bottom of figure) which do not
appear in the TIGR4 genome (top of figure). These g enes are inserted between the OXC141
homologs of the TIGR4 genes SP0019 and SP0020.

3.7 Discussion

3.7.1 Advantages and Disadvantages of a Genome Sequ encing
Approach to mapping Genomic Diversity compared to

microarray based CGH investigations

Full genome sequencing clearly has advantages mi@parray based CGH in terms of
the data it generates and its sensitivity and aogurlt is not without its own hurdles
though, some of which will now be considered. Aligb costs are falling, it has
traditionally been expensive and time consumingseguence a genome, requiring
significant capital investment for sequencing hatand bioinformatics support (Ryan
al., 2007). The difficulties of correctly assemblilnggments of the genome sequence (and

the consequent need for specialist bioinformatiggpert) should not be underestimated,
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particularly given the fact that pneumococcal geesnoften exhibit runs of repeat
sequences such as BOX and RUP.

It has been calculated that aiming for a US$100®gee sequencing technology requires a
10* fold reduction in cost per base and & fildd increase in the number of bases read per
second (Ryaet al, 2007). When starting this study of pneumocogealomic diversity in
2005, such costs and the absence of access ttablsuechnological platform on which to
perform genomic sequencing meant that this wasmpyactical option for considering the
genomes of several diverse isolates, particularlg dye swap CGH experiment of a single
pneumococcal isolate could be performed for £208 stiil provide unique, albeit less
accurate, insights into the genomic diversity oéyomococcal populations. Over the course
of these investigations, access to sequencing ¢odmiy has improved and the costs
involved have decreased which has allowed a seteofithe isolates used in the course of
this work to be sequenced by 454 sequencing atWbklcome Trust Sanger Institute,

although these are still in the process of beirsg@abled.

It is expected that in the future, whole genomeusaqing will become the gold standard
for investigations of the genomic diversity of pnmeacocci but, until then, microarray
based CGH of pneumococcal genomes is an accetaiideless expensive) option. This
allows the investigation of a wider range of iseatvhile the microarray platform can also
be used to gain new insights into the diversityerpression of pneumococcal genes as
well as investigating the diversity of their presenFor these reasons, the majority of the
genomic comparisons performed in this work havenbeerformed using a microarray

based approach.

Although full genome sequencing demonstrates adgast over microarray CGH, it is

worth re-iterating the observation of Parkhill wivarns that,

“All but the most simple annotation is an interpttein of the sequence, and is
thus subject to error and misinterpretation (Pdirk2002).”

It is also worth re-iterating that although geneditferences can be identified silico
between genomes, functional studies are still requio demonstrate the effects of these
genes to truly establish a role for them in thehpgénesis of pneumococcal disease or
carriage (Moscoset al, 2005). Neverthless, these tools, which are namd phase of
development and improvement are, particularly whsed in combination, establishing a
much more informed understanding of the scale amamicity of genomic diversity in
the pneumococcus and how that relates to its divdisease presentations.
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3.7.2 The Distributed Genome Hypothesis and a Pneum  ococcal

Supragenome

These comparisons of pneumococcal isolates, bygiilome sequencing or microarray
CGH, suggest that any individual isolate of pneuotgas contains only a fraction of the
possible combination of pneumococcal genes. Tlsesegreater pool of genes represented
by the wider global pneumococcal population (theymococcal supragenome) from
which it can draw upon, under suitable conditictmsadapt to its environment, such as
occurs during the phenomenon of capsular switctegrribed in Chapter 1. Sequencing
of such non-essential regions of the genome caatlgrenhance understanding of the
functions of such genes and identify potential soie virulence or the generation of
antigenic diversity (Mavroidet al, 2004, Bentleyet al, 2006, Bagnolet al, 2008). For
instance, a small change in sequence such as & fiotymorphism in the rhamnosyl
transferase gen&yciP, can alter capsule expression from that of seeo§f to serotype
6B (Mavroidiet al, 2004).

Gaining an understanding of both the combination gefnes present in clinical
pneumococcal isolates and their allelic forms, rttagrefore improve understanding of
pneumococcal disease pathogenesis and provide tibtaargets for therapeutic
intervention or disease prevention. Observed realcyl in a bacterial genome is not
unique to pneumococci but is also documented inynoéimer bacteria such &scherichia
coli andMycoplasma genitaliunwhile in bacteria such dacillus anthracighere is very
little diversity (Fraser-Liggett, 2005). Such obssions and evidence of genomic diversity
resulting from horizontal gene transfer have resulh a “distributed genome” hypothesis
for such bacteria where virulence traits are aegubyy horizontal gene transfer to benefit
the bacterial population as a whole rather thannaividual organism (Ehrlicet al,
2008).

3.7.3 Microarray Limitations

Before considering the results of the microarrageginents in subsequent chapters, it is
worth reiterating some of the limitations of thechnique and their potential influence on

the interpretation of results.

Microarrays can only detect complementary sequeat#se genes which are represented

on them during their manufacture.
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Microarrays tell us nothing about the location ehgs in the genome although this may
influence hybridization if a probe for a deletechgas flanked by probes for two genes
which remain present and may result in false pasithybridization. False positive

hybridizations probably occur infrequently and nadso result from cross hybridization by

homologous genes.

The absence of hybridization on a microarray issystonymous with absence of a gene
from the test genome but requires further investigaby PCR and sequencing. The
presence of a PCR product of appropriate size neagiue to a divergent gene, possibly
containing single nucleotide polymorphisms, or geme has the correct sequence but has
formed a secondary structure in solution which pres its hybridization. Determining
whether a gene is absent is particularly diffictithe gene is known to be hypervariable
and lack of hybridization may be due to the presemican entirely novel sequence not

represented on the microarray.

Microarrays cannot detect multiple copies of gelnatsthe presence of multiple copies in
an expression experiment may cause an apparemtase’ in expression.



4 Genomic Diversity Observed in Phenotypically

Diverse Pneumococcal Isolates

4.1 Choice of Diverse Pneumococcal Isolates

Identified regions of diversity in the TIGR4 genorard those of other pneumococcal
strains are outlined in Chapter 1 and 3. These hmheded strains from the USA (Shen
al., 20064, Silvaet al, 2006, Hakenbeckt al, 2001), United Kingdom (Silvat al.,, 2006,
Joyceet al, 2002), South Africa (Silvat al, 2006, Bruckneet al, 2004, Hakenbeckt
al., 2001), Norway (Silvat al, 2006), Germany (Brucknet al, 2004, Hakenbecét al,
2001), Papua New Guinea (Brucknerr al, 2004, Hakenbeclet al, 2001), Hungary
(Bruckneret al, 2004, Hakenbecgt al, 2001, Joycet al, 2002), Switzerland (Bruckner
et al, 2004, Hakenbeckt al, 2001), France (Bruckneat al, 2004, Hakenbeckt al,
2001), Finland (Brucknest al, 2004, Hakenbecét al, 2001, Joycet al, 2002), Taiwan
(Joyceet al, 2002) and Spain (Brucknet al, 2004, Hakenbeckt al, 2001, Joycet al,
2002) and have often included Pneumococcal Moledgedemiology Network (PMEN)
clones (Bruckneet al, 2004, Silvaet al, 2006, Hakenbeckt al, 2001) which are of
significance both because they are of public heaititern due to antimicrobial resistance
but also because they are examples of successtues! of pneumococci which
demonstrate a selection advantage that has endidedinternational spread (McGez
al., 2001a).

In 2001, Hakenbeckt al suggested,

“Using a large number and a wide spectrum of geallyi different strains, one
could expect a gradual variability among the pnetmooal population, since
despite the recognition of clonal spread, popufatinalysis suggested a freely
recombining structure characteristic of transforteasganisms (Hakenbe&k
al., 2001).”

This conclusion was based on data published by édal who had demonstrated that the

pneumococcus has an epidemic population structiat ét al, 1996).

This study has chosen 10 isolates for DNA CGH aislgnd comparison as preliminary
work before focusing on diversity within particulaonal complexes and clinical
conditions. The isolates were chosen to represetdtes from different countries (United
Kingdom, USA, South Africa and Bolivia) which inclad PMEN clones to represent

isolates of different serotypes and of multilocusjieence types which had epidemic
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potential but which were unrelated to each othée &bsence of relationship between the
sequence types was determined using eBURST sof(Wwailet al., 2004) as the algorithm

it uses, based on the MLST allelic profiles, is enaccurate at determining relationships
within clonal complexes than software which geresathylogenetic trees. This is because
frequent horizontal gene transfer in the pneumae®deas been noted to affect the
construction of phylogenetic trees using housekeegenes (Feil and Spratt, 2001).

Isolate Serotype MLST Background Details

BAA-659 6A ST376 | American Type Culture Collection (ATCC) accession
number for the PMEN clone N. Carolina ®-23. The clinical
background for the isolate is not known.

BAA-340 14 ST67 | ATCC accession number for the PMEN clone
Tennessee'*-18 (Gherardi et al., 2000). The clinical
background for the isolate is not known but the clone has
also been detected causing IPD in Scotland (Smith et al.,
2006).

05-1271 20 ST568 | Blood culture isolate from a 12 year old girl in 2005 from
Paisley, United Kingdom.

ATCC700904 19A ST41 | ATCC700904 is the accession number for the PMEN
clone South Africa ***-13. Used in CGH experiments by
Silva et al as PMEN13 (Silva et al., 2006). The clinical
background for the isolate is unknown.

BAA-660 35B ST377 | ATCC accession number for the PMEN clone Utah *°-24.
The clinical background for the isolate is not known but
this clone has been detected in 2000 as a cause of IPD in
Scotland (Smith et al., 2006).

05-2565 12F ST218 | Blood stream isolate from a 79 year old man in Glasgow,
United Kingdom cultured in 2005.
05-1821 Vv ST156 | Blood stream isolate from a 63 year old woman from Ayr,
United Kingdom cultured in 2005.
OXC141 3 ST180 | Carriage isolate from an individual from Oxford. It has
been sequenced at the Wellcome Trust Sanger Institute.
ATCC51916 23F ST37 | ATCC accession number for the PMEN clone Tennessee

#F_4. |dentified in 1991 from a patient with meningitis who

did not respond to treatment with a cephalosporin
(McDougal et al., 1995, Sloas et al., 1992). This clone has
also been detected as an infrequent cause of IPD in
Scotland (Smith et al., 2006)

07-2839 9A ST239 | Isolated from the nasopharynx of a 9 year old girl in 2007
with chronic otitis media from Trinidad, Bolivia.

Table 4-1 Details of isolates of diverse serotype and MLS T used in microarray DNA CGH
experiments.
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4.2 Microarray Results

Figure 4-1 Whole pneumococcal genome view of the DNA CGH r  esults for the 10 chosen
isolates of diverse sequence type generated by Gene  spring GX 7.3.1.

Each horizontal bar represents a genome and each ve rtical coloured bar within these
represents a gene. Shades of yellow indicate hybrid  ization by both TIGR4 and the test strain
DNA. Shades of blue indicate hybridization by TIGR4 DNA alone. Shades of red indicate
hybridization by the test isolate DNA alone and gre vy indicates no hybridization by either
TIGR4 DNA or the test strain DNA. It is clear that these hybridization patterns show few
similarities between the 10 isolates.

4.3 Discussion

4.3.1 Regions of Diversity in the TIGR4 and R6 Geno mes

Differences between the test isolate genomes aadl'i3R4 genome are illustrated in
Appendix 8. Of the R6 genes represented on theoam@y which do not feature in the
TIGR4 genome it was possible to identify from thdottidization patterns for the 10 test
isolates all six regions of diversity described Bryyickneret al (Bruckneret al, 2004).
This is illustrated in Appendix 9. For instanceg tntire region spr0102 to spr0119 was
present in strains ATCC700904 and 07-2839 but appealmost entirely lacking
hybridization for strain 05-1271. The other tesblases demonstrated many different

combinations of hybridization or absent hybridiaatfor these genes.
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For the region spr0311 to spr0323, only genes ttemnsmaller cluster spr0320 to spr0323
were found to hybridize. Again this could be théirersection (ATCC51916 and 05-1271)
or only smaller sections (07-2839, ATCC700904 ardAE59) or there could be a total
lack of hybridization for the entire region (BAA-B4BAA-660, 05-2565, 05-1821 and
OXC141).

Similar variable hybridization was seen at the oagi of diversity spr0955 to spr0971,
spr1403 to sprl404 and spr1618 to sprl621. Onlgts®7-2839 showed hybridization of
any genes within the region of diversity spr11840l198.

In isolate ATCC700904 there appears to be a snegilon of diversity at spr1549 to
spr1550 with hybridization occurring at these poolier this isolate alone. Both these
genes code for hypothetical proteins although §01tas sequence similarity toMutR
protein. Spr1549 is 393bp in size and spr1550 &p5n size. These were noted as highly
variable genes coding for a putative regulatorytgaroby Bruckneret al (Bruckneret al,
2004).

For these regions of diversity in the R6 genomwoitild be of interest to perform CGH of
DNA from the test strains against R6 DNA as contpetihybridization should then be
seen for those genes highlighted in red above peAgdix 9.

Comparative hybridization of TIGR4 DNA against testlate DNA has elucidated 4

regions of diversity which do not feature in thst lof regions of diversity based on the
TIGR4 genome identified by Silvet al (Silva et al,, 2006) which are shown in Chapter 1
Table 1-2. The first is a 6.3kb region from SP0303SP0311 which mainly relates to
components of a cellobiose phosphotransferasersydtkis region features as cluster 2
identified by Bruckneret al (Bruckneret al, 2004). A second region of 5.7kb from
SP0726 to SP0730 was identified in isolate ATCCDd0@hich showed no hybridization,

despite hybridizing well for all other strains (Brg@ 4-2) This was unexpected as the
isolate ATCC700904 features in the work of Siétaal where it was named PMEN13 and
this region was not identified despite using thensasolate on the same version of
microarray with similar hybridization methodologi€Silva et al, 2006). This can be

explained as the data analysis methods chosen @aithe normalization methods) are
different between the two studies. Several gendsirwthis region (SP0726, SP0728 and
SP0729) have been associated with virulence in ratyge® 4 mouse bacteraemic

pneumonia model (Hava and Camilli, 2002).
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Region of Diversity 12 New Region of Diversity
SP0692 -SP0700 SP0726 -SP0731

A

Strain 05_12

Strain 05

Strain 05_256¢

Strain 07_2839

Strain ATCC 51816

Strain ATCC 700904

Strain BAA340

Strain BAABSY

F :.-. -_

Figure 4-2 Demonstration of a new region of diversity (SPO 726 — SP0731) in the TIGR4
genome using Genespring GX 7.3.1.

Each coloured bar represents a consecutive gene in the TIGR4 genome. Shades of yellow
and orange indicate that hybridization occurred wit h DNA from both TIGR4 and the test
isolate while shades of blue indicate no hybridizat ion occurred with DNA from the test strain
but unopposed hybridization by TIGR4 DNA had occurr ed.

A third shorter region of 5.1kb relates to a pweflype Il restriction endonuclease which
was identified as cluster 9 by Bruckredral (Bruckneret al, 2004). It was also identified
as present in serotype 6A isolates from cases\wafsiie pneumococcal disease but not
serotypes 6B or 14 by Obaat al (Obertet al, 2006) and was not identified by Sileaal
which again is likely to be due to the differentadanalysis methods utilised as Sibtaal
had also studied isolate BAA-659 which was namecERERB in their analysis (Silvat

al., 2006).

The fourth region of diversity identified by thisudy which was not identified by Silvat
al is a 2.9kb region found between SP2180 and SP288h was identified as not
hybridizing in isolate 07-2839 from Bolivia. This illustrated in Figure 4-3 below.
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Region of Diversity 25 New Region of Diversity
SP2159 -SP2166 SP2180 -5P2183

i, A

Strain 05_1271

Strain 05_1821

Strain 05_2565

Strain ATCC 51916

Strain ATCC 700904

Sirain BAA34D

Strain BAABSY

Strain BAABED

Strain OXC141

Figure 4-3 Demonstration of a new region of diversity (SP2 180 — SP2183) in the TIGR4
genome using Genespring GX 7.3.1.

Each coloured bar represents a consecutive gene in the TIGR4 genome. Shades of yellow
and orange indicate that hybridization occurred wit h DNA from both TIGR4 and the test
isolate while shades of blue indicate no hybridizat ion occurred with DNA from the test strain
but unopposed hybridization by TIGR4 DNA had occurr ed.

The gene SP2179 falling immediately before thisoregvas identified by Brucknest al

as a highly variable gene related to insertion saqge 1S1380. The genes SP2180 and
SP2181 have been previously identified as pseudsgeparticularly as SP2180 is
interrupted by the 1S1380 Spnl element. Howevearegxpression studies to be described
later in Chapter 10 using serotype 3 and serotypaelimococci show SP2180, SP2182
and SP2183 to be expressed in both TIGR4 and Htasi@ates while SP2181 was not
expressed in any of these expression experimeR@1&E was expressed though by the
strain South Africa 2507 but only in response te taddition of subtherapeutic
clarithromycin (Chapter 11). Evidence of their eegmion under certain conditions does

suggest that these genes may be functional.

Bruckneret al identified some regions which were not presergame of their battery of
international test strains but were evident in TAGEBd R6 (Bruckneet al, 2004).

SP0505 to SP0508 is such a region. However, thismeappears to be present in all the 10



Chapter 4, 110
strains tested in this chapter. Bruckeeal also identify the region SP1309 - SP1337 as a,
“hot spot,” for recombination (Brucknet al, 2004). These results also concur with this
observation as this is a region of substantial rditee between strains as illustrated below
in Figure 4-4. This region is within a slightly ¢gar region of diversity extending from
SP1309 - SP1347 which is part of the region of iy 17 described by Silvat al and
clusters 9 and 10 described by Bruckeeal (Bruckneret al, 2004).

Strain 05_1271

Strain 05_18

Strain 05_

Strain 07_2839

Strain ATCC 519186

Strain ATCC 700904

Strain BAA340

Strain BAABSS

Strain BAABBD

(T U T T e

Figure 4-4 Demonstration of a, “hot spot,” for recombinati on events (SP1309 - SP1337) in
the TIGR4 genome using Genespring GX 7.3.1.

Each coloured bar represents a consecutive gene in the TIGR4 genome. Shades of yellow
and orange indicate that hybridization occurred wit h DNA from both TIGR4 and the test
isolate while shades of blue indicate no hybridizat ion occurred with DNA from the test strain
but unopposed hybridization by TIGR4 DNA had occurr ed.
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4.3.2 Diversity at Particular Genetic Loci

4.3.2.1Genes with variable homologs

Bruckneret al, identified several genes in the TIGR4 and R6 ge®which demonstrated
highly variable homologs (Brucknet al, 2004). These are illustrated in Table 4-2 along
with results from the CGH of the above 10 isolafdsese results suggest that either there
is less variability within the genes of these tsstlates or that cross hybridization has
occurred between variable homologs and probes ismittroarray or that the “spotted”
microarray constructed by @S identifies fewer variable genes than the oligteotide

microarray used by Brucknet al (Bruckneret al., 2004).



Chapter 4, 112

Gene Putative Function Hybridization Result in this Study
SP0071 Zinc metalloproteinase C N
SP0147 Hypothetical protein P
SP0257 Hypothetical protein vV
SP0298 Hypothetical protein vV
SP0328 1S1380 \Y
SP0332 Hypothetical protein P
SP0378 P
SP0379 \Y
SP0380 P
SP0432 IS1167 P
SP0495 1S1380 \Y
SP0642 I1S66 P
SP0643 I1S66 P
SP0644 I1S66 \Y
SP0666 Hypothetical protein P
SP0714 1S1380 \Y
SP0813 IS30 P
SP0814 IS30 P
SP0826 Hypothetical protein V
SP0836 IS1167 P
SP0949 I1S1515 \Y
SP1015 IS1167 P
SP1188 Hypothetical protein V
SP1189 Hypothetical protein V
SP1262 IS1167 P
SP1292 SAP domain protein P
SP1352 1S1380 P
SP1418 1S1380 P
SP1439 1S1380 \Y
SP1444 1S1380 P
SP1503 1S1380 \Y
SP1582 IS1167 P
SP1595 1S1380 \Y
SP1639 IS1167 P
SP1692 IS1167 P
SP1772 Cell Wall Anchor Protein V
SP1927 1S1381 P
SP2093 Hypothetical protein P
SP2179 1S1380 \Y
Spr0041 1S1178 Not represented on SPv1.1 microarray
Spr0042 1S1178 Not represented on SPv1.1 microarray
Spr0703 Putative sortase V
Spr0986 IS1167 truncated Not represented on SPv1.1 microarray
Spr0987 IS1167 truncated Not represented on SPv1.1 microarray
Spr0988 IS1167 truncated Not represented on SPv1.1 microarray
Spr1093 Hypothetical protein N
Spr1403 Cell Wall Anchor Protein V
Sprl484 Hypothetical protein V
Spr1536 Neuraminidase A Not represented on SPv1.1 microarray
Spr1549 Putative regulatory protein V
Spr1550 Putative regulatory protein V
Sprl675 1S1167 Not represented on SPv1.1 microarray
Sprl676 1S1167 Not represented on SPv1.1 microarray
Sprl716 1IS1167 Not represented on SPv1.1 microarray

Table 4-2 Highly variable genes with multiple homologs co

P = gene hybridized with all test strains; N = gene

V = gene variably hybridizing in test strains.

mpared with CGH results.

hybridized with none of the test strains;
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4.3.2.2Diversity of zinc metalloproteinases SP1154 , SP0664 and
SP0071

In 1998, Poulsert al identified a high degree of diversity of immundgltin A1 (IgA1)
protease genes (SP1154) within the pneumococcustaed closely related streptococcal
species (Poulseet al, 1998). This was due to repeat structures whanted in number
and sequence which was thought to be related toumogenicity and recognition of
antigenic diversity (Poulseet al, 1998). IgAl protease is a zinc metalloprotein@sep)
and it has subsequently been documented that #a@pococcus has three zmps and that
the other twoZmpB (SP0664) an&ZmpC (SP0071), show much sequence diversity also
(Oggioniet al, 2003, Chiavolinet al, 2003). Whether these genes are absent, present o
duplicated in the pneumococcal genome is also biaie&sP0071 is absent from the R6
genome while SP1154 occurs twice in the genombeoséquenced strain G54 (Oggiehi
al., 2003). R6 and other pneumococcal genomes ddatie a functional IgA1 protease
despite SP0071 being absent as discussed in Chapt&hiavolini et al identified
significant sequence diversity of SP1154 betweelaiss of serotypes 2, 4, 6, 19F and 23F
and of SP0664 for serotypes 4 and 23F (Chiavainial, 2003). The results above
demonstrate diversity as to whether hybridizatioauored or not for SP1154 and SP0071.
Where hybridization did not occur could be the lestithe gene being absent or it could
be present but with such a degree of sequencesdiveéhat it does not hybridize to the
probe sequence on the microarray which is baseth@mene sequence in TIGR4. IgAl
protease is believed to be present in all pneunuadstrains and serotypes (De Paelis
al., 2007). Oggioniet al also suggest that the presence of SP0071 may relagither
serotype or the body fluid of origin of the isolalgom a variety of clinical isolates they
find SPO071 in serotypes 4, 6, 8, 9 and 19F. O®86 %6/11) of sputum isolates had a
zmpC homolog and only 1 CSF isolate. The CGH data fitbim study demonstrated
hybridization of SPO071 only from DNA from a seno¢y23F isolate with no hybridization
from serotypes 3, 6A, 9A, 9V, 12F, 14, 20 or 35Bickhsuggests that the relationship
between presence of SP0071 with serotype is nditragght forward as proposed by
Oggioni et al (Oggioni et al, 2003). The issue of a possible relationship betwbody
fluid of origin and presence of SP0O071 could notbesidered with this series of isolates
as the clinical background for the majority of PMENNes used is not known. This will
be considered subsequently using CGH data from radeguately catalogued clinical

isolates.
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4.3.2.3Diversity of SP1051 and Pneumococcal Pathog enicity
Island 1

SP1051 is a virulence associated gene presentnwitid pneumococcal pathogenicity
island 1 which by PCR has been found to be absemt isolates of serotype 1, 6B, 17 and
35F (Brownet al, 2004). These serotypes did not feature in ooseh isolates for this

study of diverse isolates and the CGH results fhasé¢ isolates showed SP1051 to be

present in all 10 test strains, consistent withrésellts of Browret al (Brownet al, 2004).

4.3.2.4Diversity of Pneumococcal Pilus Genes

The region of diversity at SP0460 to SP0470 istedldao a pneumococcal pilus (SP0461-
SP0468) and to diversity of choline binding proseifihe whole region was present in 3 of
the isolates examined (serotypes 6A, 35B and 9A)tha region SP0460 to SP0468 failed
to hybridize in its entirety for the other 7 is@attested. This is consistent with the
observations of Brucknest al at this region (Bruckneet al, 2004) and Sjostrorat al,
who did not identify any consistent relationshigviEen the presence or absence of this
region by CGH and serotypes 9V, 19F or 14 (Sjosieoal., 2006).

4.3.2.5Diversity of Choline binding proteins

It has been observed that choline binding protei(6R2190) which is necessary for cell
invasion is not expressed in 25% of clinical ssa{@rihuelaet al, 2003). A lack of
hybridization was not identified for any of the te$ isolates for SP2190 so, if this gene
were not to be expressed in these isolates, itdwol be due to its absence in the genome

of the isolate.

4.3.2.6Diversity of Neuraminidase Genes

Recently it has been described that the presencewiminidase CnanC SP1326) in
clinical isolates is more variable than is the daseneuraminidase A or B (Pettigreat al,
2006). In the isolates examined here 40% shaveaxCto be present which is close to the
51% of isolates where it was identified by Pettigret al (Pettigrewet al, 2006). Again
though, this phenomenon will be better investigatsidg a series of clinical isolates where
the background to the isolates is more fully known.
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4.4 Conclusions

These DNA CGH results relating to diverse isolaiesnonstrate substantial genomic
diversity for pneumococcal isolates of diverse iadus sequence types and serotypes and
are consistent with the results of similar previetiglies. In fact this work has shown such
diversity to be greater than previously considene@GH studies with two new regions of
diversity identified. If a wider range of diverssolates were assessed, it is probable that
more new regions of diversity would be identifiiddoes appear though that identification
of these regions is dependant on the data anahetisods which are chosen. These results
also highlight a need for greater consensus ashti does and what does not comprise a
region of diversity in the pneumococcal genome.o&&ggions between CGH results and
individual serotypes, sequence types and the elifdackground of strains will be better
achieved by more focussed studies of banks ofqodaiti sequence types and serotypes

where the clinical background to strains has beegaately documented.



5 Genomic Diversity in a Multilocus Sequence
Type Associated with Invasive Pneumococcal
Disease (IPD)

5.1 Serotype 14 and ST9: associations with IPD

The significance of the ST9 clonal complex is rexad in Chapter 1, along with its
association with serotype 14 pneumococci. Thesdietuof DNA CGH from 10 ST9

isolates were planned to assess whether genoméesdiv could be identified within a
clonal complex and also to compare the degree \@rsity within isolates of the same
serotype within that clonal complex compared tdass of different serotypes within the

clonal complex.
5.2 Choice of Isolates

Details of the 10 chosen ST9 isolates are outlinedjppendix 1. Nine of these were from
the strain collection at SMPRL and were chosenryotd maximise observations on
diversity by taking isolates from different yeansjth different antibiotic sensitivity
profiles, source cultures from different body flsidsourced from different geographical
regions in Scotland and from different ages ofgrd. Even so, only one isolate originated
from a cerebrospinal fluid specimen (01-5710). ksadates were chosen of serotype 14 to
assess whether overall genomic diversity is diffei@ phenotypically similar isolates
within a clonal complex. These five included fosolates from Scotland (00-1724, 01-
5710, 02-2445 and 04-1870) and the Sanger sequstre&a INV200 which represents the
PMEN clone England™9 (Hall et al, 1996) — a clone which also infrequently cau$ts |
in Scotland (Smitket al, 2006). All 5 isolates are resistant to erythyom consistent with
previous observations that 95% of ST9 isolates dntl8nd are erythromycin resistant
(Clarke et al, 2004b) usually resulting from expression of thefA gene and macrolide
efflux — the M phenotype (Amezagd al, 2002). The five isolates which were not of
serotype 14 were of serotypes 8 (03-2105), 18 @B}, 19A (03-1051), 19F (04-1548)
and 23F (04-1168).
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5.3 Microarray Results

Strain 00_1724 ,

Strain 01_5710 , Serotvpe 14

Strain 02_2445 , Serotype 14

Strain 04_1870

Strain INV200 |, Serotype 14

Strain 02_1309 , Serotype 18

Strain 03_1051 , Serotype 184

Strain 02_2105 , Serctype 8

| Strain 04_11682 , Serotype 23F

mlm.-—- PSSR

Figure 5-1 Comparison of diversity within genomes of serot ype 14 associated ST9 isolates
and non serotype 14 ST9 isolates using Genespring G~ X 7.3.1.

Shades of yellow and orange indicate that hybridiza  tion occurred with DNA from both TIGR4
and the test isolate while shades of blue indicate no hybridization occurred with DNA from

the test strain but unopposed hybridization by TIGR 4 DNA had occurred. Grey indicates that
neither hybridization of TIGR4 or test isolate DNA occurred or the hybridization

fluorescence was of such low intensity that it was excluded from analysis. Red indicates
unopposed hybridization of test isolate DNA to prob es representing genes from the R6
genome. The five serotype 14 isolates demonstrate |  ess diversity than the five ST9 isolates

of different serotypes. The list of genes from the TGR4 genome which are present or non-
hybridizing in the ST9 strains are displayed in App endix 10 and the list of genes from the R6
genome which are also present or non-hybridizing in the ST9 strains are in Appendix 11.

5.4 Discussion

5.4.1 Overall diversity in ST9

It has been recognised that serotype 14 straindiffdrent genetic backgrounds have
different propensities to cause pneumonia in mite these differences are attributed to
virulence factors other than the capsule (Mizradbbenzahlet al, 2004). These CGH

studies of ST9 pneumococci (and a subgroup of weeol4, ST9 pneumococci) allow
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some investigation as to what some of these gedédferences between phenotypically
identical (serotype 14) pneumococci may be and hdrethey relate to known virulence

determinants.

Obertet al have performed CGH studies on serotype 14 pneuccatdsolates (12 were
from cases of IPD and 8 were from asymptomatic plasyngeal carriage) of unknown
sequence type. They have correlated the presenoertain genes with either an invasive
or carriage phenotype for serotype 14 (Ole¢ral, 2006). As all the serotype 14 isolates
used in this study of ST9 isolates have an invapivenotype, it is possible to assess
whether the CGH results obtained fit with the phgpe expected from the results of Obert
et al Unfortunately, the majority of the genes idertifiby Oberet al as present only in
serotype 14 isolates with the carriage phenotymebeafound in the genomes of the ST9
serotype 14 isolates with invasive phenotypes. &hessclassified genes are SP0029,
SP0093, SP0096-SP0098, SP0117, SP0141, SP01735RR@186, SP0205, SP0256,
SP0259, SP0288, SP0328, SP0336, SP0343, SPO398%R8I30495, SP0531-SP0532,
SP0584, SP0617, SP0711, SP0714, SP0738-SP0740265F80875-SP0876, SP0877,
SP0907, SP0949, SP1019, SP1065, SP1154, SP1172{HMKP1175, SP1185, SP1198,
SP1251, SP1307, SP1308, SP1337, SP1348-SP134951SP3A%, SP1366, SP1418,
SP1439, SP1441, SP1503, SP1595, SP1642, SP167Z&% 1677, SP1693, SP1719,
SP1722, SP1902, SP1947, SP2003, SP2005, SP2158&KP2179. It is likely that the
results of Oberet al have been seriously confounded by not assesstigease enough
sample of serotype 14 isolates from different claaenplexes or by assessing too small a

sample of isolates.

Some of the genes identified by Obettal in serotype 14 pneumococci as present only in
isolates of invasive phenotype also appeared innteesive serotype 14 ST9 isolates used
in this chapter (shown in Appendix 10) but not S3@ates which were not serotype 14.

These genes were SP0389-SP0397, SP0536, SP054825F607-SP0608, SP0627-

SP0628, SP0691-SP0700, SP0982, SP1126, SP13154SFRB2324, SP1326-SP1331,

SP1556, SP1612-SP1613, SP1679, SP1740, SP17415%8R71759, SP1810, SP1911,

SP2140 and SP2232. It is possible then that thessimely are only associated with an

invasive phenotype.

Some of the genes associated with carriage inygerdl4 are not seen in these invasive
ST9 CGH results. These genes are SP1062-SP10644%PSP1334, SP1335, SP1338,
SP1340-SP1345, SP1350 and SP1622. However as CGHhavgerformed on carriage
ST9 isolates the validity of this association carlv@assessed from this data.
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5.4.1.1Macrolide Resistance

Pneumococcal genomic diversity within the ST9 carpgias been alluded to before with
regard to the antibiotic resistance genes which @arfound in isolates from Scotland
belonging to this clone (Amezaga al, 2002). This is particularly the case regarding
macrolide efflux. Bruckneet al associate the region of diversity SP0163 to SP@itti
macrolide efflux (particularly SP0168) and so itnst surprising that this has been a
variable region detected by CGH in these ST9 iselabP0168 appeared not to hybridize
in any of the isolates regardless of whether thvesile a macrolide resistant or sensitive
phenotype. SP1110, another gene associated witra@ohde efflux pump function,
appears to be present in all the isolates. The datlybridization of SP0168 could be due
to the absence of the gene or presence of a diviesgguence which could potentially be

altering its function as well as its ability to mdize to the microarray probe.

Unfortunately the macrolide resistance gem& is not represented among the probes on
the SPv1.1 microarray and so it has not been pesgibassess for the presence of this
gene by microarray CGH. AnefA sequence has been associated with a transposon
Tn1207.1 in pneumococci (Santagattial, 2000) and a macrolide efflux genetic assembly
(MEGA) has also been described in pneumococci @hramosomal insertion element
which has more than four different insertion siteshe pneumococcal genome (Gay and
Stephens, 2001). Macrolide resistance in pneumot®atso conferred by thermB gene
which is carried on transposons Tn1545 (Clevetllal, 1995, Courvalin and Carlier,
1987), Tn917 (McDougadt al,, 1998) or Tn3872 (McDouget al, 1998). These represent
a potentially sizeable source of genetic divergityhe ST9 complex, with a direct effect
on phenotype, which cannot be detected by CGH ubm&Pv1.1 microarray.

5.4.1.2Glyceraldehyde-3-phosphate dehydrogenase (G APDH)

Proteomic analysis has determined that there ia@pase in expression of GAPDH in M
phenotype pneumococci (Cashal, 1999). Caslet al, identified three different forms of
GAPDH. The TIGR4 genome contains two genes whiadedor GAPDH — SP1119 and
SP2012. Both genes were identified by CGH as ptasall five of the serotype 14, ST9
isolates tested. Microarray based expression suafiéhese isolates may help to elucidate
the potential role of these two genes in the irsmdageneration of GAPDH in M

phenotype pneumococci.
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5.4.2 Regions of Diversity in the TIGR4 and R6 geno mes

The CGH results of the ST9 isolates have demoestratregion of diversity within the
isolate 04-1548 where hybridization of a 1.7kb eagencompassing the TIGR4 genes
SP1933 to SP1936 does not occur. This region habeen previously identified in the
CGH studies of Brucknest al (Bruckneret al, 2004) (who did not perform CGH on any
serotype 14 isolates) or Siha al (Silva et al, 2006) or Oberet al (Obertet al, 2006)
(both of whom included several serotype 14 isolatesheir experiments). SP1933,
SP1934 and SP1935 code for hypothetical proteidsS#1936 codes for a putative Type

Il restriction modification system regulatory pnoteThis is illustrated below.

New Region of Diversity
SP1933 -5P 1936

el

Strain 00_1724 , Serotype 14

Strain 01_5710, Serotype 14

Strain 02_1309 , Serotype 18

Strain 02_2445 , Serotype 14

Strain 02_1051 , Serotype 194

Strain 03_2105 , Serotype 8

Strain 04_1168 , Serotype 23F

Strain 04_1548 , Serotype 159F

Strain 04_1870,

Strain INV200 , Serotype 14

Figure 5-2 Location of a new region of diversity SP1933 —  SP1936 identified in isolate 04-
1548.

5.4.3 Diversity at Particular Genetic Loci

For illustrative purposes, the diversity observédaious regions known to be variable

will be considered.
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5.4.3.1Genes with variable homologs

The presence or absence of hybridization for féuy genes identified by Brucknet al
(Table 4-2) as being highly variable in the TIGR# &6 genome could be assessed using
the SPv1.1 microarray. When all 10 isolates oftypes 8, 18, 14, 19A, 19F and 23F were
considered, twenty seven genes (60%) were idethtéfiehaving variable hybridization but
if only serotype 14 isolates were considered thlistd only 5 genes (11%) having variable
hybridization which demonstrates that there is grimlly less diversity within isolates of
the same serotype within a MLST clonal complex theatween isolates of different

serotypes of the same sequence type.

5.4.3.2Diversity of zinc metalloproteinases SP0664 , SP0071 and
SP1154

The diversity of zinc metalloproteinases was disedsin Chapter 4. The CGH of ST9
isolates has allowed investigation of how much g occurs within a clonal complex.
SP0071 (IgAl protease) could not be identified pridization in the genomes of any of
the tested ST9 isolates (although hybridizationTbgR4 DNA occurred in all the CGH
experiments). The R6 gene coding for IgAl proteapel042, was present only in the
ST9, serotype 8 isolate 03-2105 which suggeststhietther strains may have unique
gene sequences which fulfil this function. As thissgates are from predominantly blood
cultures with only one isolate from cerebrospinaidf, it is possible to conclude that
SP0071 may be infrequently found in blood or CSffaies which is compatible with the
observation of Oggioret al (Oggioniet al, 2003). SP0664 was identified as present in all
the ST9 isolates while SP1154 was variably presentot hybridizing in the test ST9

isolates.

5.4.3.3Diversity of SP1051 and Pneumococcal Pathog enicity

Island 1
As was the case with the CGH results of isolatediwérse serotype and sequence type
(Chapter 4), these results of ST9 pneumococci ferotypes 8, 14, 18, 19A, 19F and 23F

demonstrated that SP1051 was present in all thedtésolates which is again consistent

with the findings of Browret al (Brownet al, 2004).

5.4.3.4Diversity of Pneumococcal Pilus genes

The rrgC gene (SP0464) has been used as a marker for teenpee or absence of a

pneumococcal pilus (Bassatal, 2007) where it has been identified as preselgss than
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10% of serotype 14 isolates (Bassétal, 2007). In the CGH studies of Sjostrahal
which focussed particularly on the rlrA pilus isl&P0461-SP0468) and which included
three serotype 14 strains (two which were ST156 and which was ST709)rgC
(SP0464) was present in both ST156 isolates betnas absent in the ST709, serotype 14
isolate (Sjostronet al, 2006). In this series of ST9 isolates, we idetirrgC (SP0464)
only in isolate 04-1548 (which is serotype 19F) @nthiled to hybridize in any of the
serotype 14 isolates consistent with the findingBasseket al (Basseet al, 2007).

5.4.3.5Diversity of Choline binding proteins

As was the case with the isolates in Chapter 4ck of hybridization was not identified
for any of the tested ST9 isolates for choline mgdorotein A (SP2190) so, if this gene
were not to be expressed in these isolates asouasl fin 25% of clinical pneumococcal
isolates by Orihuelat al (Orihuelaet al, 2003), it would not be due to its absence from

the genome of the isolate.

5.4.3.6Diversity of Neuraminidase Genes

In the isolates examined here 80% showadC (SP1326) to be present. It was present in
all the serotype 14 isolates but did not hybridizésolates which were serotype 19A and
23F. Pettigrewet al have made an association between the presentan@fand CSF
isolates (Pettigrewt al, 2006). These CGH results are compatable withdksociation as
nanCwas identified in the CSF isolate which was te¢64d5710).



6 Genomic Diversity within a Multilocus Sequence
Type Accounting for Invasive Pneumococcal

Disease and Carriage

6.1 A Review of the Associations of Serotype 3 and
ST180 with Pneumococcal Carriage or Invasive

Disease

The dichotomy that serotype 3 pneumococci can cdissase with a high associated
mortality in some individuals while being harmlgsshrried in the nasopharynx of others
has been recognised since the earl{) 26ntury (Blake, 1931). An association between
serotype 3 pneumococci causing disease more corgritotite elderly than in children is
also an established observation (Blake, 1931, Gecdl, 1927) which remains true in
several countries (Inostroz al, 2001, Rahaet al, 1997, Shapiro and Austrian, 1994,
Kyaw et al, 2003, Bescost al, 2003, Martin and Brett, 1996). In children from
Oxfordshire, a serotype 3 associated clone (STh&@d)an odds ratio of invasiveness of
only 0.1 and so was more associated with asymptomatriage (Brueggemanet al,
2003) although it is inappropriate to extrapoldtis finding into an adult population as the
relative risk of invasive disease due to serotypecBeases over middle age (Soettal,
1996). According to the MLST datab&ssdthough predominantly serotype 3 associated,
ST180 has also been associated with a serotyped@tile in Germany and non-typeable
isolates in South Korea.

The ability to identify genes present in pathogeni@sive bacteria which are not present
in asymptomatically carried commensals or define genetic relationships between
virulent and non-virulent clones of bacteria (ider to identify potential targets for
therapeutic intervention) has long been a goal attdrial comparative genomics
(Hollingshead and Briles, 2001, Joy&teal, 2002). Molecular typing such asliB7-boxA
genotype fingerprinting demonstrated that carri@géates belonged to patterns unique to
carriage suggesting that clones associated wittiagar may be distinguished from those
associated with invasion (Robinset al, 2001). It has also been suggested that more
virulent clones of invasive pneumococci tend toehavolved from less virulent clones
associated with carriage (Robinsatral, 2002).

8 http://spneumoniae.mist.net/ {accessed 6" December 2008}



In this chapter, the DNA of serotype 3, ST180 eayei and invasive disease associated

isolates was used in microarray CGH experimentsvestigate whether any genes are
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consistently present in carriage associated isolabel not invasive isolates wce versa

An assessment is then made as to whether the rmttdr gene expression under

predetermined conditions for these isolates candee to determine associations between

carriage and invasive associated isolates.

6.2 Serotype 3 ST180 Isolates Analysed by Microarra vy

CGH

Details of the isolates used in these CGH experisnare tabulated below:

Isolate Phenotype Clinical Details

OXC141 Carriage Isolate from a carriage study in Oxford, United Kingdom.

03-4183 Carriage Isolate from a carriage study from The Netherlands.

03-4185 Carriage Isolate from a carriage study from The Netherlands.

03-4155 Carriage Isolate from a carriage study from The Netherlands.

03-4156 Carriage Isolate from a carriage study from The Netherlands.

07-2838 Carriage Nasopharyngeal swab isolate obtained from a 9 year old girl in
Trinidad, Bolivia during June 2007.

99-4038 Invasive Blood culture isolate from a 31 year old man from Dundee,
United Kingdom with meningitis.

99-4039 Invasive Cerebrospinal fluid isolate from same 31 year old man from
Dundee, United Kingdom with meningitis taken on same day as
99-4038.

00-3946 Invasive Cerebral pus isolate from a 60 year old man from Edinburgh,
United Kingdom.

06-1705 Invasive Cerebral pus isolate from a 15 year old girl from Glasgow,
United Kingdom.

02-1198 Invasive Umbilical cord blood isolate from a neonate who died within
hours of delivery in Glasgow, United Kingdom. This isolate is
named P49 in the paper by Silva et al (Silva et al., 2006). N.b.
Maternal and neonatal death within hours of delivery as a
consequence of fulminant infection due to pneumococcal
endometritis is a recognised albeit exceedingly uncommon
event (Gransden et al., 1985).

Table 6-1 Background to serotype 3, ST180 isolates used i n the microarray CGH

experiments.
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6.3 DNA CGH Comparison of Carriage and Invasive
|solates of ST180

Gene lists generated from these CGH experimentsliaptayed in Appendix 12 (TIGR4

genes) and Appendix 13 (R6 genes). Figure 6-1nemgged by Genespring GX 7.3.1. and
indicates that two distinct patterns of hybridieatioccur with these isolates. Figure 6-2
focuses on the region SP2159-SP2166 coding for aspbiotransferase system - the
presence or non-hybridizing of these genes divilesST180 isolates into two distinct

hybridization patterns.

Figure 6-1 Comparison of diversity within genomes of serot ype 3 associated ST180 invasive
and carriage associated isolates using Genespring G =~ X 7.3.1.

Each coloured bar represents a gene and these are a  ligned consecutively. Yellow indicates
hybridization of DNA from both TIGR4 and the test s  train. Blue indicates hybridization of
DNA from TIGR4 but not the test strain and red indi  cates unopposed hybridization of test
strain DNA to probes from the R6 genome. The names and countries of origin of the isolates
are marked.
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SP2159-SP2166
Phosphotransferase System Genes

Isolate 00_3946

Isolate 02_1198

Isolate 03_4155

.-.--.-- Isolate 03_4156

Isolate 03_4183

Isolate 03_4185

Isolate OXC141

Figure 6-2 Serotype 3, ST180 microarray CGH results demons trating the presence of the
genes SP2159 to SP2166 (which code for phosphotrans  ferase system genes) in the Dutch
isolate 03-4156 and the Bolivian isolate 07-2838 wh ich both have a carriage phenotype.

Each bar represents a pneumococcal gene. Yellow ind icates hybridization of DNA from both
TIGR4 and the test isolates. Blue indicates hybridi  zation of DNA from TIGR4 but not the test
isolate.
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6.4 RNA Expression Differences in Carriage and Inva  sive

Isolates of ST180

6.4.1 Microarray results

Normalized | Normalized
Expression | Expression
Genes Level in Levelin
Upregulated in Carriage Invasive
IPD Isolates Isolates Function
SP0576 0.9 22.9 Transcription antiterminator Lict
SP0640 1.0 4.5 Hypothetical protein
Phosphotransferase system, fructose specific
SP0877 1.0 4.0 IIABC components
SP0875 1.0 3.3 Lactose phosphotransferase system repressor
SP0876 1.1 3.1 1-phosphofructokinase, putative
Capsular polysaccharide biosynthesis protein
SP0358 1.0 2.7 Cps4J
SP0357 1.1 2.4 UDP-N-acetylglucosamine-2-epimerase
Phosphotransferase  system sugar-specific
SP0248 1.0 2.3 ElIA component
Normalized | Normalized
Expression | Expression
Genes Level in Level in
Downregulated Carriage Invasive
in IPD Isolates Isolates Function
ABC transporter membrane-spanning
SP0110 0.5 0.1 permease - amino acid transport
Amino acid ABC transporter, ATP-binding
SP0111 0.7 0.2 protein, putative
SP0046 0.9 0.4 Amidophosphoribosyl transferase
SP1503 1.2 0.5 1IS1380-Spnl, transposase
SP1418 1.3 0.5 1IS1380-Spn1, transposase
SP1337 1.3 0.6 1IS1380-Spnl, transposase
Phosphoribosylaminoimidazolecarboxamide
SP0050 1.6 0.6 formyltransferase

Table 6-2 Genes identified by Genespring
microarray are either significantly upregulated or

disease.

(P<0.05 with Benjamini and Hochberg correction appl

GX 7.3.1. whose expression detected by

downregulated in invasive pneumococcal

ied for multiple testing).
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Predictive
Strength
for
Invasive
Gene Disease Function
SP0877 27.0 Fructose specific-phosphotransferase system 1IBC component
SP0875 23.8 Lactose phosphotransferase system repressor
SP1474 20.9 Glycyl-tRNA synthetase beta chain
SP1592 16.6 Conserved domain protein
SP0830 16.6 Hypothetical protein
SP0066 16.1 Aldose-1-epimerase (mutarotase)
SP1097 14.9 Similar to GTP pyrophosphokinase
SP0876 14.7 Fructose-1-phosphate kinase
SP0833 14.7 Hypothetical protein
SP0831 14.7 Purine nucleoside phosphorylase (inosine phosphorylase)
SP1100 14.6 Phosphate acetyltransferase
SP0629 14.1 Conserved hypothetical protein
SP0828 12.8 Ribose-5-phosphate epimerase
SP0829 12.8 Phosphodeoxyribomutase
SP1701 12.7 Phospho-2-dehydro-3-deoxyheptonate aldolase
SP2014 12.7 IS630-Spnl, transposase Orf2
SP2096 12.7 Peptidase, M20/M25/M40 family
SP1563 12.7 Pyridine nucleotide-disulphide oxidoreductase family protein
SP0782 12.6 Conserved hypothetical protein
SP0712 12.0 Lactate oxidase, truncation
SP1417 12.0 Choline binding protein
SP2066 11.6 Threonine synthase
SP2192 11.6 Histidine kinase
SP0631 114 50S Ribosomal protein L1
SP0605 114 Fructose-bisphosphate aldolase
SP1523 114 SWF/SNF family ATP-dependent RNA helicase
ABC transporter membrane-spanning permease - amino acid
SP0110 11.2 transport
SP1988 111 Immunity protein, putative
SP0834 111 Haemolysin-related protein
SP1193 11.1 Galactose-6-phosphate isomerase, LacA subunit
SP2002 111 Conserved hypothetical protein
SP1192 11.0 Galactose-6-phosphate isomerase LacB subunit
SP0715 10.9 Lactate oxidase
Ribosomal large subunit pseudouridine synthase, RIuD
SP1099 10.9 subfamily
SP0015 10.9 IS630-Spnl, transposase Orfl
SP0445 10.9 Acetolactate synthase large subunit
SP1098 10.9 Conserved hypothetical protein
SP1591 10.9 Proline dipeptidase
SP1337 10.8 IS1380-Spnl, transposase
SP0438 10.8 Glutamyl tRNA-GIn amidotransferase, subunit C

Table 6-3 Predictive strengths of the top 40 genes whose expression is more associated
with IPD than carriage in serotype 3 ST180 isolates ~ when grown to midlog at 37 in BHI.

Results generated using Genespring GX 7.3.1. gene p  redictor function.
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6.4.2 Quantitative Real Time PCR results

The gene SP0110 which codes for a hypotheticabprand is identified as essential for
virulence in a mouse pneumonia model (Hava and [GarB002) was identified by
Genespring GX 7.3.1. as significantly downregulatethvasive isolates (Table 6-2) and
as being predictive of a serotype 3, ST180 isolsang invasive rather than carried
asymptomatically (Table 6-3). However, in Appendix SP0110 does not hybridize in all
invasive or in all carriage isolates indicatingheit sequence divergence or absence of the
gene. This seemingly contradictory phenomenon wasstigated by gRT-PCR. No PCR
product was generated for isolate 06-1705 confignthe CGH result. When the
expression of SP0110 by 00-3946 (invasive phendtyas compared to that by OXC141
(carriage phenotype), it was seen (Figure 6-3) ithatas less expressed in the invasive

isolate but this difference in expression did matah statistical significance (p=0.547).

N
o
g

1.754

1.254

Mean Normalized Expression Level +/- Standard Error

0.00:
Invasive (IOO-3946) Carriage (OXC141)

Figure 6-3 gRT-PCR results comparing expression of SP0110 in the invasive isolate 00-3946
and the carriage isolate OXC141.

The mean normalized expression was calculated using Q-gene (Muller et al., 2002) from 3
replicates and the standard error of the means show  n as error bars. Statistical comparison
was made using an unpaired t-test (Muller et al., 2002).

From this it can be concluded that the processoomalization which was used to pool
expression data into the categories “invasive” ‘@adriage” has introduced artefacts in the
results. Consequently, the genes identified by Gameg GX 7.3.1. as predictive of
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invasive disease should not be considered to beigiree without further confirmation
using further qRT-PCR experiments to compare espyaslevels for the other genes
identified in Table 6-3.

6.5 Discussion

6.5.1 Overall genomic diversity in Serotype 3 ST180 isolates

The CGH experimental data demonstrates that wiknmotype 3, ST180 there is much
similarity in the genomic content of the isolatesspite coming from different patients,
with different disease causing or carriage maratests and from different countries.
PFGE performed on serotype 3 isolates from casemafingitis from Poland also
demonstrated very little diversity within serotyp€Skoczynska and Hryniewicz, 2003).

It has been proposed by Obettal that there is a core pneumococcal genome andhisat
includes genes such as SP0043-SP0056, SP0241-8P4314, SP0663-0667, SP0730,
SP0965, SP1002, SP1128, SP1204, SP1466, SP14686%P1, SP1923, SP1937,
SP2141-SP2146 and SP2239. This was determined by €€@lies of serotype 6A, 6B
and 14 (Oberet al, 2006). The CGH results from these studies aftgpe 3 isolates are
compatible with the hypothesis of Obettal as all of these genes hybridize from serotype

3 isolates with no variability seen.

Whereas substantial similarity is seen in the C@Bults from isolates from Western
Europe, there is greater diversity in isolate 038&om Bolivia suggesting again that
geographical location has had an influence on gremic diversity of pneumococci (see
Chapter 4 and 9). In 07-2838 there are distinchiybridization patterns, as SP1335 (a
hypothetical protein of 138 bp) and SP1336 (a Type DNA modification

methyltransferase of 1224 bp) are present wheredgloridization is seen for them in any
of the European isolates. Likewise SP1339-SP13ddir{g for hypothetical proteins and
an ABC transporter ATP binding protein) do not hglze in 07-2838 but are present in all

tested European isolates.

Some of the genes identified by CGH as not hyhbndihave been found to be essential
for virulence in serotype 4 pneumococci in a mguseumonia model by signature tagged
mutagenesis (Hava and Camilli, 2002). Similar ideaition of genes essential for
virulence has been documented for serotype 3 pnentod by signature tagged
mutagenesis (Lawet al, 2001) but the gene designations used in theysard not
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comparable with either the TIGR4 or R6 genome nata¢tre and so comparison of the

results by Lawet aland the CGH data observed here is not easily done.

It appears that the serotype 3 ST180 genome carsubdivided into two further
subcategories based on the hybridization or absefickybridization of the regions
SP0473-SP0478 (present in the two carriage asedcistlates 03-4156 and 07-2838 but
not hybridizing in any of the others) and SP215%6#2166 (again present in the two
carriage associated isolates 03-4156 and 07-2888dvunybridizing in any of the others).
The functions of these genes are shown in TableSg#btype 3 pneumococci are also
proficient at acquiring exogenous DNA. Shetnal, noted that a serotype 3 strain (BS71
ST180) had the greatest number of novel sequenbeshwere not found in either the
TIGR4 or R6 genomes (Shehal, 2006a).

Gene Function Size (bp)
SP0473 ROK family protein, xylose repressor protein 1224
SP0474 PTS system, cellobiose-specific IIC component 1323
SP0475 Hypothetical protein 1941
SP0476 PTS, lactose specific IIA component 345
SP0477 6-phospho-beta-galactosidase 1413
SP0478 PTS, lactose specific IIBC components 1679
SP2159 Fucolectin related protein 3117
SP2160 Hypothetical protein 2295
SP2161 PTS system sugar specific EIl component 801
SP2162 PTS system sugar specific EIl component 774
SP2163 PTS system IIB component 471
SP2164 PTS system IIA component 432
SP2165 Fucose FucU protein 444
SP2166 L-fuculose phosphate aldolase 639

Table 6-4 Genes from the two regions SP0473-SP0478 and SP 2159-SP2166 which code for
components of phosphotransferase systems and which are variably present in the genomes

of serotype 3, ST180 isolates.

6.5.2 A Carriage Genotype versus an Invasive Genoty pe for ST180

The ecological niche of invasive pneumococci, ahe@oint prior to invasion, is to be
carried asymptomatically no matter how brief istttime period of carriage (Robinsat

al., 2001). Consequently, comparing the gene complemiepneumococci from invasive
disease with those of carriage is difficult ashailigh it is relatively easy to identify those
with an “invasive” phenotype from growth at nornyaditerile sites, there will always be
uncertainty as to whether those cultured from nlaspmgeal “carriage” are truly
commensal or are in a transient pre-invasive siatere a mixed population of the two

states.



Chapter 6, 132

It has therefore proven difficult to definitivelynfl robust associations between genotypes
which are more associated with “invasion” than tteg with “carriage” as the gene
complement of “carriage” isolates may be similaridentical to those of the “invasive”
phenotype when assessed by CGH if they happen podsent being carried but in a pre-
invasive state. It is no surprise then to seeghattypes and genotypes which are found in
the carrier state can also be identified in instanof invasive disease amite versa
(Muller-Grafet al, 1999). It may be true that some serotypes wbatlse invasive disease
are rarely found in carriage studies (for exampéptypes 1 and 5) (Scat al, 1996).
This is perhaps due to a very short carrier stat# o invasion or as an artefact resulting
from the methodology of the carriage study (Hodgesl, 1946, Davies and Lockley,
1987, Smithet al, 1993). There are many clear instances when seigitypes have been
identified in carriers and so it is not the casat tthey are never carried (Chapter 1).
Claiming strict relationships between genotypes‘a@adiage” or “invasive” phenotypes is
unwise as associations with “carriage” found i etudy often may be found in disease
causing “invasive” isolates in another (Robinsenal, 2001) as has been shown by
comparing CGH of “invasive” serotype 14 isolateshwgenes and regions of diversity
thought only to be related to a “carriage” phenety®bertet al, 2006) (Chapter 5).
Indeed none of the associations of regions of dityerassociated with “carriage” or
“invasive” phenotypes proposed by Obettal (Obertet al, 2006) hold true for these
serotype 3 isolates as the regions are either mresenon-hybridizing or variably present

or non-hybridizing in both “invasive” and “carridgehenotypes.

Rather than considering the phenotypes “carriage’“@vasion” as a direct consequence
of the gene complement of bacteria, which invayidalls to make a robust association by
any single method (Obegt al, 2007), it is more helpful to think in terms abpability of
“carriage” or “invasion.” This can be done througdiculating odds ratios of a genotype
being associated with a particular phenotype (Bgeatannet al, 2003). Such an
approach allows for the influences of gene expoessiifferences and post-translational
effects and, perhaps more importantly, the infl@snaf host immunity and susceptibility

to infection (Inostrozat al, 2001).

There is evidence to suggest that for serotypeedimococci, the sequence of ttegp3A
gene may rapidly change with the introduction of2BP bp duplications which result in a
phenotype which lacks capsule while spontaneousrsan to the wild type gene returns
the capsule expression (Wageal, 2001). Point mutations and deletions also oattie
serotype 3 capsular geops3Dresulting in different phase variation phenotypethivw a
serotype 3 population (McEllistrerat al, 2007). Transition between such genotypes
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occurs in a biofilm environment (Waitt al, 2001, McEllistremet al, 2007). The PCR
product “spotted” microarray would not differengabetween the wild typeap3A or
cps3D genes and their mutant genes as the serf®tygasular genes are not represented on
this array which consists of genes from TIGR4 a®dgenomes which are not serotype 3.
Consequently this microarray cannot differentidiéferences in the very genes which may
be involved in changing an invasive phenotype boofilm associated carriage phenotype
(Waiteet al, 2001) particularly as the variantsads3Dalso alter transcription and post-
transcriptional events in the serotype 3 biofilmc@llistremet al, 2007). However, this
alternating gene phenomenon is unlikely to be thi&ee explanation for the recognised
association of ST180 with carriage in children amdasive disease in adults which is
likely also to include an age related change it mmunity.

The region SP2159-SP2166 is a recognised regidivefsity (Silvaet al, 2006, Bruckner
et al, 2004, Oberet al, 2006) and its presence in the pneumococcal gerttas been
associated with invasive disease in serotype 6Mats® and associated with carriage in
serotype 14 isolates (Obattal, 2006). In these CGH investigations of seroty&Tr180
isolates hybridization of the region SP2159-SP2&6ly occurs in isolates 03-4256 and
07-2838 which are both carriage isolates. Howeveruah larger sample size of carriage
and invasive isolates of serotype 3 ST180 isolatesld be required to see whether the
presence of this region is genuinely only presemtirriage isolates.

Obertet al also suggest that a region of diversity from SPB13B1772 is required for
bloodstream entry in mice (Obet al, 2006). However in none of the serotype 3 invasiv
or carriage isolates did the region SP1758-SP1yb#dize suggesting that it may not be
essential for invasion in this serotype.

Our observations are similar to those of Lindsawl, who, using a very similar design of
microarray based ostaphylococcus aureugenomes, demonstrated that there was no

association between gene complement and invasseask and that,

“gene combinations necessary for invasive disea@g also be necessary for
nasal colonisation and that community-acquired siwe disease is strongly
dependent on host factors (Lindsatyal, 2006).”
6.5.2.1Genomic Differences in Phosphotransferase (  PTS)
Systems

It is significant that the regions SP0473-SP0478 &#P2159-SP2166 relate to genes

associated with phosphotransferase systems (PT&hveme within known regions of
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diversity (Bruckneret al, 2004, Silvaet al, 2006, Oberet al, 2006). These genes are
involved in the metabolism of lactose which invaube metabolism of fuculose (Table 6-
5). Therefore, it was anticipated that this mayltem differential metabolism of sugars
between the two subcategories of ST180 isolateu(Eg6-1 and 6-2) which is discussed

and demonstrated below.

ST180 Genes involved in
Lactose metabolism Gene Function

SP0474 PTS system, cellobiose-specific IIC component
SP0064 PTS system, IIA component
SP0305 Cellobiose phosphotransferase system IIB component
SP0308 Cellobiose phosphotransferase system IIA component
SP0310 Cellobiose phosphotransferase system IIC component
SP0321 PTS system IIA component
SP0323 PTS system IIB component
SP0324 PTS system IIC component
SP0325 PTS system IID component
SP0476 PTS system, lactose-specific IIA component
SP0478 PTS system, lactose-specific IIBC component
SP0577 PTS system, beta-glucosides-specific IABC components
SP0645 PTS system IIA component, putative
SP0647 PTS system IIC component, putative
SP1684 PTS system IIBC components
SP2036 PTS system IIA component
SP2037 PTS system IIB component
SP2038 Ascorbate-specific PTS system enzyme IIC
SP2161 PTS system IID component
SP2162 PTS system IIC component
SP2163 PTS system IIB component
SP2164 PTS system IIA component
SP1185 PTS system, lactose-specific IIBC components

Table 6-5 Genes identified by Genespring GX 7.3.1. which are involved in lactose
metabolism.

6.5.2.1.1 Phenotypic Differencesin Sugar Metabolism
In order to assess whether there were differentesigar metabolism in ST180 isolates

with different complements of PTS system geneseehrepresentative isolates were
chosen. 07-2838 and 03-4156 both have the gene$73f8P0478 and SP2159-SP2166
while 03-4183 does not hybridize at these regi®apid ID 32 Strep API (BioMerieux®,

France) strips were set up for the three isolateleuidentical conditions, cultured together
for the same duration and developed and read cantly. Figure 6-4 demonstrates the

result.
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Figure 6-4 Rapid ID 32 Strep API results for three of the  carriage associated ST180 isolates
(07-2838, 03-4283 and 03-4156) for which microarray CGH demonstrated differences in the
complement of PTS associated genes.

Minor differences in results were seen for metaboli sm of sucrose (SAC), D-trehalose (TRE)
and D-lactose (LAC).

Although the assessment and comparison of coloamgd using the API system is crude
and subijective it does suggest a difference imth&abolism of lactose for isolate 03-4183
compared to 03-4156 and 07-2838 which was predlzydtie differences in gene content.

Figure 6-5 below demonstrates sugar metabolismwagth with the CGH results for all
the ST180 isolates superimposed and the gene siqmeprofiles for these genes are

displayed in Figure 6-6.



Glacass O

PHOSPHOTR ANSFERASE SYETEM (BFTS) |

Fynavate
- el

O Chasase-aF

0 Lactoge G-phosphate

O Maltose-6F

Souhcee C—

] .i'_]:f_‘ galmosam.img il i ]
l"P Phosphaoe nolprmsmte

Chapter 6, 136

SE = H-Asery
EE gl o e -5F
I !
Sord, I
::TT{ Fock phosphae
10— s () Galannuk- 1P

O Sorhito] G-phosphas

H-Aratt H-AceTyi-D- - boco s e ) E_f:ﬂu:mmﬂh e
O e mnlre
1o con pdme %ﬂr
-pheaptiane -
B L- ham -5
Arhistin O O AchnEP Lenmartam O ‘:fi_ | l—'l"ﬂ ;E?,;w*
sucroas O | | L |0 Sucmse 6phospha Mizogen
Toe halnze O O Trehakaae-6P Tq. P
f-Cilenides © ) Fhoapho e Oleoside [ Feo et Pup |
Achumn f Arbutn-&P [
Salicm Salicin-6F Plhasplucs: s kpsarmans
Frucioms —") Fruckoae-1P
Plaormzial ) Mayoatal-1P
AR
Cel Lo —)
Masmose O : ?4 [ —0 Mannoze-6B

Figure 6-5 Results of Serotype 3 ST180 CGH studies superim

JE— e

pathways which relate to phosphotransferase system

In this figure generated by Genespring GX7.3.1, eac
ST180 isolates. Shades of yellow indicate the prese

of blue indicate lack of hybridization for genes in

posed onto sugar metabolism
genes.

h coloured bar represents one of the
nce of genes in the pathway and shades

the pathway.



Chapter 6, 137

PHOSPHOTRANSFERASESYSTEM (PTS)

i

H-beend- o —|_._ON-_.!..:~Q|,:;{-
ol s 10s e 3 plie o ming -6F

W «—«_iu ™
l"P Phomghae polprmusate ey

Sorhose O—w  fors ._SW Sorbose 1-

....... plaasphats
Clncose R ]EWMI
Calactnl CO—m - =01 Galaeminl-IP
Lacnss | =W Lactoar G-phosphate :
Glueteal { ol e
Sorhiol = O Sorhit] G-phoophate
1 alncee () Maltoss-60
D-Clueceaming
Hefretyis H-Aretyl-0- L E-phasphals
glocosmin: gl e
&-phos pham
i L-asporham -5~
At G 0 AP Lmortan O—>JI 20 i
Aucrogs Eurcoae B phoaphom Hitogen O
Tae halose O—mf L1111 0 Trehalose6F Tﬂ. P
- +
[FrClnrosides © 0 Phoaph-fi-Olncoside [ P |-i| Puf |
Artmtin Arbutin-6F [
Zalicin “ Ealicin-6P Phazphee nokpyroste
Frum o= ) ) Fructkoae-1P
Bl anmitol Eill | O Mannitol- LD
Cellehios:
Plarmose Cr—e . — =0 Manoose-6P

Figure 6-6 Results of Serotype 3 ST180 gene expression stu  dies superimposed onto sugar
metabolism pathways which relate to phosphotransfer ase system genes.

In this figure generated by Genespring GX7.3.1 each coloured bar represents one of the
ST180 isolates. Shades of yellow indicate the expre ssion of genes in the pathway at a
baseline level, shades of red and orange indicate u  pregulation of the genes and shades of
blue indicate downregulation for genes in the pathw ay.

Figure 6-5 demonstrates that the ST180s lack gémesnannitol metabolism which
correlates with the negative result for mannitolAlN) metabolism in all the API strips.
(The finding that two of the isolates were expnegssuch genes in Figure 6-6 is spurious
and suggests that there has been cross hybridizatith this probe by cDNA

manufactured from RNA generated by another gene).

It is also possible to see differences in sucroséabolism which correlate with the API
results. Below in Figure 6-7 are compared the esgiom levels of SP1722 (which is
specific to sucrose metabolism) generated by Geimgs@X 7.3.1 for the ST180 isolates.

It demonstrates that the expression of this gerggisificantly downregulated in all the



Chapter 6, 138
isolates except 03-4156 which maintains a baséive of expression. This is compatable
with the API (SAC) result in Figure 6-4 where sisgg[D-saccharose) metabolism was

positive (yellow) in isolate 03-4156 but negatived-orange) in the other isolates.
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Figure 6-7 Screen view of Genespring GX 7.3.1 demonstratin g the maintenance of baseline
expression of SP1722 in isolate 03-4156.

Expression of this gene is downregulated in all oth er tested ST180 isolates.

A similar difference in the expression of genestfehalose correlated with the API results
in Figure 6-4. SP1884 is involved in trehalose meliam and is downregulated in 03-
4183 compared to 03-4156 as seen in Figure 6-& iBhcompatible with the results in
Figure 6-4 which show that trehalose metabolispostive in 03-4156 but negative in 03-
4183.
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Figure 6-8 Screen view of Genespring GX 7.3.1 demonstratin
which is involved in trehalose metabolism.

In isolate 03-4183 expression of SP1884 is markedly

correlates with a difference in API result for treh
(Figure 6-4). It is also noteworthy that the above

SP1884 and trehalose metabolism in blood (99-4038)

S NP e 8B o

g that the expression of SP1884

less than that of isolate 03-4156 which

alose (TRE) metabolism by API testing
results suggest increased expression of

compared to cerebrospinal fluid (99-

4039) from the same case of meningitis (Chapter 10)

Correlations between microarray CGH results forasugetabolism genes which show
diversity and sugar metabolism results observeAlytesting have also been consistently
documented by Aakrat al when comparingenterococcus faecalistrains (Aakraet al,

2007). In pneumococci, Oggiomt al have noted that genomic variation in the PTS

systems does influence sugar fermentation (Oggbai, 2008).

It may be that these subtle differences in sugdabodism in vitro have a relationship to
the transitioning serotype 3 capsule genes and thgiression and are in some way
involved in the phase variation noted above althougravelling whether there is such a

relationship is beyond the scope of this thesis.



7 Genomic Diversity in Isolates of the Same
Serotype and Multilocus Sequence Type Related

to Clinical Manifestation and Outcome

7.1 Background

Serotype 4 pneumococci are an important causevative pneumococcal disease (IPD) in
humans and can cause severe invasive diseasemalamodels (Sandgreet al, 2005).
Factors in addition to the pneumococcal capsulem@or virulence factor which
determines the serotype) contribute to diseaseoméqMizrachi-Nebenzatdt al., 2004)
and clonal properties other than serotype influeabdity to cause invasive disease
(Sandgreret al, 2005, Keret al, 2006).

Some virulence associated genes, suatmag; may not be uniformly distributed within a
single sequence type (Pettigreat al, 2006) and within a sequence type, a virulence
associated gene can demonstrate sequence diwehsdly may alter its function (Kirkham

et al, 2006). The pneumococcus has many genes whichigy variable with multiple
known alleles such as the pneumococcal surfaceiprétspA (Rochest al, 2003) but
even within the housekeeping genes which are tbes ld the MLST scheme and which
are considered to be much more conserved, divergemiences have been identified
(Diggle and Clarke, 2005). With this high degreevariation in the pneumococcal
genome, it was anticipated that sequence diffesgrszeh as point mutations or insertions
resulting in frame shifts, may be identifiable whicnay be contributing to different

clinical presentations.

It is known that bacteriophages are sources of wWch, when integrated into bacterial
genomes, result in greater genomic diversity. Eroge DNA from bacteriophages can
code for virulence associated proteins such aslytie activity of the Pal enzyme
belonging to the pneumococcal phage Dp-1(Logteal, 2000). Fully functional lysogenic
phages, defective phages and remnant prophagesidespread amongst pneumococcal
isolates of different serotypes and different gapbical origins (Gindreaet al, 2000,
Ramirezet al, 1999). It has been stated that the role of gatjue transposons and

bacteriophage needs to be addressed in a climtiaig (Lopez, 2006).
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It was decided to investigate a series of IPD casesed by the same serotype and
sequence type (serotype 4, ST246). Six isolates fratients of similar age, gender, racial
background and geographical location were chosen dpalysis. Their clinical
manifestations were reviewed and the isolates tsge@rform microarray CGH, look for
evidence of bacteriophage carriage and therebysssskether genomic diversity within
the ST246 clone was identifiable which might hawatdbuted to the varied disease
presentations. Isolate 06-1803 was primarily ubedause of the unusual clinical
presentation of the source patient and five iselatere chosen of the same serotype and
sequence type which originated from patients ofilamtharacteristics using a database
held at SMPRL.

7.2 Epidemiological details for Serotype 4 ST246 Te st

Isolates

Year of | Age of | Sex of Isolate

Isolate | Isolation | Patient | Patient | Location Racial Origin | Source |Serotype | MLST
North East Blood

03-5339 2003 37 Male Glasgow Caucasian | culture 4 ST246
North East Blood

04-1342 2004 53 Male Glasgow Caucasian | culture 4 ST246
North East Blood

04-2239 2004 42 Male Glasgow Caucasian | culture 4 ST246
North East Blood

05-1109 2005 56 Male Glasgow Caucasian | culture 4 ST246
West Blood

06-1803 2006 49 Male Glasgow Caucasian | culture 4 ST246
North East Blood

06-1898 2006 64 Male Glasgow Caucasian | culture 4 ST246

Table 7-1 Basic epidemiological information about the sou rce patients from which serotype
4, ST246 isolates were received.
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7.3 Clinical Manifestations and Outcomes for Seroty  pe 4
ST246 Test Isolates

Isolate Clinical History

Diagnosed with bacteraemic pneumonia which did not require intensive care. Antibiotic
03-5339 [therapy was not documented.

Diagnosed with an acute confusional state and bacteraemic lobar pneumonia.
Experienced severe sepsis during first 24 hours of admission. Gradually improved on
04-1342 |intravenous amoxycillin.

Presented with pneumonia and septic shock which required immediate intensive care
management. Initially treated with intravenous ceftriaxone, clarithromycin, inotropes and
recombinant activated protein C. Required intensive care management for over a month
04-2239 |but survived.

Diagnosed with bacteraemic pneumonia which did not require intensive care. Patient
05-1109 |had an uneventful recovery on intravenous amoxycillin.

Presented with concurrent pneumococcal meningitis, pneumonia and aortic valve
endocarditis. Required emergency aortic valve replacement on day 2 of admission.
Failed to settle on intravenous ceftriaxone and gentamicin (despite being a penicillin
susceptible isolate in vitro). Still failed to settle after addition of intravenous vancomycin
and developed an aortic root abscess. Finally recovered after 3 months of treatment with
06-1803 |daptomycin.

Presented with bacteraemic pneumonia and renal impairment. Patient responded to
06-1898 |intravenous ceftriaxone and recovered uneventfully.

Table 7-2 Brief clinical histories of the cases from whic h serotype 4, ST246 isolates were
received.

7.4 Bacteriophage induction

Bacteriophage induction for the six clinical isestwvas performed by Dr Patricia Romero
using the following methodology. Isolates were gnoat 37°C until an optical density at
600nm of between 0.1-0.25 was reached. MitomycinaS added to a final concentration
of 100 ng/ml to induce the release of lysogenictdramphages. 20@l of each culture
(before and after the addition of mitomycin C) weaxkled to wells of a 96-well plate in
triplicate. Growth was monitored by optical density600nm in a plate reader (Fluostar
OPTIMA, BMG LABTECH, Germany). Bacteriophage indioct identified a
bacteriophage only in isolate 05-1109.

7.5 Microarray DNA CGH Results

DNA microarray CGH was performed using the protscmitlined in Chapter 2. One large
region of diversity from SP1129-SP1146 was eviderd is magnified in Figure 7-1. In
total, 46 gene loci where diversity was evidenteneentified by CGH (Figure 7-2).
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Figure 7-1 DNA CGH results for serotype 4, ST246 isolates.

This figure is produced by Genespring GX 7.3.1. The genes from the TIGR4 and R6 genomes
featured on the microarray are illustrated as horiz  ontal bars consisting of vertical lines
representing consecutive genes. Yellow lines indica  te where competitive hybridization has
occurred. Red lines indicate where R6 genes are pre  sent and hybridizing in the test isolate
but are absent from TIGR4. Blue lines indicate gene s which are present and hybridizing in
TIGR4 but not hybridizing with the test isolates. G rey lines indicate that the fluorescence
intensity of the hybridization has not been high en ough to reach a threshold set on Bluefuse
for Microarrays 3.5 © to filter out low quality hyb ridizations. The region of diversity between
SP1129 -SP1146 is magnified.

PCR (utilising the primers used to design the psol&ppendix 3) attached to the
microarray (MWG Biotech AG, Germany)) demonstrasdasence of the gene at 12 of
these loci (Figure 7-2) and suggested that sequdineegence may account for detection
of product at the other loci.
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Gene loci

Gene Function

Associated
with Virulence
in Murine
Pneumonia
Model

Clinical Isolates

04-2239

03-5339

04-1342

06-1803
05-1109
06-1898

SP0031

SP0068

SP0111

SP0165

SP0309

SP0514

SP0532

SP0570

SP0573

SP0949

1S1515, transposase, authentic frameshift

No

SP1129

integrase/recombinase, phage integrase family

No

SP1130

transcriptional regulator

No

SP1131

transcriptional regulator, putative

No

SP1132

SP1134

SP1135

SP1136

conserved domain protein

No

SP1137

SP1138

SP1139

SP1140

hypothetical protein

No

SP1141

hypothetical protein

No

SP1142

SP1143

SP1144

SP1145

hypothetical protein

No

SP1158

SP1181

SP1189

hypothetical protein

No

SP1254

SP1342

SP1343

SP1350

SP1353

SP1696

SP1718

SP1770

glycosyl transferase, family 8

Yes

SP1793

SP1794

hypothetical protein

No

SP1796

ABC transporter, substrate-binding protein

No

SP1797

SP1799

SP1839

SP1895

SP1896

SP1897
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Figure 7-2 PCR validation results for genes where are leas t one of the 6 ST246 isolates did
not hybridize on the microarray.

Yellow indicates the presence of a PCR product of t he same size as that in the TIGR4
genome (using the primers utilised in the manufactu re of the microarray displayed in
Appendix 3) while blue indicates the absence of a p  roduct. Where genes have been
identified as absent (blue) their putative function is noted and whether they have been
identified as virulence factors in the development of pneumonia in a mouse model (Hava
and Camilli, 2002).

Five of the absent genes were absent in all 6cainsolates while 7 were strain dependent

and could be absent or present in the ST246 clirsokates.

Isolate 06-1803 demonstrated the greatest numbeutative gene deletions, several of
which were identified as absent solely in thisasel

We chose three genes (SP1130, SP1136 and SP13d&) @NA in test isolates did not
hybridize on the microarray but had demonstrabtalpcts using PCR and we sequenced
the PCR products. This identified single nucleotmdymorphisms (SNPs) in several
isolates when the sequenced genes were comparbdthelr TIGR4 sequence using
National Center for Biotechnology Information (NgBBasic Local Alignment Search

Tool (BLAST) software. The genetic diversity of IBD is illustrated in Figure 7-3.

Clinical Isolates

Gene 04_2239 03_5339 04_1342 | 06_1803 | 05_1109 06_1898

SP1130 | SNPs Mo SNPs

041342
TIGR4
04_1342

TIGR4
04_1342

Figure 7-3 Genomic diversity of the transcriptional regula tor gene SP1130.

The presence or absence of gene SP1130 in the 6 cli nical ST246 serotype 4 isolates was
determined using PCR and compared with results usin g microarray CGH where no
hybridization occurred for this gene in any of the test isolates. Blue indicates where the

gene was absent by PCR and yellow indicates that a product was detected which was the

same size as the product from TIGRA4. Single nucleot ide polymorphisms (SNPs) were
identified in the sequenced PCR product when compar  ed to the TIGR4 sequence for isolates
04-1342 and 05-1109. The locations of some of these  SNPs are identified in red boxes for
part of the PCR product from isolate 04-1342.
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7.6 Discussion

This investigation has demonstrated genetic dityessithin clinical isolates of a single
clonal complex (ST246) associated with one seroffgeotype 4) from patients with
matched epidemiological characteristics using a Pp@RIuct microarray as a screening
investigation. These DNA CGH results were validaisthg PCR. This work also assessed

whether there may be additional integrated geme#terial by bacteriophage induction.

A bacteriophage was identified only in isolate A®9 which had integrated 32-34kb of
genetic material. This burden of genetic mateegresents a source of genomic diversity
which would otherwise have remained undetected iosyoarray CGH analysis. This again

highlights one of the limitations of microarray DNBGH as it can only identify the

presence of genes which feature in the referengenges which were used to construct the
probes on the microarray. Consequently, it maydwetect additional genes acquired by
horizontal gene transfer from other bacterial sggcor from bacteriophages, the
acquisition of which may affect gene expression sugsequently the bacterial phenotype

and disease presentation.

It has previously been recognised that the TIGRAogee demonstrates evidence of a
bacteriophage remnant in a 10.5kb cluster of 1%igoous open reading frames (from
SP1129 to SP1147) that is absent from the genonRR6ofObregoret al, 2003). This
corresponds exactly with the only significant regiof diversity between these clinical
isolates and TIGR4. This region of diversity haet previously identified (Silvat al,
2006) but the presence of genes in this regionpnasiously been associated with a
noninvasive phenotype when described before inysedB isolates (Obest al, 2006).
This investigation of serotype 4 isolates from @atis with bacteraemic pneumonia and
other IPD manifestations suggests that if theryré&man association with a noninvasive

phenotype this association may be serotype specific

The identification of some of the genes in the S@13P1147 region in some isolates
suggests that these isolates or their ancestorgdraed a bacteriophage. Bacteriophages
may therefore have a significant role in the getr@maof genomic diversity in the
pneumococcus. For these isolates, it appears thradngc diversity (with a possible
consequence being diversity of clinical manifesta) has arisen more as a result of
acquiring additional genetic content rather thardettn of genetic material when
compared to another serotype 4 strain (TIGR4) &dida of individual genes within these

isolates does not appear to be common when compgarede TIGR4 genome. It is
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possible that the unique combination of gene dmistiin isolate 06-1803 may have
contributed to the unusual clinical presentatiothveimultaneous pneumonia, meningitis

and endocarditis.

While considering the pathogenesis of pneumocoendbcarditis, Bruckneet al have
identified SP1772, a gene coding for a cell watiraor protein, as homologous to a platelet
binding glycoprotein irStreptococcus gordon{Bruckneret al, 2004) and Takamatsat

al have considered it important in the causationnafoearditis (Takamatset al, 2004).
Our results do concur with this hypothesis as SPXdid hybridize in all the test clinical
strains, suggesting that all had the genetic piattetd result in endocarditis if this
hypothesis is correct. Only isolate 06-1803 howeaene from a patient with endocarditis,
which suggests that there may be other pneumocgecaitic involvement required for the
development of endocarditis or, perhaps more likalyequirement for a particular host
susceptibility such as underlying valvular pathglogf is noteworthy that in the CGH
analysis performed by Brucknet al, SP1772 appears absent from several of the se®typ
analysed patrticularly serotype 3 (Bruckeeml, 2004). Our results from other DNA CGH
experiments have also demonstrated an absencdodiaation for SP1772 in all serotype
3 isolates tested but also in serotype 23F (04-1468 ATCC51916), serotype 6A
(BAAG59), serotype 14 (BAA340), serotype 20 (05-1p7serotype 35B (BAAG60),
serotype 12F (05-2565) and serotype 9V (05-182ad.bBfore it can be concluded that the
absence of SP1772 may preclude the developmentndbcarditis, it should be
acknowledged that several case series of pneumalceocdocarditis from the mid-20
century (Austrian, 1957, Straus and Hamburger, 1966land and Barnes, 1970)
demonstrate that serogroups 3, 6, 14 and 20 caedhdause endocarditis. As genetic
analysis of these historical isolates is not pdssithere is no conclusive proof of a
pneumococcus without SP1772 being associated widbaarditis but given the universal
lack of hybridization of SP1772 in all serotypes8lates analysed so far by CGH, a claim
that possession of SP1772 is necessary to causeaddis is hard to support. Likewise,
the glycosyl transferase SP1770, which was idextiby signature tagged mutagenesis as
being essential for virulence in a murine pneumandalel (Hava and Camilli, 2002) does
not appear to be necessary in the pathogenesectdraemic pneumococcal pneumonia in

humans.

These results also highlight the impact that secgigliversity can have on how microarray
DNA CGH results are interpreted. The results shbat £ven small mutations in gene
sequence may affect hybridization on our microamdnch was evident when there was
failure to hybridize genes which contained occasi@NPs in the test DNA compared to
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its probe. Sheret al have also demonstrated that several pneumocoerssgcontain
numerous point mutations and small indels (Séteal, 2006a). Detection of SNPs using
microarray technology has been possible in the Inugemome project (Wargt al, 1998)
but in order to do this with higher specificity fggneumococcal genomes, a new
customised microarray would be required using @goalicleotide probe approach rather
than a PCR product probe (Kunetral, 2005, Palaciost al, 2007, Dorrellet al, 2005).
This approach would be less successful at detetdanggr genes due to the shorter nature
of the probes employed (Palackitsal, 2007). This has led to the conclusion that,

“given the uncertainties about the extent of ndiyir@ccurring genetic
polymorphisms in pathogen gene pools, the mostipeadybridization-based
detectors will probably rely on longer probes tlaat less sensitive to
unexpected genetic polymorphism and that also geowreater analytic
sensitivity compared with shorter oligonucleotiadelges (Call, 2005).”

Silva et al note that isolates of the same serotype and sequsgpe can behave very
differently in vivo in animal hosts. These observations on human ahsego the same

serotype and sequence type with very differeniadircourses agree with this observation.

Figure 7-4 below demonstrates that ST246 is aeiloglus variant of ST899 and a double
locus variant of ST2365 and ST695. These serotypeated sequence types have been
associated with capsular switching and acquisitibna serotype 19A capsule as a
conjugate vaccine escape mutation (Brueggensred, 2007). Although it has not yet

been seen, it would seem likely that such a closdbted sequence type (ST246), which is
of obvious virulence in humans, has the potentiagdwitch capsules with serotype 19A to
escape vaccine pressure but maintain the virulesseciated with the ST246 clonal

complex (Sandgreet al, 2004).
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Figure 7-4 Demonstration of the relationship of ST246 to o ther closely related sequence
types using e-BURST version 3 and the MLST database

Adapted from Brueggemann et al (Brueggemann et al., 2007). ST247 is found to be a
founder clonal complex and ST246, ST899 and ST695 a re co-founders. Sequence types
highlighted in red have been found to have undergon e capsular switching in recent years
and have acquired and express the serotype 19A caps ule.



8 Genomic Diversity in Nosocomial Outbreaks of

Pneumococcal Disease

8.1 Pneumococcal Outbreaks — Definition and Feature s

According to Health Protection Agency draft guidek, a cluster or outbreak of

pneumococcal disease is defined as,

“two or more cases of serious pneumococcal infadionfirmed or probable)
reported from a closed setting within a four-weekiqd.”

Nosocomial outbreaks of IPD, although not commae,veell described. Perhaps the first
description of such a hospital acquired outbrealprigumococcal pneumonia was at an
asylum in 1903 (Sinigar, 1903). These outbreaks asesociated with significant
preventable morbidity and mortality particularly elderly (Hansmanret al, 2006,
Thakkeret al, 1998, Bairet al, 1990, Millaret al, 1994, Cartmill and Panigrahi, 1992,
Dawsonet al, 1992, Fioreet al, 1998, Mandigerst al, 1994, Bresnitet al, 2001, Kludt
et al, 1997, Gleictet al, 2000, Bescost al, 2003, Taret al, 2003, Weis®t al, 2001,
Quicket al, 1993, Barnest al, 1995, Gouldet al, 1987, Nuortiet al, 1998, Gillespiest
al., 1997) and paediatric populations (Gugtal, 2007, Medeirost al, 1998, Leightoret
al., 2003, Craiget al, 1999, Cheriaret al, 1994, Schroder and Cooper, 1930, O'Beén
al., 2000, Strom, 1932, Melamedlal, 2002, Radetskgt al, 1981, Gilman and Anderson,
1938, Dagaret al, 2000). Remarkably there is, as yet, no consemsi®w best to prevent
or manage them although in 2007 a Health Prote&mgency working group issued draft
interim guidelines for consultation in the Unitechgdom.

Particular serogroups have a predilection for cagsutbreaks (Table 8-1) possibly due to
a genetic factor which has resulted in increasagasmissibility. This is unlikely to be due
solely to capsular properties as, “non-typeablaecapsulated pneumococci can also cause
outbreaks — particularly of conjunctivitis. Virtlyl all possible presentations of

pneumococcal disease have been associated witteaktbas shown in Table 8-2.



Chapter 8, 151

Pneumococcal
Serogroup
Associated with
Outbreaks

References

Serogroup 1

(Thakker et al., 1998, Gupta et al., 2007, Musher et al., 1997, Gilman and
Anderson, 1938, Smeall, 1931, Park and Chickering, 1919, Gratten et al.,
1993, Mercat et al., 1991, DeMaria et al., 1980, Mackenzie et al., 1940,
Leimkugel et al., 2005, Yaro et al., 2006, O'Brien et al., 2000, Strom, 1932,
Dagan et al., 2000, Proulx et al., 2002)

Serogroup 2

(Smillie et al., 1938)

Serogroup 3

(Bescos et al., 2003)

Serogroup 4

(Hansmann et al., 2006, Gleich et al., 2000, Bain et al., 1990, Clarke et al.,
20044, Crum et al., 2003)

Serogroup 5

(Schroder and Cooper, 1930, Melamed et al., 2002)

Serogroup 6

(Cartmill and Panigrahi, 1992, Dawson et al., 1992, Radetsky et al., 1981)

Serogroup 8

(Birtles et al., 2005, Berk et al., 1985)

Serogroup 9

(Anonymous, 1992, Millar et al., 1994, Mandigers et al., 1994, Gillespie et al.,
1997, Crum et al., 2003)

Serogroup 12

(Hoge et al., 1994, Jorgensen et al., 2005, Cherian et al., 1994)

Serogroup 14

(Craig et al., 1999, Fiore et al., 1998, Bresnitz et al., 2001, Tan et al., 2003,
Medeiros et al., 1998)

Serogroup 19

(Clarke et al., 2004a, Quick et al., 1993)

Serogroup 23

(Carter et al., 2005, Barnes et al., 1995, Weiss et al., 2001, Fry et al., 2005,
Gould et al., 1987, Nuorti et al., 1998)

Non-Typeable

(Hennink et al., 2006, Martin et al., 2003a, Feingold, 2003, Leighton et al.,
2003, Crum et al., 2004, Carvalho et al., 2003, Buck et al., 2006, Ertugrul et
al., 1997)

Table 8-1 Pneumococcal serogroups which can cause disease outbreaks.
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Pneumococcal
Manifestation References
Observed in
Outbreaks
Asymptomatic (Jorgensen et al., 2005, Gillespie et al., 1997, Mackenzie et al., 1940,
Carriage Hoge et al., 1994, Musher et al., 1997, Bescos et al., 2003, Carter et al.,
2005, Nuorti et al., 1998, Radetsky et al., 1981, Quick et al., 1993,
Barnes et al., 1995)
Pneumonia (Jorgensen et al., 2005, Gillespie et al., 1997, Mackenzie et al., 1940,
Lamb and Brannin, 1919, Anonymous, 1992, Smillie et al., 1938,
Schroder and Cooper, 1930, Hoge et al., 1994, DeMaria et al., 1980,
Mercat et al., 1991, Millar et al., 1994, O'Brien et al., 2000, Cartmill and
Panigrahi, 1992, Dawson et al., 1992, Proulx et al., 2002, Musher et al.,
1997, Fiore et al., 1998, Mandigers et al., 1994, Gratten et al., 1993,
Strom, 1932, Hirsch and McKinney, 1919, Tan et al., 2003, Gilman and
Anderson, 1938, Park and Chickering, 1919, Bescos et al., 2003, Gleich
et al., 2000, Kludt et al., 1997, Bain et al., 1990, Hansmann et al., 2006,
Dagan et al., 2000, Subramanian et al., 2003, Carter et al., 2005, De
Galan et al., 1999, Nuorti et al., 1998, Bresnitz et al., 2001, Thakker et
al., 1998, Gupta et al., 2007, Weiss et al., 2001, Quick et al., 1993, Fry et
al., 2005, Crum et al., 2003, Berk et al., 1985, Gould et al., 1987)
Empyema (Jorgensen et al., 2005, Smillie et al., 1938, DeMaria et al., 1980, O'Brien
et al., 2000, Gupta et al., 2007)
Meningitis (Jorgensen et al., 2005, Craig et al., 1999, Yaro et al., 2006, Leimkugel et

al., 2005, Birtles et al., 2005, Hoge et al., 1994, DeMaria et al., 1980,
Melamed et al., 2002, Radetsky et al., 1981)

Blood Stream Infection

(Jorgensen et al., 2005, Cherian et al., 1994, Tan et al., 2003, Bescos et
al., 2003, Gleich et al., 2000, Kludt et al., 1997, Hansmann et al., 2006,
Dagan et al., 2000, Carter et al., 2005, Bresnitz et al., 2001)

Otitis Media (Gilman and Anderson, 1938, Dagan et al., 2000)
Conjunctivitis (Feingold, 2003, Leighton et al., 2003, Martin et al., 2003a, Hennink et
al., 2006, Cherian et al., 1994, Crum et al., 2004, Carvalho et al., 2003,
Buck et al., 2006, Medeiros et al., 1998, Ertugrul et al., 1997)
Septic Arthritis (Jorgensen et al., 2005, DeMaria et al., 1980)
Cellulitis (Jorgensen et al., 2005)
Peritonitis (Malloch, 1922)

Table 8-2 Presentation of pneumococcal disease or carriag e associated with outbreaks.

8.2 Pneumococcal Typing Methods and Limitations in

Outbreak Investigations

8.2.1 Serotyping

Serotyping, although usually performed in a refeestaboratory, is an important test
which can help to rapidly identify links betweenidgmiologically connected cases of
pneumococcal disease and clarify the compositionutbreak clusters. It does however
have limitations when the cases are due to uncateslipneumococci which are “non-
typeable” by serotyping. In such cases, moleculathods can be more significant in

identifying or refuting links between cases.
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8.2.2 Molecular typing

Molecular typing methodologies are reviewed in Gaafd. Several of these have been
used to investigate relationships between isokedscted in outbreak situations including
PFGE (Nuortiet al, 1998, Carteet al, 2005, Subramaniaet al, 2003, Martinet al,
2003a, Craiget al, 1999, Bescost al, 2003, Barneset al, 1995), PBP Gene
fingerprinting (Gillespieet al, 1997, Barnest al.,, 1995), Ribotyping (Cheriagt al,, 1994,
Daganet al, 2000), RFEL (De Galaet al, 1999), BOX-PCR (Ertugruét al, 1997),
Random Amplified Polymorphic DNA analysis (RAPD) €Mmed et al, 2002)
fluorescence-based Amplified Fragment Length Polyphism analysis
(foAFLP)(Henninket al, 2006) and MLST (Birtlegt al, 2005, Leimkugekt al, 2005,
Clarkeet al, 2004a, Yareet al, 2006, Martinet al, 2003a) although several publications
describing pneumococcal outbreaks predate the a@wvent of these methods. This
chapter features the first description of microartachnology being utilised in the
molecular typing of pneumococcal outbreak assodigelates and thereby the first to

consider the clonal nature of such isolates atethel of the whole pneumococcal genome.

8.3 Background to Chosen Outbreaks

8.3.1 Serogroup 1 ST227

The significance of serogroup 1 pneumococci tocthr@emporary global epidemiology of

this organism is reviewed in Chapter 1.

It was possible to identify isolates from two patginvolved in a historical serogroup 1
related outbreak from a care of the elderly war@iasgow in 1996 (Thakket al, 1998).
These isolates were stored frozen at SMPRL. Tldsvad us to revisit the microbiology
of the outbreak investigation with the benefit T and microarray technology. Neither
isolate was from the index case who had presentidan aggressive pneumonia and died
within 24 hours of the onset of symptoms. Bothased were from direct contacts of the
index patient though. These secondary cases haglopex bacteraemic pneumonia and
the stored isolates had been obtained from blodtdres. One of these secondary cases
also died within 24 hours of the onset of sympt@mg the other died within 3 days of the

onset of symptoms.

MLST of the two serogroup 1 isolates showed thenbdth be ST227. This itself is of

significance as this outbreak predates the stath®fexpansion of the ST306 clone in
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Scotland and is compatible with the hypothesis 8227 was the dominant serogroup 1
clone in Scotland in the 1990s.

8.3.2 Serogroup 4 ST206

This outbreak occurred in 2002 in a care of therydward in a hospital in the West of
Scotland and affected four patients aged betweemnb 98. All the cases developed
bacteraemic pneumonia and all succumbed to théactions. Isolates were available
stored frozen at SMPRL from blood cultures forfallr cases. Serotyping found all the
isolates to be serogroup 4. These isolates hadoply had MLST and all were ST206, a
finding which has previously been used to illugr#éihe utility of MLST in outbreak
investigations (Clarket al, 2004a).

Serogroup 4 pneumococci appear to have a partiagkociation with outbreaks in elderly
care facilities (Gleiclet al, 2000, Hansmanet al, 2006, Clarkeet al, 2004a, Bairet al,
1990, Kludtet al, 1997).

8.4 Microarray CGH analysis of Outbreak Isolates

Unlike the microarray investigations so far whicavd been directed at identifying
diversity in the pneumococcal genome, this chapefocussed on assessing whether
outbreak clinical isolates can be shown to be ¢lddackenbeclet al demonstrated that
there is less diversity in isolates of the same RMEone than from different
pneumococcal serogroups (Hakenbetlal, 2001). Isolates which are epidemiologically
related in an outbreak setting are likely to benalpusually from a point source or index
case. However, as the pneumococcus readily undergeeetic recombination, the
circulating population of pneumococci which do rotm part of the outbreak may no
longer demonstrate as clonal a population strucasréhe outbreak strains, allowing a
distinction between the two populations to be m&ieH performed on a PCR product
microarray should therefore be able to distingwstbreak strains from those which are

not related.

Microarrays have previously been used during oatbrénvestigations of rotavirus
(Chizhikov, 2002), viral haemorrhagic fever (Pateciet al, 2007), Streptococcus
pyogenegSmootet al, 2002) andCampylobacter jejunjLeonardet al, 2003) but this has
been their first use in the investigation of outlreelated invasive pneumococcal disease.
The investigation using outbreak related strains Sifeptococcus pyogeneand
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Campylobacter jejunalso utilized a PCR product “spotted” microarralyieth was able to
successfully discriminate strains belonging to s&gaoutbreaks whereas the rotavirus and

viral haemorrhagic fever studies used oligonuctEptnicroarrays.

For these studies, genomic DNA was prepared and DI&A hybridizations and analysis
was performed using the protocols in Chapter 2 WittR4 DNA as the reference

genome. Dye swap experiments were performed fdr isatate.

8.4.1 CGH Results from Serogroup 1 Outbreak

Figure 8-1 Comparison of CGH results for serotype 1 outbre  ak associated isolates.

Genes are represented consecutively by Genespring G X 7.3.1 from left to right by a
coloured line. Yellow indicates that competitive hy bridization occurred with both DNA from
the test isolate and TIGR4. Blue lines indicate tha t DNA from TIGR4 hybridized but DNA
from the test isolate did not. Grey lines indicate that either no hybridization occurred or that
the fluorescence intensity of the hybridization tha t did occur was too low to pass the
threshold value in Bluefuse for Microarrays 3.5 © t 0 be included in the analysis. Red lines
indicate that no DNA from TIGR4 hybridized but DNA from the test isolate hybridized —
usually to probes from the R6 genome but occasional ly because of false negative
hybridization of TIGR4 DNA to a TIGR4 gene. Red arr ows indicate the two outbreak related
serogroup 1, ST227 isolates which can be easily dis tinguished from isolates of other
serogroups which have been sequenced at the Wellcom e Sanger Institute (Chapter 3) but
which are not easily distinguished from other serog roup 1 isolates (Chapter 10).
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Figure 8-2 Genelists created from CGH analysis of dye swap

ST227 isolates 96-5891 and 96-5892.

Serotype 1 Outbreak Serotype 1 Outbreak
96-5891 96-5892 96-5891 96-5892
SP0067 SP0067 spr0105
SP0068 SP0068 spro111 spr0111
SP0069 SP0069 spro112 spr0112
SP0070 SP0070 spro113 spr0113
SP0071 SP0071 spro114 spr0114
SP0072 spro115 spr0115
spr0116 Spro116
SP0076 spr0117 spr0117
SP0080 spr0118 spr0118
SP0093 spr0119 spr0119
SP0110 SP0110 spr0225
SP0111 SP0111 spr0317
SP0112 SP0112 spr0320 spr0320
SP0113 SP0113 spro321 spro321
SP0124 Spro322 spr0322
SP0126 spro323 spr0323
SP0244 Spr0957
SP0308 Spro9s8 Spr0958
SP0350 SP0350 Spr0959
SP0351 SP0351 spr0962
SP0352 SP0352 spr0965
SP0353 spr0972
SP0354 SP0354 spr1403 spr1403
SP0355 SP0355 spr1404 spr1404
SP0356 spr1550 spr1550
SP0357 SP0357 spri618 spri618
SP0358 SP0358 spri619 spri619
SP0359 SP0359 spri620 spri620
SP0360 SP0360 spri621 spri621
SP0452 sprigls
SP0460 SP0460
SP0461 SP0461
SP0462 SP0462
SP0463 SP0463
SP0464 SP0464
SP0465 SP0465
SP0466 SP0466
SP0467 SP0467
SP0468 SP0468
SP0509
SP0535
SP0548
SP0560
SP0569
SP0570
SP0696
SP0773
SP1036
SP1037
SP1047 SP1047
SP1048 SP1048
SP1049
SP1050 SP1050
SP1051 SP1051
SP1052 SP1052
SP1053 SP1053
SP1054 SP1054
SP1055 SP1055
SP1056 SP1056
SP1057 SP1057
SP1059 SP1059
SP1060 SP1060
SP1061 SP1061
SP1062 SP1062
SP1063 SP1063
SP1064 SP1064
SP1143
SP1144 SP1144
SP1145 SP1145
SP1146
SP1188
SP1189
SP1221 SP1221
SP1222 SP1222
SP1304
SP1318
SP1336
SP1439
SP1503
SP1615 SP1615
SP1616 SP1616
SP1617 SP1617
SP1618 SP1618
SP1619 SP1619
SP1620 SP1620
SP1621 SP1621
SP1622 SP1622
SP1791
SP1796 SP1796
SP1797 SP1797
SP1798 SP1798
SP1799 SP1799
SP1819
SP1835
SP1866
SP1948 SP1948
SP1949 SP1949
SP1950 SP1950
SP1951 SP1951
SP1952 SP1952
SP1953 SP1953
SP1954 SP1954
SP1955

experiments for serotype 1,
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The list of genes from the TIGR4 genome which were identified as not hybridizing to the

array in one or both isolates is on the left and th e list of genes from the R6 genome which

did not hybridize is on the right. Where results ha  ve been highlighted in colour, PCR of the

gene was performed using the primers displayed in A ppendix 3 used to make the PCR
probe for that gene on the microarray (MWG Biotech AG, Germany). Yellow indicates that a
PCR product of the correct size could be identified by PCR and gel electrophoresis. Blue
indicates that no PCR product was identified.

8.4.2 Discussion of CGH Results for Serogroup 1 Out  break

These results again demonstrate some limitationgedbrming CGH on this “spotted”

microarray particularly if trying to use the resudts a “typing” tool (see also Chapter 3). In
some cases when the array identified genes whidhnba hybridized, PCR corroborated
with the array adding confidence to the concludiuat the genes were truly absent from
the test genome (highlighted blue in Figure 8-2dwver, in a substantial number of
instances, PCR identified the gene as present th wlates 96-5891 and 96-5892
(highlighted yellow in Figure 8-2) indicating th&dlse negative hybridization for these
genes had occurred in the microarray dye swap aRpets. Possible reasons for this are

identified and discussed in Chapter 3.

Many of these false negative hybridizations areuoaotg within known regions of
diversity in the pneumococcal genome (Table 1-2)clwhsuggests that the lack of
hybridization may be due to the presence of theegién the test genome having such a
dissimilar sequence to that in TIGR4 that hybritl@a does not occur with the probe on
the microarray. This issue of poor sensitivity doe$ necessarily mean that microarray
based DNA CGH could not be used to group outbreakates into a cluster as it can
readily distinguish between serogroups but theruisoation between ST227 and ST306
(which are part of the same clonal complex withamogroup 1 and are double locus
variants as demonstrated in Figure 8-3) is poamndrraay not be sufficient to distinguish a
hybridization pattern specific to outbreak relatsmlates for this serogroup.
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Figure 8-3 Relationships of MLST sequence types constructe  d using eBURST version 3 ~ of

all isolates in the MLST database which express ser  otype 1 capsule.

Blue dots indicate STs which are founders of clones from which single locus variants are
demonstrated in black. Yellow dots indicate STs whi ch are subgroup founders. ST306 is a
founder clone with ST227 a subgroup founder which i s a double locus variant of ST306.

® http://spneumoniae.mist.net/eburst {accessed 20th December 2008}
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8.4.3 CGH Results from Serogroup 4 Outbreak

i
E.

Figure 8-4 Comparison of CGH results for serotype 4 outbre  ak isolates.

Genes are represented by Genespring GX 7.3.1 consec utively from left to right by a
coloured line. Yellow indicates that competitive hy bridization occurred with both DNA from
the test isolate and TIGR4 hybridizing. Blue lines indicate that DNA from TIGR4 hybridized
but DNA from the test isolate did not. Grey lines i  ndicate that either no hybridization
occurred or that the fluorescence intensity of the hybridization that did occur was too low to
pass the threshold value in Bluefuse for Microarray s 3.5 © to be included in the analysis.
Red lines indicate that no DNA from TIGR4 hybridize d but DNA from the test isolate
hybridized to probes from the R6 genome. Red arrows indicate the four serogroup 4, ST206
isolates which can be easily distinguished from the ST246, serogroup 4 isolates tested
(Chapter 7) and isolates of other serogroups which have been sequenced at the Wellcome
Trust Sanger Institute (Chapter 3).
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Serotype 4 ST206 Outbreak
02-1471 02-1317 02-1358 02-1359
SP0059
SP0076 SP0076
SP0113
SP0114
SP0115 SP0115 SP0115 SP0115
SP0116
SP0132
SP0191
SP0304
SP0431
SP0452
SP0512
SP0548
SP0600
SP0683
SP0815
SP0906 SP0906
SP0908
SP1058
SP1579
SP1866
SP1921
spr0104 spr0104 spr0104 spr0104
spr0105 spr0105 spr0105 spr0105
_____sproto7 |
spr0112 spr0112 spr0112 spr0112
spr0113 spr0113 spr0113 spr0113
spr0114 spr0114 spr0114 spr0114
spr0115 spr0115 spr0115 spr0115
spr0116 spr0116 spr0116 spr0116
Spr0117 spro117
spr0118 spr0118 spr0118 spr0118
spr0119 spr0119 spr0119 spr0119
spr0587
spr0960
spri550
spri19l
spr1193

Figure 8-5 Genelists created from CGH analysis of dye swap

ST206 isolates.

The list of genes from the TIGR4 genome which were
array in one or both isolates is placed at the top
which did not hybridize are below these. Where resu
PCR of the gene was performed using the primers dis
the PCR probe for that gene on the microarray. Yell
correct size could be identified by gel electrophor

was identified.

experiments for serogroup 4,

identified as not hybridizing to the

of the list and genes from the R6 genome

Its have been highlighted in colour,
played in Appendix 3 used to make
ow indicates that a PCR product of the
esis. Blue indicates that no PCR product
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8.4.4 Discussion of CGH Results from the Serogroup 4 Outbreak

Compared to the results using serogroup 1 isol#tesserogroup 4 ST206 isolates could
be readily distinguished from other serogroup 4ai&s and those of other serogroups by
their hybridization pattern. In addition, far fewgenes were identified as having

discrepant hybridization results between the faitbeak isolates.

This CGH experiment also demonstrated an unforebeagfit of having more than one
pneumococcal genome represented on the microasrlyeagene complement of the test
isolates was very similar to that of TIGR4 (ST2@5) they are part of the same clonal
complex and are only single locus variants of eattter as determined by eBURST
(Figure 8-6). Consequently, the majority of genesvged no differences in hybridization
between test isolate genomes and the TIGR4 cogamwbme. Differences were however

apparent between the complement of R6 related geessnt in the test isolates.

Figure 8-6 e-BURST version 3.0 representation of serogroup 4 related MLST clonal
complexes.

This identifies the outbreak strain ST206 as a sing  le locus variant of TIGR4 ST205 with both
lying in the same clonal complex. ST246 lies within a completely different clonal complex.
Blue dots indicate that an ST is the probable found  er of a clonal complex and yellow dots
indicate a probable subgroup founder.
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8.5 Discussion

8.5.1 Possible role for Microarrays in Public Healt  h Outbreak

Investigations

The results of both these outbreak investigatiaggest that this microarray shows good
discrimination between pneumococcal isolates dédht serogroups and between isolates
of different clonal complexes within a serogroupt buis not sensitive enough to
demonstrate whether outbreak related isolates dmmetical in terms of genetic content.
Undoubtedly such a high degree of resolution wagiv@ useful insights into how quickly
pneumococcal genomes mutate and diverge from ‘gh@ient” genomen vivo during the

direct human to human transmission usually impéidab pneumococcal outbreaks.

However this high degree of resolution would notessarily be required for the
microarray to be a useful tool to link pneumocodsalates cultured from proven cases,
suspected cases and asymptomatic carriers duringowtbreak investigation and
discriminate whether they form an outbreak relafedter or not. Even so, it does not offer
any significant advantage over MLST for this pugpa@nd should not be considered a
replacement for MLST where such facilities exist.fxther practical consideration to
address regards a comparison of costs for a mraypaased investigation compared to an
MLST based one. Leaving aside capital costs andulabosts, the cost for a complete
microarray CGH dye swap experiment is £200 whiamgares poorly with £30 for MLST
of an isolate (Mathew Diggle, SMPRL, personal comioation).

8.5.2 Genomic Diversity of Chosen Outbreak Related  Strains

The CGH results for these outbreak isolates alsthdu demonstrate diversity within
pneumococcal genomes. The serogroup 4, ST206asGIaH results all demonstrate the
presence of genes from the region of diversity withe R6 genome between spr0102 and
spr0119 which was first described by Bruckeeal (Bruckner et al., 2004) and relates to
arginine biosynthesis although PCR results fordhgsnes suggest many of these to be
false positive hybridizations and the genes tolimeat by PCR. The other five regions of
diversity in the R6 genome described by Bruckeerl appear to be present by CGH
hybridization in the serogroup 4, ST206 genomese $hrogroup 1, ST227 genomes
appear to contain genes from 5 of the 6 regiortiwarsity in the R6 genome while having

greater diversity of genes identifiable in the TUsgenome.



9 Genomic Diversity in a Paediatric Carriage

Population in the Bolivian Amazon

9.1 Background

9.1.1 Reasons for this Study

In order to investigate the genomic diversity ofdafined carriage population of
pneumococci, it was decided to perform a nasoplg@aincarriage study in a paediatric
population as access to isolates from existingaggrstudies was not possible. Rather than
re-examine pneumococcal carriage in a populatioerg/the serotypes and sequence types
were already well documented, an opportunity waailable to integrate this study of
pneumococcal carriage into a newly establishedrprome for the prevention of hearing
impairment in the Beni region of Bolivia where astantial amount of acquired deafness
in children is due to the sequelae of acute atiieslia or bacterial meningitis (at least 39%
of deafness in children in Beni, Bolivia resulterfr the sequelae of bacterial meningitis
(Santana-Hernandez, 2006)). Both otitis media anehimgitis commonly have a
pneumococcal aetiology and are potentially preudatasing a pneumococcal conjugate
vaccine as has been the case in Brazil (Brandilebag, 2003). Consequently the project
had the dual aims of providing paediatric carrigg@ates of pneumococci for further
investigations of their genomic diversity and atiéihg some basic epidemiological data
regarding pneumococcal carriage (in a region where existed) with a view to enabling
more informed planning of strategies to preventbithty and mortality associated with
pneumococcal disease. The mortality rate from pr@occal meningitis is 47% in
Salvador, Brazil (Kcet al, 2000), 37% in under five year olds in Guaten{Alsturiaset

al., 2003) and 33% in Paraguayan children (Lovera/uhd, 2005), a substantial amount

of which may be preventable by vaccination.

9.1.2 Association of Pneumococcal Carriage and Acut e Otitis
Media

Pneumococcal carriage can be as high as 90% ithizezdildren under the age of three in
developing countries (Obaro and Adegbola, 2002euRTococci account for 35-40% of
cases of acute otitis media (Echaniz-Aviles, 20@1% estimated that pneumococcal otitis

media affects 70% of children at some time and %10 these develop sequelae such as



Chapter 9, 164

chronic otitis media with effusion, mucosal graniia, mastoiditis, ossicular erosion and
fixation or cholesteatoma (Echaniz-Aviles, 2001pn@nenting on the chronic sequelae of

acute otitis media in Latin America, Gareiaal make the observation that,

“Chronic otitis and hearing loss are common in d@weg countries, and
reduction of this morbidity would be an importanibfic health contribution.
Further research is warranted (Gastial, 2006).”

Identification of pneumococci being carried in tesopharynx can be used for surrogate
identification of strains responsible for otitis die without having to resort to tympanic
aspiration (Harper, 1999). The antimicrobial susibdfly patterns of nasopharyngeal
isolates usually reflect the antibiotic suscepiipitates of invasive isolates taken during
the same time period and usually demonstrate e s@rotypes although the rank order
of serotypes may differ between carriage and iwmeaslisease with a smaller subset of

serotypes responsible for invasive disease (Keéihat, 1998).

It has been determined that nasopharyngeal carofageeumococci results in higher rates
of onset of otitis media than those seen in nonerar(Leachet al, 1994, Fademrt al,
1997). There is some suggestion that there areratsal differences in the incidence of

pneumococcal otitis media (Klein, 1981).

Once established, acute otitis media can then trésuhigher rates of pneumococcal
nasopharyngeal carriage resulting from impaire@dll@amunity and resulting in a vicious

cycle of carriage and disease (Garcia-Rodriguez\vartinez, 2002).

9.1.3 Issues regarding Pneumococcal conjugate vacci  nation in

Latin America for the prevention of otitis media an d carriage

It is known that pneumococcal conjugate vaccinatfe€V) has many benefits and
included among them are a reduction of nasophaginggriage (O'Brien and Dagan,
2003, Obaro and Adegbola, 2002) (which is not adddoy pneumococcal polysaccharide
vaccines), promotion of herd immunity (O'Brien dbdgan, 2003, Obaro and Adegbola,
2002) and a reduction in episodes of pneumocoaudlren pneumococcal acute otitis
media, reduction in cases of recurrent otitis meahi@ in numbers of tympanic tube
insertions (Arguedast al, 2005, Echaniz-Aviles, 2001). These resultscaltiih mainly

observed in developed countries of Europe and NArtterica have been replicated in

some developing countries (Obaro and Adegbola, 2082alet al, 2003).
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A working group of the Pan American Health Orgatiesa(PAHO) and the Pneumococcal
Vaccines Accelerated Development and Introductitan RPneumoADIP) of the Global
Alliance for Vaccines and Immunization (GAVI) hastérmined that countries in Latin

America should,

“strive to introduce the pneumococcal (conjugatagcine when it becomes
affordable (Garci&t al, 2006).”

Bolivia is eligible for GAVI vaccine fund supporiS¢ott, 2007). The World Health

Organization (WHO) also advocates implementatiopriéumococcal conjugate vaccine
as a priority in developing countries as part ef@lobal Action Plan for the Prevention
and Control of Pneumonia (Greenwood, 2008). A&wjust 2008, PCV has not been
utilised in Bolivia (Anonymous, 2008) although theturrent paediatric vaccination
schedule comprises BCG, Polio, components of aapategnt vaccine (Diphtheria,

Tetanus, Pertussis, Hepatitis IBaemophilus influenzaB), Measles Mumps and Rubella
(MMR) and Yellow Fever (PAHO, 2007). Vaccine cowggais around 84% (PAHO,

2007).

However, due to the serotype constitution of thalént pneumococcal conjugate vaccine
(PCV-7) coverage of the serotypes causing IPD ss iae Latin America than in other
regions of the world (Hausdorét al, 2000a). This poorer PCV-7 coverage demonsteates
further need to elucidate regional pneumococcalerpiology, particularly in developing
countries (Camargast al, 2006). The success of PCV-7 in Africa and tI&AU

“poses a challenge to public health physiciansuginout the world to quantify
the burden of pneumococcal disease in their regiah estimate the potential
benefits of PCV use (Scott, 2007).”

9.1.4 Pneumococcal surveillance in Latin America

Surveillance of IPD has been performed in Latin Aoee through a co-ordinated
programme of the PAHO Special Program for Vacciaed Immunization (SVI) and
Regional System for Vaccines (SIREVA) which wadiated in 1993 (Di Fabiet al,
1997). Isolates from blood, cerebrospinal, pleupaljtoneal or synovial fluid from cases
aged less than 5 years with a diagnosis of pneuacatmeningitis, bacteraemia without a
focus, septic arthritis, peritonitis or the WHOnatial criteria for pneumonia are reportable
(Di Fabioet al, 1997) although it is recognised that IPD is trexfly under-reported in
young children even in developed countries (Hau§daral, 2000a). Initially limited to
Argentina, Brazil, Chile, Colombia, Mexico and Uuay, the surveillance was extended in
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1998 to several other countries in the region idiclg Bolivia (Garciaet al, 2006) with
laboratory support from an international externahlgy assurance program from the

National Centre for Streptococcus in Edmonton, @ar(&ovgreret al, 2007).

The results of this surveillance demonstrate that serotype distribution causing IPD
appears to have been stable since 1993, albeitmrbr regional differences (Garcet
al., 2006) but that antibiotic resistance is incre@gDi Fabioet al, 1997, Garciat al,
2006, Kerteszt al, 1998, Di Fabicet al, 2001). Molecular typing is not currently a
feature of this surveillance although some smalbate molecular typing studies have been
performed in a handful of countries particularlgaeding penicillin resistant pneumococci
(Tomaszet al, 1998). The common serotypes causing IPD imLAtherica are serotypes
14, 6A, 6B, 5, 1, 23F, 19F, 18C, 19A, 9V, 7F, 3, @M 4 (Di Fabicet al, 2001). Little is

known about pneumococcal carriage in the region.

9.1.5 Location of Study

Bolivia is the poorest country in Latin America (Bana-Hernandez, 2006) and 64% of the
population do not have sufficient income to covasib needs (PAHO, 2007). The highest
percentage of deaths from pneumonia (15-20%) erutider five age group in the whole
of Latin America (Fuch®t al, 2005) is found in Bolivia. Bolivian children aldhave the
highest probability of dying before age five in twbole of Latin America (Fuchet al,
2005). They also have the highest infant mortakity of around 54 per 1000 live births
(Fuchset al, 2005, PAHO, 2007) and Bolivia has the highestenmal mortality in Latin
America at 230 per 100,000 live births (Santanardedez, 2006, PAHO, 2007). Beni
region lies in the Eastern lowlands of Bolivia asdhome to a dispersed population of
around 407,000 people of which around 90,000 liveTiinidad, the provincial capital
(Santana-Hernandez, 2006). Bordering the Beni refgidhe West lies the Tropical Andes
region which is the greatest region of biodivergityhe world® with many unique species
of animals and plants, although it is not known hbig affects the diversity of prokaryotic

life in the region.

19 http://www. biodiversityhotspots.org/xp/hotspots/andes/Pages/default.aspx {accessed 11th
October 2008}
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Figure 9-1 Map of Bolivia. **

This demonstrates the locations of Trinidad and Ben i within the Beni Region (red arrows).

In February 2007, the Beni region of Bolivia expeded the worst flooding in 25 years
with extensive displacement of the population ahitiad many of whom were temporarily
housed in refugee camps until flood waters ab&adbbing for this study began in May
2007 soon after these camps had been closed ak geapbeen able to return home and

children returned to school.

9.2 Materials and Methods

The project involved collaboration between Fundaciotai (a health charity in Trinidad,
Bolivia), Laboratorios Altstadt (a private clinicaboratory, Trinidad, Bolivia), SMPRL at
Stobhill General Hospital, Glasgow, United Kingdamd the Faculty of Biological and
Life Sciences, University of Glasgow, Glasgow, @diKingdom.

™ www.boliviangeographic.com/boliviamap.htm {accessed 11th October 2008}
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9.2.1 Specimen Collection, Storage and Transportati  on

The design of this carriage study was construateaccordance with the standard method
of the WHO working group (O'Brien and Nohynek, 2p@8d an earlier method devised
for a Latin American conteXt Dacron polyester tipped swabs (Medical Wire and
Equipment, UK) were couriered from the United Kingd for nasopharyngeal swabbing
as was Skim Milk Tryptone Glucose Glycerin (STG®)th media (O'Brieret al, 2001)
which had been manufactured, sterilized and quabtytrolled as 1ml aliquots at SMPRL
in cryotubes (Sarstedt AG & Co., Germany) to usa ahort term transport and storage
media at -20°C.

Microbiological media is not readily available iroliia so 5% horse blood agar (E & O
Media Services Limited, United Kingdom) was cougtrfrom the United Kingdom as
were optochin discs (Oxoid, United Kingdom) and nEwabs (TSCswabs, United
Kingdom). The use of 5% horse blood rather thamdblagar with gentamicin (Converse
and Dillon, 1977), colistin-nalidixic acid or cdiis-oxolinic acid was a necessary
deviation from the published standard method (@®B&and Nohynek, 2003).

Nasopharyngeal swabs were taken by an experient@drymgologist (Dr Santana-
Hernandez). If nasopharyngeal swabbing was notataé or not possible in younger
children, oropharyngeal swabs were performed. Tipe df the Dacron polyester swabs
were then cut off and stored in STGG and eithetedlanto 5% horse blood agar on the
same day or stored at -20°C until they could beucedl. After plating out and culturing the
naso- or oropharyngeal secretions, alpha haematglicnies were subcultured onto 5%
horse blood agar for optochin sensitivity testi@ptochin sensitive alpha haemolytic
organisms were presumed to be pneumococci. In@rbatas performed at 37°C in a
carbon dioxide enriched atmosphere using candgegaitaboratorios Altstadt, Trinidad,

Bolivia.

Pure cultures of presumed pneumococci were stdredoan temperature on Transwabs
(TSCswabs, United Kingdom) until ready for trangption abroad. At this point they were
subcultured onto 5% horse blood agar to obtainhfpesre cultures which were then
inoculated onto new Transwabs for internationahgpertation by air (Inveraritet al,
2007).

12 http://www.paho.org/spanish/ad/ths/ev/LABS-manual-vigilancia-serotipos.pdf {accessed 10th
October 2008}
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Facilities for serotyping in Latin America are sgarCamargosgt al, 2006). Although

serotyping and antimicrobial susceptibility testiisgpossible in La Paz at Laboratorio
Nacional de Referencia en Bacteriologia Clinica, ¢MLis not possible in Bolivia.

Arranging international transportation of the piselates was fraught with difficulties.
Transportation was eventually co-ordinated by ay@aand logistics company Inbolpack
S.R.L., Bolivia to the Reference Laboratory for Meyococci, Madrid, Spain who kindly
then redirected the isolates from Spain to SMPRingushe courier company Fedex.
Transportation of isolates from Trinidad, Bolivia Glasgow, United Kingdom took 42

days on Transwabs under conditions which were mat@mentally controlled.

Blood agar with neomycin (Oxoid, United Kingdom) svased at SMPRL to resuscitate
pneumococci by culturing isolates received on Tweats for 48 hours under anaerobic
conditions. Isolates which had survived transpamatvere further subcultured on 5%
horse blood agar and stored at -80° on Protectsh@&®IC Ltd, United Kingdom).

9.2.2 Epidemiological Data Collection and Analysis

In May and June 2007, 601 children were assesspdrasf the Programa De Prevencion
Del Deficit Auditivo En Beni and had nasopharyngeal oropharyngeal swabs taken
during this process after informed consent fronagept or guardian. This was performed
at nine educational institutions (six in Trinidd&kni and three in Riberalta, Beni). Basic
epidemiological data was also collected regardiegchild’s age, gender, location, number
of people living in their house (particularly oth@habitants under two years of age or
aged two to five), whether they lived with a persehno smoked and whether they had

received penicillin in the previous 30 days.

Statistical analysis of epidemiological data wasfqyened by Mr Paul Johnson at the
Robertson Centre for Biostatistics, University ofasgow using R version 2.6.0 for

Windows.
9.2.3 Ethical Considerations

Ethical approval for this study was received in ttheted Kingdom via the NHS Research
Ethics Committee approval process (REC Ref 06/S@j0#om the North Glasgow
University Hospitals NHS Division East Office ResgmEthics Committee and in Bolivia

from the Colegio Medico De Bolivia Filial Beni.
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9.3 Results

9.3.1 Epidemiological Data

identified

demonstrating a carriage rate of 34%. Charactesisif the carriers compared to non-

202 carriers of optochin sensitive, alpha haemolytirganisms were

carriers were investigated by Mr Paul Johnson, Rebe Centre for Statistics, University
of Glasgow using Odds Ratios of carriage and urat@rand multivariate models. These

results are displayed below in Table 9-1.

Carrier status, N (%) Odds ratio (95% ClI)
Characteristics Negative Positive Univariate Multivariate
(N=399) (N=202) models model
Age in Trinidad 0-5 38 (64.4%) 21 (35.6%) 1.0 1.0
(N=493) 6+ 275 (63.4%) 159 (36.6%) 0.6 (0.3,1.1) 0.7 (0.4, 1.3)
Age in Riberalta 0-5 26 (96.3%) 1(3.7%) 1.0 1.0
(N=107) 6+ 59 (73.8%) 21 (26.2%) 9.3(1.2,725) 9.4(1.2,76.9)
Gender Female 182 (73.4%) 66 (26.6%) 1.0 1.0
Male 217 (61.5%) 136 (38.5%) 1.7 (1.1, 2.4) 1.6 (1.1, 2.4)
Household size 2-5 95 (66.9%) 47 (33.1%) 1.0
6-9 165 (65.0%) 89 (35.0%) 1.1(0.7, 1.8)
10+ 93 (62.8%) 55 (37.2%) 1.0 (0.6, 1.7)
Children aged 2-5 Yes 154 (62.1%) 94 (37.9%) 1.0
at home No 205 (68.1%) 96 (31.9%) 0.8 (0.6, 1.1)
Childrenaged <2 Yes 130 (64.4%) 72 (35.6%) 1.0
at home No 229 (66.0%) 118 (34.0%) 1.1(0.7,1.5)
Live with a Yes 163 (65.2%) 87 (34.8%) 1.0
smoker No 195 (65.9%) 101 (34.1%) 1.0(0.7, 1.4)
Residence Riberalta 85 (79.4%) 22 (20.6%) 1.0 1.0
Trinidad 313 (63.5%) 180 (36.5%) 1.9(0.8,4.5) 15.2(1.6, 146.3)

Table 9-1 Odds ratios for pneumococcal carriage risk fact

multivariate models.

In both univariate and multivariate models the clus
accounted for by fitting a mixed effects logistic r

The multivariate model was selected by backwards de

significantly improve the model based on a likeliho
fixed effects of age, gender and residence and an i
Odds ratios are expressed with 95% confidence inter

9.3.2 Antibiotic Resistance

Of the 202 isolates identified as optochin sensiamd alpha haemolytic in Bolivia, only

ors estimated from univariate and

tering of samples within schools was
egression model with random intercepts.
letion of fixed effects that did not
od ratio test. The final model contained
nteraction between age and residence.
vals in brackets.

54 were viable when they arrived in Glasgow aftaags in transiex vivoin sub-optimal
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conditions. Of these 54 isolates, very little amtiobial resistance was detected as shown
in Table 9-2 below. Further details regarding thestates are displayed in Appendix 2.

Antimicrobial Number of Fully Number of Number of % Sensitivity
Agent Sensitive Intermediately Resistant
Isolates Sensitive Isolates
Isolates
Penicillin 50 4 0 92%
Erythromycin 53 1 0 98%
Vancomycin 54 0 0 100%
Chloramphenicol 54 0 0 100%
Tetracycline 52 0 2 96%
Cotrimoxazole 46 8 0 85%
Table 9-2 Antibiotic sensitivity for the 54 optochin sens itive Bolivian isolates.

Of the 4 isolates with intermediate sensitivity genicillin which were found, 2 were
serotype 17F (ST2973 and ST3267), 1 was serotype (34 3770) and 1 was non-
typeable. The non typeable isolate also had intdiae sensitivity to erythromycin,
cotrimoxazole and was resistant to tetracyclinee MLST of this non-typeable isolate
also proved to be atypical with only one known lallbeing identifiable. The optochin
sensitivity of the isolate was subsequently revighard found to be smaller (18mm) when
grown in a carbon dioxide enriched atmosphere coedgp#o air (25mm) leading to the
conclusion that this isolate taxonomically waSteeptococcus pseudopneumoniather
than a pneumococcus according to the definitiorgssigd by Keith and Murdoch (Keith
and Murdoch, 2008).

The highest rate of antibiotic non-susceptibilityasvto cotrimoxazole which showed
intermediate sensitivity in 8 isolates (serotype3A 2(ST2974), 24F (ST3770), 34
(ST1902), 4 (ST332), 6B (ST4015) 16F (ST3771), 18A4016).

9.3.3 Serotyping of Bolivian Isolates

The results of serotyping the 53 surviving pneuncoabisolates are illustrated as a pie

chart in Figure 9-2 below.
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Figure 9-2 Serotype distribution of 53 Bolivian pneumococc al carriage isolates.

9.3.4 MLST of Bolivian Isolates

The majority of the pneumococcal isolates recovdrad new, uniqgue MLST profiles.
Details of the MLST profiles for the 32 newly disewed sequence types in Bolivia are

displayed in Table 9-3.
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Number
of Sequence

isolates Type aroe gdh gki recP spi Xpt ddl
1 2973 13 5 4 1 8 14 7
3 2974 1 8 2 9 6 4 6
1 2975 2 5 4 1 6 1 1
1 2976 16 5 9 8 8 14 7
1 3267 7 5 4 1 6 25 7
1 3429 7 5 62 5 6 4 14
1 3430 12 5 5 5 6 3 5
1 3431 12 5 87 1 6 1 8
1 3432 7 17 4 16 6 7 17
1 3509 8 5 1 5 8 14 7
1 3534 2 16 89 1 10 79 28
1 3535 16 10 4 32 6 14 6
1 3536 7 13 4 6 3 6 8
1 3537 15 17 4 16 6 26 8
1 3538 7 25 4 5 15 20 18
1 3539 7 5 62 16 6 79 14
1 3540 1 5 5 5 6 3 5
1 3767 5 5 1 5 8 6 7
1 3768 15 5 5 5 1 1 14
1 3769 1 5 4 18 32 48 8
2 3770 7 5 8 6 6 37 8
1 3771 15 5 9 5 6 3 6
1 3852 16 10 4 1 6 14 5
1 3853 1 10 4 5 15 20 18
1 3854 2 16 4 1 10 79 28
1 3855 25 17 4 16 6 96 17
1 3856 7 5 4 5 6 37 1
1 3857 12 5 2 16 6 37 1
1 3858 21 33 62 1 10 28 15
2 4015 7 47 1 2 51 1 14
1 4016 7 47 1 2 51 7 14

Table 9-3 MLST profiles for the newly discovered sequence types currently unique to

carriage isolates from Bolivia.

Of the sequence types which were already definedidentifiable on the pneumococcal
MLST database, the previously documented serotypk gieographical associations are

entered in Table 9-4.
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Associated Disease
MLST Serotype(s) Associated Locations Phenotype
923 13 The Gambia Not known
Begium, Brazil, Canada, Denmark, Germany, Italy, Carriage
Poland, Portugal, South Korea, Spain, Sweden, and
180 3 Taiwan, The Netherlands, UK, USA. Invasive
Brazil, Denmark, Italy, Finland, Germany, Hungary, Carriage
Norway, Poland, Sweden, Switzerland, The and
191 7F Netherlands, UK, Uruguay, Invasive
239 6, 9V, 20 Hungary, Poland, UK Invasive
Carriage
and
280 £\ Brazil, Vietnam Invasive
332 20 Norway Invasive
387 23F Brazil, Vietham Invasive
Carriage
and
404 8 Brazil, Italy, Poland, UK Invasive
776 23F Argentina Invasive
Carriage
and
1150 6A France, Portugal Invasive
1902 34 USA Not known
1989 3 Germany Invasive
2440 6A UK Invasive
2880 19A Brazil Invasive

Table 9-4 Serotype and geographical associations of seque  nce types identified in Bolivia,
which have also been identified in other regions

9.4 Discussion

It has been said that molecular epidemiologicatlisti of pneumococcal populations in
Latin America are few due to the high costs andstagpl difficulties encountered in the
region (Tomaset al, 1998, Castanheirt al, 2003). This has also been the conclusion of
those involved in this study. The unpredictableasfructure which resulted in prolonged
delays of these specimens in transit has undoubtefilienced these results since about
75% of isolates did not survive international tygorsation. Nevertheless although this has
introduced a selection bias into our sample, tloesdnot appear to have limited the
observed extent of genomic and phenotypic divessitich may actually now be under-
represented in this remaining collection of isadat€his introduction of bias should be
considered when interpreting these results. Ilge avorth considering that these results
from children may not necessarily be extrapolatdn adult population (Borest al,
2001).

'3 http://spneumoniae.mlst.net/ {accessed 9™ December 2008}
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9.4.1 Epidemiological Data

It is well known that pneumococcal carriage is legfhin the under two age group. In
Papua New Guinea, carriage rates as high as 60% lesn observed in neonates with
carriage of the same serotype ranging from 5 to @9 (Gratteret al, 1986). In Latin
America, pneumococcal carriage in pre-school cardran also reach 60%, falling to 35%
in primary school age children and reaching 25%igh school aged children (Echaniz-
Aviles, 2001). The majority of the children who weswabbed fall into the primary school
age category and so our finding of a carriage o&t@4% is entirely compatible with this
previous observation. Although we did not swab tsgull is recognised that pneumococcal
carriage in adults without young children is onlpund 6% whereas the carriage rate in
adults with young children is as high as 18-30%h@fiz-Aviles, 2001). It has also been
postulated that pneumococcal transmission tend tbetween young siblings and peers
rather than from adults to children (LIoyd-Evaetsal, 1996). It is difficult to account for
the higher odds of carriage among boys identifigdhis study although it may relate to

different behaviour or standards of personal hygien

In a study of pneumococcal carriage in a Brazilidman slum, Reist al recently found no
association between the number of household mempesd as an indicator of
overcrowding) and pneumococcal carriage. This wasrgrise finding as overcrowding
has been considered to be a risk factor for pneonwat carriage. This study in Trinidad
and Riberalta also found no association betweenbeunof household members and
pneumococcal carriage, despite some very denselulged dwellings (some children
living with up to 30 people) resulting from popudat displacement from flooding. It is
possible that overcrowding aids transmission wharriage rates are low and that a
threshold may be reached over which it is lessoirdluence because the density of
pneumococcal carriage is already high. Howevers Beal did identify school attendance
as an independent risk factor for pneumococcaliager (Reiset al, 2008). All the
children which we swabbed attended school or kgakten which might be influencing
the carriage rate seen in this study. It has nehhmssible to adequately account for the
higher odds of carriage in older children from R#&& and this requires further

consideration.

9.4.2 Implications for Otitis Media

Serotypes 1, 3, 5, 12F, 19A and 19F are assoardthdtitis media (Shouvadt al, 2006).

These serotypes are also frequently responsible IRD> in Latin America and
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unsurprisingly some of these featured in the nasgpigeal isolates of this study. It is
also unsurprising, that given this combination a€térs, otitis media is a significant
manifestation of pneumococcal disease in Beni. Tefothe children who carried
pneumococci and whose isolates survived transpamtdtad ear infections. Isolate 07-
2827 (serotype 13, ST923) was associated with aotitss media. Isolate 07-2839
(serotype 9A, ST239) was associated with chronitsohedia (see Chapter 4).

It has been proposed that early age of infectiash rmnltiplicity of bacterial types may
contribute to prolonged bacterial carriage andust&chian tube damage resulting in otitis
media (Leachet al, 1994, Faderet al, 1997). The results of this study in Bolivia are
consistent with this proposition.

Although PCV-7 prevents otitis media due to vacenmduded serotypes, there is evidence
that there is poorer activity against serotype $@fch can persist in middle ear fluid
(Regelmann, 2005). That observation and the findingerotype 19F in this collection of
carriage isolates suggests PCV-7 may not prove eféegtive in preventing otitis media in
Beni.

9.4.3 Antibiotic Resistance

One striking observation regarding this Boliviarepmococcal strain collection is the low
level of antimicrobial non-susceptibility. It is pgible that this has resulted from a survival
advantage with antimicrobial susceptible pneumacabte to survive for longeex vivo,
although such a phenomenon has not previously lokestribed. Another plausible
explanation may relate to the relative geographicaccessibility of Trinidad and
Riberalta compared to other Bolivian towns as dn$y in the last decade that Trinidad has
had a main road connecting it to larger cities tiberalta remains accessible mainly by
the air. These may be barriers to substantial yixinpneumococcal populations, which
may so far have prevented the introduction of aictiobial resistant clones of

pneumococci.

There is some published data relating to antimiatokesistance among pneumococci
causing invasive disease in Bolivia. From 2000-2606& surveillance of a small sample
of IPD isolates (n=45) penicillin resistance washagh as 31%, erythromycin resistance
was 13%, chloramphenicol resistance was 13% andhmmtazole resistance was 22%
(Anonymous, 2004). This is compatible with sunagilte of IPD isolates from other Latin

American countries as penicillin resistance in IRDlates varies from 2% in Brazil to
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21.1% in Mexico (Camargost al, 2006). In Peru it has been seen that the pénicil
resistance rate is higher (42.9%) in IPD isolatesntpneumococcal carriage isolates
(15.1%) (Cullottaet al, 2002) so this could explain the difference itiraicrobial non-
susceptibility demonstrable in our carriage isadatempared to higher rates from IPD

isolates assessed as part of national surveillance.

Regional differences within countries affectingiamtrobial non-susceptibility rates are
well recognised and have been observed in Brazis@& al, 2008) and Chile (Inostroza
et al, 1998). This may also be a factor influencing sults. Bolivia is a country of vast
contrasts. The capital, La Paz, where the natiaiaical microbiology reference
laboratory is located is on the Andean Highlandtddla while Beni is in the lowland
Amazonian basin. These contrasting geographicadtilmes are mirrored by climatic
differences and ethnic differences in the humarufaion all of which may be influencing
the pneumococcal population structure. In Vietnfon instance, higher levels of
penicillin resistance in pneumococci are associatigd living in urban rather than rural
settings (Quagliarellet al, 2003, Parret al, 2000) which may be the case in Bolivia as
Trinidad and Riberalta which are not large towAse population of Trinidad is around
90,000 unlike the capital city, La Paz, with a plagion of around 1,600,000.)

In this collection of strains from Bolivia, the antcrobial with the highest rates of non-
susceptibility was cotrimoxazole. This has beeneoled in other Latin American
countries (Rei®t al, 2008, Tomaset al, 1998). Interestingly, serotype 6B is associated
with cotrimoxazole resistance in Brazil (Brandileat al, 1998), Colombia (Velat al,
2001, Castanedet al, 1998) and Mexico (Echaniz-Avile=t al, 1998) but of the eight
cotrimoxazole non-susceptible isolates in this Bah collection, only one was serotype
6B.

Our results are comparable with the situation imeptLatin American countries in the
1980s and early 1990s. When pneumococcal carriagltés were investigated in
Uruguay in the 1980s, intermediate resistance macpin was seldom observed but 37.2%
were resistant to cotrimioxazole (Mogdastyal, 1992). Again cotrimoxazole resistance in
carriage isolates in Colombian children from 1®8Bwas 40% but little erythromycin or
chloramphenicol resistance was detectable (Leal Gastaneda, 1997). In Brazil from
1988-92, resistance to cotrimoxazole affected 3@%aates but had been only 1% pre
1988 (Sessegolet al, 1994). Cotrimoxazole resistance remained higBrazil during the
1990s (Reyet al, 2002a, Reyt al, 2002b, Mendonca-Souga al, 2004) and is also high
in Peru at 56.9% (Cullottat al, 2002). It is possible that socioeconomic factar8eni,



Chapter 9, 178

poor access to antimicrobials, antimicrobial préseg practices or geographical
inaccessibility until the late 1990s have resuited pneumococcal population which more
readily mirrors that of other Latin American coue$r twenty years ago rather than

currently.

We observed a low rate of penicillin non-susceptibilt is noteworthy that surveillance
in the Brazilian provinces that neighbour Beni destmates higher rates of penicillin
nonsusceptibility. In North Brazil from 1993-96 mmeococcal penicillin non-
susceptibility was 15.8%, in Central West Brazivis 16.9% and in South Brazil it was
9.5% (Brandileonet al,, 1998). Much penicillin non-susceptibility in iatAmerica is due
now to a serotype 14 which has been seen in AmggiiiRosset al, 1998, Albarracin Orio
et al, 2008), Uruguay (Coffegt al, 1999) and Colombia (Vekt al, 2001). We however

did not see penicillin non-susceptibility affectisgrotype 14 pneumococci.

In this study, macrolide resistance was rare and kas often been the case for
pneumococci in Latin America (Tomagt al, 1998). Erythromycin resistance in non-
typeable isolates has been seen in Brazil whenead due to the MLS phenotype
(Mendonca-Souzat al,, 2004).

Levels of pneumococcal penicillin resistance inii.@&merica are increasing (Camarggs
al., 2006). Four PMEN clones have accounted for mafcthis resistance — Spafi-1,
Spain®®-2, Spain’¥-3 and Czech Republté-10 (Camargost al, 2006, Wolfet al, 2000,
Castanheir&t al, 2003, Velaet al, 2001). Recently the Englafi9 clone has resulted in
clonal expansion of macrolide resistance in Brégiendonca-Souzat al, 2004) along
with the clones Taiwdi-15 and Colombial9 in Colombia (Tamayceet al, 1999,
Gamboeet al, 2002), Mexico (Echaniz-Avilest al, 2008, Gamboat al, 2002) , Brazil
and Guatemala (Gambeaal., 2002).

It has been proposed that there is an apparentsevelationship between the level of
penicillin resistance and genetic diversity in hafimerican pneumococci (Tomastal,
1998). As penicillin resistance becomes more psstait is usually due to particular
clones which begin to dominate the pneumococcallatipn, reducing its diversity. Our
results are compatible with this as, being at gest@here no antimicrobial resistant clones
appear to be found in the pneumococcal populatioBani, there is substantial genomic
and phenotypic diversity. However, Beni is an exicgpwhen compared to other Latin
American regions and it is likely that clonal expm of antimicrobial non-susceptible

pneumococci may soon affect the region.
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9.4.4 New MLST Profiles

Of the countries in Latin America which have beedpleato perform MLST on
pneumococcal isolates, it is not uncommon to fiestesal sequence types which are
unique to an individual country. A search of tise pneumoniaeMLST database
demonstrates that currently Argentina has idewtifi# unique sequence types, Chile has 2
unique sequence types, Columbia has 12 unique segugpes and Uruguay has 18
unique sequence types. Nevertheless, given thae there 3768 known individual
sequence types in October 2008, the proportiorr@fipusly undescribed sequence types
to known sequence types in the study of this netftismall collection of pneumococcal
isolates is staggering, albeit not unique. Fial 2008 found 11 novel sequence types in
carriage isolates from a Brazilian slum (Retisl, 2008) and Zemlickovet al, found that
35 of 60 sequence types from IPD isolates fromowariLatin American countries had new
MLST profiles (Zemlickoveet al, 2005). Four of these accounted for 40% of tb&atss
showing significant geographical spread of particulones within Latin America which

were not seen in other regions of the world (Zekaoh@et al, 2005).

It has been noted before that individual housekegegenes are about ten times more likely
to evolve by recombination than by mutation (Fetilal, 2000b). In keeping with this,
most of the new sequence types identified in thidyswere new combinations of existing

genes while the number of previously unidentifietigs were substantially fewer.

The new sequence types which are identified in shigly add to the understanding of
pneumococcal population dynamics. ST 3540 is neddptified as a subgroup founder in

a clonal complex where ST2883 is the existing fauin&T3430 and ST3540 are single
locus variants of each other and ST776 is a ddoblgs variant of ST3540. Consequently
these three Bolivian associated sequence types/@GBmM 3430 and ST3540) all appear as
part of the same serotype 23F associated clongblecmwvhile ST2974 does not (Figure 9-

3).
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Figure 9-3 New Sequence Types associated with serotype 23F  which provide new insight
into their relationship within a clonal complex.

New sequence types discovered in this study are ind icated by red arrows.

The association of ST3770 (serotypes 7C and 24&)SAr2974 (serotypes 23A, 23F and
38) each with multiple capsular types suggeststtiegt are readily influenced by capsular

switching even although there is no vaccine pressupromote this.

Without virulence studies of these isolates in adimodels or MLST surveillance of IPD
isolates in Bolivia, it is unknown what the diseas@sing potential of these new sequence
types may be. It is also feasible to propose timatesthere is such a degree of previously
undescribed variation in the relatively stable heke®ping genes utilised in the MLST
scheme that there will be even greater diversithypervariable genes in these isolates

which merits further investigation.

9.4.5 New Insights into Existing Clonal Complexes

Where pre-existing sequence types could be idedtifn this Bolivian pneumococcal
strain collection, some further insights into tkxéseng pneumococcal clonal complexes is

possible although the relative absence of MLST fata Latin America can be limiting.
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Zemlickovaet al performed MLST on 185 IPD isolates from presckoolin 5 Latin
American countries (Zemlickovet al, 2005). Their study focussed on serotypes 1, 3, 5
6B, 7F, 14 and 23F. The greatest genetic divevgdy identifiable in serotypes 6B, 14 and
23F. In our series serotype 23F is very diversé wéveral different STs represented as
has been shown in Figure 9-3 above. The associafid®T776 with serotype 23F by
Zemlickovet alwas also seen in one of the Bolivian isolates (#&wva et al, 2005).

Zemlickovaet al also identified ST191 as a common Latin Americagquence type found
in all 5 countries assessed which was associat#id serotype 7F (Zemlickovat al,
2005). This association was also seen with therfqaf a serotype 7F, ST191 isolate in
the Bolivian strain collection. ST191 was also if@able in Argentina in a penicillin
susceptible non typeable isolate (Albarracin @tial, 2008).

ST1902 is relatively commonly seen in the Bolivatrain collection and although mainly
associated with serotype 34, one isolate was aftygse 38. ST239 is a new association

with serotype 9A seen in this study.

A further MLST study of pneumococcal carriage isedgawas recently published from
Brazil. However, none of the carriage sequencestygeen in the slums of Salvador in
Brazil apart from ST180 (Reist al, 2008) are seen in Beni despite many of the same
serotypes being seen. As reviewed in Chapter lrvadtigated further in Chapters 6 and
10, ST180 is a relatively common sequence type semnationally associated with
serotype 3 in studies of both carriage and invagin@umocoocal isolates and so it is not a

surprise to find it also in Bolivia.

What was surprising was to find ST180 existing corently with ST1989 in the
nasopharynx of the same child while both genotyggwessed the same phenotype as
serotype 3 mucoid isolates and were thereby imdjaishable by any method other than
molecular typing. Multiple sequence types withisesiotype at the same point in time have
not been described before in the same individualri@ge of dual or triple serotypes
concurrently has been documented before (Gratteh, 1989, Charalambouet al, 2008,
Sa-Leaoet al, 2002) but molecular analysis demonstrated homeges patterns of the
same genotype within each serotype (Sa-letaal., 2002). Likewise, carriage of multiple
sequence types at the same time has been demedditgtit has not been clear if these
isolates were from the same serotype (Osy@l, 2006). Serotype switching of a single
nasopharyngeal carriage associated RFEL type basakn demonstrated over time in an

individual but not of different RFEL patterns withihe same serotype at the same time in
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a single individual (Sluijteet al, 1998). Demonstrating this phenomenon again atitier
serotypes may be possible if multiple colony pigkere used for MLST — although this
would significantly increase the cost of such molacepidemiological studies. However,
it has been recently argued that single colony piake currently acceptable for such
studies (Charalambouw al, 2008). Demonstrating co-existent sequence typesn the
same clonal complex of the same serotype withimdividual from a serotype known to
readily cause biofilms, greatly adds to our undarding of how conditions occum vivo

in the human host to promote genetic exchange.

From our experience with typing this small stramilection from Bolivia though, we
would strongly urge caution in extrapolating asatbons of clonal complexes with
invasion or carriage phenotypes calculated frony \dfferent pneumococcal and host
populations (Brueggemanet al, 2003) into geographical regions where both gemt

distribution and MLST composition of the pneumoaqmopulation are very different.

9.4.6 Common Serotypes and STs which comprise them

The serotypes which occurred most frequently irs tBolivian strain collection were

serotypes 6A, 9A, 34, 23F, 10A, 19A and 38. Ofteese were associated with novel
sequence types. By using eBURST software and thstirex pneumococcal MLST

database it is possible to see whether these nguesee types add to understanding of
pneumococcal clonal complexes. This was the cagesgrotype 23F as seen in Figure 9-
3. However, for the other common serotypes thevigoli sequence types associated with
them did not link to any of the currently known réd complexes known to be associated

with such serotypes. This is illustrated belowderotype 38.
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Figure 9-4 e-BURST version 3 ** diagram of serotype 38 pneumococci.

New sequence types from Bolivia are highlighted by red arrows but these do not feature as
being closely related to any known clonal complexes

9.4.7 Serotype Distributions in Latin America and B olivia

The coverage of pneumococcal serotypes includedatines is usually assessed using
data from surveillance of isolates obtained froraesaof invasive disease as these are of
greater immediate risk to health than the morerdevearriage isolates. However, carriage
isolates provide a greater pool to allow capsubartching to occur and serotype
replacement of vaccine escape serotypes to becoare prevalent which limits the
effectiveness of the vaccine in the long term. Raigg the risk of serotype replacement,
the prevalence of nasopharyngeal carriage in dpiwrejocountries is considerably higher
than developed countries and so the probabilitgxgfosure to a non vaccine serotype is
greater which facilitates serotype replacemenghtiuld also be appreciated that serotype
distribution in younger children < 6 months or 6+8®nths may be different which could
affect estimates of vaccine coverage dependingherage of the study population which

was surveyed (Scott, 2007).

' http://spneumoniae.mist.net/eburst {accessed 20th December 2008}
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9.4.7.1Invasive Pneumococcal Disease Serotype Dist  ribution

IPD surveillance data from Bolivia is availablerfir?000-200% and is displayed below in

Figure 9-5.
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Figure 9-5 Distribution of pneumococcal serotypes causing invasive disease in Bolivia
(n=45) from 2000-2003.

!% http://espanol.geocities.com/bacterioinlasa/patresp.htm {accessed 9th December 2008}
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This serotype distribution is similar to that sgeaviously in Bolivia (Anonymous, 2004)
and elsewhere in Latin America. Common serotypessing IPD from SIREVA
surveillance in Latin America are serotypes 141,56A/B, 23F, 7F, 9V, 19F, 18C, 19A
and 9N (Camargosgt al, 2006). This distribution is reproducible in ctnynand city
specific studies of IPD in Latin America althoudiette are inevitably minor changes in the
rank order as evident in Table 9-5 below.

Country IPD Serotype Distribution Years of Reference
Study
Argentina 14,5, 6B, 1, 18C, 19F, 9V, 12F, 4, 23F, 7F, 6A, 2000-2005 | (Tregnaghi et
33F, 9A, 3, 23B, 15, 7B, 20 and 7C al., 2006b,
Tregnaghi et
al., 2006a)
Argentina 14,5, 1, 6B, 7F, 19A, 9V, 23F, 19F and 18C 1993-2003 (Vescina et
al., 2006)
Brazil 1, 6B, 18C, 14, 5, 3, 6A, 23F, 19F and 38 1977-1988 | (Taunay et al.,
1990)
Brazil 14, 6B, 23F, 5, 19F, 6A, 1 and 4 1988-1992 | (Sessegolo et
al., 1994)
Brazil 14, 3, 6B, 19F, 6A, 23F, 18C, 4, 8, 10A, 9N and 7F | 1995-1999 (Reis et al.,
2002)
Brazil 1,5, 6A, 6B, 9V, 14, 18C, 19F and 23F 1977-2000 | (Brandileone
et al., 2003)
Chile 1,14,5, 6B 1989-1993 | (Levine et al.,
1998)
Colombia 1, 4,5, 6B, 8, 14, 19A, 19F and 23F 2006-2007 | (Benavides et
al., 2008)
Mexico 23F, 19F, 6B, 14, 19A, 6A and 9V 1996-2006 (Echaniz-
Aviles et al.,
2008)
Mexico 23F, 6B, 14, 19A, 6A, 9V, 19F, 11A, 15A, 2, 10A, 1992-1993 (Echaniz-
18C, 42, 16 and 22F Aviles et al.,
1995)

Table 9-5 Serotypes accounting for IPD in various Latin A merican countries over 3 decades.

There is evidence that the regional pattern oftgpeodistribution causing IPD in Latin
America is different from other parts of the worl@erotype 1 and 5 are among prevalent
causes of IPD in Latin America and are less eviddsewhere (Di Fabiet al, 2001,
Hausdorff et al, 2001, Kerteszet al, 1998). In Brazil serotypes 1, 5 and 18C are
particularly associated with meningitis (Brandileat al, 2003). This has implications for
vaccine coverage when vaccine included serotypesi@iermined by epidemiology from
North America and Western Europe. Serotypes 1 aaek @bsent from our carriage study
in keeping with the view that they are only carrfed short periods (Lavatt al, 2006)
and are more invasive (Smigh al, 1993) than other serotypes. Invasive potenbakcot
always equate with disease severity though argdsériotypes 6, 23F, 7F, 8 and 35B which

are associated with fatal outcomes from IPD in @di@ (Rioset al,, 1999).
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9.4.7.2Carriage Serotype Distributions in Latin Am  erica

Studies of carriage serotypes in Latin America ao¢ as common as those for IPD
isolates. The results of recent examples are sursetkin Table 9-6 below.

Country Carriage Serotype Distribution Years of Reference
Study
Brazil 14, 6B, 6A, 19F, 10A, 23F and 18C 2000-2001 (Laval et al.,
2006)
Brazil 19F, 6A, 23F, 18C, 34, 23B, 11A, 19A, 16F, 22F, 2000-2001 (Reis et al.,
14, 16B, 10A, 21, 15B, 29 and 3 2008)
Peru 23F, 6A, 6B, 15B, NT, 19F, 14, 34, 23B, 9V, 19A, 2000 (Cullotta et al.,
21, 4, 10A, 11A, 16F, 17F, 24F, 35F and 38 2002)
Venezuela 23F, 6A, 15B, 6B and 19F 2004-2005 (Rivera-
Olivero et al.,
2007)
Table 9-6 Serotypes associated with pneumococcal carriage in various Latin American
countries.

The distribution of serotypes represented by thesent carriage studies show great
similarity to that of the Bolivian carriage isolatand there is greater similarity than there
is of the Bolivian carriage isolate serotypes vtfite serotype distribution of IPD isolates of
other Latin American countries (Table 9-5). Theyelso greater similarity between the
carriage serotypes in Bolivia and otitis media asged serotypes in Costa Rica (serotypes
19F, 6B, 9V, 16F, 14, 23F, 3 and 6A) than therelseio be with IPD isolates (Arguedeais
al., 2005).

This is all in keeping with previous observatiommstt the diversity of nasopharyngeal
carriage isolates tends to be greater than thi@@fisolates (Robinsoet al, 2001, Takala
et al, 1996).

9.4.7.3Emerging Serotypes and Bolivia

Many serotypes which are being recognised in gihess of the world and often associated
with serotype replacement in response to conjugatEination are identifiable in this
small collection of carriage strains from vacciregve children in Bolivia. Serotype 38 is
an emerging serotype which can cause fatal mersrn@akeret al, 2005). Serotype 7F is
an emerging serotype in the USA (Byingteh al, 2008) and possibly a colonizing
serotype of short duration. Serotypes 3 (McEllstret al, 2007, McEllistremet al,
2005), 6B (Carlislest al, 2001, Syrogiannopoules al, 2001, Gherardet al, 2003) and
19A (Singletonet al, 2007, Pichichero and Casey, 2007) are emergengtygpes and

feature in the carriage population in Beni wherehaee identified entirely novel sequence
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types associated with serotype 19A. 19A is notusted in 7, 9 or 11 valent PCVs
(Camargost al, 2006) but is included in a new 13 valent PCVefingeret al, 2008).

9.4.8 Implications for Conjugate Vaccine Implementa  tion

The introduction of conjugate vaccination agaiHstemophilus influenzae Bas had a
significant positive impact ofdaemophilusmeningitis in Latin America (Lavaét al,
2003) and so there are hopes that pneumococcalgairj vaccination will have similar
benefits. It is recognised that PCV-7 vaccine cagerin Latin America is poorer than that
seen for USA and Europe, Africa and Oceania argl rifiates to the greater diversity of
pneumococcal serotypes causing IPD in Latin Amefpaaticularly serotypes 1 and 5)
(Hausdorffet al., 2000a). The coverage of carriage serotypesean #ss than that for IPD
isolates (Lavaét al, 2006).

It is estimated that PCV-7 (which is active agasetotypes 4, 6B, 9V, 14, 18C, 19F and
23F) covers 65% of invasive serotypes in ArgentBragzil, Chile, Colombia, Mexico and
Uruguay (Garciaet al, 2006, Di Fabioet al, 2001). But more regional surveillance
studies, such as have been performed in Brazik katimated coverage ranging from 58%
to as low as 36% (Camargesal, 2006, Lavakt al, 2006, Rei®t al, 2008, Brandileone
et al, 2003). Based on this data from Bolivia, PCV-ill wnly cover 18% of carriage
serotypes. This could theoretically rise to 28% erage taking into account cross
reactivity against the non-vaccine serotype 6A.ri@ge of 6B and 19F can be reduced by
9 valent vaccine (Mbellet al, 1999) and an 11 valent PCV has been under tial i
Argentina and Chile (Lavadt al 2003). However, increasing the valency of theciree
and introducing cover against serotypes 1, 5 andnlfrincreases the coverage in Beni to
20% (30% if considering cross reactivity with 6A)A new 13 valent PCV covering
serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 192 and 23F (Kieningeat al, 2008) is
likely to be the most useful of the PCVs if intreéd in Bolivia.

There will undoubtedly be many health benefitshie introduction of PCV if it becomes

affordable in Bolivia. However, in Beni, the lowwarage of the PCV-7 vaccine included
serotypes and the high frequency of serotypes mdsdcwith serotype replacement and
capsular switching along with emerging serotypesld/isuggest that the usefulness of the
PCV-7 vaccine may be shorter lived than has beerdlse in North America and Western

Europe.
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9.4.9 Implications for Protein Vaccines

If the high rate of new MLST sequence types andfitiding of new regions of diversity
by microarray CGH in Bolivian carriage isolates &pters 4 and 6) is an indicator of
substantial, as yet unrecognised, genomic diveisitthe pneumococcal genome of the
isolates from Bolivia then this has implications édher genes coding for proposed protein
vaccine candidates. For instance, pneumococcahirprotein A is such a vaccine
candidate but the gene which codes for it is alrdambwn to show substantial variation in
pneumococci from Argentina (Molleraeh al, 2004) and Columbia (Corat al, 2001). If
the diversity of such genes was also assessedese tBolivian isolates there may be

evidence for even greater diversity than was knbefore.

9.5 Conclusions

In conclusion, this paediatric carriage study friva Beni region of Bolivia demonstrates
not just substantial phenotypic (serotype) divgrbiit dramatic genomic diversity in this
region known for great biodiversity. This has enous implications for the introduction
and design of conjugate vaccines which, althougfialsie for North America and Western
Europe, have much less utility in Latin America. \Afgree with Levineet al that there

remains a need for ongoing bacteriological suraede in the region (Levirnet al, 2006).



10 Genomic Diversity and Gene Expression in
Specific Invasive Pneumococcal Disease

Manifestations

10.1 Background

Since the 1990s it has been realised that pneurnakcetulence is a function of both
expression of capsular genes and the genotypesgirtbumococcus involved (Kelgt al,
1994). In the initial phase of lung infection, pbgmpic variants of the pneumococcal
capsule have been identified by Hammerscheii@t (Hammerschmidét al, 2005) where
the ability to adhere to epithelial cells was erdemhby limited or no capsule expression.
The ability to survive in different host environnigmay relate to phase variation and its

effect on capsule and surface protein expressitieqiucci and Sauer, 2008).

Attempts to understand the role of genes other ttepsular genes in virulence often
focussed on individual genes in an arbitraryitro environment or a particulan vivo

animal model. Genome sequencing of the pneumocdbemsallowed a rapid expansion
of genes identified as having a potential role irulence and an understanding that
virulence genes (microbial specific factors thamtdbute to the survival and growth of a

pathogenn vivo (Havaet al, 2003)) could be identified,

“specifically in nasopharyngeal colonization or tegial sepsis or meningitis,
depending on the screening tools used (HollingsleddBriles, 2001).”

These tools were to include signature tagged motsge in animal models (Hava and
Camilli, 2002, Haveet al., 2003, Polisset al, 1998, Lawet al, 2001), microarray studies
(Orihuelaet al, 2004b), genomic array fingerprinting (which candgs microarray and
random transposon mutagenesis approaches) (Boowmal, 2007), differential
fluorescence induction (Marr@t al, 2002) orin silico sequence comparisons of
orthologous genes (Hillezt al, 2007). Such studies have lead to a conclusianttiere
are host tissue specific and serotype specific lamae factors often relating to
transcriptional regulation (Havat al, 2003). This suggests that focusing on serotypes
biased towards colonization or invasion may idgnkéy genes involved in virulence
(Havaet al, 2003). Such an approach using microarrays ées termed “pathotyping” or
detecting the presence of groups of several asedciairulence factors which may

constitute a fundamental attribute of the physiglogpathogenicity of a bacteria (Cassone
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et al, 2007, Stableet al, 2006, Korczalet al, 2005, Bekakt al., 2003, Pannucat al,
2004) or disease state (Ehrliehal, 2008).

With regard to pneumococi, in 1998 a study by Roés al found evidence that there were
virulence factors specific for causing pneumoniaicivhwere not required to cause
septicaemia in mice (Polisst al, 1998). Using serotype 2 (D39 Xen 7) and sero#/pe
(TIGR4) RNA extracted directly from laboratory icfed mouse blood, rabbit CSF and
tissue culture with Detroit pharyngeal epitheliadlls, Orihuelaet al demonstrated
differences in expression could be identified faertain genes for these different
environments which represented invasive sites amdage respectively (Orihuekt al,
2004b). Extrapolation of these results to humareadie is hampered by the potential
confounding introduced by the species differenceshe two animal models used and
difficulties comparing the expression results framvivo animal models withn vitro
results from tissue culture. Using genomic subiwacfollowed by dot blot screening
rather than a microarray approach, Pettigedwal, identified two pneumococcal genes
more frequently associated with middle ear infetiothan bloodstream infections,

meningitis or carriage (Pettigrew and Fennie, 2005)

This chapter outlines an approach taken using a Déyatted” microarray to investigate
its utility in elucidating, through identifying ddrences in gene complement and gene
expression, the pathogenesis of serotype 1 assdgdaeumococcal empyema, serotype 3

associated pneumococcal meningitis and serotygs@&mted cerebral abscesses.

10.2 Serotype 1 Bacteraemic Pneumococcal Pneumonia

with Parapneumonic Complications

10.2.1 Background

There has been a substantial recent increase imcltkence of pneumococcal pneumonia
complicated by necrotizing pneumonia, parapneumeffiicsions or empyema, particularly
affecting children and occurring in developed (Byonet al, 2005c, Obandet al, 2006,
Calbo and Garau, 2005, Rees and Spencer, 199¢hé&tet al, 2006, Blancet al, 2007,
Lin et al, 2006, Thumerellet al, 2005, Obandet al, 2008, Eastharet al, 2004) and
developing countries (Kanungo and Rajalakshmi, 200his is in contrast to dramatic
declines in the incidence of pneumococcal empyemang the mid-twentieth century
(Finland and Barnes, 1978, Nowak, 1939, Weesal, 1973, Bartlettet al, 1974,
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Bechampst al, 1970, Clagett, 1973, Chonmaitree and Powell319&ryleet al, 1978)
and the high incidence at the start of the twemttenntury (Glynn and Digby, 1923) which
are reviewed in Chapter 1. About 10% of cases @uprococcal pneumonia can be
complicated by empyema in children (Keremal, 1994). Cases of haemolytic uraemic
syndrome are also described as complications airppeoccal pneumonia with empyema
(Lee et al, 2006). The clinical manifestations and molecwprdemiological studies of
these conditions have been particularly well désdhiin the USA (Taret al, 2002,
Byington et al, 2002, Gonzaleet al, 2004, Byingtoret al, 2006, Hardiest al, 1996),
England (Eltringhanet al, 2003, Eastharet al, 2004, Fletcheet al, 2006, Ramphuét
al., 2006) and Taiwan (Hsieét al, 2004, Linet al, 2006, Sheret al, 2006b). In its
severest form it may result in spontaneous diseh#rgpugh the thoracic wall (empyema
necessitates) (Freemat al, 2004) but in most cases drainage requires same bf
surgical intervention (Hardiet al, 1996). Paediatric empyema can also be a maatif@st
within a serotype 1 outbreak (Gumgal, 2007).

The majority of cases in the USA and England aresed byStreptococcus pneumoniae
serotype 1 (Byingtort al, 2006, Eastharat al, 2004, Ramphuét al, 2006, Fletcheet
al., 2006, Byingtoret al, 2002). In addition to serotype 1, serotypes43,1DA, 5, 6B, 9V,
23F and 4 have been identified as causes of pneagoalc empyema in the United
Kingdom (Sheppardt al, 2008, Eltringhanet al, 2003, Ramphut al, 2006, Eastharat

al., 2002). Serogroups 14, 9, 6, 19, 18, 12 and 2@ baen associated with empyema in
Utah, USA (Byingtoret al, 2002, Byingtoret al, 2005a). In France, serotypes 1, 3, 5, 6B,
7F, 9V, 14, 18C, 19A and 23F have been observedtriB# al, 2007) and in Spain
serotypes 1, 5, 3, 14, 19A, 7F, 6A and 9V have hdentified (Obandcet al, 2008).
Serotypes 3 and 19A have also been identified &sinv@ escape serotypes causing
empyema in the USA (Byingtaet al., 2006, Byington, 2007, Byingtaet al, 2005a).

In a comparable case series from Taiwan, cases ywexgéominantly caused b$.
pneumoniaeserotype 14 and serotype 1 did not feature at(tddlieh et al, 2004).
Similarly, preliminary results from other Asian cutes (China, Indonesia, Korea,
Taiwan, Thailand and Vietnam) suggested that spestyi4 and 19 were commoner than
serotype 1 from pleural fluid cultures (Kilgomt al, 2006) indicating geographical
variations in the epidemiology of pneumococcal eempg.

In Scotland,S. pneumoniaserotype 1 accounts for 14% of all IPD (Diggle &utvards,
2006) which includes cases of complicated pneunwaopneumonia. An increase in

incidence in paediatric empyema has also been demi@u in Scotland although the
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molecular epidemiology of the pneumococcal compbnaithis has not yet been
elucidated (Roxburght al, 2008, Roxburgh and Youngson, 2007).

Unpublished data from England and Wales demonstizé a mixed population of
serotype 1 pneumococci (ST227 and ST306) are regperfor cases of pneumococcal
empyema (Robert George, Health Protection Ageneysgnal communication) and data
from Spain (ST228, ST306, ST304 and ST2373) alsmshdiversity in the empyema
causing serotype 1 isolates (Obamrd@l, 2006, Brueggemaret al, 2006, Obandet al,
2008). In the USA, until 2003, cases were predamtiy ST227 (Gonzaleet al, 2004,
Byington, 2007, Byingtort al, 2005c, Byingtoret al, 2005b, Brueggemaret al, 2003)
but since 2003 serotype 1 associated sequence hgwesincluded ST306, ST304 and
ST2126 (Byingtonet al, 2008). The population dynamics of serotype lupmzcocci
causing invasive disease do suggest that it camgehaapidly within a geographical region
(Lamb et al, 2008, Hedluncet al, 2003, Henriques Normamt al, 2001) and between

geographical regions resulting in a diverse glguoglulation (Brueggemaret al, 2003).

It is noteworthy that genetic variation in the sture of pneumolysin (a pneumococcal
virulence factor) from clinical isolates of ST30ératype 1S. pneumoniadas recently
been shown to be associated with different biollgiehaviour of the toxin (Kirkharat
al., 2006), indicating that genetic differences ie thacteria could account for different

disease manifestations with this serotype and seguiype.

Several non-culture molecular (Eltringhanal, 2003, Le Monnieet al, 2006, Lahtiet
al., 2006, Saglangt al, 2005, Eastharat al, 2002, Menezes-Martiret al, 2005, Poulter
et al, 2005) and antigen based methods (Plabal, 2006, Boersmat al, 1993, Le
Monnieret al, 2006, Porceét al, 2007) have been used to investigate the causaltofe
negative parapneumonic effusion and empyema anéaomak techniques may be more
useful in surveillance than culture (Sheppeardl, 2008) as pneumococci can be cultured
from less than 5-16% of pleural fluid specimensidgie et al, 2006, Obandeet al,
2006).

Substantial concern exists because the pneumocomcplgate vaccine (PCV-7) presently
licensed for children, Prevhar® (Wyeth PharmaceigicUSA), and introduced into the
childhood vaccination schedule in the United Kingdm 2006 does not prevent invasive

diseases due to serotyp&lpneumonia@-letcheret al, 2006).
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In this series of experiments representative ieslattored at SMPRL which could be
identified as originating from patients with parapmonic complications of bacteraemic
pneumococcal pneumonia were used. Their MLST datareviewed and the isolates were
utilised in microarray experiments using DNA CGHdaRNA expression approaches.
Serotype 1 isolates from patients with bacteraepmeumonia without parapneumonic
complications were identified for use as controlgstablish baseline expression levels for

genes which were differentially expressed in cagds parapneumonic complications.

10.2.2 Choice of Isolates for Microarray Studies

Seventeen patients from six hospitals in Centrabtl&ed who had undergone
pleurocentesis and who grew serotype 1 pneumodenian invasive site were identified
from the database at SMPRL. Of these seventeers,cire were aged under eighteen
years. MLST results showed 12/17 (71%) were ST3@b6517 (29%) were ST227. From
these, five isolates were chosen from patients kdub documented empyema or effusion
complicating bacteraemic pneumonia and two sepasatates (one each of ST306 and
ST227) were identified from the database from pégiewith bacteraemic pneumonia
without parapneumonic complications to act as amtrDetails of these isolates are

outlined below in Table 10-1.
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N Lo [e 0] o [@)] [o)] o
Isolate tested S q 3 8 Q a 5
o o o - N N -
™ < ™ [(e] o o (o]
o o o o o o o
MLST ST306 ST227 ST306 ST227 ST227 ST306 ST306
Patient Age
(Years) 26 51 33 70 7 36 4
Parapneumonic
complication None None Empyema | Effusion | Empyema | Effusion | Effusion
Source of Pleural
Bacteria Blood Blood Pus Blood Blood Blood Blood

Table 10-1 Details of isolates used in microarray experim  ents in Chapter 10.

All 7 isolates were used in DNA CGH dye swap experi  ments. 5 isolates were used in RNA
expression experiments (06-1805 and 05-1519 were no  t used).

10.2.3 DNA CGH Experiments

The results of the microarray DNA CGH experimentsserotype 1 isolates are displayed
in Appendix 14 and Appendix 15.

10.2.4 RNA Expression Experiments
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10.2.4.1  Microarray Results
TIGR4 Genes Upregulated in Parapneumonic Complicati  ons
Expression | Expression
TIGR4 Levelin Level in
Gene Controls Cases Gene Function

SP0046

SP0047

SP0048

SP0051

SP0053

SP0054

SP0073

SP0287
SP0288

SP1229
SP1326

1.0

0.9

1.0

1.0
1.0

1.0
1.0

1.0
0.9

7.2

6.4

6.2

4.2

3.2

4.5

2.2

3.0
2.4

2.7
5.1

Phosphoribosylaminoimidazole-

SP0044 1.0 3.9 succinocarboxamide sinthetase

Amidophosphoribosyl transferase
Phosphoribosylformylglycinamide cyclo-ligase;
Phosphoribosylaminoimidazole synthetase
Phosphoribosylglycinamide formyltransferase;
5'-phosphoribosylglycinamide transformylase 1

Phosphoribosylamine--glycine ligase;
Phosphoribosylglycinamide synthetase
Phosphoribosylaminoimidazole carboxylase,
catalytic subunit
Phosphoribosylaminoimidazole carboxylase,
ATPase subunit; Phosphoribosyl glucinamide
formyltransferase
Conserved hypothetical protein
Xanthine/uracil permease family protein;
Conserved hypothetical protein
Conserved hypothetical protein

Formate--tetrahydrofolate ligase
Neuraminidase, putative

SP1327 1.0 5.2 Conserved hiﬁothetical irotein

ABC transporter, ATP-binding protein authentic

SP1526 0.9 2.8 frameshift
ABC transporter substrate-binding protein -
SP1527 0.9 2.8 oligopeptide transport
SP1587 1.0 2.8 Oxalate:Formate Antiporter
TIGR4 Genes Downregulated in Parapneumonic Complica  tions
Expression | Expression
TIGR4 Levelin Level in
Gene Controls Cases Gene Function
Trehalose PTS system, IIABC components;
Phosphotransferase system, trehalose-specific
SP1884 1.2 0.4 IIBC component
SP2148 0.9 0.2 Arginine deiminase
SP2150 0.9 0.2 Ornithine transcarbamoylase
SP2151 1.0 0.2 Carbamate kinase
Conserved hypothetical integral membrane
SP2152 0.9 0.2 protein
Peptidase, M20/M25/M40 family; Conserved
SP2153 0.9 0.2 hypothetical protein

Table 10-2 Genes which are significantly up or down-regul
midlog under standardised conditions.

p<0.05 determined using ANOVA 1 way test with Benja
discovery rate set at 0.05 on data filtered to demo

from the line of equality (where fluorescence inten
equal). Data was also initially normalized by seque
effects due to MLST. Controls were isolates 03-2672

ated when isolates are grown to

mini and Hochberg corrections. False

nstrate greater than two fold differences
sity of control and test channels are
nce type to take account of clustering

and 04-2225 as these were not
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associated with parapneumonic complications. Cases were all other isolates with
parapneumonic complications. Genes highlighted in r ed have been associated with
virulence in a serotype 4 mouse model of pneumonia (Hava and Camilli, 2002).

TIGR4 Predictive
Gene Strength Gene Function
SP0046 7.94 Amidophosphoribosyl transferase
SP0047 6.64 Phosphoribosylaminoimidazole synthetase
Phosphoribosylglycinamide formyltransferase; 5'-

SP0048 5.74 hosphoribosylglycinamide transformylase 1

Phosphoribosylamine--glycine ligase; Phosphoribosylglycinamide
SP0051 9.55 synthetase
SP0053 6.59 Phosphoribosylaminoimidazole carboxylase, catalytic subunit
SP0054 6.64 Phosphoribosyl glucinamide formyltransferase
SP0097 5.74 Conserved domain protein; Hypothetical protein
SP0239 7.23 Conserved hypothetical protein

Xanthine/uracil permease family protein; Conserved hypothetical
SP0287 6.64 protein

Hemolysin-related protein; Conserved hypothetical protein,
SP0834 5.74 truncation
SP0853 5.74 Hypothetical protein
SP0937 5.74 Conserved hypothetical protein
Conserved hypothetical protein; ABC transporter substrate-

SP1069 6.64 binding protein - unknown substrate
SP1229 7.17 Formate--tetrahydrofolate ligase
SP1316 9.18 V-type sodium ATP synthase, subunit B
SP1486 7.23 Degenerate transposase (orfl)
SP1524 6.64 Aminotransferase, class Il
SP1587 6.64 Oxalate:Formate Antiporter
SP1965 6.04 Hypothetical protein
SP1978 6.64 Diaminopimelate decarboxylase
SP1979 9.55 Pur operon repressor; Activator of purine biosynthetic genes
SP1988 5.74 Immunity protein, putative; Conserved hypothetical protein
SP2125 6.64 Conserved hypothetical protein
SP2151 6.64 Carbamate kinase
SP2152 6.64 Conserved hypothetical integral membrane protein
SP2153 6.64 Peptidase, M20/M25/M40 family; Conserved hypothetical protein
SP2156 7.23 SPFH domain/Band 7 family; Conserved hypothetical protein

Table 10-3 Genes identified as being associated with the occurrence of parapneumonic
complications when grown to midlog in Brain Heart | nfusion.

Highlighted genes have been associated with virulen ce in a serotype 4 mouse model of
pneumonia (Hava and Camilli, 2002).
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10.2.4.2 Quantitative RT-PCR Results

r

1000+

1004

0.14

0.01

Log ;9 Mean Normalized Expression Level +/- Standard Erro

03-2672 SP0054 1
06-1370 SP0054 4
03-2672 SP00454
06-1370 SP00454
03-2672 SP2153 4
06-1370 SP2153

Figure 10-1 Comparison of the Mean Expression Levels for g enes SP0054, SP0045 and
SP2153 by qRT-PCR.

Mean Expression Levels and standard errors were cal  culated from 3 experimental replicates
for control isolate (03-2672) from serotype 1, ST30 6 associated bacteraemic pneumonia
without parapneumonic complications and test isolat e (06-1370) from serotype 1, ST306
associated paediatric empyema.

10.2.5 Discussion Regarding a Genetic Basis for

Pneumococcal Parapneumonic Complications

Cases of complicated pneumococcal pneumonia inlgebtresult from a mixed
population of serotype $. pneumonia€ST227 and ST306) similar to the situation being
seen in other European countries and the USA.

Although only two sequence types f pneumonia@ppear to be involved in Scotland,
CGH analysis, using microarrays, indicates substianariation in genes among test
isolates of ST227 and ST306 at regions other tharconserved housekeeping genes used
in the MLST typing system.

Analysis of bacterial RNA expressed under standar]ipredetermined growth conditions
shows there to be variation in the regulation aéymococcal genes which could account
for differences in virulence and the clinical prets¢éion and progression of these
infections. Using site directed mutagenesis, mdrthese genes have been shown to code
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for virulence factors and have a role in causingymonia in a murine model (Hava and
Camilli, 2002). However, the growth conditions udedthese experiments to gro®.
pneumoniaefor RNA extraction may not accurately mimic thdseind in the pleural
cavity (Byingtonet al, 2002) where other genes may undergo expressidregulation.

It is of note that the pleural environment alsoieswith cases requiring a decortication
drainage procedure more likely to have substaptiaised lactate dehydrogenase levels
(Tanet al, 2002, Himelman and Callen, 1986).

However, these experiments do suggest that noesinigllence factor will account for the
increased virulence in serotype 1 pneumococci ngusimplicated pneumonia but rather
this may be due to a constellation of virulencadexbeing up and down regulated in the
pleural cavity. In keeping with this hypothesisth® fact that penicillin resistance alone
does not affect the outcome of paediatric pneuntaloempyema (Paganiet al, 2001,
Hardie et al, 1998). Indeed, subtherapeutic antibiotic levels susceptible and
nonsusceptible antimicrobials in the pleural spg&glaniet al, 2005, Giachett@t al.,
2004) may be contributing to the patterns of exgoes of virulence genes in empyema
formation (Byingtoret al,, 2002) (see Chapter 12).

Recently in Taiwan, microarray technology has baead to assess the effect of zinc
metalloproteinase B mutations B. pneumoniag@solates causing cases of complicated
pneumonia (Hsiehet al, 2008). These expression studies were performétth w
pneumococcal cultures at early log phase (OD600hth2) with serotype 14 isolates of
ST46 and a single locus variant (SLV) of ST328 #Hrm&l media used for culture was not
disclosed. They chose to compare the gene expnestapleural fluid isolate from a child
with pneumococcal empyema (serotype 14, ST46) dridad culture isolate from a child
with bacteraemic necrotizing pneumococcal pneumamita empyema (serotype 14,
ST46) with a “control” blood culture isolate fromchild with uncomplicated bacteraemic
pneumonia (serotype 14, SLV of ST328). This conguariresulted in the identification of
only two genes with a two fold increase in gene regpion — SP0664 (zinc

metalloprotease) and SP1572 (nonheme iron-contafemitin).

Neither of these genes appeared in the list otudfitially expressed genes identified in
this comparison of serotype 1 isolates. This showldbe too surprising as this study has
used a different serotype, ensured that “contsuifates are matched for sequence type and
grown cultures in a defined medium (BHI broth) taddogarithmic rather than early-
logarithmic phase — all of which will affect whigfenes are expressed at the point of RNA

extraction and which genes are identified duringlysis of microarray results. It is not
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surprising either that genes identified as assediatith virulence may not actually be
required in all cases of invasive disease (Blomlee, 2007).

A significant shortcoming in the use of the micayrito study pneumococcal virulence is
its inability to identify genes other than thosenfrthe sequenced genomes for TIGR4 and
R6. If an increase in virulence in serotype 1 pnecmaci has occurred due to the recent
acquisition of genes from other bacteria or baspdrages, microarray analysis will not be
able to detect the presence of such genes. Bytuohgfecariation (and the absence) of
several genes coding for virulence factors in iedtates as illustrated in Appendix 14 and
Appendix 15, it may be postulated that these vircdefactors do not play a significant role
in the development of cases of complicated pneuadncluded amongst these are genes
which code for the first pneumococcal pilus to lesatibed which does not appear to be
expressed by any of the serotype 1 isolates arthlyiseéhe array. These genes are absent
from two serotype 1 ST306 strains associated watiagneumonic complications (06-1370
and 03-3038) which are being sequenced using 4&#odogy at the Sanger Institute
(Nicholas Croucher, Wellcome Trust Sanger Instjtpggsonal communication). However,
the genes for a recently described second pneurcalc@dus (Bagnoliet al, 2008)
identified in the fully sequenced serotype 1, ST&&in INV104B which are not present
in TIGR4 (and not identifiable by microarray DNA Epare present in the ST306 isolates
06-1370, 03-3038 and 03-2672 from preliminary 4B4uencing at the Sanger Institute
(Nicholas Croucher, Wellcome Trust Sanger Instjtpggsonal communication), consistent
with the findings of Bagnolet al, who identified this pilus in serotype 1 ST227 &WB06
isolates. This pilus is involved in adherence tidsaaf the respiratory tract and so may play
a role in the development of bacteraemic pneumanih parapneumonic complications

although this requires further investigation.

Given the concentrations of DNA or RNA (minimum 2pgr 25ul reaction per array)
required from test isolates it is unlikely thatstimicroarray analysis could be performed
directly on nucleic acid extracted from clinicahgales but would require initial culture of
the organism or a nucleic acid amplification stepiolv may introduce unacceptable
confounding of results. This is unfortunate as regority of pleural fluid cultures from
cases of complicated pneumonia are negative dywmito administration of antibiotics
(Byington et al, 2002, Eltringhanet al, 2003). It may be possible to design a suitable
microarray to identify isolates likely to result parapneumonic complications using the
genes identified here but using a more sensitiafgn such as an oligonucleotide

microarray. Such microarrays are already being usedhvestigate host responses to
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respiratory infections and have been designeduard for typing and detecting clinically
relevant virulence determinantsStaphylococcus aureusolates (Spencet al, 2008).

It is possible using the gene predictor functiorGeinespring GX 7.3.1 tag silico, create
a list of genes implicated in causing parapneumaoimplications (Table 10-3). It has
been suggested that the presence, by microarragdirdiion, of a region SP1050 to
SP1053 is associated with highly virulent serotyipasolates (Harveyet al, 2007).
However, our CGH results demonstrate a lack of idygation for this region and these
genes do not feature in the list of those thoughté predictive of parapneumonic

complications.

Such complications may resolve without invasivernéntions or may require traditional
management approaches of thoracocentesis by tabede or open surgery (Meyerovitch
et al, 1985). There is some suggestion that surgempase likely to be required for
serotype 14 pneumococci while tube drainage is nlikety to be sufficient alone for
serotype 1 (Taet al, 2000). Less invasive strategies are now beiiiged (Playforet al,
1997) and microarray analysis of bacterial generesgion could allow more rapid
identification of patients at greater risk of empyeor parapneumonic effusion, if these
predicted genes are being expressed. Patientdadfedth isolates expressing these genes
may potentially benefit from earlier treatment withtra-pleural administration of
fibrinolytic agents (Roseret al, 1993, Playforet al, 1997, Thomsoret al, 2002,
Handman and Reuman, 1993, Sahn, 2007, KorneckSasaoh, 1997, De Benedictet al,
2000, Kothandaparat al, 2006, Campbell, 1995, Hawkies al, 2004, Hamm and Light,
1997, Feolaet al, 2003) or thoracoscopic decortication (Playbal, 1997, Sahn, 2007,
Kercheret al, 2000, Stovrofet al, 1995, Gatest al, 2004, Wonget al, 2005, Hawkins
et al, 2004, Hamm and Light, 1997, Schuéizal, 2004) potentially improving clinical
outcome and reducing hospital length of stay (Thmmet al, 2002, Hoffet al, 1991,
Wonget al, 2005, Sahn, 2007).

The recent introduction of Prevnar® (Wyeth Pharmaéicals, USA), into the United
Kingdom paediatric vaccination schedule may acyuitilitate an even greater increase
in incidence of invasive serotype 1 associatedagdiséy providing a niche for its clonal
expansion by removing competition from other sgety Serotype 1 should be included in
future pneumococcal conjugate vaccine formulatigtenquetet al, 2008) such as the 13

valent PCV currently under trial (Kieninget al, 2008).
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Orihuela et al demonstrated that the purine synthetic genes £&RP880055 were
significantly upregulated in mouse blood (Orihuekt al, 2004b). Although
bioluminescent imaging was performed on these rbefere exanguination, it was not
disclosed whether there were parapneumonic contipisa evident. It is likely that
pneumonia was present as the mice had been infettattacheally. This is important to
establish as our data suggests that the upregulafidhe purine synthetic genes is not

simply a response to their presence in the bloedstr

Although the majority of isolates which we used fincroarray experiments had originated
from bloodstream infections, one isolate 03-3038 haen grown from pleural pus. In
addition, our analysis considered gene expresdidwa control isolates grown from the
blood cultures of two cases of bacteraemic pneuanowithout parapenumonic
complications from which we established a basejjeee expression for comparison with
isolates from bacteraemic pneumonia cases withppatanonic complications. This
should remove any potential influence of the bldedsn source of isolates on gene
expression leaving us to conclude that the geneshwhe identify as being differentially
expressed are due solely to changes which are iassbcwith the presence of

parapneumonic complications.

It is also noteworthy that the expression of thermausynthesis gene SP0044 is noted to be
temperature dependent, being upregulated above BétGlownregulated below 37°C
(Pandyaet al, 2005). As patients with empyema often have prgdal, persisting fevers
this may be an important survival response by pro@acci to adapt to thermal changes in

the host environment.

Alternatively, the change in expression of thesengeusynthesis genes may not relate
directly to the parapneumonic complications butpbet of a nonspecific stress response.
SP0044 and SP0045 have been found to be downredulatresponse to vancomycin
stress (Haast al, 2005). It has not been possible to fully reviénw antibiotic therapy to
which these isolates had been exposed in the fiasugh it is known that the patients
infected with 03-3038 and 03-2672 did not receia@oomycin. Likewise these isolates
have been subcultured and stored frozen in glycstmtks prior to culture for RNA
extraction and so it is unlikely that any precedamdibiotic therapy in the source patient
would be influencing these results unless treatrhastresulted in a stable mutation.
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10.3 Pneumococcal Meningitis

10.3.1 Serotype 3 Association with Meningitis

Serotype 3 is the commonest serotype recovered frages of meningitis in Poland
(Skoczynska and Hryniewicz, 2003) and was receatgbcribed as accounting for 18% of
adult cases of pneumococcal meningitis in Swed@s{®met al, 2006) although in the
1980s it was the commonest serotype associated pmédumococcal meningitis there
(Burman et al, 1986). It was also the commonest serotype tordm®vered from
cerebrospinal fluid in Boston, USA from 1935 to 29Finland and Barnes, 1977a). The
proposal by Orihuelat al that serotype 3 does not readily enter the bloedst or CSF
because of a large amount of capsule based oniaemaodel of infection (Orihuelet al.,
2003) is incompatible with these epidemiologicas@ivations in human populations. It is
not often that studies have documented which seguégypes are present in serotype 3
meningitis associated isolates. However, ST180tyeeo3 is strongly associated with
development of meningitis rather than carriage iBrazilian slum (Reiset al, 2008)
although the authors do recognise that this assmcianay be more a feature of the

serotype 3 capsule than the genotype (Be#d, 2008).

Adjunctive treatments which may disrupt inflammgtaascades as additional treatment
strategies (while being treated with appropriatgb@otics) are sought and agents which
inhibit CSF cytokines, matrix metalloproteinasesd areactive oxygen species show
promise (Davis and Greenlee, 2003). Identificatadfnnew potential targets for such

adjunctive strategies may bring significant breadtighs.
10.3.2 Serotype 3 ST180 DNA CGH Hybridizations

The results of microarray DNA CGH experiments ta@to the isolates 99-4038 and 99-
4039 are displayed compared to all other CGH teSTEtBO isolates in Figure 6-1 and in
Figure 10-2 below.
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ls0late 99_4038

Is0late 99_403

Figure 10-2 CGH comparisons of isolates 99-4038 (cultured from blood) and 99-4039
(cultured from CSF).

Isolates are cultured from specimens taken from the same patient taken on the same day
and comparison is generated by Genespring GX 7.3.1. Each individual coloured bar
represents a single gene from the TIGR4 or R6 genom es. Shades of yellow and orange
indicate competitive hybridization of DNA from both TIGR4 and the test isolates. Blue
indicates absence of hybridization for DNA from the test isolate but hybridization by TIGR4
DNA. Red indicates hybridization of test DNA to pro  bes from the R6 genome.

As both isolates were harvested from the same riatie the same day, the discrepant
hybridization results between the two isolates3drgenes was a surprise and a concern.
PCR (using TIGR4 as the positive control and PC&grwater as the negative control)
was performed for these discrepant genes and aigiredhs obtained for both isolates in
each case, indicating that the discrepancies weeetd insensitivity of the microarray
hybridization rather than differences in the gensrokthe isolates. PCR performed at a
further 20 genes which did not hybridize for eitismlate on the array indicated a product
of identical size to that in TIGR4 at all 20 locihish again highlights the lack of
sensitivity for DNA hybridizations and limited aibyl of the microarray to accurately
detect true differences in the genetic complemdnpreeumococcal genomes, as was

discussed in Chapter 3.
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Array DNA CGH Result PCR Result

Gene 99-4038 99-4039 99-4038 99-4039
SP0068
SP0069
SP0074
SP0115
SP0166
SP0168
SP0352
SP0355
SP0467
SP0575
SP0697
SP1060
SP1064
SP1132
SP1141
SP1144
SP1318
SP1323
SP1342
SP1762
SP1763
SP1765
SP1766
SP1770
SP1771
SP1948
SP2164

Figure 10-3 Comparison of microarray DNA CGH results for i  solates 99-4038 and 99-4039
with PCR results for the same genes using DNA from the same isolates.

Blue indicates an absence of hybridization whereas yellow indicates hybridization in the
CGH experiments and the generation of a PCR product of identical size to that in TIGR4 in
the PCR experiments.

Although the PCR results highlighted the frequeatjalse negative hybridizations, there
were never any discrepancies in the PCR resultghiersame gene between the two
isolates from blood and CSF. Based on the combimabf results from DNA
hybridizations and PCR validation of discrepanulss it was concluded that a significant
difference in the gene complement of the two issan terms of gene deletions was
unlikely although the possibility of single nuclet# polymorphisms or insertions of
genetic material could not be discounted. To itigate this further, both isolates are
undergoing 454 sequencing at the Wellcome Trustj&almstitute.
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10.3.3 Serotype 3 ST180 RNA Expression Experiments
Normalized Normalized
Intensity Intensity
Ratio in Ratio in
Gene Blood CSF Function
Upregulated in CSF
SP2075 1.1 5.3 ABC transporter, ATP-binding/permease protein
SP2073 1 4.6 ABC transporter, ATP-binding/permease protein
SP0231 0.9 3.8 Adenylate kinase (ATP-AMP transphosphorylase)
Iron-compound ABC transporter, iron-compound-
SP1872 1 2.8 binding protein
Phosphoribosylaminoimidazole carboxylase, ATPase
SP0054 0.9 2.8 subunit
SP1871 1 2.8 Iron-compound ABC transporter, ATP-binding protein
SP2074 1 2.3 Degenerate transposase
Type | restriction enzyme EcoKI specificity protein (S
SP0507 1 2.2 protein)
SP1659 1 2.1 Isoleucyl-tRNA synthetase
SP2072 1 2.1 Glutamine amidotransferase, class-I
Downregulated in CSF
SP2215 1 0.1 30S Ribosomal protein S2
SP2214 1 0.1 Translation elongation factor Ts
SP0496 0.9 0.1 Na/Pi cotransporter ll-related protein
SP0488 1 0.1 Conserved hypothetical protein
PTS system, beta-glucosides-specific IABC
SP0577 0.9 0.1 components
SP0578 1.1 0.1 6-phospho-beta-glucosidase
DNA binding protein starved cells-like peroxide
SP1572 1.1 0.1 resistance protein
SP0800 1 0.2 Hypothetical protein
SP0517 1 0.2 Class | heat-shock protein (molecular chaperone)
SP0487 1 0.2 Hypothetical protein
SP1626 1.1 0.2 30S Ribosomal protein S15
SP1215 0.9 0.2 Formate-nitrate transporter
SP0489 1 0.2 PAP2 family protein
SP0631 1 0.2 50S Ribosomal protein L1
SP0490 1 0.2 Hypothetical protein
SP1293 1.2 0.2 50S Ribosomal protein L19
SP0630 1.1 0.2 50S Ribosomal irotein L11
SP0373 1 0.3 Conserved hypothetical protein
SP0649 0.9 0.3
SP1472 1 0.3 Oxidoreductase, putative
SP1184 0.9 0.3 6-phospho-beta-galactosidase
SP2106 1 0.3 Glycogen phosphorylase family protein
SP0107 1 0.3 LysM domain protein
DNA-directed RNA polymerase, delta subunit,
SP0493 1 0.3 putative
SP1027 1 0.3 Conserved hypothetical protein
SP0564 0.9 0.3 Hypothetical protein
SP1185 1 0.3 PTS system, lactose-specific IIBC component
SP1471 1 0.3 Oxidoreductase, putative
SP1739 1 0.4 KH domain protein
SP1449 1 0.4 C3-degrading proteinase
SP1786 1 0.4 Conserved hypothetical protein
SP2226 0.9 0.4 Conserved hypothetical protein
SP2216 1 0.4 General stress protein GSP-781
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SP2058 1 0.4 Queuine tRNA-ribosyltransferase

SP0058 1 0.4 Transcriptional regulator, GntR family

SP2063 1.1 0.4 Conserved hypothetical protein

SP0457 1 0.4 Bacitracin resistance protein

Phosphosugar-binding transcriptional regulator,

SP1674 1 0.4 putative

SP1975 1 0.4 SpolllJ family protein

SP1470 0.9 0.5 Thiamine biosynthesis protein ApbE, putative
6-phosphogluconate dehydrogenase,

SP0375 1 0.5 decarboxylating

SP0376 1 0.5 DNA-bindini resionse reiulator

SP2057 1 0.5 Hypothetical protein

SP2150 1 0.5 Ornithine transcarbamoylase

Table 10-4 Comparison of Normalized Expression Ratios of
when expression levels in CSF are compared to blood

genes differentially expressed

Results are for isolates of serotype 3, ST180 cultu
day using a one tailed ANOVA with significance set
Hochberg correction used for multiple testing. The expression levels in blood are
normalized against themselves to generate a baselin e for comparison with expression
levels in CSF. Genes highlighted in red have been a  ssociated with virulence in a serotype 4

red from the same patient on the same
at P<0.05 and the Benjamini and

mouse pneumococcal pneumonia model (Hava and Camill i, 2002).
Gene Fold Change in CSF (Orihuela et al., 2004b) Fold Change in CSF
(This study)
SP0517 -3.1 -5.0
SP1975 -2.2 -2.5
SP1572 24 -11.0
SP2058 -3.1 -2.5
SP0488 -2.9 -10.0
SP0800 +2.1 -5.0

Table 10-5 Comparison of the fold change differences in e
being downregulated in CSF in this study with resul
(Orihuela et al., 2004b).

ts from similar work by Orihuela

xpression for genes identified as

et al
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Gene Fold Change in Blood Expression in CSF
(Orihuela et al., 2004b) compared to blood
(This study)
SP0457 +2.5 Downregulated
SP0054 +6.9 Upregulated
SP0231 -3.8 Upregulated
SP1572 -8.4 Downregulated
SP0630 -4.7 Downregulated
SP0631 -5.0 Downregulated
SP1626 -3.5 Downregulated
SP2073 +2.2 Upregulated
SP0107 +2.7 Downregulated
SP0488 -4.7 Downregulated
SP0800 +4.5 Downregulated
SP2063 +4.9 Downregulated

Table 10-6 Comparison of results for genes identified as significantly up or down regulated
in CSF with their fold change levels as detected in mouse blood by Orihuela et al (Orihuela
et al., 2004b).

+ indicates upregulation while — indicates downregu lation.

10.3.4 Discussion regarding Serotype 3 Associated

Pneumococcal Meningitis

10.3.4.1  Phenotypic variants within Serotype 3

In the serotype 3 pneumococcus, it has been eliecidaat mutations in the genome can
result in phenotypic variants generated in respdasa change in the host environment
(particularly within a biofilm environment). Thesme likely to have an adaptational
advantage for survival in a more hostile environmesntil recently, only one such
mechanism had been described — phase variationn@utnon phase variable colony
variants which are generated in response to anr@maental change have also been
described (Allegrucci and Sauer, 2008, Allegruea &auer, 2007).

10.3.4.1.1 Phase Variants
The phenomenon of phase variation is describedhiap€r 1. The transparent phenotype

has more cell wall phosphorylcholine, less capsplalysaccharide and has different
surface proteins compared to the opaque phenoRjipg €t al, 1998, Weiser and Kapoor,
1999). Although they did not assess any serotypsolates, Ringet al found that the
transparent phenotype resulted in increased inwasfopneumococci across the blood
brain barrier by as much as 6 fold compared to opgohenotype (Ringt al, 1998)

whereas opaque variants survive better than trasspe the bloodstream and are integral
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to invasive infection (Overwegt al, 2000b). Higher rates of transformation occur in
transparent variants compared to opaque so it sdbatsless capsule (transparent
phenotype) enhances transformation (Weiser and &taf999). It has been proposed that
the change in cell surface components which occughase variation (Overwegt al,
2000b) is important for pathogenicity (Bruckredral, 2004). The reversible nature of the
capsular mutations which account for these phasanta in serotype 3 is considered in
Chapter 6.

10.3.4.1.2  Non revertible variants
In addition to phase variation, serotype 3 pneurodcalso generate mucoid and non-

mucoid variants by a different mechanism entiredy ldrge deletion in theps3DSU
capsule operon) (Allegrucci and Sauer, 2008). Daisurs at high frequency and unlike
phase variants, these are not revertible (Allegracc Sauer, 2008). It has also been
demonstrated that hydrogen peroxide plays a roléhawr emergence (Allegrucci and
Sauer, 2008). Hydrogen peroxide is also known tonmgagenic in several other
pneumococcal serotypes, triggering frameshiftsltiegufrom the reversible gain and loss
of single bases, deletions resulting from recontimnaand substitutions of guanine
residues — the net result of which can change tifeimpococcal phenotype as has been
shown by spontaneous mutation to optochin resistéRericoneet al, 2002, Battig and

Muhlemann, 2007) or rifampicin resistance (Battig &uhlemann, 2007).

These mutants which are unable to revert to wipiktgerotype 3 capsule expression may
be at a disadvantage in blood stream infectionstbsitplausible, although unproven, that
they have enhanced ability to penetrate CSF bysorgghe blood brain barrier or have a
survival advantage in the CSF. It is established the production of hydrogen peroxide
by pneumococci is implicated in the pathogenesipridumococcal meningitis where it
contributes to neuronal apoptosis (Braatral, 2002), causes ciliary stasis of ependymal
cells (Hirstet al, 2000), vasodilation and subsequent increasedatnaressure (Hoffman
et al, 2007). If hydrogen peroxide is a stimulus to ation and the generation of non-
revertible phenotypic variants it may, in the samiroenvironment create an altered
phenotype able to cross the blood brain barriea pgracellular route (Koedet al., 2002)
precisely in a region whose integrity has been comgsed by simultaneous hydrogen
peroxide induced vasodilation. This would challeraygrent beliefs that pneumococci
cross the blood brain barrier by a transcellulateqKoedelet al, 2002). Intriguingly, a
gene which codes for a protein thought to be axp@eoresistance protein or non-heme
iron-containing ferritin (SP1572) is downregulatedCSF compared to blood suggesting a

need for peroxide resistance in blood but not gas the blood brain barrier — a finding
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also documented by Orihuedd al (Orihuelaet al, 2004b). The ability to generate non-
revertible phenotypic variants is not unique toosgre 3 but Allegruccet al also have
observed this in serogroup 19 pneumococci (Allegrand Sauer, 2008) which could
explain why some serotypes are more prone to qaesingitis and is entirely compatible
with epidemiological observations that serotype i9B&ssociated with causing meningitis
with a high associated mortality (Skoczynska angni¢twicz, 2003, Burmaet al, 1986,
Reiset al, 2002, Urwinet al,, 1996).

10.3.4.2  Choline binding protein A

It has been shown that choline binding protein Ag& or SP2190) is necessary for
pneumococci to cross the blood brain barrier (Reh@l, 1998, Orihuelaet al, 2004a,
Orihuelaet al, 2003) by binding to the human polymeric immurdgllin receptor (plgR)
and crossing the capillary endothelium by transsigt@oedekt al, 2002). This is related
to a transparent phase variant phenotype as thgpeent phase variant expresses greater
amounts of CbpA (Rin@t al, 1998). When grown in BHI broth as planktonidtures,
CbpA is expressed in both isolates from blood aB¢ @t low levels but the fact that it is
found to be expressed is compatible with the albgy®thesis. Interestingly, Orihueda al
did not identify a difference in expression of SPQ1In blood or CSF using serotype 2
(D39 Xen 7) and serotype 4 (TIGR4) pneumococci gismcroarray experiments either
even when bacteria were harvested straight fromitr&sF (Orihuelaet al, 2004b).

10.3.4.3 The role of iron

At the start of this chapter it was noted that $iptional regulators often play a role in
virulence. SP0376 is such a gene. Its homolog im&6enclature is spr0336 but it is also
known asRitR (Repressor of Iron Transpod) the orphan response regulator and is one of
the pneumococcal two component systems which casesehanges in the environment

and elicit a transcriptional response (Patelstaal., 2006).

RitR has been identified as having a role in iron fpansin the pneumococcus (Ulijast
al., 2004a). Expression &itR represses iron uptake vitro by downregulating an iron
carrier proteirpiuA (Ulijasz et al, 2004a). Intriguingly, there is a relationshipgviaeen iron
and hydrogen peroxide as iron catalyses the praduof deleterious oxygen free radicals
from hydrogen peroxide by means of the Fenton i@a¢Ulijaszet al, 2004a, Periconet
al.,, 2003). Consequently, the pneumococcus will @gesreiron concentrations in the
presence of hydrogen peroxide. The results abowgest that SPO376R{tR) is
downregulated in the CSF while two of the genesctvhi regulates SP1869 (Iron-
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compound ABC transporter, permease protein) and8&PI1(lron-compound ABC
transporter, iron-compound-binding protein) areegpitated in the CSF as shown in Figure
10-4.
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Figure 10-4 Comparison of the significant differencesine  xpression of SP0376 and SP1872
in isolates 99-4038 (blood origin) and 99-4039 (CSF  origin)

This figure is generated by Genespring GX 7.3.1. Th e white lines indicate the
downregulation of SP0376 in the CSF isolate and upr  egulation of SP1872 in the CSF isolate.

These differences in gene expression were alsatigaded by RT-PCR as demonstrated
below in Figure 10-5.
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Figure 10-5 qRT-PCR results relating to gene expression of SP0376 (RitR) in blood and CSF
isolates and the upregulation of SP1869 and SP1872 in a CSF isolate compared to a blood
isolate.

P values for the difference in mean normalized expr  ession between blood and CSF isolates
were calculated using an unpaired t-test calculated by Q-gene software (Muller et al., 2002)
and were for SP0376 (p = 0.121), SP1869 (p = 0.005) and SP1872 (p = 0.014). Error bars
indicate standard errors of the mean normalized exp ression calculated by Q-gene.

It was unexpected that the difference in mean nlizeth expression for SPO37Ri{R)
when tested by qRT-PCR did not reach statisticaliicance whereas the differences in
expression of the two genes which SP0376 regulé®x1869 and SP1872) were
significantly different by both microarray and gPTGR approaches. This still suggests
that in this case of human meningitis, a non révermutation or an environmental factor
may have affected the expressionRiR so that expression levels are higher in the blood
than the CSF with a consequent increase in iroakagpin CSF compared to blood. This
may be a response to the bloodstream environmeang bbech in bound iron but the
potential interplay with hydrogen peroxide cannetignored. If, as proposed above, the
pneumococcus generates hydrogen peroxide locallyeablood/endothelial surface after

binding via choline binding protein A, the effedkthis may be the generation of stable
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non revertible mutations and a compromised bloaainbbarrier resulting from local
vasodilation and/or neuronal apotosis at the sataelsis entirely plausible that, within
the blood, at this region of local hydrogen perexidlease, iron concentrations are being
regulated byRitRto remain low locally to aid survival of the pneotoccus by preventing
the Fenton reaction. Such a critical role may &splain why neitheRitR nor the iron
compound ABC transporters SP1869-SP1872 are loaa@d#nown region of diversity in
the pneumococcal genome (Siktaal, 2006).

SP1871 (another iron compound ABC transporter) apgeared to be upregulated in CSF.
Pandyaet al found that SP1871 is significantly affected by pemature changes being
upregulated at 29°C, 33°C and 40°C when compar&¥t€. It was one of only 8 genes
upregulated at 40°C (Pandgh al, 2005). Both hypothermia or hyperthermia and body
temperature dysregulation may be a host responsatracranial pathology including
infection and so the temperature related upreguiaidf this gene may be important for the
survival of the pneumococcus within the CSF ondead passed the blood brain barrier,
established infection and is responding to furttienges in the host environment.

10.4 Pneumococcal Cerebral Abscess

10.4.1 Background

Pneumococcal cerebral abscesses are uncommonrduwssociated with significant
morbidity (40% of survivors are left with neurologl deficits) and high mortality (case
fatality rate of 35% in one series) despite appeaderantibiotic therapy and surgery
(Grigoriadis and Gold, 1997). Serotype 3 pneumachege historically been associated
with cerebral abscesses (Fincher, 1946, Anonymit®i&), Colman and Hallas, 1983) and
in a rat experimental meningitis model, serotypgriumococcal infections have a
preponderance to cause cortical necrosis and abdoesation whereas serotype 1
infections are more associated with cortical haehame and not abscess formation
(Ostergaareet al, 2004).

The MLST records of pneumococcal isolates growmfaoerebral abscess pus in Scotland
were identified and serotype 3 isolates choserrdierato perform microarray DNA CGH
and RNA expression experiments to identify virukerassociated genes in order to gain

further understanding of the pathogenesis of thmliion.
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10.4.2 Serotype and MLST distribution of Cerebral A bscess
Associated Pneumococci in Scotland

Serotype 22F
11%

Serotype 19F
11%

Serotype 3
34%

Serotype 12F
11%

Serotype 10A

11% Serotype 4

22%

Figure 10-6 Distribution of pneumococcal serotypes associa ted with cerebral abscesses in
Scotland 1993-2007 (n=9).

ST162

Unknown 11%
22%

ST899
11%

ST180
34%

ST246
11%

ST218
11%

Figure 10-7 Distribution of pneumococcal MLSTs associated with cerebral abscesses in
Scotland 1993-2007 (n=9).
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10.4.3 Serotype 3 ST180 DNA CGH Hybridizations

Microarray CGH was performed on two cerebral alsessociated isolates (00-3946 and
06-1705). These results feature in Figure 6-1hayer 6.

10.4.4 RNA Expression of Serotype 3 ST180 Cerebral
Abscess Associated Isolates

RNA was extracted and utilised in microarray expi@s experiments according to the
procedures outlined in Chapter 2. Data analysisGenespring GX 7.3.1, involved
normalizing the invasive serotype 3, ST180 relattkda from Figure 6-1 into two
categories of cerebral abscess or non-cerebralesd®selated isolates and the gene
expression levels in these two merged categories w@mpared (Table 10-7). The gene
prediction function of Genespring GX 7.3.1 was ugedenerate a list of 30 genes whose

expression was associated with the presence oktared abscess.

Normalized
Intensity Normalized
Ratio in Intensity
non Ratio in
cerebral Cerebral
abscess abscess
Gene ST180s ST180s Gene Function
Upregulated in cerebral abscess
spr0957 1.3 102.3 SpR6: Tn5252, relaxase, truncation
ABC transporter membrane-spanning
SP0110 0.9 6.0 permease - amino acid transport
ABC transporter ATP-binding protein -
SP0111 1.1 3.1 amino acid transport
Downregulated in cerebral abscess
PTS system, lactose-specific 1IBC
SP1185 0.9 0.3 component
PTS system, beta-glucosides-specific IABC
SP0577 1.2 0.3 components
SP1686 1.1 0.5 Oxidoreductase, Gfo/ldh/MocA family
SP1688 1.1 0.5 ABC transporter, permease protein

Table 10-7 Genes identified by Genespring GX 7.3.1. as up regulated or downregulated in
cerebral abscess associated serotype 3 ST180 isolat es compared to non cerebral abscess
related serotype 3 ST180 isolates.



Chapter 10, 215

Predictive Strength for
Gene Cerebral Abscess Function
Fructose specific-phosphotransferase system

SP0877 27.0 IIBC component

SP1474 20.9 Glycyl-tRNA synthetase beta chain

SP1592 16.6 Conserved domain protein

SP0830 16.6 Hypothetical protein

SP0066 16.1 Aldose-1-epimerase (mutarotase)

SP1097 14.9 Conserved hypothetical protein

Purine nucleoside phosphorylase (inosine

SP0831 14.7 phosphorylase)

SP0876 14.7 Fructose-1-phosphate kinase

SP0833 14.7 Hypothetical protein

SP1100 14.6 Phosphate acetyltransferase

SP0834 14.4 Hemolysin-related protein

SP0629 14.1 Conserved hypothetical protein

SP0829 12.8 Phosphopentomutase

SP0828 12.8 Ribose 5-phosphate isomerase

Pyridine nucleotide-disulphide oxidoreductase

SP1563 12.7 family protein

SP1701 12.7 Phospho-2-dehydro-3-deoxyheptonate aldolase

SP2096 12.7 Peptidase, M20/M25/M40 family

SP1192 114 Galactose-6-phosphate isomerase, LacB subunit

SP1193 114 Galactose-6-phosphate isomerase LacA subunit

ABC transporter membrane-spanning permease

SP0110 10.7 - amino acid transport

SP0782 9.6 Conserved hypothetical protein

SP0605 5.9 Fructose-bisphosphate aldolase

SP2192 5.9 Sensor histidine kinase

Acetolactate synthase, large subunit,

SP0445 5.5 biosynthetic type

SP2002 5.4 Conserved hypothetical protein

SP0015 5.1 IS630-Spnl, transposase Orfl

SP1591 4.7 Proline dipeptidase

SP1988 4.6 Conserved hypothetical protein

SP1417 4.3 Choline binding protein

SP0438 4.3 Glutamyl tRNA-GIn amidotransferase, subunit C
Table 10-8 Genes identified by Genespring GX 7.3.1. as pr edictive of a cerebral abscess
associated phenotype when compared to non cerebral abscess related serotype 3 ST180
isolates.
10.4.5 Discussion regarding pneumococcal cerebral

abscesses

This is the first case series of pneumococcal caledbscesses to be described from
Scotland and the first to investigate which segedgpes are implicated. These results are
consistent with historical case reports and animatlel experiments which demonstrate
serotype 3 pneumococci as being associated wittbar abscess formation. Only the

cases caused by serotype 4 and 19F were prevenisihtethe PCV-7 conjugate vaccine
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formulation with 78% of cases not preventable, hgiiting a need for alternative

prevention strategies or conjugate vaccination Wigfimer valency vaccines.

Such alternative strategies would benefit greathynf further understanding of the genetic
basis of the pathogenesis of this condition. MimaaCGH experiments demonstrate that
the cerebral abscess associated serotype 3 isalad®s much genomic diversity at 14
known regions of diversity when compared to thelyfubequenced serotype 4
pneumococcal isolate, TIGR4 (shown in Appendix Mhen compared to each other,
there is much less genetic diversity between thatygee 3 cerebral abscess isolates despite
their origins from different patients, in differeparts of Scotland and occurring six years
apart. Consequently, development of a preventivegegy which focused on utilising
these conserved genes or their transcripts coutiibeessful in preventing up to a third of

cases.

However, caution is required in interpreting thessults as the RT-PCR experiment
described in Chapter 6 comparing the gene expresgi®P0110 in the cerebral abscess
associated isolate (00-3946) and non cerebral sbscelated isolate (OXC141)
demonstrated that there was no significant diffeeem their gene expression by that
method and that the results generated by Genes@iXg7.3.1 were likely spurious
resulting from the normalization procedure usedmn@rge the expression data into two
categories. This highlights the need for indepahdenfirmation of data generated from
microarray gene expression experiments and theedsraj indiscriminately applying

silico results to clinical cases (Chuaaial, 2002).

10.5 Overall Discussion Regarding Gene Associations

with Invasive Pneumococcal Disease Manifestations

This series of investigations using microarray texdtbgy to investigate the potential
influence that genomic diversity has on determintigease manifestations of IPD

demonstrated several factors which require conaiaber when interpreting the results.

One basic assumption from this approach has bearitia disease manifestation relates
solely to the genotype and consequent phenotypbeoppneumococcus and it does not
consider host factors to be contributing. This idle& not the case as pathology is the
result of an interplay between host and pathogenttae 50 to 100 fold higher incidence of

IPD in immunocompromised human hosts with HIV (Fary et al, 2006) compared to
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the non-HIV infected population or the effect otipat age on the distribution of serotypes
causing IPD (Inostrozat al, 2001), demonstrates that host factors do cauitilto the

incidence and manifestations of IPD.

A further assumption has been that microarray telclyy is a suitable platform by which
to accurately compare pneumococcal genomes. Thidtsexf DNA based CGH in this
chapter are similar to those in previous chaptersthiat they indicate that lack of
hybridization of a gene cannot be assumed to meanthe gene is absent from the
genome as lack of hybridization is often due toghee being present (as demonstrated by
PCR) but in a form which is not complementary ® THGR4 sequence based probe on the
microarray. This level of insensitivity makes ingegtation of the significance of lack of
hybridization impossible without further validatitwy PCR and/or genome sequencing and
so the microarray CGH approach using this “spotfe@R product microarray alone can
only at best be regarded as a screening tool devadl focus on particular regions where

genes may show sequence diversity when compaitheé tblGR4 genome.

This is not to say that the microarray does notehavrole in the investigation of
pathogenesis as the above studies using the nmayoar analyse RNA expression have
shown. By this approach, significant insights imotential mechanisms of disease for
pneumococcal meningitis and empyema have beenbt®seghich can now be utilised to
develop new diagnostic tests, develop possible nphewmlogical therapies or target
therapeutic interventions. Nevertheless, significaution is required when extrapolating
in silico results to a wider population as has been denairdtiwith our investigations into
cerebral abscess pathogenesis where genes coiddritdied as significant which clearly
are not when investigated by another method (qRR)PThis is likely to be the end result
of a series of factors such as poorly chosen “otinisolates, study of too small a number
of isolates and over-dependance on statisticaleghares to merge a diverse bacterial
population into two categorical variables of ceatlabscesses being present or absent.
This has introduced confounding such as that predily high expression of a gene (e.g.
SP0110) in one isolate when the gene is not agtpadisent in all isolates of that category
which may suggest overall significance but biolagjic cannot be significant if it is not

actually present in the genome of some cases.

These results do highlight other issues relatingengenerally to experimental design
when investigating pneumococcal pathogenesis gsdthe to a growing body of evidence
that suggests that with clinical isolates, souissue or body fluid may influence gene

expression and the overall results of an investgafOgunniyiet al, 2007, Orihuelaet



Chapter 10, 218

al., 2004a) and so documentation of the details @fsthurce isolate should be regarded as
essential. There are also implications regardingcehof media forin vitro cultures as
arbitrarily choserin vitro conditions may not be representativeirofvivo conditions and
alterations in culture conditions do affect virdengene expression in many bacterial
species (Pandyat al, 2005). Pneumococci, even when in pure cultuogvgrfrom a single
colony, may not be homogeneous populations bugtedsd by Weisest al,

“an isolate should be considered a mixed populatbrphenotypes which
differ in amounts of capsular polysaccharide, teictacid and choline binding
proteins (Weiser and Kapoor, 1999).”

As early as 1981, Anderssen al saw that pneumococcal isolates cultured from wfie
body sites had different abilities to colonise tfasopharynx and cause invasive disease in
a mouse model but were unable at that time to whiera genetic basis for such different
behaviour (Anderssoet al, 1981).

Ideally, investigations of pneumococcal gene exgpoeswould be most representative if
performed from specimens taken directly from a hunpatient. Apart from ethical
considerations such as informed consent, which dvoekd to be broached in advance of
an individual falling ill from an incapacitating \8s&e manifestation of IPD such as
meningitis and the confounding effects of antimiocab therapy which would be unethical
to withhold, there are technical difficulties intalming sufficient quantities of bacterial
RNA directly from blood separated from host humaNAR(Shaw and Morrow, 2003)

although this has been possible on occasion in (idauelaet al, 2004b).

The recent description of non revertible colonyiamts resulting from stable point
mutations triggered by local hydrogen peroxide égtlicci and Sauer, 2008) together with
existing understanding of the reversible serotypasular mutations found in opaque and
transparent phase variants (Waateal, 2001, McEllistrenet al,, 2007) is of significance
if these results are due to biofilm-derived, noweréble colony variants from different
body sites whose particular phenotypes have bdentsé for adaptation to different host
environments. Determining this is likely to be begidhe resolving capacity of a “spotted”
microarray approach though, particularly when tlemes which are most likely to be
involved (the serotype 3 capsular genes) are mpoesented by probes on this microarray.
King et al, compared gene expression of opaque and transpgarenotypes of serotype
6A and 6B strains on a “spotted” microarray thoagid identified 24 genes which were
significantly differentially expressed between th@ phenotypes (Kingt al, 2004). Of

these 24 genes, only SP2150 (ornithine carbomlteaase) appears in our comparison of
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serotype 3 isolates 99-4038 and 99-4039 suggeshag the differences we see in
expression of blood and CSF isolates are not dysh&se variation. Although the genes
involved in phase variation may differ between sgyes and isolates (Kingt al, 2004), a
non revertible mutation triggered by hydrogen p&texrather than phase variation fits
more with the current body of evidence implicatmgirogen peroxide in the pathogenesis
of cerebral damage and the control of iron metaboln limiting the toxicity of hydrogen
peroxide to the pneumococcus. Given the substantialber of permutations of minor
point mutations now documented in the house-keepemnes (chosen as they were not
thought to vary substantially) employed in the MLS&Iheme, it seems rational that point
mutations in other essential genes will be occgrmith the potential to alter virulence.
The observation of this occurrence affecting pndysio (Jefferieset al, 2007, Kirkham

et al, 2006), is further supporting evidence to corralb® this hypothesis. Significantly,
preliminary data from 454 sequencing of these twairss identifies 31 SNPs which are
present in 99-4039 compared to 99-4038 (Nicholasu€hrer, Wellcome Trust Sanger
Institute). Although none of these occur in theosgre 3 capsular genes R, three of
these are of substantial interest as they occuhinwithe open reading frames of
transcriptional regulators. CcpA and LysR (SP09&® affected by transpositions and
interestingly a deletion is present in the CSF assed ArgR gene. Although no
significant differences in expression for theseggewere noted in our analysis using the
current parameters, there may still be an undetettielogically significant, differential
expression of these mutant genes in blood and QfiEient to cause downstream effects
which may alter the expression R or genes coding for iron binding and this requires

further investigation.

Finally, it has been proposed that for any pariicpheumococcal isolate it will,

“probably carry only the particular subsets of getieat permit them to cause
the distinct forms of disease associated with esttain (Orihuelaet al,
2003).”

If that is so, then it should be possible to idgntore sets of genes associated with
different disease manifestations such as we hatempted to generate using the
Genespring GX 7.3.1 gene predictor tool. By compuasuch lists, when generated from a
large enough sample of relevant isolates, it maypdssible to infer whether a particular
isolate has the potential for more than one disezma@festation and identify core subsets

of genes which could be targeted for therapeutarventions.



11 Diversity of Pneumococcal Gene Expression in

Response to an Antibiotic

11.1 Physicochemical Properties of Clarithromycin

Clarithromycin is a 14-membered macrolide antiloiotthich is structurally related to
erythromycin through substitution at th8 6arbon atom of the erythronolide ring with a
methoxy group (Hardet al, 1992, Hardyet al, 1988) as shown in Figure 11-1. Unlike
erythromycin it is acid stable and undergoes hepatetabolism to a compound with
antimicrobial activity — 14hydroxyclarithromycin @ddy et al, 1992). It has 55%
bioavailability in its oral form (Jain and Danzige2004) and reaches peak tissue
concentrations 4 hours after oral administratiomrfy et al, 1992) being excreted via
urine and bile (Jain and Danziger, 2004). The sehath life is approximately 5 hours
(Jain and Danziger, 2004). Tissue (particularlygland nasal tissue) concentrations are
higher than those in blood which accounts for iteeativeness against a range of
respiratory bacterial pathogens (Haretyal, 1992, Jain and Danziger, 2004). It also
penetrates well intracellularly into alveolar mgunages (Jain and Danziger, 2004).

CH,

CH,

Figure 11-1 Structure of clarithromycin.

Figure is adapted from (Hardy et al., 1992)) with the methoxy group which differentiat  es
clarithromycin from erythromycin circled in red.
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11.2 Mechanism of Action of Clarithromycin

Like all macrolides, clarithromycin exerts its doacterial action by preventing protein
synthesis. It does this by binding reversibly t&2®osomal RNA in the 50S subunit of
bacterial ribosomes (Jain and Danziger, 2004). Thepries exist as to how protein
synthesis is disrupted. The first is that peptitghsfer reactions are inhibited resulting in
incomplete peptide chains detaching from the ribwsoThe second is that dissociation of
peptidyl-tRNA from the ribosome is stimulated, fésg in immature proteins (Jain and
Danziger, 2004). Clarithromycin is classed as advaxstatic antibiotic but it has been

shown to be bactericidal against the pneumococlais &nd Danziger, 2004).

11.3 Resistance Mechanisms associated with

Clarithromycin
The diverse mechanisms of macrolide resistanceuwh@ed in Chapter 1.

11.4 Putative Effects of Clarithromycin at Subthera  peutic

Concentrations

11.4.1 Anti-inflammatory and Immunomodulatory Effec  ts

Shinkaiet aldefine immunomodulation as,

“the activity of suppressing the prolonged actioatof the inflammatory and
immune system that can lead to adverse effectshenhbst; but without
globally affecting the innate immune responses aslldv be seen with an
immunosuppressive agent (Shinkail, 2005).”

For instance, in a murine model of pneumococcaupmia, a macrolide (HMR 3004)
has been shown to inhibit interleukin 6 and nitkéde synthesis (Chu, 1999).

In their review Shinkagt al also note that,

“macrolides have been reported to regulate proldmgéyperinflammation by
effects on cellular immunity, suppressing the paun of pro-inflammatory
cytokines and reactive oxygen species, blocking dbgvation of nuclear
transcription factors, inhibiting neutrophil activmm and mobilization,
accelerating neutrophil apoptosis and improving msuclearance (Shinkat
al., 2005).



Chapter 11, 222

Tsai and Standiford review the mechanisms of actain macrolides on pleural

inflammation, respiratory tract infection, airwaydglammation, pulmonary fibrosis and

immune mediated lung diseases (Tsai and Standi(@4). Because of these effects,
clarithromycin has an established role in the manant of diffuse panbronchiolitis and
cystic fibrosis because of its immunomodulatoryeet§ rather than antibacterial effects
(Amsden, 2005, Shinkai al, 2005).

11.4.2 Anti-neoplastic Effects

Clarithromycin increases the production of intesfey and interleukin 4 by T-cells
resulting in a decrease in tumour growth in a maurmodel of primary lung cancer. It also
enhances CD8T-cell cytotoxicity and Natural Killer cell actityi (Tsai and Standiford,
2004, Hamadeet al, 2000). The net result of the actions has beanodstrated as
reduction in primary tumour size and reductionund metastases and increased tumour
apotosis (Tsai and Standiford, 2004). A furtheeetffof clarithromycin on tumours is to
affect the formation of blood vessels (Yatsunamal, 1999). The clinical application of
this was to demonstrate a survival benefit in pasievith advanced non-small cell lung

cancer in patients receiving clarithromycin (Mikasal, 1997).

11.4.3 Transcriptional modulation

At concentrations below its Minimum Inhibitory Canrdrations (MIC), the macrolide
antibiotic erythromycin has been shown to influetieetranscription of 5-10% of bacterial
genes iSalmonella typhimuriunvhich, despite altering gene expression in sorsexhy
10-100 fold, had little effect on growth (Geh al, 2002). Interestingly at concentrations
above the MIC, few transcriptional changes occur@trithromycin also alters gene
transcription at sub therapeutic concentration$.ityphimurium(Tsui et al, 2004). By
demonstrating this phenomenon of hormesis (a eéfffieresponse to a molecule at low
concentration (transcriptional regulation) companed higher concentration (growth

inhibition), Tsuiet al postulate that,

“subinhibitory concentrations identify responseattmore accurately reflect
antibiotic mode of action and ... these effects mrgptresent the “natural” role
of antibiotics, since in the environment the coni@ions of these molecules
rarely attain inhibitory levels (Tset al, 2004).”
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11.4.4 Disruption of Quorum Sensing

Although not demonstrated in the pneumococcus, aliderantibiotics have the ability to
alter bacterial cell to cell signalling (quorum serg) within colonies ofPseudomonas
aeruginosaesulting in the regulation of virulence factorsigthmay account for improved
clinical outcomes when macrolides are administece@atients with cystic fibrosis and
bronchiectasis colonised with biofilms Bf aeruginosaagainst which macrolides have no
conventional anti-bacterial activity (Tatedaal, 2004). As pneumococci may also form
biofilms, it is reasonable to postulate that maded may have a role in affecting the

guorum sensing between pneumococci.

Tsui et al after demonstrating effects of subtherapeutic maleroantibiotics onS.

typhimuriumsuggest (Tsuet al, 2004):

“The transmission of signals from ribosome to RNAlymerase due to
subinhibitory macrolides could involve the releask small amounts of
incomplete polypeptides, interference with ribosoassembly, induction of
translation errors, or possibly interactions of Bmalecules with RNA. The
sequelae of all these events may be low-level stiesponses that act through
one of the many bacterial sigma factors to activateepress specific sets of
transcripts. These changes might also result inpemsating effects on the
transcription of nodes of linked metabolic netwatks

11.45 Effects on Virulence Factors

It has been established that macrolide antibiotieduce the production of the
pneumococcal virulence factor pneumolysin when adstéred in concentrations both
above and below their established breakpoint cdrateons and it is postulated that this
may account for their beneficial clinical effectgea when administered to patients with
pneumonia infected with macrolide resistant straih$s. pneumonia¢éAndersonet al,
2007, Fukudat al, 2006).

11.5 Role of Clarithromycin in the Management of IP D

Unlike the USA, macrolide monotherapy is only recoemded for the treatment of
community acquired pneumonia (CAP) in the Uniteddtom in patients who have failed
to respond to a course of amoxicillin with non sev€AP although dual therapy of a
macrolide with amoxicillin is preferred in this ciimstance. A macrolide may be used as

an alternative to amoxicillin for oral therapy inmsevere CAP where there is evidence of
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penicillin hypersensitivity. Erythromycin or claniomycin may be used intravenously in
combination with ampicillin or benzylpenicillin wheoral therapy is contraindicated in
non severe CAP or in combination with a beta laetsenstable antibiotic like co-

amoxyclav or a second or third generation cephalasgBTS, 2001).

There is no role for macrolide antibiotics in thamagement of pneumococcal meningitis
nor are they advised in the empiric treatment gifsainedia, empyema or cerebral abscess
(Gilbertet al, 2008).

11.6 Experimental Design to Assess Pneumococcal Gen e
Expression in the Presence of Subtherapeutic

Clarithromycin Concentrations

11.6.1 Growth of Strain South Africa 2507 for RNA E  xtraction

Three 50ml aliquots of fresh BHI broth taken frone tsame batch were each inoculated
with 50Qul of a freshly thawed glycerol stock of strain Soutfrica 2507 (total viable
count = logp 8.392 CFU/ml). These were incubated in a waten BaB7°C and the optical
density monitored until it reached midlog (Opti€ansity = 0.6 at 600nm).

At this point, 10ml of each of the three cultureaswemoved and centrifuged at 5000 rpm
at room temperature. The supernatant was decantedha pellet immediately frozen in
liquid nitrogen and stored at -80°C prior to RNArextion.

The remaining culture was split into paired 18migqabts. From one of each pair,
clarithromycin was added to a final concentratiorbimg/L while no changes were made
to its corresponding culture and both samples wettegned to the water bath to incubate at
37°C. After 15 minutes (when the cultures wer# stithe logarithmic growth phase as
shown in Figure 11-4), 10ml of culture from eachr p@as extracted, centrifuged and

frozen in liquid nitrogen as above.
11.6.2 RNA Extraction from Strain South Africa 2507

This was performed according to the protocols diesdrin Chapter 2. The quality of the

RNA was assessed using an Agilent 2100 Bioanalyagilent Technologies, United
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Kingdom) which identified all samples as havingRINA Integrity Number between 9.8
and 10.

11.6.3 Microarray Comparative Genomic Hybridization

Analysis

Three separate RNA preparations were used for mémioarray hybridization experiment
from each of 3 categories: Strain South Africa 23@7midlog prior to the addition of
clarithromycin versus TIGR4 at midlog, Strain Sowlfrica 2507 15 minutes after
reaching midlog but with the addition of clarithrpom 5mg/L versus TIGR4 at midlog
and Strain South Africa 2507 15 minutes after reagimidlog without the addition of

clarithromycin versus TIGR4 at midlog.

Hybridization and data analysis was performed atingrto protocols in Chapter 2.

11.6.4 Quantitative RT-PCR Validation of Microarray  Data

Using the three biological replicates of RNA pregzhiabove at midlog and then in the
presence and absence of clarithromycin 15 minutes midlog, cDNA was synthesised
according to the protocol in Chapter 2. cDNA coricaions were measured using a
NanoDrop® ND-1000 spectrophotometer (NanoDrop® Tebtbgies, USA) and the
cDNA was then used in a gRT-PCR reaction using S®BRreen in a Roche
Lightcycler® 480 (Roche Applied Science, United g@om). The expression of three
genes (whose expression was identified on the @iy as being altered in the presence
of 5mg/L clarithromycin (SP0740, SP0800 and SP1638s examined by gRT-PCR
(Figure 11-5). The primer sequences used were these in the manufacture of the PCR
product amplicons utilised in the manufacture & thicroarray displayed in Appendix 3.
The expression of the genes pneumolysinEmdB was also investigated using qRT-PCR
(Figure 11-6). TIGR4 and GyrA RNA were used as a&itpe@ control and negative
controls were nucleic acid free water (no cDNA riegacontrol) and the original RNA
(no reverse transcription control). Standard cuwese constructed and gRT-PCR reaction
efficiencies were calculated using Microsoft Offigexcel 2003 (Microsoft®, United
Kingdom) and comparison of the mean normalized geqeessions in the presence and
absence of 5mg/L clarithromycin at the same timatpwas calculated using Q Gene
(Muller et al, 2002).
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11.7 Strain South Africa 2507

11.7.1 Antibiotic sensitivities

The antibiotic sensitivities of South Africa 250&uve previously been determined and
published for erythromycin (MIC>256mg/L), claritimycin (MIC>256mg/L) and
ceftriaxone (MIC = 0.5mg/L)(Anderscet al, 2007).

11.7.2 Calculation of Clarithromycin Minimum Inhibi tory
Concentration (MIC)

Calculation of a MIC for clarithromycin for isolat8outh Africa 2507 was performed
initially using a clarithromycin E-test (AB BiodiskSweden) with confluent colonies of
South Africa 2507 grown on Mueller Hinton agar wai% horse blood (E&O Laboratories
Limited, United Kingdom) using TIGR4 as a contralggmococcal isolate with known
sensitivity to clarithromycin. This demonstratedMIC of clarithromycin for isolate South
Africa 2507 of >256mg/L while the MIC for clarithmoycin for TIGR4 was 0.125mg/L.

To further assess the MIC of clarithromycin for 8ofrica 2507, the agar dilution
method of the British Society of Chemotherapy (Aevds, 2001) was adapted to allow
assessment of the growth of South Africa 2507 enptfesence of 512mg/L and 1024mg/L
clarithromycin using TIGR4 as a control isolate sewe to clarithromycin. This
determined a clarithromycin MIC of 1024mg/L for Siolfrica 2507 (Figure 11-2).
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Figure 11-2 Growth of isolate South Africa 2507 to determi  ne MIC to clarithromycin.

Isolates grown on IsoSensitest Agar (Oxoid Limited, United Kingdom) with 5% horse blood
(E&O Laboratories Limited, United Kingdom) containi ng 512 mg/L clarithromycin (Sigma-
Aldrich®, United Kingdom) on the left and 1024 mg/L clarithromycin (Sigma-Aldrich®,
United Kingdom) on the right. South Africa 2507 col  onies are clearly visible in the presence
on 512 mg/L clarithromycin while there are no TIGR4 colonies. There were no colonies of
either South Africa 2507 or TIGR4 in the presence o f clarithromycin 1024 mg/L indicating a
clarithromycin MIC for South Africa 2507 of 1024 mg /L.

11.7.3 Growth Curves for Strain South Africa 25071 n Brain

Heart Infusion

Isolate South Africa 2507 was grown in BHI brothoirder to demonstrate a growth curve
and determine when cultures would reach their midjoowth phase for the addition of

clarithromycin 5mg/L. Cultures were grown in trigdie.
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Figure 11-3 Growth curve of isolate South Africa 2507 when grown in Brain Heart Infusion
broth.

Optical densities were determined using a WPA Biowa  ve C08000 Cell Density Meter set at
600nm. The curve is constructed using the mean opti cal density calculated from 3 separate
cultures with error bars demonstrating standard err ors of the mean optical density.
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Figure 11-4 Comparison of the growth of South Africa 2507 in Brain Heart Infusion broth
without clarithromycin added and the influence of a dding clarithromycin.

Clarithromycin was added to a final concentration o f 5mg/L when the culture reached an
optic density of 0.6 at 600nm. The mean of three da ta points are shown with error bars
indicating standard errors where these were signifi cant enough to be illustrated. In the
presence of clarithromycin, there was initially con tinued growth of the isolate, then growth
inhibition and lysis for several hours.
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11.7.4 Typing of Strain South Africa 2507

Strain South Africa 2507 has previously been detegthas serotype 23F and by BOX-
PCR fingerprinting, it is related to the multiplyntéiotic resistant pneumococcal
Pneumococcal Molecular Epidemiology Network (PMEN)ne Spaifi'-1 (Andersonet
al., 2007). MLST performed at SMPRL found it to be83T

11.8 Microarray results

The list of genes identified by Genespring GX 7.8Agilent Technologies, USA) as
significantly up or downregulated are displayedAippendix 16 (Bonferonni multiple
testing correction used) and Appendix 17 (Benjanand Hochberg multiple testing

correction used).
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11.9 Quantitative Real Time PCR results
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Figure 11-5 Mean Normalized Expression Levels identified b y qRT-PCR for genes SP0740,
SP0800 and SP1631.

Expression was measured at 15 minutes after midlog in the presence and absence of

clarithromycin 5mg/L as calculated by Q-Gene softwa  re with standard errors marked. P

values were calculated using a one-tailed t-test an d were 0.0002, 0.0006 and 0.0002 for
SP0740, SP0800 and SP1631 respectively.
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Figure 11-6 Mean Normalized Expression Levels identified by gRT-PCR for genes ErmB and
pneumolysin (PLY).

Expression was measured at 15 minutes after midlog in the presence and absence of
clarithromycin 5mg/L as calculated by Q-Gene with s tandard errors marked. P values were
calculated using a one-tailed t-test and were 0.02 and 0.03 for ErmB and pneumolysin
respectively.

11.10 Discussion

This series of experiments utilised the SPv1.1 premoccal microarray as a tool to
examine pneumococcal gene expression and investigateffect of subtherapeutic, sub-
MIC clarithromycin on a multiresistant pneumococc(B8outh Africa 2507). This

highlights the power of this technology when applie the field of drug discovery as it
has an enormous ability to elucidate the mechanisimaction of antimicrobial agents



Chapter 11, 232

under predetermined conditions, potentially idemti new targets for antimicrobials,
enhancing understanding of resistance mechanisthgidimg in the understanding of the
function of, as yet, uncharacterised genes (Sttaak, 2003). It also allows observation of
changes at non target genes or pathways which wawd been missed using single gene
studies and technologies (Shatwal, 2003).

In order to achieve this goal, experimental desgyof fundamental importance. This
required standardisation of every step with thewginoof bacteria in parallel in three
replicates under identical conditions from the samatch of media and then performing
RNA extractions and microarray hybridizations ingdkel under identical conditions so as
to reduce variation produced by experimental nogber than gene expression. This
included maintaining broth culture at 37°C for asd as possible when removing aliquots
for RNA extraction and optical density measuremexgstemperature change can affect
pneumococcal gene expression (Panelyal, 2005). The benefit of such an approach is
also highlighted by Gmuendet al in their investigation of the effects of novolimand
ciprofloxacin on the transcriptome éfaemophilus influenzagGmuenderet al, 2001).
Our finding that sampling gene expression from owntrol culture (without
clarithromycin added) at 15 minutes after reachimglog with the expression at midlog
and demonstrating little, if any, change (Figure7)isuggests that there have been no
significant artefacts of stress responses introdiaseresult of the manipulation of cultures
and the process of splitting them at midlog (Conaagt Schoolnik, 2003).
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Figure 11-7 Comparison of strain South Africa 2507 gene ex pression demonstrated by
microarray at midlog and 15 minutes later growing i n the presence and absence of
subtherapeutic clarithromycin (5mg/L).

Genes which were significantly up or down regulated (P<0.05) were identified using
Genespring GX 7.3.1 (Agilent Technologies, USA) usi ng a one way ANOVA test with a false
discovery rate set at 0.05 and Bonferonni multiple testing correction used. Normalized
expression levels at 15 minutes after midlog are co  lour coded by Genespring GX 7.3.1
according to the spectrum of colours on the left of the diagram with red indicating
significant up-regulation when compared to baseline (expression level at 15 minutes after
midlog with no clarithromycin added) and blue indic ating significant down-regulation
compared to this baseline. Comparison of the expres sion levels of these differentially
expressed genes at this baseline versus expression at midlog (prior to exposure to
clarithromycin) demonstrates no significant differe nce in expression indicating that the
changes in expression seen in the presence of 5mg/L of clarithromycin are due to the
presence of clarithromycin and are not influenced b y the more advanced timepoint in the
logarithmic growth phase of the bacteria. Genes are identified using the TIGR4
nomenclature.

The choice of antibiotic concentration (5mg/L dlaromycin) had been predetermined to
be compatible with previous studies using the S&ftica 2507 strain at subtherapeutic
concentrations (Andersoret al, 2007). There is no consensus regarding the best
concentration of antimicrobial to use for such nstibm of action determining
transcriptional experiments. Gmuenéeal advocated using a concentration around that of
the MIC (Gmuendeet al, 2001). Hutteet al performed gene expression profiling using a
B. subtilisspotted microarray with 37 antimicrobials includiaigrithromycin (Hutteret

al., 2004). They found that the antimicrobial concatdn was crucial for determining the
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mechanism of action in microarray expression expents and that subinhibitory
concentrations were best. They also suggested aftet one hour of treatment with
antimicrobial, the optical density at 600nm of theated culture should not exceed 15%
less than that of its control. Shatval recommend using low doses and early time points to
reduce effects of secondary inhibition by downstre¢argets (Shawet al, 2003) for their
work with E. coli. At concentrations below its MIC, erythromycin hlasen shown to
influence the transcription of 5-10% of bacteriahgs inS. typhimuriumwhich, despite
altering gene expression in some cases by 10-100Had little effect on growth (Goét
al., 2002). Interestingly at concentrations above MIE, few transcriptional changes
occurred. Freibergt al also make a point of predetermining treatment tameé antibiotic
dose (Freiberget al, 2004). Brazas and Hancock point out that alghomost studies
suggest using subinhibitory concentrations of amtiobial and early time points to rule
out the complicating effects of secondary targets may restrict the discovery of effects
that contribute to the mechanism of action by reatifr them being downstream effects
(Brazas and Hancock, 2005). They advocate testimdfiple agents under multiple
conditions to elucidate direct from indirect effediBrazas and Hancock, 2005). It is
important to appreciate that transcript levels doreflect all regulatory processes in a cell
as they cannot demonstrate the effects of possdrgational modification of proteins
(Frieberg and Brunner, 2002) and so a proteomicoggh (Bandowet al,, 2003) is also
beneficial although more laborious (Freibetaal, 2004).

In this study, it has been possible to analyseresults by ANOVA using Bonferonni
multiple testing correction to identify a stringesgt of genes whose expression have been
altered by the presence of clarithromycin, (Appgnil6). The majority of these are
involved in amino acid synthesis (valine, leucimsmleucine, glycine, serine, threonine,

lysine, phenylalanine, tyrosine and tryptophan).

When the ANOVA analysis is performed using the Essgent Benjamini and Hochberg
multiple testing correction (Appendix 17) a largeumber of significant genes is
generated, which gives a broader insight into théipte effects on the transcriptome. The
functions of these genes include ribsosomal preteaminoacyl t-RNA synthetases,
translation factors as well as amino acid biosysitherhis is significant as these are all
required for fully functioning ribosomes (Jenni aBdn, 2003). It is of particular interest
that the genes for ribosomal proteins L4 and L23 significantly upregulated in the
presence of subtherapeutic clarithromycin as tipesteins are fundamental to the escape
of nascent polypeptides from the ribosomal exinhelwith L23 mediating the interaction
of such polypeptides with cytosolic chaperones anutein targeting factors with L4



Chapter 11, 235

known to be a site targeted by macrolide antibgotlenni and Ban, 2003). L23 is involved
in protein translation and folding. Mutations of3.Besult in the accumulation of misfolded
proteins which can be lethal to bacteria (Kraraeml, 2002). In addition, L23 is also
implicated in the recruitment of the signal recdigmi particle for the targeting of secretory
and transmembrane proteins (Keemaral, 2001). The ribosomal proteins L6, L14 and
L7/L12 are also significantly upregulated and ghésave been identified as part of the
structure of a translation factor binding centreha polypeptide exit channel (Ba al.,
1999). Consequently, the upregulation of these gémeconsistent with an adaptational
response to counter a reduction in function of tim®some when targeted even by
subtherapeutic levels of clarithromycin. The uptagon of ribosomal proteins and
aminoacyl t-RNA synthetases in response to expasutke macrolide erythromycin has

also been documented in culturesHofinfluenzagEverset al, 2001).

Several of the genes identified by the ANOVA anialysing the Benjamini and Hochberg

multiple testing correction (Appendix 17) have beéentified as virulence factors in a

murine model of serotype 4 pneumococcal pneumdtavd and Camilli, 2002). These

genes are SP0385, SP0445, SP0622, SP0645, SPEFPTHEA 7S SP0807, SP0856, SP0943,
SP0979, SP0986, SP1032, SP1112, SP1115, SP115W%KP1378, SP1591, SP1633,
SP1715, SP1780, SP1815, SP1891, SP1970, SP209%/%5BP2176 and SP2239.

As noted above, transcriptional profiling using rmarrays has been performed for a
variety of micro-organisms with the majority of dies performed oB. subtilisandE. coli
(Frieberg and Brunner, 2002, Freibexigal, 2004). Such studies allow the generation of
large databases of expression profiles of the nmesmaof action of known antimicrobials
against which agents with unknown mechanisms ebacan be compared (Huttet al,
2004, Sabinat al, 2003, Shaw and Morrow, 2003, Freibetgal, 2005, Freibergt al,
2004). There is however a dearth of data relatinganscriptional profiling of the effects

of antimicrobial agents on pneumococci (Freibetrgl, 2004).

It has been demonstrated that pneumococci respendantibiotic stress (from
aminoglycosides and fluoroquinolones but not enythycin or tetracycline) by activating
their competence regulatory cascade and increaieg rate of genetic exchange
(Prudhommeet al, 2006). It is also noteworthy that this study dat see any effect of
clarithromycin on the expression of genes involiredompetence. This may have been a
result of the time point chosen being too earlytoo late to see the activation of
competence genes, as it is characteristically & $fed effect, but the result is compatible

with the observation by Prudhomree al that erythromycin had no effect on competence
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(Prudhommeet al, 2006). This antibiotic effect on competence ihatsbeen profiled using
microarrays although they have been used to prtféeeffect of competence stimulating
peptide (CSP) on pneumococci (Petersbrmal, 2004) and CSP itself has been shown to
have antibacterial activity (Oggiost al, 2004). Only two microarray based studies have
been published which look directly at the trandovipal profile changes of pneumococci
directly in response to antimicrobials — the effecdf puromycin, tetracycline,
chloramphenicol and erythromycin on R6 gene expagfNg et al, 2003) and the effects

of vancomycin on TIGR4 gene expression (Hetaal., 2005).

Ng et al performed microarray gene expression studieStptococcus pneumoniagth
different classes of translation inhibiting antiiies at sublethal concentrations (Hgal,
2003). Although their experimental methodology @iffid in many respects to those used
here, as they utilised an Affymetrix array basedtba genome of the non virulent
pneumococcus R6 and exposed their cultures to hites of four different classes of
translation inhibiting antibiotics (puromycin, tatycline, chloramphenicol and
erythromycin), our results with clarithromycin aremarkably similar to those obtained
with the structurally similar erythromycin. Bothusdies identified altered regulation of
genes from the following functional categories:ogbmal proteins (80% congruence
between studies), aminoacyl tRNA synthetases (1@0%gruence), translation factors
(50% congruence) and amino acid biosynthesis (5&¥grtience). The table below
outlines the similarities between the results filwoth studies and compares the degree and

direction of the change in gene expression.
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Functional R6 Gene TIGR4 Gene Relative Fold Relative Fold
category and Nomenclature | Nomenclature Change when Change when
gene exposed to 10 exposed to 15
minutes of minutes of
sublethal 5mg/L
erythromycin clarithromycin.
(Ng et al, 2003)
Ribosomal
Proteins
rpsD spr0078 SP0085 1.9 4.1
rpsJ spr0187 SP0208 1.4 1.8
rplC spr0188 SP0209 15 2.2
rplD spr0189 SP0210 1.6 2.0
rplw spr0190 SP0211 1.6 2.4
rpsS spr0192 SP0213 1.7 2.2
rplv spr0194 SP0214 1.8 1.8
rplP spr0196 SP0216 1.7 2.6
rpmC spr0197 SP0217 1.7 2.1
rpiX spr0200 SP0220 1.9 2.0
rplE spr0201 SP0221 1.7 1.9
rplF spr0204 SP0225 1.7 2.3
rpIR spr0205 SP0226 1.6 2.1
rpsP spr0682 SP0O775 1.4 1.6
rpld spri212 SP1355 1 2.4
rpsk sprl394 SP1539 2.3 1.9
Aminoacyl
tRNA
synthetases
serS spr0372 SP0411 -1.9 -3.8
valS spr0492 SP0568 -3.0 -4.2
pheS spr0507 SP0579 -13.2 -5.0
pheT spr0509 SP0581 2.7 -4.9
glyS spri1328 SP1474 -2.2 -6.1
alyQ sprl329 SP1475 -2.5 -6.4
thrS sprla72 SP1631 -2.3 -6.8
ileS spr1502 SP1659 -3.6 -4.5
tyrS sprl910 SP2100 -2.2 -1.9
hisS spr1931 SP2121 -2.2 -2.9
Translation
Factors
infC spr0861 SP0959 14 1.8
Amino Acid
Biosynthesis
aspC spr0035 SP0035 -1.8 -1.4
ivE spr0758 SP0856 -3.1 -4.3
asd spr0918 SP1013 -3.0 -3.4
dapA spr0919 SP1014 2.1 -2.1
gdhA spr1181 SP1306 -3.1 -4.4
metA sprl434 SP1576 2.1 -2.7
trpC sprl634 SP1814 -2.2 -4.1
trpD spri635 SP1815 -2.4 -5.4
ivD spr1935 SP2126 -2.5 -2.0

Table 11-1 Comparison of the effects of sublethal erythro
pneumococcal gene expression.

mycin and clarithromycin on
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These similarities suggest there to be a signapattern of gene expression for
erythromycin and clarithromycin as they are strradty similar 14-membered macrolide
antibiotics. Yeet al note that different classes of compound often ggaesuch a
characteristic signature of expression @teal, 2001). Expression profiles generated by
different antibiotic classes often differ signifity from each other (Freibeeg al, 2004,
Goh et al, 2002) but subtle differences can occur withirbctasses of the same
antimicrobial class (Gmuendet al, 2001). Also, different classes of compound a&ctn

the same target gene do not always have the sdewt @razas and Hancock, 2005).

Interestingly, whereas Ngt al identified increased amounts of purine biosynthésis
response to all four translation inhibitor classesticularly affecting th@ur gene cluster,
the only gene from this cluster to be influencedcharithromycin in South Africa 2507
was purB where the effect of clarithromycin was to downregelexpression whereas Ng
et al found it to be upregulated (Ngt al, 2003). Likewise we did not see any effect of
clarithromycin on the putativBurR regulator (spr1793) which had been demonstrated by
Ng et al with erythromycin (Nget al, 2003), suggesting subtle differences in the
influences of different antibiotics from the samass of translation inhibitor. Ngt al
demonstrated that when sublethal erythromycin érfaes gene expression in R6, the
relative fold change increases with increasing slosk erythromycin. A relationship
between degree of gene expression determined bpanfay and dose of antibiotic is also
documented by Shaet al in E. coli to a range of antibiotic classes at a range oéslos
(Shawet al, 2003). As only one dose of clarithromycin wasdusere, it is imposible to
comment as to whether this result is reproduciblé wlarithromycin although it would
seem plausible.

In addition to ribosomal effects and translatioetiect, clarithromycin unexpectedly was
found to have effects on the cell membraneBinsubtilis (Brazas and Hancock, 2005,
Hutteret al, 2004). The effects of erythromycin on #Besubtilistranscriptome at several
time points have been documented by kinal with similar effects to this study on

ribosomal proteins (Liet al, 2005).

The genes which feature on our microarray are pnétkntly taken from the TIGR4
genome. As the TIGR4 isolate is not resistant tarolmle antibiotics, neither thermB
gene nor thenefAmacrolide resistance genes feature on the arrag.iglan unfortunate
limitation of the array as no comment can be maléoahe influence of subtherapeutic
clarithromycin on the expression levels of theseegen isolate South Africa 2507 by this

method. However, by RT-PCR it was possible to destrate the upregulation of tieemB
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and pneumolysin genes (Figure 11-6). The TIGR4 gengequence does contain two
genes which code for putative macrolide efflux pimoé — SP1110 and SP0168. SP1110
lies in a region of diversity associated with méideefflux by Bruckneet al (Bruckneret

al., 2004). SP1110 is downregulated in the presericsubtherapeutic clarithromycin
possibly as survival of the bacteria is not threate Expression of SP1110 may be
activated to aid survival in an environment wheighHevels of macrolide compounds are
present. The addition of clarithromycin to cultusgssmg/L does not appear to influence
expression of SP0168. It is clear though that srhgeutic clarithromycin rapidly alters
the expression of a constellation of genes in theumococcus and not just antibiotic
resistance associated genes. This is consistert thié other known effects that
clarithromycin has as an immunomodulatory agentinf&h et al, 2005, Tsai and
Standiford, 2004), on suppressing chronic pulmonafflammation (Chu, 1999), on
pneumococcal virulence factors (Speerl, 2003, Andersoet al, 2007, Fukudat al.,
2006) as well as on transcriptional modulation (Tetual, 2004). It is also clear that
antibiotics do not have single, straight forwartyés or effects on bacteria (Brazas and
Hancock, 2005, Shaw and Morrow, 2003) and thatumderstanding of their effects
vivo is likely to be far too simplistic. Rather thannsaering antibiotics acting on single
targets, it may be more accurate to regard thenmaasng effects on interconnected
networks (Watts and Strogatz, 1998, Conway and @ohg 2003) as has been proposed
by Tsuiet al (Tsui et al, 2004) which may explain how seemingly unconrmégathways
respond to a single antimicrobial agent. Such apsative may more readily explain the
“natural” role of antimicrobial compounds producdsy micro-organisms at low
concentrations in the environment (Tstial, 2004). This should not come as a surprise
as it is recognised that subinhibitory antibiotencentrations have many effects on some
bacteria such as disordered growth and alteredevice (Gemmell and Lorian, 1996)
which are not as evident at therapeutic concentratidemonstrating the biphasic adaptive
response known as hormesis (Calabrese and Bald@0r2).

There are risks to drawing too many conclusionsighofrom this limited two-condition
experimental strategy. These results should besglat an appropriate biological context
with corroborating physiological, biochemical anéngtic experiments (Conway and
Schoolnik, 2003). It would be revealing to expahid work to include further time points
and antimicrobial concentrations, different growtkdia and also different pneumococcal
strains (Frieberg and Brunner, 2002). Demonstratingvo transcriptional responses will
be a significant step forward rather than drawingatusions from exponentially growing
planktonic laboratory cultures (Conway and SchdglgaD03). This has been attempted for

Vibrio choleraewith rice water stool from patients with choleMe(rell et al, 2002) and
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in tissue cultures of epithelial and endothelidl loees for Neisseria meningitidigDietrich
et al, 2003) but appropriate reproducible strategiegehget to be devised for invasive

pneumococcal infections.



12 Concluding Thoughts

Despite the limitations of a CGH approach to gen@araparisons due to low sensitivity
of hybridization and the realisation that high lievef false negative hybridizations to
microarray probes (relating to hypervariable gemeajle interpretation of the absence of
hybridization unreliable without confirmatory PCRdasequencing, such a CGH approach
has allowed documentation of pneumococcal genoimiergty. Further work using this
approach, although more expensive, would be bstiiéged to oligonucleotide Affymetrix
type arrays since they are able to discriminatglsinucleotide polymorphisms and would

have fewer false negative hybridizations for hype@able genes.

In a series of 10 isolates of unrelated serotygeMbSTSs, previously undescribed regions
of diversity in the pneumococcal genome were disoed. By focusing on isolates of one

MLST (ST9), it has been possible to demonstrate dégersity among isolates of the same
serotype (serotype 14) than multiple serotypeshefdame MLST. Focusing further on

isolates matched by serotype and MLST and climeahifestation it has been possible to
show a role that bacteriophages have in generggngmic diversity and to suggest a role
that single nucleotide polymorphisms may play ifluencing disease manifestations.

These studies are compatible with the proposal ghatimococcal populations share and
can tap into a “supragenome” which is larger thay genome held by a single isolate.
Despite, this high level of genomic diversity gb@ulation level it has also been possible
to demonstrate a more clonal structure of pneunwaquopulations in the early stages of
transmission within an outbreak situation when ¢hkas been less time for the many
mechanisms which generate diversity to have inftedrthe pneumococcal genome.

By assessing transcriptional profiles from standad and reproducible culture and
extraction processes, it has been possible to ifdegénes which are associated with
disease phenotypes in serotype 1 associated pneaoabc pneumonia with
parapneumonic complications and pneumococcal crelirscesses. In addition it has
been possible to identify apparently stable genatifferences between serotype 3 isolates
from blood and cerebrospinal fluid (CSF) from tleng patient and identify differential
expression of iron transport proteins in the twal\bdluids and relate different sugar
metabolism pathways in serotype 3 isolates to thegmce and expression level or absence
of phosphotransferase system genes. Such findingg be important in further
understanding the pathogenesis of pneumococcal ngiéei or provide a point for

therapeutic intervention to prevent invasion in®FC
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Through collecting nasophayngeal isolates fromdelit in a geographical region of
substantial biodiversity, 32 new and currently weidMLST profiles have been discovered
along with the, previously undescribed, co-incidémal carriage of two different sequence
types of the same serotype, providing new insigitseen CGH was performed) into the
genomic diversity of the pneumococcus and theitatdn that a shared ecological niche

and shared serotype may have in gene transfer.

By investigating the effect of a subtherapeuticitaotic (clarithromycin) on the gene
expression of a pneumococcal isolate new insight® ibeen gained into the diversity of
genes which respond to an antibiotic rich environimgroviding insights into how the
pneumococcus both responds to this threat to salraivd may communicate this response
to other pneumococci and allowing a greater undedshg of why subtherapeutic

antibiotics may have many other clinical effectsestthan simply bacterial killing.

Such a high degree of genomic diversity in the pmszoccus has undoubtedly contributed
to its success as a frequent paediatric nasopheayrmgmmensal and a global pathogen
(which continues to cause severe manifestations aagneumonia, meningitis and otitis
media) as such diversity benefits the populatiobadfteria to increase survival in the face
of the stresses of a range of host environmentsttagrdpeutic interventions. Therefore,
these studies of the pneumococcal “supragenome’bdstmate that multiple forces have
shaped its evolution such as gene loss/genome tredugenome rearrangement and
acquisition of genetic material through horizonggne transfer (Fraser-Liggett, 2005)
resulting in a dynamic organism and placing it a® @f the commonest and most

successful pathogens known to man.
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Appendix 1. Streptococcus pneumoniae isolates

used in microarray experiments
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Appendix 1

Details of isolates used on for microarray CGH expe  riments including source body fluid of
isolate, age of source, antibiotic sensitivities, s erotypes and MLST. R = Resistant, S =
Sensitive, | = intermediate, NT = Not tested, B=B lood culture, C = CSF culture, P = Pleural
Fluid culture, U = Unknown.
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Appendix 2: Antibiotic Sensitivities and Typing of

Streptococcus pneumoniae isolates from Bolivia.

Antibiotic Sensitivity

c % 'g io; 2 g
= £ 2| & 3 ¢
K] o =3 o &) o
& | § E S| o
a >| 5 = kS S
w| = 8 ~ >

Isolate | Serotype MLST ©
07-2801 17F 2973 0.125| 0.16 | 3 | 0.125| 0.19 | 0.75
07-2802 21 3852 0.023 [ 0.047 | 3 ]0.125|0.125 | 0.75
07-2803 11A 280 0.016 | 0.032 | 3 | 0.125| 0.19 | 0.75
07-2804 4 3767 0.016 [ 0.032 | 3 | 0.125| 0.25 | 0.75
07-2805 34 1902 0.023[0.032 | 2 | 0.19 0.5 |0.75
07-2806 23A 2974 0.012 [ 0.032 | 3 0.5 0.25 | 0.5
07-2807 19A 2975 0.0320.032| 4 |0.125| 0.25 | 0.75
07-2808 38 2974 0.003 | 0.047 | 3 0.5 0.25 | 0.75
07-2809 19F 2976 0.016 {0023 | 3 | 0.19 | 0.19 | 05
07-2810 23A 2974 0.016 {0047 | 3 | 0.75 | 0.25 | 0.75
07-2811 34 1902 0.016 | 0.023 | 1.5 ] 0.094 | 0.19 | 0.75
07-2812 24F 3770 0.016 | 0.016 | 2 2 0.19 | 0.75
07-2813 14 387 0.19 [ 0.016 | 2 | 0.064 | 0.125 | 0.75
07-2814 6A 3853 0.023 [ 0.047 | 3 0.5 0.38 | 0.75
07-2815 34 1902 0.016 | 0.032 | 2 | 0.25 | 0.125 | 0.75
07-2816 16F 3768 0.012 0016 | 2 | 0.25 | 0.19 | 0.75
07-2817 6A 1150 0.047 | 0.016 | 1.5 ] 0.125 | 0.19 | 0.75
07-2818 8 404 0.012 | 0.047 | 2 | 0.125| 0.25 | 0.38
07-2819 4 332 0.016 | 0.016 | 3 15 1.5 |0.38
07-2820 38 3534 0.008 | 0.023 | 2 | 0.125 | 0.125 | 0.38
07-2821 23F 776 0.016 | 0.047 | 2 | 0.094 | 0.25 | 0.75
07-2822 6A 2440 0.016 | 0.023| 2 | 0.38 | 0.19 | 0.75
07-2823 19A 2880 0.032 0016 | 1 | 0.25 | 0.125| 0.75
07-2824 34 1902 0.016 | 0.047 | 2 15 0.19 | 0.5
07-2825 4 3509 0.016 | 0.016 | 1.5 ] 0.125 | 0.19 | 0.75
07-2826 7F 191 0.008 | 0.016 | 2 | 0.064 | 0.19 | 0.75
07-2827 13 923 0.016 | 0.047 [ 1.5]0.125| 0.19 | 0.5
07-2828 10A 3535 0.012 {0047 | 3 | 0.25 | 0.25 | 0.75
07-2829 23B 3536 0.125 [ 0.016 | 15| 0.5 0.25 | 0.5
07-2830 38 1902 0.016 | 0.032 | 2 | 0.125| 0.25 | 0.38
07-2831 6B 4015 0.047 | 0.032 | 2 2 0.19 | 0.5
07-2832 6B 4015 0.0230.032 15| 0.38 | 0.25 | 0.5
07-2833 9A 3537 0.023 | 0.016| 2 | 0.094| 0.25 | 0.5
07-2834 12A 3538 0.012 {0032 | 2 | 0.38 | 0.25 | 0.75
07-2835 16F 3771 0.012 | 0.047 | 2 1 0.19 | 0.75
07-2836 10A 3539 0.016 | 0.032 | 1.5 ] 0.125 | 0.25 | 0.75
07-2837 16A 4016 0.064 | 0.032 | 15| 15 0.25 | 0.38
07-2838 3 180/1989 | 0.008 | 0.032 | 3 | 0.094 | 0.75 | 0.75
07-2839 9A 239 0.023 0032 | 2 | 0.125| 0.25 | 0.5
07-2840 7C 3769 0.012 | 0.032 |1.5]0.125 | 0.19 | 0.75
07-2841 23F 3540 0.0230.032 15| 0.25 | 0.25 | 0.75
07-2843 13 784 0.0230.032| 2 ]0.125| 0.25 | 0.75
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07-2844 6A 3854 0.012 | 0.047 0.125 | 0.25 | 0.75
07-2845 9A 3855 0.064 [ 0.032 | 2 |0.125| 0.25 | 0.75
07-2846 6A 3856 0.008 {0032 | 2 | 0.38 | 0.19 | 0.75
07-2847 24F 3770 0.064 | 0.032 |15] 0.25 | 0.125| 0.5
07-2848 21 3857 0.016 | 0.064 | 2 | 0.094| 0.25 | 0.5
07-2849 17F 3267 0.064 | 0.047 | 2 | 0.094 | 0.125 | 0.75
07-2850 19A 3858 0.016 [ 0.032 | 2 | 0.094 | 0.125 | 0.5
07-2851 10A 3429 0.016 | 0.047 | 3 | 0.125 | 0.25 | 0.75
07-2852 23F 3430 0.023 0032 | 3 | 0.25 | 0.38 | 0.5
07-2853 35F 3431 0.016 [ 0.023 | 2 | 0.094 | 16 0.5
07-2854 11A 3432 0.008 | 0.047 | 3 ]0.125| 0.25 | 0.75
Appendix 2

Antibiotic sensitivities and Typing of 53 Nasophary
from school children in the Beni region of Bolivia.
stated antibiotics are documented as tested by E-te
sensitive, intermediate sensitivity or resistant us

manufacturers AB Biodisk (Sweden):

307

ngeal pneumococcal isolates retrieved
Minimum Inhibitory Concentrations for
st and should be interpreted as fully
ing the following criteria set by the

Antibiotic Sensitive MIC Intermediate Resistant MIC
Sensitivity MIC
Penicillin <0.06 0.12-1 >2
Erythromycin <1 2 >4
Chloramphenicol <4 Not Applicable >8
Co-trimoxazole <0.5 1-2 >4
Tetracycline <2 4 >8
Vancomycin <1




Appendix 3

Primer Sequence Primer  Sequence

SP0031_f | TACTCTCCATGCCTTACTCGGT SP0031_r | TTGATTAACCTGACTGCACAGG
SP0067_f | CTGGAGCAGTTTTGACAAATGA SP0067_r | GCCACAAATTCTCCTTTGATTC
SP0068_f | GGAGTGCCTTTCCAACTTCTAA SP0068_r | CATAGTGACCAGATTTCCCGTT
SP0069_f | TCAGAGGAATTGGCTGGTAGAT SP0069_r | AGTACCAGTGTGGTCCGACTTT
SP0072_f | ATGCAGATTGCAGGAATCATCT SP0072_r | TCAAATCAACATTTTCTGTGGG
SP0074 f | CAGGAGAGTTTTACCGTCCATC SP0074 r | ATTGCGTTCCTGTGGATCTAGT
SP0104 f | TGGAACCCTCGTTGATAGTTCT SP0104 r | AGATCTGCTTGCTCTCCAAATC
SP0111 f | GATGATGAAACGGTCGAGTACA SP0111 r | CGATAATGACTGTTTTCCCCTC
SP0113 f | GGTTTGGACACATCAGTTGCTA SP0113 r | GCTCCTATCTGATGCGCTATTT
SP0115 f | AGATGATGTATCTTGATGGGGG SP0115 r | ATATGCGATTGCTCCACCTAGT
SP0165 f | GTTCGGTAGGTGCCAGTAATGT SP0165_r | TTGCTTTACGCAATCCTACCTC
SP0166_f | CTTCAACAATTTTCCCCAAAAG SP0166_r | ATAACCTGCTGCTCATTCACCT
SP0168_f | TCATTCGCATCATTTTTACAGG SP0168 r | ACCAAGAAGTTGATGTGGAGGT
SP0278 f | GAATTGGCACATCTAATCGTGA SP0278 r | AAGTGACATAACCATCTGCACG
SP0309_f | AGATTGAACAACAACGTCGAGA SP0309_r | TGGGGAAAATAATAATAGGCGA
SP0350_f | TTGATTCAGAAGGTCCGGTTAT SP0350_r | GCCATCTAACTCCGTCTTCATC
SP0352_f | GAATATCGTTTCTTCAGACGGC SP0352_r | CAAAGCCAAACAATCTTTTTCC
SP0355 f | TATGTTACATGGTGCAACGGAT SP0355 r | GATTCCGCAAATTTTTCAAGAG
SP0356_f | GGAATTGGGAATTTAGTTGCTG SP0356_r | AACGGCTAATCCATAACACCAC
SP0410_f | TTTTAGATACGTTGCCGGTTCT SP0410_r | CTGTGATAATGGTTGGGAAGGT
SP0458 f | ACAAGTCTGTGGGACTCCAGAT SP0458 r | GAGCAAGACTTTTTCGTTTGGT
SP0461_f | AATTTCCACTTGAGTTCCCTGA SP0461_r | AAGGCAATCGTCAAAAAGTGAT
SP0462_f | CTGGGACATACACCTTGACAGA SP0462_r | ATTCAATCGCTTTCCGTTTTTA
SP0463_f | AGAATGACTGAAGGTTTGGCAT SP0463_r | ATTACAAATTCTGCCCCAGCTA
SP0464 f | TGGAGAACTATCAGGAGGTGGT SP0464 r | TTTCATGACTTTGAACATTGCC
SP0465_f | ACCATTTTTATCAGCATCCCTTT SP0465 r | ATGGATGGTGAATCAGAAAGAAA
SP0466_f | CGAGTGGAATCAAATCAACAAA SP0466_r | TGCTGCAATAAATTCTTCCTCA
SP0467 f | GAAAAAGAAAGGCGTCTCAGAA SP0467 r | GTCGATTACGATACACGCGATA
SP0468_f | CGGAGGGATATGAGGTCAATTA SP0468_r | TAAACGTGCTAGCTTCCACAAA
SP0509_f | AGTTCTTGACCCAAAACTTGGA SP0509_r | AACTCCAACACGACCATTTTCT
SP0514 f | GCAGGTTCTTGTTCGATTCTTC SP0514 r | CAAACAACAAGACCACCTGAGA
SP0532_f | TATGGATACTGAAATGCTTGCG SP0532_r | AGTCCCAATTTATCACCAACCA
SP0568_f | TGTCAAAATCGAAAAACGTGTC SP0568_r | ACCCAGAAGAAGATGATGTCGT
SP0570_f | GATTTTCCTAGAGAAGCCGTGA SP0570_r | TATTCTTTTCCGTTGCCATCTT
SP0573 f | CAAGGAGGTGACTCTTATGGCT SP0573 r | CAAGAAAAACTCACTATCCCCA
SP0574 f | GCTCTCAGTTCGAGGAGATGTT SP0574_r | ACGACCTTCAACTCCTTATCCA
SP0575_f | TCGTGAAAAGGTAATCGGCTAT SP0575_r | TATGAATCCGACCTGCATACTG
SP0697_f | GCGGTGAATTAAAGAGAATTGG SP0697_r | GGCTCACATGAATGAATTGAAA
SP0740_f | CAGAAGAGAGGCAGTCGAATTT SP0740_r | CAAATCATAAAGCCAGTCGTCA
SP0764 f | AGAAGAGGTCAAAAACTCAGCG SP0764 r | TTGATAAAAGGCGTGAACATTG
SP0800_f | GAATTAAACCAGCAGCTTCCTC SP0800_r | CAAAGGCAAGAGCAGTTGATAA
SP0949 f | AGCTCATTATGACCCTCCGTTA SP0949 r | GTTTTCTGCGGTTACGATAAGG
SP1018 f | AGCAAGGAAAAGGTGTTGTGAT SP1018 r | ATCTGGATCTGTTCTCCATCGT
SP1048 f | TATGGAATGCTAAGCCGGATAC SP1048 r | TTCCATTGTATTTCCTTGTTGG
SP1049 f | GTGGAGTGTTGCTACAACGAAA SP1049 r | GGATTTTTATTGTCAAAATTGCCT
SP1053 f | AGATGTGAAAGCTCAACGTCAA SP1053 r | TTGAAGGAATCTTTTCCTCCCT
SP1059 f | GAAAATTTGGAATTGTCGGAAG SP1059 r | AATGGCAAGTGCTACTATGTGC
SP1060_f | GGCCGATATGAAAAATAAATACG SP1060_r | GCCAAACAATTTAAAGCGTGAT
SP1063 f | TGATCAATTAAGGCACAAATCG SP1063 r | AGGGATTTAACTGACCAATCCA
SP1064 f | ACCCAAATATCGTCGTCAAATC SP1064 r | TATTTCGCCAGTAAACGGATCT
SP1129 f | AATCAAAAAGAATGGCCAAAGA SP1129 r | TTATTGATGCTGATAACACCGC
SP1130_f | CATGGCGACTCTATGGAAAAAT SP1130_r | AAACAATTTCTGAAGGTGCGAT
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SP1131_f TAAAGAAAACAAGATGCGTGGA SP1131 r | TGCCTTTGCTTGAGTTTTGTTA
SP1132_f GCTACAACCCTTGATAACTGGG SP1132_r | ACACATCTGACGGACGATAGAA
SP1134 f GAACGAGCAACAGGCTACTTTT SP1134 r | GGTACTGCTCCAACTCCTCACT
SP1135_f TTAGCGAAGAAAATGGCCTAAG SP1135 r | CATTGCCTCCTCAAACTTCTCT
SP1136_f GATGAGGTAATGGCTGAAATCC SP1136_r | CCAATCTTCATAGCTGGTAGGC
SP1137_f CCTATTGTGAACAATGCCAAGA SP1137_r | AATACGGCTATAATTCCGCTCA
SP1138_f GGTTAGTTTGCCACACTTGGTT SP1138 r | ACACTTTTCATGGGGTGAGAAA
SP1139 f TGATGGAGAAAGGCTTTGTTTT SP1139 r | TGAATTGCTCCATGTCAATTTC
SP1140 f AGACAAAGCATGTCAAAAAGCA SP1140_r | ACTTCCTCAATTTCCAACCTCA
SP1141 f TGACTTAGGGGAATTTTTCCAA SP1141 r | TATTTCCGTTTCATCCTCGTTT
SP1142_f CTCAAGTGGTATTTCATGCGAG SP1142 r | ATAATATCCGCTGACAAGCTCC
SP1143 f TTGAGTTGTTAAGCCAACATGG SP1143 r | GGGTGTTTTCTGTGTCCTTTTC
SP1144 f GAGGAGATGAGCGGTGTTAGTC SP1144 r | AACCTGCTCATGCTCTAATGGT
SP1145 f TTTTAATAGCGCCCGAAAATTA SP1145 r | ACTGATGATACTTGCTCTGCGA
SP1158 _f GAAATTGATTTGATTGTCCTGA SP1158 r | CATGAAAAAGAAAACAATAGCAA
SP1181_f TTATCACCTCGTTTCCTACTACT SP1181 r | TTGTTTTTGTATTTGAATGATGAGC
SP1189 f TTGTTTTGAATGTTGATGGGAA SP1189 r | AGGACCAAGATTGAAACGAAAA
SP1254 f AGCCAAAGAACGTAAGCGTAAC SP1254 r | AGAATGCTTCAATTTCTGGGTT
SP1323_f AGCTGTTTCCCAAGAAGAATTG SP1323 r | TTTGCATCATTTTCCTTGATTG
SP1336_f AGTGCTTGGGATTTTGTGAGAT SP1336_r | TCTGGTGTCATACAAGGAATCG
SP1342_f GTATTCTGGGTTGGTCAGCAAT SP1342 r | TCCGTTATTATCATGTTCAGCG
SP1343_f GGACGGGTTTTGTTAGACACTC SP1343 r | ATTTGTTTAACGCCTTTCCTGA
SP1350_f GCGTTATTATAAGCTCCCCAAA SP1350_r | CAAATAAATAGCCCCATCCTCA
SP1353 _f CCAGTCTTTGAGAGCGATAAGC SP1353_r | AAAACAAAAATCCTGCCAAAGA
SP1381_f GTCAGTATCATTTCACCCAGCA SP1381_r | ACTGTCTTCCCTTTTTGTGCAT
SP1696_f TCAAAAAGAAACGAGGACTCTCA SP1696 r | TTTTTGCTTCCTTCTTTTGGAA
SP1718_f TGTTGTCTGAAACTATTAGCCTTTT SP1718 r | TTTGAGTAACTCCTTTTTCCTCG
SP1762_f TCCGTTTTTGATGTTATGCAAG SP1762_r | TTGATGCATTCGTTCAGGATAC
SP1763_f GATTCAATCCTTGGCAGTTAGC SP1763_r | TCAAACAAAACAAAAAGCATGG
SP1765_f ATTGGGGAGAAAAATGGAAGTT SP1765_r | CAGCTCCTCAGAACAATCACAC
SP1766_f CTTCAATGCTGGTGTTCTCTTG SP1766_r | CCCACCAAACTTCTCTTAGACG
SP1770_f TATTGCGTCAGAGTGGTTTTTG SP1770_r | CATGCTCCATCTCACAACTAGC
SP1771_f TTATGTGACCTTTGTGGACTCG SP1771_r | AATCCATTCATTTGGAAAATCG
SP1793 f TTACTGCTAGCTGTGCGTCTTC SP1793 r | AGCGCATCTGCTAAAGAATACC
SP1794 f TTGGAGGAACTGATGAAGAACA SP1794 r | CTCCCCTTTGTAAGCTCTCTCA
SP1796_f ATGGGCACATTTACTCATTTCC SP1796_r | TATTTTGCACAGATTGGAGTGG
SP1797_f TGCTCGTAAAAGAATTGGGAAT SP1797_r | TACAAGTTGCAATGGTTCCAAG
SP1799 f CGTCAGGAATTCCCTTTGTTAG SP1799 r | ATCAAACAAAATACGAACCGCT
SP1839 f ACCCTTTATACCATGTTGGTGC SP1839 r | TAGACGATTTCCCTGAACCTGT
SP1895_f GGATCGGTTCTGATTTTAGTGC SP1895 r | GAAGTCATTCCAGAACCAAAGG
SP1896_f TTCCCAGCTGTTTTATCTGGTT SP1896_r | GCATAACCGAATTGGTTGTTTT
SP1897_f GCTATACCGATGTTATCGGAGC SP1897_r | TTGACCATGCCTTGTTTATCAC
SP1948_f TCAAACGAAAAATTTTGTGGAAA SP1948 r | TAATAGGAGTAGGCGTCCAACG
SP1949 f ACAGATGGTGCTGACCCTAGAT SP1949 r | TTTTTCTTGTTGTCTTTGCCAC
SP1975_f GGCTGTGTCAATGTCGATAAAA SP1975 r | ACACTAGCTGGTGAGAAGAGGG
SP2142_f GGTATGAGGCGCTTAGCTCTTA SP2142 r | ACCGTGTATTCTTCGTAGGCAT
SP2164_f GCAGAAATGTTTGTTGGTGAGA SP2164 r | CCGTGACAAAGCCACATTATTA

Appendix 3 Primer sequences used in the manufacture
SPv1.1 and used for confirmatory PCR. Forward prime
are on the right of the table.
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Appendix 4

Gene Sequence (5'-3")
SP0045 f AGTTGTGGACAAGGATGTC
SP0045 r CAAAGGTACCAGACATGGA
SP0054 f CACCGCAACAATATCCTGTCTA
SP0054 r GCATGGAGTTTGATGACTGGTA
SPO110f TTGGTTTTCAAGATAGGGCTGT
SP0110r TTCGTTTTTGCTGCTCTTCATA
SP0314 f TTACAATGGCGATTTGAGTCAC
SP0314 r CCCAAACTCCTTGTTTAGCATC
SP0376 f CCTCTCCATGGCTCTTC
SPO376 r CATCAAGCTTGCTCCGTA
SP0740 f CAGAAGAGAGGCAGTCGAATTT
SP0740r CAAATCATAAAGCCAGTCGTCA
SP0800 f GAATTAAACCAGCAGCTTCCTC
SP0800 r CAAAGGCAAGAGCAGTTGATAA
SP1342 f GTATTCTGGGTTGGTCAGCAAT
SP1342r TCCGTTATTATCATGTTCAGCG
SP1343 f GGACGGGTTTTGTTAGACACTC
SP1343r ATTTGTTTAACGCCTTTCCTGA
SP1350 f GCGTTATTATAAGCTCCCCAAA
SP1350r CAAATAAATAGCCCCATCCTCA
SP1631 f ATTCGAATCTGGCGTAACAACT
SP1631r GACGATAGATAGTCAAACCGCC
SP1869 f CTTTCCATCGGCTAGTCT
SP1869 r TGCGACCATGAGTTTGG
SP1872 f GACCTAGTGGGAACTGTC
SP1872r CACCGATGGCAAGGGTA
SP2153 f GCTACCATTCTTGCTCCT
SP2153r GGCTTCGGCATAAATATCC
SP1923f TGCAGAGCGTCCTTTGGTC
SP1923r CTCTTACTCGTGGTTTCCAACTTGA
SP1219f TATGGGGTTTGTCTGGGGTC
SP1219r GCGCGAGCTCTTCCTGATGT

ErmBf GAAAAGGTACTCAACCAAATA

ErmBr AGTAACGGTACTTAAATTGTTTAC

Appendix 4

Primer sequences used for gRT-PCR experiments.
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Appendix 5

Microarray CGH Results

Sanger Sequencing Results
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Appendix 5
Comparison of microarray DNA CGH results with genom e sequence data.

Blue indicates absence of hybridization of the gene while yellow indicates a positive
hybridization by DNA from the test isolate. In the sequencing results, blue indicates the
absence of the gene and yellow indicates the presen  ce of the gene. Genes are identifiable
using the TIGR4 genome nomenclature. Where these ge nes are indicated in red, they have
been identified by signature tagged mutagenesis in a murine pneumonia model as being
required for virulence (Hava and Camilli, 2002).



Appendix 6
Gene Function
SPN23F00250 Putative Phage Integrase (pseudogene)
SPN23F00260 Putative type 1 Restriction Enzyme Related Protein
SPN23F00280 Putative Phage Protein
SPN23F00290 Plasmid Stabilisation System Protein
SPN23F00300 Putative Uncharacterized Protein
SPN23F00310 Putative Phage DNA Binding Protein
SPN23F00320 Putative Uncharacterized Protein
SPN23F00330 Putative DNA Binding Protein
SPN23F00340 Putative Uncharacterized Protein
SPN23F00350 Putative Uncharacterized Protein
SPN23F00360 Putative Peptidoglycan Hydrolytic Amidase (pseudogene)
SPN23F00370 Putative Membrane Protein
SPN23F00380 Putative DNA Binding Protein
SPN23F00710 Putative ATP/GTP Binding Protein
SPN23F00830 Conserved Hypothetical Protein
SPN23F00840 Putative Uncharacterized Protein
SPN23F00850 Conserved Hypothetical Protein
SPN23F00860 Putative Gene Fragment
SPN23F01260 Putative Membrane Protein
SPN23F01270 Putative Membrane Protein
SPN23F01840 Regulatory Protein (Orthologue of SP0189 in TIGR4)
Capsule Biosynthesis Tyrosine Protein Kinase (Orthologue of

SPN23F03210 SPD 0318 in D39)

Undecaprenylphosphate glucosephosphotransferase (Orthologue of
SPN23F03220 SPD 0319 in D39)
SPN23F03230 Putative Rhamnosyl Transferase (Orthologue of SPD 0320 in D39)

Oligosaccharide Repeat Unit Polymerase Unit wzy (Orthologue of
SPN23F03250 SPD 0323 in D39)
SPN23F03260 Putative Glycosyltransferase WchA
SPN23F03270 Putative Glycosyltransferase WchW
Capsule Biosynthesis Repeating Unit Flippase (Orthologue of
SPN23F03280 SPD_0325 in D39)
SPN23F03290 Putative Glycerol Phosphotransferase WchX
SPN23F03300 Putative Glycerol-2-Phosphate Dehydrogenase WchY
SPN23F03310 Putative Nucleotidyl Transferase WchZ
SPN23F03320 Putative Phosphotransferase
Glucose-1-Phosphate Thymidyl Transferase (Orthologue of
SPN23F03330 SPD 0328 in D39)
dTDP-4-keto-6-deoxyglucose-3,5-epimerase RmIC (Orthologue of

SPN23F03340 SPD 0329 in D39)

dTDP-glucose-4,6-dehydratase RmIB (Orthologue of SPD_0330 in
SPN23F03350 D39)

dTDP-4-dehydrorhamnose reductase RmID (Orthologue of SPD_0331
SPN23F03360 in D39)
SPN23F03370 Putative Transposase
SPN23F06010 Putative Pneumococcal Surface Protein
SPN23F06180 Putative Uncharacterized Protein
SPN23F07060 Putative Uncharacterized Protein

ABC-type Antimicrobial Peptide Transporter, Permease Component,
SPN23F07070 Putative
SPN23F07080 Putative ABC Transporter ATP-binding Protein
SPN23F07090 Putative Exported Protein
SPN23F09740 Tn5252 orf10 protein (Orthologue of SPD 0934 in D39)
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SPN23F09750 Tn5252 orf9 protein (Orthologue of SPD 0935 in D39)
SPN23F09780 Tn5252 Relaxase

SPN23F09800 Putative Lantibiotic Modifying Enzyme
SPN23F09840 Putative Membrane Protein

SPN23F09850 Putative Membrane Protein

SPN23F10590 Zinc Metalloproteinase ZmpD (Orthologue of SPD 0577 in D39)
SPN23F12240 Putative Phosphosugar-Binding Transcriptional Regulator
SPN23F12250 Putative Membrane Protein

SPN23F12270 Putative 1S861 Transposase Orfl
SPN23F12410 Integrase

SPN23F12420 Conserved Hypothetical Protein
SPN23F12430 Relaxase (Orthologue of SP1056 in TIGR4)
SPN23F12440 Putative Mobilisation Protein (Orthologue of SP1055 in TIGR4)
SPN23F12450 Putative Mobilisation Protein (Orthologue of SP1054 in TIGR4)
SPN23F12460 Putative Uncharacterized Protein
SPN23F12470 Putative DNA Helicase Il, UvrD
SPN23F12480 Hypothetical Protein

SPN23F12490 Putative Uncharacterized Protein
SPN23F12500 Putative Uncharacterized Protein
SPN23F12510 Putative NTPase Protein

SPN23F12520 Hypothetical Protein

SPN23F12530 Putative Phosphoserine Phosphatase
SPN23F12540 Hypothetical Protein

SPN23F12550 Hypothetical Protein

SPN23F12560 Hypothetical Protein

SPN23F12570 Putative Uncharacterized Protein
SPN23F12580 Replication Protein

SPN23F12590 Putative Chloramphenicol Acetyltransferase
SPN23F12600 Putative Uncharacterized Protein
SPN23F12610 Putative Uncharacterized Protein
SPN23F12620 Zeta Toxin

SPN23F12630 Putative Epsilon Antitoxin (Orthologue of SP1050 in TIGR4)
SPN23F12640 Putative Uncharacterized Protein
SPN23F12650 Putative Uncharacterized Protein
SPN23F12660 Putative Uncharacterized Protein
SPN23F12670 Putative Uncharacterized Protein
SPN23F12680 Putative Uncharacterized Protein
SPN23F12690 Putative Lantibiotic Transport/Processing ATP Binding Protein
SPN23F12700 Putative Lantibiotic Synthetase
SPN23F12701 Putative Lantibiotic Precursor
SPN23F12710 Putative Lantibiotic ABC Transporter
SPN23F12720 Putative Lantibiotic ABC Transporter
SPN23F12730 Putative Lantibiotic ABC Transporter
SPN23F12740 Putative Membrane Protein

SPN23F12750 Transcriptional Regulator

SPN23F12760 Putative Membrane Protein

SPN23F12770 Putative Uncharacterized Protein
SPN23F12780 Putative Conjugative Transposon DNA Recombination Protein
SPN23F12790 Putative Group Il Intron Reverse Transcriptase/Maturase
SPN23F12820 Putative Uncharacterized Protein
SPN23F12830 Putative Uncharacterized Protein
SPN23F12840 Putative Conjugal Transfer Protein
SPN23F12850 Putative Conjugal Transfer Protein
SPN23F12860 Putative Uncharacterized Protein
SPN23F12870 Putative Uncharacterized Protein
SPN23F12880 Putative Uncharacterized Protein
SPN23F12890 Putative Conjugal Transfer Protein TraG
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SPN23F12900 Putative Uncharacterized Protein
SPN23F12910 Putative Uncharacterized Protein
SPN23F12920 Conserved Hypothetical Protein
SPN23F12930 Conserved Hypothetical Protein
SPN23F12940 Conjugative Transposon Protein
SPN23F12950 Conjugative Transposon Protein
SPN23F12960 Conjugative Transposon FtsK/SpolllE-family protein
SPN23F12970 Putative Conjugative Transposon Replication Initiation Factor
SPN23F12980 Conjugative Transposon Protein
SPN23F12990 Conjugative Transposon Protein
SPN23F13000 Putative Conjugative Transposon Membrane Protein
SPN23F13030 Putative Cell Wall Hydrolase
SPN23F13040 Putative Conjugative Transposon Exported Protein
SPN23F13050 Conjugative Transposon Tetracycline Resistance Protein
SPN23F13060 Putative Conjugative Transposon Regulatory Protein
SPN23F13061 Putative Uncharacterized Protein
SPN23F13070 Putative Conjugative Transposon Regulatory Protein
SPN23F13080 Excisionase

SPN23F13090 Putative Integrase

SPN23F13160 Putative Replication Initiator Protein
SPN23F13170 Putative Uncharacterized Protein
SPN23F14470 Putative Transposase
SPN23F14540 Putative 1S1239 Putative Transposase
SPN23F15110 Putative Collagen-like Surface Anchored Protein
SPN23F15120 Putative Mga-like Regulatory Protein (Ortholog of SPD 1377 in D39)
SPN23F15300 Antiholin

SPN23F15310 Holin

SPN23F15320 Putatuve Uncharacterized Prophage Protein
SPN23F15330 Phage Structural Protein
SPN23F15340 Putative Platelet Binding Phage Protein
SPN23F15350 Phage Tail Protein

SPN23F15360 Putative Phage Minor Tail Protein
SPN23F15370 Putative Phage Gp15 Protein
SPN23F15380 Hypothetical Phage Protein
SPN23F15390 Hypothetical Phage Protein
SPN23F15400 Hypothetical Phage Protein
SPN23F15410 Hypothetical Phage Protein
SPN23F15420 Hypothetical Phage Protein
SPN23F15430 Hypothetical Phage Protein
SPN23F15440 Hypothetical Phage Protein
SPN23F15450 Putative Phage Capsid Protein
SPN23F15460 Putative Phage Scaffolding Protein
SPN23F15470 Minor Capsid Protein

SPN23F15490 Putative Minor Capsid Protein
SPN23F15500 Putative Phage Terminase Large Subunit
SPN23F15510 Hypothetical Phage Protein
SPN23F15520 Putative Phage Protein
SPN23F15530 Putative Phage Protein
SPN23F15540 Putative Phage Protein
SPN23F15550 Hypothetical Phage Protein
SPN23F15560 Hypothetical Phage Protein
SPN23F15570 Putative Phage Protein
SPN23F15580 Putative Phage Protein
SPN23F15590 Hypothetical Phage Protein
SPN23F15600 Putative Phage Protein
SPN23F15610 Putative Phage Protein
SPN23F15620 Putative Phage Holliday Junction Resolvase
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SPN23F15630 Phage Protein
SPN23F15640 Phage Protein
SPN23F15650 Phage Protein
SPN23F15660 Putative Phage Protein
SPN23F15670 Putative DNA Methylase
SPN23F15680 Putative Single Strand DNA-binding protein
SPN23F15700 Putative Phage Protein
SPN23F15710 Phage Single Strand DNA Binding Protein
SPN23F15720 Putative Phage Protein
SPN23F15730 Putative Phage Protein
SPN23F15740 Putative Phage Protein
SPN23F15750 Hypothetical Phage Protein
SPN23F15760 Putative Phage DNA Binding Protein
SPN23F15770 Putative DNA Binding Protein
SPN23F15780 Hypothetical Phage Protein
SPN23F15790 Phage Protein
SPN23F15800 Phage Integrase
SPN23F17430 Site Specific Recombinase
SPN23F17440 Hypothetical Protein
SPN23F17450 Putative Membrane Protein
SPN23F17460 Conserved Hypothetical Protein
SPN23F17760 Putative Glycosyl Transferase
SPN23F17960 Putative Otitis Media Associated p41
SPN23F17970 Conserved Hypothetical Protein
SPN23F17980 Putative ATPase
SPN23F18180 Putative Membrane Protein
SPN23F18190 Conserved Hypothetical Protein
SPN23F18200 Putative Choline Sulfatase
SPN23F18210 Sugar Phosphotransferase System (PTS) IIC Component
Putative Lactose/Cellobiose-specific Phosphotransferase System
SPN23F18220 (PTS) IIA Component
Sugar Phosphotransferase System (PTS) Lactose/Cellobiose-specific
SPN23F18230 Family IIB Component
SPN23F18240 Conserved Hypothetical Protein
SPN23F18250 Sugar Phosphotransferase (PTS) [IC Component
SPN23F18260 Putative ROK Family Repressor Protein
SPN23F18640 Putative Restriction Enzyme
SPN23F18650 Putative DNA Modification Methylase
SPN23F18990 ABC Transporter ATP-Binding Protein
SPN23F19000 Transport System Permease Protein
SPN23F19010 Putative Substrate Binding Protein
SPN23F19700 Conserved Domain Protein
SPN23F19710 Putative Uncharacterized Protein
SPN23F20090 Putative Exported Protein
SPN23F21700 IS1381 Transposase
SPN23F21701 IS1381 Transposase
Appendix 6

Genes identified by ACT as present in the ATCC70066 9 genome but not present in the

TIGR4 genome.
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Appendix 7
Gene Function

SPNOXC00180 Unknown Function
SPNOXC00190 Unknown Function
SPNOXC00200 Unknown Function (Orthologue of SPN23F00280)
SPNOXC00210 Unknown Function (Orthologue of SPN23F15770)
SPNOXC00220 Unknown Function
SPNOXC00230 Unknown Function
SPNOXC00240 Unknown Function
SPNOXC00250 Unknown Function
SPNOXC00260 Unknown Function
SPNOXC00270 Unknown Function
SPNOXC00280 Unknown Function
SPNOXC00290 Unknown Function
SPNOXCO00300 Unknown Function
SPNOXCO00310 Unknown Function
SPNOXCO00320 Unknown Function
SPNOXC00330 DNA Replication Protein (Orthologue of SP1137 in TIGR4)
SPNOXC00340 Unknown Function
SPNOXCO00350 Unknown Function
SPNOXC00360 Unknown Function (Orthologue of SPN23F15600)
SPNOXCO00370 Unknown Function
SPNOXC00380 Transcriptional Activator
SPNOXC00390 Site Specific Recombinase
SPNOXC00400 Unknown Function
SPNOXC00410 Unknown Function
SPNOXC00420 Unknown Function
SPNOXC00430 Unknown Function
SPNOXC00440 Unknown Function
SPNOXC00450 Unknown Function
SPNOXC00460 Capsid Protein
SPNOXC00470 Unknown Function
SPNOXC00480 Unknown Function
SPNOXC00490 Unknown Function
SPNOXC00500 Unknown Function
SPNOXCO00510 Unknown Function
SPNOXC00520 Tail Protein
SPNOXC00530 Unknown Function
SPNOXC00540 Unknown Function
SPNOXCO00550 Unknown Function
SPNOXC00560 Unknown Function
SPNOXCO00570 Unknown Function
SPNOXC00580 Unknown Function
SPNOXC00590 Unknown Function
SPNOXC00600 Unknown Function (Orthologue of SPN23F15310)
SPNOXC01370 Unknown Function
SPNOXC01440 Hypothetical Protein
SPNOXC01480 Conserved Hypothetical
SPNOXC01500 Unknown Function (Orthologue of SPD 0114 in D39)
SPNOXC01510 Unknown Function (Orthologue of SPD_0115 in D39)
SPNOXC01520 Unknown Function (Orthologue of SPD 0117 in D39)
SPNOXC01530 Unknown Function

SPNOXC01540

Unknown Function
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SPNOXC01550 Unknown Function (Orthologue of SPD_0119 in D39)
SPNOXC01560 Unknown Function (Orthologue of SPD 0120 in D39)
SPNOXC01570 Unknown Function
SPNOXC01580 Unknown Function (Orthologue of SPD 0122 in D39)
SPNOXC01590 Putative Membrane Protein (Orthologue of SPN23F01260)
SPNOXC01600 Putative Membrane Protein (Orthologue of SPN23F01270)
Hypothetical Protein (Orthologue of SPN23F01280, SPD_2086
SPNOXC01610 in D39 and SP0116 in TIGR4)
SPNOXC01850 Hypothetical Protein (Orthologue of SPN23F01520)
Putative AraC-family Transcriptional Regulator (Orthologue of
SPNOXC02670 SPN23F02341, SPD 0228 in D39)
SPNOXC03530 Putative 1S630-Spn 1 Transposase (Pseudogene)
SPNOXC03570 Tyrosine kinase Wzc
SPNOXC03580 1IS1548 Transposase
SPNOXC03590 UDP-glucose-6-dehydrogenase Ugd
SPNOXC03600 Serotype 3 Capsule Synthase
Putative Uncharacterised Protein (Orthologue of
SPNOXC04440 SPN23F04330 and SPD 2116 in D39)
SPNOXC04780 Putative Membrane Protein
Putative Uncharacterised Protein (Orthologue of
SPNOXC05230 SPN23F05150 and SPD 0495 in D39)
SPNOXC05350 Putative 1S1239 Transposase
Putative Transposase (Orthologue of SPN23F05390,
SPNOXC05460 SPD_ 0520 in D39 and SP2301 in TIGR4)
SPNOXC05760 1S1381 Transposase orfA
SPNOXCO05770 1S1381 Transposase orfB
50S Ribosomal Protein L11 (Orthologue of SPN23F05690 and
SPNOXC05790 SPD_0550 in D39)
Putative Uncharacterized Protein (Orthologue of
SPNOXC05810 SPN23F05710 and SP2306 in TIGR4)
Putative L-lactate Oxidase-Related Protein (Orthologue of
SPNOXC06450 SPN23F06370, SPD_0619 in D39 and SP0712 in TIGR4)
Putative Transposase (Orthologue of SPN23F07370, SP2472
SPNOXC07350 in TIGR4)
SPNOXC08130 Putative Uncharacterized Protein
Putative Uncharacterized Protein (Orthologue of
SPNOXC08970 SPN23F09220, SPD_0883 in D39 and SP0997 in TIGR4)
Tn5252 orf10 Protein (Orthologue of SPN23F09740,
SPNOXC09530 SPD 0934 in D39 and SP1054 in TIGR4)
Tn5252 relaxase (Orthologue of SPN23F09780, SPD_2181 in
SPNOXC09550 D39 and SP1056 in TIGR4)
SPNOXC09560 D-Ala D-Ala Ligase A
SPNOXC09570 Enolase
SPNOXC09580 Branched Chain Amino Acid Aminotransferase
SPNOXC09590 Transketolase
SPNOXC09600 Transketolase
SPNOXC09610 Acetylornithine Aminotransferase
SPNOXC09620 Nucleoside Diphosphate Kinase
SPNOXC09630 2-Isopropylmalate Synthetase
SPNOXC09640 Unknown Function
SPNOXC09650 Unknown Function
SPNOXC09660 Phosphonopyruvate decarboxylase
SPNOXC09670 tRNA Synthetase
SPNOXC09680 Unknown Function
SPNOXC09690 Unknown Function
SPNOXC09700 Unknown Function
SPNOXC09730 ABC Transporter
SPNOXC09740 Unknown Function
SPNOXC09750 Site Specific Recombinase
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SPNOXC09760 Unknown Function
SPNOXC09770 Unknown Function
SPNOXC10350 Putative 1S630-Spn 1 Transposase
SPNOXC10920 lon Channel Transport Protein
SPNOXC11710 Conserved Hypothetical Protein
SPNOXC11720 Putative Uncharacterized Protein
SPNOXC12560 Putative ABC Transporter ATP-binding protein
SPNOXC15800 Putative Transposase
SPNOXC15810 Putative Membrane Protein (Orthologue of SPN23F18180)
SPNOXC15820 Conserved Hypothetical Protein (Orthologue of SPN23F18190)
SPNOXC15830 Putative Choline Sulfatase (Orthologue of SPN23F18200)
Sugar Phosphotransferase System (PTS) IIC Component
SPNOXC15840 (Orthologue of SPN23F18210)
Putative Lactose/Cellobiose-specific Phosphotransferase
SPNOXC15850 System (PTS) IIA Component
Sugar Phosphotransferase System (PTS), Lactose/Cellobiose-
SPNOXC15860 specific family [IB Component
SPNOXC15870 Conserved Hypothetical Protein (Orthologue of SPN23F18240)
Sugar Phosphotransferase System (PTS), 1IC component
(Orthologue of SPN23F18250, SPD_0424 in D39 and SP0474
SPNOXC15880 in TIGR4)
SPNOXC16750 Transcriptional Regulator
SPNOXC16760 Unknown Function
SPNOXC16770 Unknown Function
Putative Secreted Protein (Orthologue of SPN23F19690,
SPNOXC17150 SPD_1746 in D39 and SP1947 in TIGR4)
Degenerate Transposase (Orthologue of SPN23F20990,
SPNOXC18280 SPD_2259 in D39 and SP2459 in TIGR4)
SPNOXC19050 Glycosyl hydrolase
SPNOXC19070 Unknown Function
SPNOXC19100 ABC Transporter Permease
SPNOXC19110 ABC Transporter
Appendix 7

Genes identified by ACT as present in the OXC141 ge nome but not present in the TIGR4
genome.
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Appendix 8 List of genes from the TIGR4 genome whic  h are present or non hybridizing in 10
strains of diverse serotype and diverse MLST from d iverse geographical regions.

Gene lists generated by Genespring GX 7.3.1 for eac h strain indicating regions of

differential hybridization between the test strains and TIGR4. Yellow indicates hybridization

by both TIGR4 DNA and the test strain DNA. Blue ind icates the absence of hybridization by

test strain DNA and unopposed hybridization by TIGR 4 DNA. Genes whose names appear in
white have been identified as required for virulenc e in a mouse bacteraemic pneumonia
model (Hava and Camilli, 2002).
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Appendix 9 List of genes from the R6 genome which a  re present or non hybridizing in 10
strains of diverse serotype and diverse MLST from d iverse geographical regions.

Gene lists generated by Genespring GX 7.3.1 for eac  h strain indicating regions where genes
present in both the test isolates and the R6 genome have hybridized. Red indicates
hybridization by the test strain DNA.
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Appendix 10 List of genes from the TIGR4 genome whi  ch are present or non hybridizing in
10 ST9 strains.

Gene lists generated by Genespring GX 7.3.1 for eac h strain indicating regions of

differential hybridisation between the test strains and TIGRA4. Yellow indicates hybridisation

by both TIGR4 DNA and the test strain DNA. Blue ind icates the absence of hybridization by

test strain DNA and unopposed hybridization by TIGR 4 DNA. Genes whose names appear in
white have been identified as required for virulenc e in a mouse bacteraemic pneumonia
model (Hava and Camilli, 2002).
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Appendix 11 List of genes from the R6 genome which are present or non hybridizing in 10
ST9 strains.

Gene lists generated by Genespring GX 7.3.1 for eac  h strain indicating regions where genes
present in both the test isolates and the R6 genome have hybridized. Red indicates
hybridization by the test strain DNA.
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strains of serotype 3, ST180.
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Appendix 13 List of genes from the R6 genome which

strains of serotype 3, ST180.

Gene lists generated by Genespring GX 7.3.1. Red i
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Serotype 1 ST227 Serotype 1 ST306
06-1805 | 05-2739 | 04-2225 | 05-1519 | 03-3038 | 06-1370 | 03-2672
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S5P1143 SP1143 SP1143 SP1143 SP1143 SP1143

Appendix 14 List of genes from TIGR4 genome which a  re present or non hybridizing in
serotype 1 isolates.

Gene lists generated by Genespring GX 7.3.1 for eac h strain indicating regions of

differential hybridization between the test strains and TIGR4. Yellow indicates hybridization
by DNA from both TIGR4 and the test strain. Blue in  dicates hybridization of DNA from TIGR4
and not the test strain. Genes highlighted in white have been identified as essential for

virulence in a mouse pneumonia model (Hava and Cami li, 2002)



336

Appendix 15

Serotype 1 ST227 Serotype 1 ST306
06-1805 05-2739 04-2225 05-1519 03-3038 06-1370 03-2672

Appendix 15 List of genes from the R6 genome which are present or non hybridizing in
serotype 1 strains.

Gene lists generated by Genespring GX 7.3.1. Result s of Microarray CGH serotype 1

isolates. Red indicates genes from the R6 genome wh ich are found in the test strains but
are not present in TIGR4.
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Appendix 16

No Post

Clarithromycin Clarithromycin

Normalised Normalised

P- Expression Expression Common
Gene value Level Level Name Putative Function
Downregulated
SP1128 | 0.0080 | 0.994 0.062 eno phosphopyruvate hydratase
SP0499 | 0.0031 | 1.022 0.101 pgk phosphoglycerate kinase
SP0565 0.988 0.133 SP 0565 | hypothetical protein
fructose-bisphosphate

SP0605 fba aldolase

SP0580

0.0312 | 1.027

SP1445 | 0.0045 | 0.971

0.185

0.194

SP_0580

guaA

GNAT

acetyltransferase,
family

GMP

bifunctional
synthase/glutamine
amidotransferase protein

SP1298 | 0.0182 | 1.021 0.207 SP_1298 | DHH subfamililirotein

DNA-directed RNA

SP1960 | 0.0179 | 0.973 0.222 rpoC polymerase subunit beta'
uracil

SP0745 | 0.0016 | 0.998 0.224 upp phosphoribosyltransferase

SP1306 | 0.0459 | 1.009 0.227 gdhA glutamate dehydrogenase
DNA-directed RNA

SP1961 | 0.0497 | 0.959 0.230 rpoB polymerase subunit beta

SP1220 | 0.0184 | 1.016 0.233 Idh L-lactate dehydrogenase
branched-chain amino acid

SP0856 | 0.0094 | 1.038 0.240 ilvVE aminotransferase

SP1630 | 0.0420 | 1.035 0.246 SP 1630 | hypothetical protein

SP1907 | 0.0286 | 1.023 0.256 groES co-chaperonin GroES

SP0857 | 0.0219 | 1.027 0.266 SP 0857

SP1476 | 0.0110 | 1.013 0.269 SP 1476 | hypothetical protein

SP1477 | 0.0089 | 1.031 0.273 SP 1477 hiiothetical irotein

SP0400 | 0.0176 | 0.990 0.283 tig trigger factor
SP0623 | 0.0276 | 1.041 0.288 pepV dipeptidase PepV
SP1384 | 0.0216 | 1.001 0.292 SP_1384 | hypothetical protein

aspartate-semialdehyde
SP1013 | 0.0008 | 0.990 0.294 asd dehydrogenase
SP0797 | 0.0151 | 1.008 0.297 pepN aminopeptidase N
SP0281 | 0.0012 | 0.989 0.302 pepC aminopeptidase C

ABC- ABC transporter, ATP-binding

SP2230 | 0.0023 | 1.003 0.307 NBD protein

amino acid ABC transporter,
SP0823 | 0.0152 | 1.017 0.327 ginP permease protein
SP1655 | 0.0199 | 1.007 0.335 gpmA phosphoglyceromutase
SP1291 | 0.0444 | 1.013 0.343 SP 1291 | Cof family protein
SP1290 | 0.0078 | 1.000 0.355 SP_1290 | hypothetical protein

7
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homoserine O-

SP1576 | 0.0281 | 0.998 0.365 metA succinyltransferase

SP1279 | 0.0111 | 1.012 0.365 nth endonuclease I

SP1845 | 0.0357 | 0.996 0.365 exoA exodeoxyribonuclease
oligopeptide ABC transporter,
oligopeptide-binding  protein

SP1891 | 0.0018 | 0.994 0.366 amiA AmiA

SP1647 | 0.0023 | 0.998 0.367 pepO endopeptidase O

SP1008 | 0.0038 | 0.990 0.389 pepT peptidase T

SP1296 | 0.0045 | 1.000 0.395 SP 1296 | hypothetical protein

SP1574 | 0.0166 | 0.975 0.402 tpiA triosephosphate isomerase

SP1575 | 0.0014 | 0.992 0.403 SP_1575 | hypothetical protein
aspartyl/glutamyl-tRNA

SP0436 | 0.0273 | 1.001 0.411 gatB amidotransferase subunit B
thiamine biosynthesis protein

SP1470 | 0.0485 | 0.995 0.413 apbE ApbE, putative

SP1781 | 0.0196 | 1.009 0.429 SP 1781 | hypothetical protein

SP1743 | 0.0390 | 0.966 0.436 SP 1743 | hypothetical protein
aspartyl/glutamyl-tRNA

SP0438 | 0.0386 | 1.032 0.442 gatC amidotransferase subunit C

SP1591 | 0.0298 | 1.010 0.442 ieiQ iroline diieitidase

SP1413 | 0.0054 | 1.001 0.466 hprK HPr kinase/phosphorylase
D-alanine--D-alanyl carrier
SP2176 | 0.0252 | 1.002 0.473 ditA protein ligase
dimethyladenosine
SP1985 | 0.0399 | 1.004 0.498 ksgA transferase
Upregulated
rRNA methyltransferase
SP1734 | 0.0157 | 1.013 2.071 sunL RsmB
SP0217 | 0.0340 | 1.013 2.118 rpmC 50S ribosomal protein L29
SP1667 | 0.0468 | 1.002 2.155 ftsA cell division protein FtsA
SP0218 | 0.0198 | 0.982 2.212 rpsQ 30S ribosomal protein S17
septation ring  formation
SP0807 | 0.0006 | 0.997 2.218 ezrA regulator EzrA
phosphopantetheine
SP1968 | 0.0103 | 1.005 2.237 coaD adenylyltransferase
single-strand DNA-binding
SP1540 | 0.0222 | 1.008 2.240 ssbA protein

SP1739 | 0.0096 | 1.001 2.369 SP 1739 hiiothetical irotein

SP1602 | 0.0250 | 1.035 2.474 phnA phnA protein

SP1264 | 0.0051 | 1.016 2.622 SP 1264 | hypothetical protein
SP0215 | 0.0328 | 1.019 2.711 rpsC 30S ribosomal protein S3
SP1362 | 0.0308 | 0.964 2.956 mecA adaptor protein

SP0740 | 0.0018 | 1.002 3.077 SP 0740 | MutT/nudix family protein
SP0026 | 0.0279 | 0.960 3.421 SP 0026 | hypothetical protein
SP0742 | 0.0134 | 1.048 4.889 SP_0742 | hypothetical protein
SP0800 | 0.0009 | 1.002 10.524 SP_0800 | hypothetical protein

Appendix 16 Genes present in strain South Africa 25

15 minutes after midlog when growing in BHI broth i

clarithromycin 5mg/L (Bonferonni correction).

The genes which are significantly up or down regula
Genespring GX 7.3.1 (Agilent Technologies, USA) usi

false discovery rate set at 0.05 and using Bonferon
differences of less than 2 fold difference were exc
test comparing expression in the presence and absen
the putative functions of the genes are noted. Gene

07 identified as differentially expressed

n the presence and absence of

ted (P<0.05) were identified using
ng a one way ANOVA t-test with a

ni multiple testing correction. Expression
luded. The P values resulting from the t-
ce of clarithromycin for each gene and

s involved in amino acid synthesis are
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highlighted green, transcriptional regulators in or ange and ribosomal proteins are
highlighted in yellow.
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Appendix 17

No Post
Clarithromycin |Clarithromycin
Normalised Normalised

Expression Expression Common
Gene P-value |Level Level Name Putative Function
Downregulated
SP1128 |0.0004 |0.994 0.062 eno phosphopyruvate hydratase
SP0499 |0.0002 |1.022 0.101 pgk phosphoglycerate kinase

SP0565

SP0605  [0.0002 [1.018 0.154 fba l|fructose-bisphosphate aldolase

0.0004 |0.988 0.133 SP0565 |hypothetical protein

SP0567  |0.0037 |0.932 0.167 SP0567 |hypothetical protein

acetolactate synthase catalytic
SP0445 |0.0046 |1.044 0.168 iivB subunit
SP1583 |0.0016 |0.998 0.185 entB isochorismatase family protein
SP0580 [0.0005 |1.027 0.185 SP0580 |acetyltransferase, GNAT family

anthranilate

SP1815 |0.0007 |1.034 0.190 triD ihosihoribosiltransferase

bifunctional GMP
synthase/glutamine
SP1445 |0.0003 |0.971 0.194 guaA amidotransferase protein
SP1142 |0.0297 |0.994 0.198 SP1142 |hypothetical protein

SP1298 |0.0005 |1.021 0.207 SP1298 |DHH subfamily 1 protein
lactose phosphotransferase
SP0875 ]0.0415 |0.986 0.218 fruR system repressor
SP0409 |0.0324 |1.146 0.219 mip hypothetical protein
SP1489 |0.0037 |1.021 0.219 tuf elongation factor Tu
SpR6-0323/0.0103 |1.084 0.222 cpsO
DNA-directed RNA polymerase
SP1960 [0.0005 |0.973 0.222 rpoC subunit beta’
SP0745 |0.0002 ]0.998 0.224 upp uracil phosphoribosyltransferase
SP1651 [0.0032 |1.028 0.226 tpx thiol peroxidase
SP1306 [0.0007 |1.009 0.227 gdhA glutamate dehydrogenase
SP1473 |0.0009 |0.958 0.228 SP1473 |hypothetical protein
DNA-directed RNA polymerase
SP1961 |0.0007 |0.959 0.230 rpoB subunit beta
SP0159 |0.0339 [1.442 0.231 SP0159 |hypothetical protein
SP1753 |0.0044 |1.014 0.232 dctA
SP1220 |0.0005 |1.016 0.233 Idh L-lactate dehydrogenase

SP2239 |0.0075 ]0.981 0.235 SP2239 |serine irotease

branched-chain amino acid
SP0856 0.0004 |1.038 0.240 ivE aminotransferase
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indole-3-glycerol-phosphate
SP1814 |0.0100 |1.002 0.244 trpC synthase
SP1630 |0.0006 |1.035 0.246 SP1630 hiiothetical irotein
SP1907 |0.0005 |1.023 0.256 groES  |co-chaperonin GroES
SP1578 |0.0239 |0.854 0.259 SP1578 |methyltransferase, putative
SP0857  |0.0005 |1.027 0.266 SP0857
SP1476 |0.0004 |1.013 0.269 SP1476 |hypothetical protein
SP0328 ]0.0113 |1.000 0.271 SP0328 |IS1380-Spnl transposase
bacterocin transport accessory|
SP1499 |0.0020 |1.001 0.272 bta protein
SP1477 |0.0004 |1.031 0.273 SP1477 |hypothetical protein
SP2240 |0.0021 [1.053 0.279 spo0J spspoJ protein
type |  restriction-modification
SP0507 |0.0011 |0.944 0.279 hsdS system, S subunit, putative
SP0400 [0.0005 ]0.990 0.283 tig trigger factor
alcohol dehydrogenase, iron-
SP2026 |0.0059 |1.021 0.287 adhE containing
SP0623 [0.0005 |1.041 0.288 pepV dipeptidase PepV
SP1906 |0.0109 |0.888 0.290 groEL chaperonin GroEL
SP1384 |0.0005 |1.001 0.292 SP1384 |hypothetical protein
aspartate-semialdehyde
SP1013 |0.0002 |0.990 0.294 asd dehydrogenase
SP0797 |0.0004 |1.008 0.297 pepN aminopeptidase N
SP1064 |0.0071 |1.090 0.297 SP1064 |transposase, 1S200 family
SP0281 |0.0002 |0.989 0.302 pepC aminopeptidase C
ABC- ABC transporter, ATP-binding
SP2230 |0.0002 |1.003 0.307 NBD protein
ATP-dependent Clp protease
SP0746 |0.0013 |0.996 0.308 clpP proteolytic subunit
superoxide dismutase,
SP0766 |0.0120 |0.990 0.318 SodA manganese-dependent
N-(5'-phosphoribosyl)anthranilate
SP1813 |0.0210 |1.087 0.321 trpF isomerase
SP0622 |0.0058 |1.015 0.326 nrd nitroreductase family protein
SP1498 |0.0009 |1.058 0.327 pgm phosphoglucomutase
amino acid ABC transporter,

SP0823 |0.0004 |1.017 0.327 iInP permease protein

adenine
SP1577 |0.0024 |0.962 0.335 apt phosphoribosyltransferase
SP1655 |0.0005 |1.007 0.335 gpmA phosphoglyceromutase
SP1027 |0.0033 |1.048 0.338 SP1027 |hypothetical protein
SP0459 |0.0066 |[1.073 0.338 pfl formate acetyltransferase
SP1291 |0.0007 |1.013 0.343 SP1291 |Cof family protein
SP1280 |0.0058 |0.999 0.344 SP1280 |hypothetical protein
SP0502 |0.0115 |1.061 0.344 glnA glutamine synthetase, type |
SP0858 [0.0038 |0.993 0.346 SP0858 |hypothetical protein
SP1290 |0.0004 |1.000 0.355 SP1290 |hypothetical protein
SP0055 [0.0040 ]0.999 0.358 SP0055 |hypothetical protein
homoserine O-
SP1576 |0.0005 ]0.998 0.365 metA succinyltransferase
SP1279 |0.0004 |1.012 0.365 nth endonuclease lll
SP1845 |0.0006 |0.996 0.365 exoA exodeoxyribonuclease
SP1891 |0.0002 |0.994 0.366 amiA oligopeptide ABC transporter,




342

oligopeptide-binding protein AmiA
SP1647 |0.0002 |0.998 0.367 pepO endopeptidase O
prolipoprotein diacylglyceryl
SP1412 |0.0009 |0.961 0.375 Igt transferase
SP1780 [0.0049 |1.001 0.376 pepF oligoendopeptidase F, putative
DNA-binding response regulator
SP0798 |0.0058 |0.996 0.376 ciaR CiaR
SP1177 |0.0011 |1.001 0.378 ptsH phosphocarrier protein HPr
ribosomal subunit interface
SP2206 |0.0053 |0.954 0.378 SP2206 |protein
SP1145 |0.0364 |1.181 0.382 SP1145 |hypothetical protein
SP1246 |0.0221 |0.946 0.385 SP1246 |Cof family protein
SP0340 [0.0321 |0.998 0.385 luxS S-ribosylhomocysteinase
SP1130 [0.0180 0.994  0.387  |SP1130 [ranscriptional regulator |
SP1008 |0.0003 |0.990 0.389 pepT peptidase T
SP1154 |0.0136 ]0.945 0.395 SP1154 |immunoglobulin Al protease
SP1296 |0.0003 |1.000 0.395 SP1296 |hypothetical protein
3,4-dihydroxy-2-butanone 4-
phosphate synthase/GTP,
SP0176 |0.0052 |0.999 0.395 ribA cyclohydrolase |l
SP1574 |0.0005 |0.975 0.402 tpiA triosephosphate isomerase
SP1295 |0.0118 |1.105 0.403 crcB crcB protein
SP1575 |0.0002 |0.992 0.403 SP1575 |hypothetical protein
SP0730 [0.0012 ]0.985 0.403 spxB pyruvate oxidase
sodium:alanine symporter family
SP0408 |0.0147 |0.910 0.406 dagA protein
SP0204 |0.0074 |0.999 0.407 SP0204 |acetyltransferase, GNAT family

thiamine  biosynthesis protein

SP1470 |0.0007 |0.995 0.413 apbE ApbE, putative
SP0799 |0.0016 |1.009 0.416 ciaH sensor histidine kinase CiaH
ABC- ABC transporter, ATP-binding
SP1715 |0.0128 |0.969 0.420 NBD protein
glucosamine-6-phosphate
SP1415 |0.0116 |0.964 0.421 nagB isomerase
phosphoenolpyruvate-protein
SP1176 |0.0037 |1.012 0.426 ptsl phosphotransferase
SP1781 |0.0005 |1.009 0.429 SP1781 |hypothetical protein
SP0385 |0.0123 |0.998 0.436 SP0385 |hypothetical protein
SP1743 |0.0006 |0.966 0.436 SP1743 |hypothetical protein
SP2125 |0.0366 |0.981 0.437 SP2125 |hypothetical protein

SP0816 |hypothetical protein

ABC-
SBP hypothetical protein

SP1591 |0.0005 |1.010 0.442 pepQ proline dipeptidase
glucose-6-phosphate 1-
SP1243 |0.0022 |0.965 0.449 zwf dehydrogenase
SP2175 |0.0041 |1.026 0.449 ditB dItB protein
SP1014 |0.0092 |0.940 0.451 dapA dihydrodipicolinate synthase
ABC- ABC transporter, ATP-binding
SP0867 |0.0089 |0.998 0.453 NBD protein

SP0516  |0.0062 [0.961 0.455 grpE |heat shock protein GrpE
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SP1505 |0.0008 |0.966 0.457 SP1505 |membrane protein
SP0056  |0.0040 |0.954 0.460 iurB adenilosuccinate Iiase
SP2069 |0.0021 |1.008 0.465 gltX glutamyl-tRNA synthetase
SP1413 |0.0003 |1.001 0.466 hprK HPr kinase/phosphorylase
SP0828  |0.0099 |1.025 0.470 rpiA ribose-5-phosphate isomerase A
amino acid ABC transporter, ATP-
SP0824 |0.0280 |1.000 0.470 gnQ binding protein
SP0869  |0.0367 |1.082 0.470 SP0869 |aminotransferase, class-V
SP2058 ]0.0037 |0.961 0.471 tgt gueuine tRNA-ribosyltransferase
SP1112 |0.0012 |1.011 0.471 SP1112 |degV family protein
SP1633 [0.0096 |1.006 0.471 rr0l DNA-binding response regulator
type Il restriction endonuclease,
SP1221 |0.0025 |1.000 0.471 spnll putative
UDP-N-acetylmuramoyl-L-alanyl-
SP0688 [0.0033 |1.027 0.472 murD D-glutamate synthetase
D-alanine--D-alanyl carrier protein
SP2176 |0.0005 |1.002 0.473 ditA ligase
SP0173  |0.0053 |1.000 0.475 mutL DNA mismatch repair protein
SP1471 |0.0160 |1.013 0.475 SP1471 |oxidoreductase, putative
SP0979 |0.0103 |0.997 0.476 pepB oligoendopeptidase F
SP0981 [0.0020 |0.985 0.477 prsA foldase protein PrsA
SP1378 |0.0007 |0.984 0.478 SP1378 |hypothetical protein
SP0784 |0.0059 |0.989 0.479 gor glutathione reductase
anaerobic ribonucleoside-
triphosphate reductase activating
SP0205 |0.0234 |0.996 0.483 nrdG protein
SP1175 |0.0110 |1.019 0.485 phtA hypothetical protein
signal recognition particle-docking
SP1244 |0.0011 |1.002 0.490 ftsY protein FtsY
SP1985 |0.0006 |1.004 0.498 ksgA dimethyladenosine transferase
SP0682 |0.0165 |1.083 0.498 SP0682 |hypothetical protein
SP1247 |0.0007 |1.013 0.500 smc hypothetical protein
phosphoenolpyruvate
SP1068 [0.0018 |1.032 0.503 ppc carboxylase
SP0868 |0.0218 |1.068 0.508 SP0868 |hypothetical protein
SP1693 |0.0203 |1.090 0.514 nanA
SP2126 |0.0187 |1.052 0.515 ilvD dihydroxy-acid dehydratase
oligopeptide ABC transporter,
SP1887 [0.0172 |1.111 0.519 amiF ATP-binding protein AmiF
Upregulated
SP1422 |0.0207 |0.916 1.859 SP1422 |hypothetical protein
SP0210 [0.0089 |0.939 1.915 rplD 50S ribosomal protein L4
SP0224 |0.0017 |0.970 1.948 rpsH 30S ribosomal protein S8
ABC- iron-compound ABC transporter,
SP1035 [0.0045 |0.956 1.954 NBD ATP-binding protein
phosphoglycerate mutase family
SP0984 |0.0027 |0.963 1.960 gpmB protein
SP1356 |0.0025 |0.989 1.989 trzA chlorohidrolase
SP1105 |0.0018 |0.980 2.025 rplu 50S ribosomal protein L21
SP0220 |0.0123 |1.000 2.026 rpix 50S ribosomal protein L24
SP0004  |0.0007 |0.987 2.030 SP0004 |translation-associated GTPase
preprotein translocase subunit
SP0974  |0.0146 |0.997 2.032 secG SecG
tRNA (uracil-5-)-
SP0943 |0.0059 |0.971 2.040 gidA methyltransferase Gid
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5'-methylthioadenosine/S-
adenosylhomocysteine
SP0991 |0.0007 |0.982 2.049 pfs nucleosidase
SP1734 |0.0004 |1.013 2.071 sunL rRNA methyltransferase RsmB
preprotein translocase subunit
SP2008 |0.0088 |0.958 2.080 secE SecE
SP1083 |0.0016 |1.020 2.084 SP1083 |hypothetical protein
SP0209 |0.0016 |0.963 2.098 rplC 50S ribosomal protein L3
SP0226 |0.0017 |0.996 2.098 rpIR 50S ribosomal protein L18
SP1198 |0.0145 |0.992 2.106 SP1198 |hypothetical protein
cell wall surface anchor family,
SP1992 |0.0159 |1.002 2.113 SP1992 |protein
SP0217 |0.0006 |1.013 2.118 romC 50S ribosomal protein L29
sensor histidine kinase BlpH,
SpR6-0464/0.0263 |0.996 2.119 hk13 putative
SP2000 |0.0339 |1.014 2.122 rrll DNA-binding response regulator
SP1926 |0.0321 |0.900 2.132 SP1926 |hypothetical protein
tRNA (guanine-N(1)-)-
SP0779 |0.0037 |1.013 2.139 trmD methyltransferase
SP0002 |0.0008 |0.997 2.147 dnaN DNA polymerase Il subunit beta
SP0191 |0.0311 |0.995 2.150 SP0191 |hypothetical protein
SP1667 |0.0007 |1.002 2.155 ftsA cell division protein FtsA
SP1643 |0.0292 |0.997 2.164 SP1643 |hypothetical protein
ABC- iron-compound ABC transporter,
SP1034 |0.0159 |0.999 2.168 MSP permease protein
SP1084 |0.0036 |1.011 2.182 map methionine aminopeptidase
metallo-beta-lactamase
SP0613 |0.0048 |1.046 2.185 SP0613 |superfamily protein
SP0227 |0.0037 |1.019 2.194 rpsE 30S ribosomal protein S5
SP1429 |0.0464 |1.065 2.197 SP1429 |peptidase, U32 family
SP0213 |0.0011 [1.016 2.200 rpsS 30S ribosomal protein S19
SP0218 |0.0005 |0.982 2.212 rpsQ 30S ribosomal protein S17
septation ring formation regulator
SP0807 ]0.0002 |0.997 2.218 ezrA EzrA
SP1170 |0.0333 ]0.992 2.224 SP1170 |hypothetical protein
UDP-N-acetylglucosamine 1-
SP1081 [0.0021 |0.990 2.229 murZ carboxyvinyltransferase
SP1427 |0.0364 |1.094 2.230 SP1427 |peptidase, U32 family
SP1541 |0.0044 |1.003 2.237 rpsk 30S ribosomal protein S6
SP0225 |0.0032 |0.981 2.237 rplFE 50S ribosomal protein L6
phosphopantetheine
SP1968 |0.0004 |1.005 2.237 coaD adenylyltransferase
SP1540 |0.0005 |1.008 2.240 SSbA single-strand DNA-binding protein
SP0231 |0.0076 |1.001 2.241 adk adenylate kinase
SP0964 |0.0263 |0.917 2.255 pyrD dihydroorotate dehydrogenase 1B
enoyl-(acyl-carrier-protein)
SP0419 |0.0442 |0.934 2.273 fabK reductase
SP2214 |0.0028 |0.964 2.274 tsf elongation factor Ts
SP0211 |0.0020 |0.933 2.277 rplw 50S ribosomal protein L23
SP0219 |0.0166 |0.999 2.281 rpIN 50S ribosomal protein L14
SP2152 |0.0091 |0.968 2.294 SP2152 |hypothetical protein
SP0380 |0.0411 |1.058 2.301 SP0380 |hypothetical protein
SP2156 |0.0027 |1.048 2.303 SP2156 |SPFH domain/Band 7 family
ABC- iron-compound ABC transporter,
SP1032 ]0.0319 |0.999 2.326 SBP iron compound-binding protein
SP1354 |0.0108 |1.028 2.333 rplL 50S ribosomal protein L7/L12
SP0992  |0.0067 |0.997 2.334 SP0992 |hypothetical protein
SP1293 ]0.0081 |1.003 2.362 rplS 50S ribosomal protein L19
SP1601 |0.0010 ]0.993 2.365 SP1601 |hypothetical protein
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SP1739 |0.0004 |1.001 2.369 SP1739 |hypothetical protein
SP0650 |0.0010 |0.989 2.378 SP0650 |hypothetical protein
SP0741 |0.0030 |1.023 2.378 SP0741 hiiothetical irotein
SP1600 |0.0022 |1.033 2.456 SP1600 |hypothetical protein
SP1666 |0.0036 |0.995 2.463 ftsZ cell division protein FtsZ
SP2116 |0.0179 |0.993 2.471 SP2116 |hypothetical protein
ABC- iron-compound ABC transporter,
SP1033 ]0.0261 |1.000 2471 MSP permease protein
SP1602 |0.0005 |1.035 2.474 phnA phnA protein
SP0212 |0.0431 |0.996 2.493 rplB 50S ribosomal protein L2
SP0024 |0.0091 |0.974 2.511 SP0024 |hypothetical protein
SP1355 |0.0010 |1.053 2.527 rpld 50S ribosomal protein L10
transcription antitermination
SP2007 ]0.0008 |0.950 2.539 nusG protein NusG
SP2215 |0.0008 |[1.002 2.553 rpsB 30S ribosomal protein S2
SP0783 |0.0037 |1.055 2.565 bioY hypothetical protein
SP0986 |0.0122 ]0.998 2.566 SP0986 |hypothetical protein
SP0216 [0.0037 |0.999 2.568 rplP 50S ribosomal protein L16
SP1208 ]0.0016 |1.027 2.576 udK uridine kinase
magnesium transporter, CorA
SP0185 ]0.0061 |0.999 2.586 corA family
SP0969 |0.0051 |0.991 2.609 era GTP-binding protein Era
SP1264 |0.0003 |1.016 2.622 SP1264 |hypothetical protein
SP0215 [0.0005 |1.019 2.711 rpsC 30S ribosomal protein S3
acyl-carrier-protein S-
SP0420 |0.0332 |0.917 2.744 fabD malonyltransferase
PTS system IIA component,
SP0645 |0.0101 |0.987 2.750 PTS-Ell |putative
SP0025 |0.0085 |0.988 2.781 SP0025 |hypothetical protein
SP0817 |0.0447 |1.000 2.795 SP0817 |MutT/nudix family protein
ABC- amino acid ABC transporter, ATP-
SP0111 |0.0345 |1.084 2.808 NBD binding protein, putative
ATP-dependent RNA helicase,
SP1586 ]0.0037 |1.031 2.886 SP1586 |putative
hydrolase, haloacid
SP1171 ]0.0058 |0.977 2.940 SP1171 |dehalogenase-like family
SP2117 |0.0220 |1.043 2.944 SP2117 |hypothetical protein
SP1922 |0.0017 |1.076 2.948 SP1922 |hypothetical protein

SP1362 |0.0005 |0.964 2.956 mecA adaitor irotein

SP0740 |0.0002 |1.002 3.077 SP0740 |MutT/nudix family protein
SP0430 |0.0033 |0.998 3.107 SP0430 |hypothetical protein

sugar-binding transcriptional
SP1821 |0.0156 |1.000 3.283 CCpA regulator, Lacl family

acetyl-CoA carboxylase biotin
SP0423 |0.0263 |0.846 3.313 accB carboxyl carrier protein subunit

3-ketoacyl-(acyl-carrier-protein)
SP0421 ]0.0418 |0.928 3.358 fabG reductase
SP1197 |0.0037 |0.976 3.397 SP1197 |hypothetical protein
SP0026 |0.0005 ]0.960 3.421 SP0026 |hypothetical protein

acetyl-CoA carboxylase subunit
SP0427 |0.0200 |0.844 3.464 accA alpha

acetyl-CoA carboxylase subunit
SP0426 |0.0261 |0.933 3.676 accD beta

(3R)-hydroxymyristoyl-(acyl
SP0424 |0.0269 |0.889 3.721 fabZ carrier protein) dehydratase
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acetyl-CoA carboxylase biotin
SP0425 |0.0304 |0.909 3.793 accC carboxylase subunit
SP2098 |0.0056 |1.005 3.816 SP2098 |membrane protein

3-oxoacyl-(acyl carrier protein)
SP0422 |0.0292 |0.885 3.935 fabF synthase |l
SP0085 |0.0017 |0.983 4.016 rpsD 30S ribosomal protein S4

ABC- ABC transporter, ATP-binding

SP2003 |0.0162 |0.999 4.164 NBD protein
SP0742 |0.0004 |1.048 4.889 SP0742 |hypothetical protein
SP2216 |0.0040 |1.011 4.997 gSP781 |secreted 45 kd protein
SP0800 |0.0002 |1.002 10.524 SP0800 |hypothetical protein
SP2063 |0.0087 |0.932 15.672 SP2063 |LysM domain-containing protein
SP0107 |0.0008 |1.088 34.684 SP0107 |LysM domain protein

Appendix 17 Genes present in strain South Africa 25 07 which are identified as differentially
expressed 15 minutes after midlog when growing in B HI broth in the presence and absence
of clarithromycin 5mg/L (Benjamini and Hochberg cor rection).

The genes which are significantly up or down regula  ted (P<0.05) were identified using
Genespring GX 7.3.1 (Agilent Technologies, USA) usi ng a one way ANOVA t-test with a
false discovery rate set at 0.05 and Benjamini and Hochberg multiple testing correction
used. Expression differences with less than 2 fold differences were excluded. The P values
resulting from the t-test comparing expression in t he presence and absence of
clarithromycin for each gene and the putative funct ions of the genes are noted. Genes
involved in amino acid synthesis are highlighted gr een, transcriptional regulators in orange
and ribosomal proteins are highlighted in yellow. G enes highlighted in red have been
identified as part of the pneumococcal stress respo nse to vancomycin (Haas et al., 2005).



