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ABSTRACT 

 
Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a leading 

neonatal pathogen responsible for infections such as sepsis, pneumonia and 

meningitis. Transmission can occur vertically from a colonised mother, with estimates 

of 10-30% GBS colonisation in pregnant women. To address this, a culture-based 

screen at 35-37 weeks gestation is implemented in Western Australia (WA), the result 

of which determines whether women receive intrapartum antibiotic prophylaxis. 

While this strategy has been successful at reducing early onset sepsis, there are 

concerns regarding this widespread use of antibiotics and its potentially adverse 

effects on the development of the fetal microbiome, as well as the high probability 

that antibiotic resistance will develop. Mono-microbial infections, such as GBS early-

onset sepsis, may be better suited to targeted therapeutic approaches such as the use 

of bacteriophages and vaccination; however, such targeted approaches generally 

require additional information on the molecular and/or serological characteristics of 

the organism. Currently, there is limited epidemiological data available regarding GBS 

serotypes and their prevalence within Australia, and no detailed information for WA. 

In this thesis the current obstetric screening practices employed in WA were identified 

as a prime opportunity to generate valuable surveillance data on GBS. 

 

The overarching aim of this study was to describe the epidemiology of GBS in WA in an 

effort to guide future targeted non-antibiotic therapeutic options, of which our central 

interest was bacteriophages. A prospective cohort of mothers was recruited as part of 

the Predict1000 study conducted at King Edward Memorial Hospital (201535EW). 

Sample collection involved self-collected vaginal and rectal swabs at less than 22 

weeks (visit 1) and additionally at 34 – 39 weeks gestation (visit 2). A sub-set of 814 
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women were assessed in this study with 567 completing follow-up specimen 

collections. GBS were cultured from these swabs using Carrot Broth and CHROMagar 

StrepB, followed by molecular analysis of clinical swab DNA and GBS isolates. 

Questionnaire and medical record data were collected from each participant to 

identify risk factors, document pregnancy outcome and examine any associations 

between these and GBS colonisation. 

 

Initially, a novel multiplex PCR able to simultaneously detect GBS presence (ubiquitous 

dltS gene) and identify serotypes Ia, Ib and III (individual cps genes) was developed 

based on current literature suggesting these were the dominant neonatal disease-

associated serotypes. This assay was highly specific and sensitive, able to detect a 

minimum of 12 GBS cells. To validate this on clinical samples, vaginal swab DNA from a 

previous cohort study (UPCAN) that examined three time points in pregnancy was 

accessed. Of the 512 vaginal specimens, 112 (21.9%) were dltS positive (GBS positive), 

with a further 16 (14.3%), 1 (0.9%) and 7 (6.3%) of these positives identified as 

serotypes Ia, Ib and III, respectively. The majority of participants were consistently 

colonised with GBS (83.9%) with 16.1% transiently colonised. These results suggested 

that in contrast to the previous literature, the majority of GBS isolates in WA pregnant 

women were from cps types other than Ia, Ib and III. With this in mind, our PCR assay 

was utilised alongside other published molecular techniques to detect all known GBS 

cps types. 

 

In the current study (Predict1000), approximately 24% of women were colonised with 

GBS overall, with minimal variation over pregnancy. The majority (89.4%) of 

participants were observed as consistent colonisers, remaining GBS positive or 
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negative over the two specimen collections. The remaining 10.6% of women were 

transiently colonised. All serotypes were detected except for cps VII. Serotype 

prevalence included Ia (27.9%), III (20.9%), II (16.3%), V (15.8%), Ib (8.4%), VI (5.1%), IV 

(2.8%), VIII (0.5%) and IX (0.5%); 1.4% of GBS isolates were non-typeable (NT).  

 

A subset of GBS isolates were further characterised using whole genome sequencing. 

The sequence types (ST) were evaluated using a multi-locus sequence typing (MLST) 

scheme which revealed 31 different STs across 171 isolates. These included 151 

antenatal isolates from visits 1 and 2, 20 reference isolates and 10 neonatal disease 

isolates. Phylogenetic analysis revealed clustering of the isolates into four predominant 

clonal complexes (CC-12, 17, 19 and 23). Interestingly, the neonatal invasive disease 

isolates were distributed amongst the antenatal isolates and did not show any distinct 

clustering, however, CC12 and CC17 contained more disease isolates when sample size 

of each CC was accounted for. A number of virulence factors including haemolysin, 

surface proteins and pilus island genes were assessed in addition to capsule genes.  

 

With a greater understanding of GBS, we next sought to isolate and characterise 

bacteriophages (phages) with activity against these clinical isolates. The characterised 

GBS clinical isolates were used as a basis for screening wastewater for putative phages, 

resulting in the isolation of four phages, LF1, LF2, LF3 and LF4. Transmission electron 

microscopy identified these as tailed phages of the family Siphoviridae, and all 

displayed a broad range of lytic activity against host GBS isolates. However, despite 

this activity, whole genome sequence analysis identified all as temperate phages 

containing lysogeny-related genes such as int (integrase). Although temperate phages 

are not ideal for therapeutic applications, no obligately lytic phages have been isolated 
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against GBS.  As such, the anti-GBS activity exhibited by these phages may be worth 

pursuing in the form of bioengineered phages. Additional phage isolation would 

complement these findings and may also identify novel lysins for potential clinical use. 

 

This is the first comprehensive investigation of GBS epidemiology in WA with the 

added detail of genomic analyses. Data from this study will be valuable in guiding 

future targeted therapeutic approaches. Although our focus was on bacteriophages, 

selection of appropriate vaccine candidates for use in WA will also be significantly 

enhanced through the use of our data.  
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CHAPTER 1 – INTRODUCTION 

 

1.1. Thesis structure 

In accordance with the University of Western Australia Higher Degree by Research 

Rules Act, this thesis is presented as a cohesive collection of review and research 

manuscripts, the majority of which have been subjected to peer-review and accepted 

for publication. In accordance with this style, each chapter contains an introduction, 

methods, results and discussion, with a preamble to outline the publication status and 

author’s contribution, leading into the chapter. Inevitably there are areas in which 

chapters intersect and overlap in content, particularly in background and 

methodology, however, this has been thoroughly considered in an attempt to avoid 

unnecessary repetition. Where the journal publication style has prescribed only limited 

description of methodology, this has been addressed in a general methods chapter for 

clarification. Throughout this thesis the organism of focus is referred to by one of two 

interchangeable names: Streptococcus agalactiae or Group B Streptococcus (GBS); the 

former is used for microbiological descriptions and the latter is used in more clinical 

contexts. The format of each manuscript has been adjusted to ensure consistency 

throughout and includes a complete reference list at the end of the thesis, however, 

for convenience references are cited to include the author and date. This thesis is 

composed of ten chapters, as outlined below. 

 

Chapter 1 – Introduction  

The introduction introduces the reader to S. agalactiae as a perinatal pathogen, 

highlights current screening and treatment practices, and briefly discusses the 

potential for non-antibiotic therapies. Here, the aims and hypotheses are described. 
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Chapter 2 – GBS Review 

Two review chapters have been included in this thesis and act to set the scene for the 

research described in the following chapters by highlighting research gaps. The first of 

these focuses on the epidemiology of S. agalactiae and the different molecular 

methods used to describe and characterise this organism. 

 

Chapter 3 – General Methods 

Chapter 4 -7 – GBS Results 

These chapters describe methodology, epidemiology and genetic diversity within S. 

agalactiae. 

 

Chapter 8 – Bacteriophage Review 

The second review introduces the concept of bacteriophage applications during 

pregnancy and the neonatal period. This review emphasises the limited knowledge 

about phages in this context, yet the potentially beneficial role phage therapy could 

have in this population. 

 

Chapter 9 – Bacteriophage Results 

This is an in-depth analysis of S. agalactiae phages, including isolation, characterisation 

and assessment of antimicrobial activity against clinically-relevant S. agalactiae 

isolates. 
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Chapter 10 – General Discussion 

This chapter draws the thesis to a close by summarising all of the study components 

and placing them into context in a general discussion. Here, key findings are critically 

discussed, including limitations and implications for future research.  

 

1.2. Overview 

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram 

positive coccus that is a significant perinatal pathogen and is one of the leading causes 

of sepsis in neonates. As a commensal of the gastrointestinal and genitourinary tracts 

pregnant mothers are subject to culture- or risk-based screening methods to prevent 

transmission to their newborn (Verani et al. 2010). In Western Australia, culture-based 

universal screening has been adopted and a positive result prompts antibiotic 

administration to S. agalactiae-colonised women intrapartum. This strategy has been 

shown to reduce rates of early onset disease (EOD) in neonates in the United States, 

however, late onset disease (LOD) remains unchanged (Schrag and Verani 2013). 

However, despite the successful reduction in EOD, widespread antibiotic use is not a 

sustainable long-term solution when considering the potential for the development of 

antibiotic resistance (Banno et al. 2018, Garland et al. 2011), and implications of in 

utero neonatal antibiotic exposure on commensal gut microbes (Stearns et al. 2017, 

Mueller et al. 2015).  

 

Assessment of non-antibiotic approaches for S. agalactiae prophylaxis during 

pregnancy is vital for long term treatment strategies, and first requires a 

comprehensive understanding of the organism in the specific population at hand. 

There has been limited research examining S. agalactiae colonisation in pregnant 
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women in Australia, with the only study representing Western Australia including a 

total of 11 isolates (Ko et al. 2015). Global studies have revealed geographical variation 

in prevalent serotypes and promoted subsequent calls for local surveillance to 

appropriately inform therapeutic options (Russell et al. 2017). The current screening 

practice is an underutilised opportunity for surveillance and monitoring of S. 

agalactiae colonisation and disease development. The presence/absence result that 

current screening obtains does not guide future targeted therapies that are sought 

after. To maximise the knowledge we gain from this screening process, assessment of 

appropriate screening methodology will be vital, particularly when determining 

economic feasibility. Additional understanding of risk factors for colonisation and the 

associated temporal dynamics may provide insight into optimal screening timeframes 

and lifestyle factors that are associated with colonisation. At the genetic level, 

exploring targets such as the capsule, surface proteins and pilus types which are 

included in candidate vaccines can provide an indication of the expected vaccine 

coverage within a specific population. Understanding what targets are most 

represented in our population will be useful for guiding vaccine selection.  

 

Another non-antibiotic therapeutic strategy with future potential is the use of highly 

selective bacterial viruses known as bacteriophages or phages (Nobrega et al. 2015). 

These present an exciting approach to tackling mono-microbial diseases, such as the 

case with S. agalactiae colonisation/disease. Phages are broadly classified into two 

lifestyles: temperate, and virulent or obligately lytic. The former involves persistence 

of infecting phage nucleic acid within the host as a prophage (lysogenic cycle) and 

induction following stress to the host, with excision, replication and lysis of the host 

cell (lytic cycle). Obligately lytic phages, however, are only able to undertake the lytic 
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life cycle; infecting, replicating and lysing the host. When considering phage as 

therapeutics the obligately lytic phages represent ideal candidates as the bacteria do 

not have a chance to persist as is the case in the lysogenic cycle. Currently, no S. 

agalactiae-specific lytic phages have been isolated and this could be a promising 

avenue for future therapeutics.  

 

1.3. Aims and hypotheses 

The core aim of this PhD thesis is to thoroughly describe Streptococcus agalactiae 

colonisation in Western Australian pregnant women and explore non-antibiotic 

alternatives for prevention of vertical transmission, including vaccine targets and 

bacteriophages. 

The detailed aims of this thesis are: 

1. Develop a novel multiplex PCR method to enhance S. agalactiae screening 

capabilities and provide information on disease-related serotypes within a 

single assay using clinical sample DNA. 

2. Compare diagnostic methods used routinely in hospital settings with both 

direct and enriched culture molecular methods. 

3. Describe S. agalactiae colonisation in pregnant women in Western Australia, 

and associated risk factors and colonisation dynamics. 

4. Examine the genetic characteristics of a sub-set of antenatal S. agalactiae 

isolates and neonatal disease isolates from Western Australia to understand 

genetic variation and vaccine target prevalence. 

5. Isolate and characterise bacteriophages with activity against clinical S. 

agalactiae isolates as potential future therapeutic candidates for S. agalactiae 

eradication and disease prevention. 
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Exploring each of these aims was based on the overall hypothesis that local 

surveillance of S. agalactiae is important for informing and implementing targeted 

non-antibiotic therapies, such as vaccines and bacteriophages. 
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CHAPTER 2 – PREAMBLE 

 

This chapter has been peer-reviewed and published under the following citation 

(Appendix I): 

Furfaro LL, Chang BJ, Payne MS. Perinatal Streptococcus agalactiae epidemiology and 

surveillance targets. Clinical Microbiology Reviews. 2018;31:e00049-18. Published 

online Aug 15. https://cmr.asm.org/content/31/4/e00049-18.  

This review introduces the reader to the epidemiology of Streptococcus agalactiae and 

different molecular methods used to provide the background into the purpose and 

impact of the research to be covered in the following chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

https://cmr.asm.org/content/31/4/e00049-18
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CHAPTER 2 – PERINATAL Streptococcus agalactiae EPIDEMIOLOGY AND 
SURVEILLANCE TARGETS 

 

2.1. Summary 

Streptococcus agalactiae or Group B Streptococcus (GBS) is a major neonatal 

pathogen. Recent data has elucidated the global prevalence of maternal and neonatal 

colonisation, however, gaps still remain when considering the epidemiology of this 

species. A number of phenotypic and genotypic classifications can be used to identify 

the diversity of GBS and some are more discriminatory than others. This review 

explores the main schemes used for GBS epidemiology and further details the targets 

for epidemiological surveillance. Current screening practices across the world provide 

a unique opportunity to gain detailed information on maternal colonising strains and 

neonatal disease-causing strains, information which is vital for monitoring and 

therapeutics, if sufficient detail can be extracted. Deciphering which isolates are 

circulating within specific populations and recording targets within invasive strains are 

crucial steps for monitoring the implementation of therapeutics such as vaccines, as 

well as developing novel therapies against prevalent GBS strains. Having a detailed 

understanding of global GBS epidemiology will prove invaluable for understanding the 

pathogenesis of this organism and equipping future prevention strategies for success. 

 

2.2. Streptococcus agalactiae 

Streptococcus agalactiae is the sole member of the Lancefield group, Group B 

Streptococcus and therefore is commonly referred to as GBS (Lancefield 1933). This 

Gram positive coccus resides as a commensal of the gastrointestinal and genitourinary 

tract of humans; however, it has the capacity to cause serious infections. These are 

often opportunistic in nature, affecting the elderly, immunocompromised, and 
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particularly neonates, in which GBS is a major cause of morbidity and mortality (Heath 

and Schuchat 2007, Schuchat 1998). Recently, infections in healthy adults have also 

been reported (Fujita et al. 2015, Li et al. 2016). In these populations the spectrum of 

disease ranges from sepsis, pneumonia and meningitis to endocarditis. GBS disease 

can be classified based on the time of onset: early-onset disease (EOD) occurs in the 

first week of life (Oddie and Embleton 2002), while any disease presentation after this 

up to 3 months of life is classified as late-onset disease (LOD) (Lin et al. 2003). In 

neonates, the majority of early-onset GBS disease occurs as a result of transmission 

from a colonised mother either through ascending infection or during the process of 

vaginal birth (Berardi et al. 2014). In contrast, late-onset sepsis is believed to be 

contracted via nosocomial or community-acquired means (Aber et al. 1976). Due to 

the potential for transmission from the mother, universal screening of pregnant 

women by either risk-based or culture based-methods has been implemented in most 

countries. In such countries, intrapartum antibiotic prophylaxis (IAP) is administered 

before delivery to women at risk of GBS disease (delivery at <37 weeks’ gestation, 

intrapartum temperature ≥38.0°C, or rupture of membranes for ≥18 hours) or with 

GBS colonisation (Verani et al. 2010). This widespread treatment strategy has been 

successful in reducing EOD significantly, however, has had no effect on LOD (Verani et 

al. 2010). Screening for GBS by culture currently involves vaginal and rectal swabs 

collected at 35-37 weeks gestation and cultured in selective enrichment media (Cagno 

et al. 2012). Additionally, diagnostic molecular techniques to detect GBS have also 

been described (Rosa-Fraile and Spellerberg 2017). The outcome of this screening is 

either GBS colonisation or absence. However, there is a plethora of other information 

about these organisms that could be obtained during routine screening that may prove 

vital in furthering our understanding of their epidemiology; as such we are currently 
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under-utilising this potentially valuable surveillance source. Expanding our knowledge 

of current targets through the use of phenotypic and molecular assays to identify and 

differentiate isolates within the population will likely prove essential for future GBS 

interventions. 

 

2.3. Identification and classification 

Several methods have been described to identify and characterise GBS for 

epidemiological and diagnostic purposes (Imperi et al. 2010). These include: serotyping 

(based on the capsular polysaccharide); surface proteins; multi-locus sequence typing; 

multiple-locus variable repeat assays; and more recently, clustered, regularly-

interspaced, short palindromic repeat locus assays. All have advantages and 

disadvantages, and all convey different levels of epidemiologic data in the context of 

surveillance. 

 

2.3.1. Serotyping 

The capsular polysaccharide (CPS) that encapsulates GBS is a major virulence factor, 

but additionally determines the serotype. A total of ten serotypes have been 

identified, with CPS IX the most recently proposed (Slotved et al. 2007). Serotypes can 

be identified through latex agglutination and molecular assays such as multiplex PCR 

(Furfaro et al. 2017, Imperi et al. 2010, Yao et al. 2013, Zeng et al. 2006). As one of the 

first discriminating factors of GBS, the serotypes have been described in the literature 

as a way of grouping isolates in an attempt to understand prevalence in maternal 

colonisation and neonatal disease. Serotyping provides valuable information that 

allows classification into serologically similar groups, and patterns have emerged based 

on global prevalence. The most common global serotypes include CPS Ia, Ib, II, III and 
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V. When considering a perinatal context, however, many studies describe limited 

serotype testing (Eskandarian et al. 2015, Dutra et al. 2014, Florindo et al. 2014) and 

others were completed prior to inclusion of CPS IX (Tyrrell et al. 2000, Tsolia et al. 

2003, Davies et al. 2001). These are major limitations in such studies, however, there 

are still numerous studies that have included all known serotypes and these generally 

support the overarching predominance of the five main CPS types in a perinatal 

context (Russell et al. 2017, Madrid et al. 2017).  

 

Global serotype distribution 

A recent meta-analysis of maternal colonisation described a global dataset of serotype 

prevalence (Russell et al. 2017). Russell and colleagues highlighted the regional 

variation for the less common serotypes such as CPS IV, VI, VII, VIII and IX. Prior to this 

analysis the general consensus was that approximately 10 – 30 % of pregnant women 

were colonised with GBS; this analysis supports previous estimates, and suggests that 

the global colonisation rate in pregnant women is 18%, with regional variation 

estimates between 11 – 35%. South and East Asian countries had the lowest reported 

prevalence (11-12.5%), while the Caribbean was observed to have the greatest 

prevalence (34.7%) (Russell et al. 2017). Subsequent neonatal disease rates of GBS 

have been estimated at 0.49 per 1000 live births globally, with highest incidence in 

Africa (1.12 per 1000 live births) and lowest in Asia (0.30 per 1000 live births) (Madrid 

et al. 2017). Five serotypes (Ia, Ib, II, III and V) have been estimated to encompass 

approximately 98% and 97% of the serotypes identified during maternal colonisation 

and neonatal disease, respectively. This leaves a small proportion of 

colonisation/neonatal disease attributable to the remaining five serotypes, however, it 

is important to highlight these serotypes as the dynamic has the potential to shift. 
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Several studies highlight the variation in serotype prevalence globally and are 

summarised with general trends below for each serotype (Table 2.1). 

 

Ia 

The frequency of different serotypes as colonisers makes determination of disease 

development an extremely difficult task. The asymptomatic colonisation in some, yet 

invasive disease progression in others emphasises the complexity of the host-GBS 

interaction. Maternal colonisation by this serotype is seen globally (Russell et al. 2017) 

and it is the most prevalent serotype in maternal disease according to a limited meta-

analysis (including only USA, UK and France) (Hall et al. 2017). Regarding neonatal 

disease, previous meta-analysis found Ia as the most frequent serotype contributing to 

EOD, however, this global estimate was lacking in data from Asia (Edmond et al. 2012). 

The latest analysis includes Asia and while overall trends of prevalence remain similar, 

South America is the only region in which CPS Ia predominates over CPS III in cases of 

EOD (Madrid et al. 2017). In contrast, in Eastern Asia unlike other regions, prevalence 

of Ib surpassed Ia (Madrid et al. 2017). 

 

Ib 

Eastern Asia has the highest proportion of neonatal disease attributable to CPS Ib, and 

within the Asian region, Ib is second only to CPS III in predominance (Madrid et al. 

2017). In Taiwan, Lin and colleagues found CPS Ib to account for 21.6% of the isolates 

collected from a mixed population of pregnant women, neonates and non-pregnant 

adults, representing the most common serotype in the study (Lin et al. 2016). This 

frequency, however, was largely accounted for by non-pregnant adult invasive disease 

isolates which represented 26/29 CPS Ib isolates. Similarly, in Korea, 22% of GBS 
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serotypes causing infection in adults were identified as Ib (Uh et al. 2005). Differences 

in distribution have been observed within different cohorts, such as pregnant, 

neonatal and adult populations. Maternal colonisation with CPS Ib in Mexico and South 

America has been reported as considerably higher compared to other countries 

(Russell et al. 2017). On the opposite end of the spectrum, CPS Ib was the least 

prevalent, after non-typeable (NT) isolates, to account for maternal disease (USA, UK 

and France) (Hall et al. 2017). 

 

II 

Serotype II is the fourth most prevalent serotype in maternal disease according to a 

study including USA, UK and France (Hall et al. 2017) and the fifth most prevalent in 

neonatal disease worldwide (Madrid et al. 2017). Predominance of this serotype was 

observed in pregnant women at the Thai-Myanmar border, where 24% of isolates 

recovered were CPS II as reported by Turner and others (Turner et al. 2012). A study in 

Catalonia, Spain assessed GBS isolates from pregnant women and pathogenic strains 

isolated from neonates with sepsis and found serotypes Ia and II were significantly 

more frequent as colonising strains (Lopez et al. 2017). Colonisation of Nigerian 

pregnant women also showed predominance by serotype Ia, while serotype II 

accounted for 71.4% of the neonatal colonising isolates (Elikwu et al. 2016). Likewise, 

GBS isolated from the nasopharynx of Gambian neonatal carriers found highest 

prevalence of CPS V and II (Foster-Nyarko et al. 2016). 

 

III 

Well-known for its association with disease, in particular EOD, CPS III has been 

reported thoroughly worldwide and remains the leading cause of neonatal disease 
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(Madrid et al. 2017). Maternal prevalence differs by continent, as Africa, Australia and 

New Zealand have much higher prevalence, while the Middle East, Eastern Europe, 

South Asia (including India and Bangladesh) and Central America have lower rates 

(Russell et al. 2017). In coastal Kenya, CPS III accounted for the majority of maternal 

colonising isolates and 70% of the neonatal disease strains (Seale et al. 2016). In 

France, serotype III accounted for 83.9% of infant meningitis caused by GBS infection 

(Romain et al. 2017). Temporal dynamics of this serotype were reported for adult 

invasive infections in Iceland, in which the only significant decline in serotype 

prevalence over the 39 year period was CPS III (Bjornsdottir et al. 2016). This 

observation contrasts with other populations, such as neonates, in which it is 

attributed to the majority of invasive disease (Madrid et al. 2017).  

 

IV 

Serotype IV is less prevalent globally compared to the other main serotypes (Ia, Ib, II, III 

and V). Recent studies, however, have noticed the emergence of this serotype, 

particularly in Canada and USA (Teatero et al. 2017, Teatero et al. 2015, Ferrieri et al. 

2013). These studies also reported evidence of capsular switching relevant to this 

serotype, a concern for targeted therapies. Serotype IV presence within a 

predominantly CPS III cluster of isolates from France was suggested to have occurred 

through capsular switching (Bellais et al. 2012) and capsular switching to serotype IV 

within clonal complex 17 was also reported in Kenya (Seale et al. 2016) which further 

supports this as a cause for concern. 

V 

Early studies reporting the emergence of CPS V noted a close genetic relationship 

among the strains of this serotype and its recovery from all populations, however, 
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more so from non-pregnant adults (Blumberg et al. 1996). It is recognised as the third 

most prevalent serotype associated with maternal disease in USA, UK and France (Hall 

et al. 2017). Africa, more specifically Western Africa, has reported higher frequency of 

CPS V maternal colonisation than other regions such as North America, Australia and 

New Zealand, which have a much lower prevalence (Russell et al. 2017). In Gabon, 

approximately one third of serotypes isolated from pregnant women were CPS V 

(Belard et al. 2015). This supports previous observations of CPS V predominance by 

other studies in Gambian mothers and their infants, and pregnant women in Egypt 

(Suara et al. 1994, Shabayek et al. 2014). 

 

VI 

Considered one of the rarer serotypes (amongst VII, VIII and IX), CPS VI is often 

reported in Asian countries, in particular Japan (Lachenauer et al. 1999) and Malaysia 

(Eskandarian et al. 2015, Suhaimi et al. 2017). While global colonisation estimates 

place CPS VI in the minority, this serotype is thought to account for as much as 20% of 

serotypes observed in South-East Asian pregnant women (Russell et al. 2017).  

 

VII 

Similarly, CPS VII is less represented across the globe (Russell et al. 2017). Interestingly, 

it is found to be the most common serotype in Southern Ghana, the first study to 

report such serotype prevalence in pregnant women from West Africa (Slotved et al. 

2017). A number of Malaysian studies observed serotype VII in their cohorts ranging 

from 1.7% to 21.4% of serotypes (Eskandarian et al. 2015, Karunakaran et al. 2009, 

Suhaimi et al. 2017). This supports the observation of intra-country variation that was 

similarly reported (although not for CPS VII) for serotypes in different regions of Brazil 
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(Dutra et al. 2014). A study of maternal colonisation in India observed CPS VII 

accounting for 6.7% of the serotypes and greater than Ib prevalence, which is 

indicative of Asian countries, yet unique in the distribution (Chaudhary et al. 2017). 

More recently, Islam et al. observed 37.1% of the GBS specimens isolated from 

newborn umbilical cord areas (colonising isolates) belonged to CPS VII in Bangladesh 

(Islam et al. 2016). 

 

VIII 

Serotype VIII is strongly associated with Japan, with an early study reporting high 

frequency in pregnant women (Lachenauer et al. 1999). They found 35.6% prevalence 

of CPS VIII among serotypes, followed by CPS VI (also considered rare globally) among 

colonising isolates of Japanese pregnant women (Lachenauer et al. 1999). Thereafter, 

incidences of its presence began to be described outside of Japan. In Denmark, seven 

instances of invasive disease among non-pregnant adults belonging to CPS VIII were 

reported from 1999 – 2002 (Ekelund et al. 2003). Also, detection of one isolate 

colonising a pregnant woman was recognised as CPS VIII in Maryland, USA (Paoletti et 

al. 1999). Lately, frequency of CPS VIII is generally low outside of Japan and often 

studies describe minimal isolates (Yan et al. 2016, Toyofuku et al. 2017). 

 

IX 

The newest serotype described in 2007 has had fewer chances for description in the 

literature, however in the last decade studies have adopted new techniques and now 

most test for all serotypes. As mentioned above, a study in Southern Ghana observed 

CPS IX with the second highest prevalence behind VII (Slotved et al. 2017). A Swedish 

study assessed changes in serotype distribution over time for invasive disease 
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(neonatal and adult populations) and suggested circulating serotypes remained stable 

from 1990 onwards, however, noted the increase in CPS VII – IX (Gudjonsdottir et al. 

2015). Additionally, a case study in Japan described an incidence of ultra-late onset 

sepsis caused by CPS IX, and this demonstrates its capacity to play a role in disease 

(Takahara et al. 2015). 

 

Non-typeable 

Numerous serotyping studies result in isolates that do not represent any of the defined 

types and are thus considered non-typeable (NT). It is not known whether this is a 

result of technique specificity or whether such isolates may represent novel serotypes; 

either way NT isolates could potentially skew the available data. Capsule loss or lack of 

expression are both potential contributors to this NT category (Creti et al. 2012, Rosini 

et al. 2015). One study assessed a collection of GBS isolates classified as NT by 

serological methods and went on to characterise them by a number of different 

techniques (immunodiffusion, pulsed-field gel electrophoresis and multi-locus 

sequence typing) (Ramaswamy et al. 2006). This resulted in all isolates being serotyped 

and found to represent all types excluding IV and VII – IX, with instances of multiple 

serotypes per isolate, which has been described previously (Paoletti et al. 1999). This 

may represent an incidence of capsular switching, a phenomenon that involves the 

genetic exchange of capsular genes which enables expression of alternative capsule 

types and it is proposed that such horizontal transfer may be responsible for the 

capsular locus diversity (Cieslewicz et al. 2005, Martins et al. 2007a, Martins et al. 

2010). In the former study by Ramaswamy and colleagues, 80% of these isolates 

containing multiple serotypes contained a type V CPS-specific gene and the authors 

proposed that this serotype may have an association with increased competency and 
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ability to acquire DNA (Ramaswamy et al. 2006). This is an interesting notion, but given 

that GBS is not thought to be naturally transformable, the idea that capsular switching 

may result from increased competence of CPS V seems unlikely, however, capsular 

switching has been reported by others (Bellais et al. 2012, Meehan et al. 2014, 

Neemuchwala et al. 2016, Teatero et al. 2017). This is a concern for vaccine 

development targeting the capsule as this has been an issue for the naturally 

transformable Streptococcus pneumoniae due to capsular switching (Nesin et al. 1998, 

Ramirez and Tomasz 1999). 

 

One of the major limiting factors when discussing GBS serotype distribution is that a 

direct comparison between studies can be difficult due to the number of different 

study parameters assessed such as specimen type, study population and the added 

complexity of various serotyping methodologies. For optimal surveillance outcomes, all 

types of patient cohorts are vital to completing the broader picture of GBS 

epidemiology. Increasing our understanding of prevalent isolates associated with a 

specific body site and their potential to cause disease by monitoring the serotypes is 

the first step towards narrowing down invasive strain targets and surveying the 

serotype distribution dynamics. 
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Table 2.1. Summary of various serotyping distribution studies that highlight serotype 

variation, showing the variety of patients, specimens, clinical presentations and 

methods used. 

 

Study 

authors (year) 
Location Patients Specimens 

Clinical  
presentation 

Serotyping  
method 

Serotypes 

Lin et al.  
(2016) 

Central 
Taiwan 

Neonates - 
adults 

Blood Invasive PCR All 10 

Pregnant 
women 

Vaginal and 
rectal 

Carriage 

Uh et al.  
(2005) 

South  
Korea 

Adults NS Infection Latex  
agglutination 

Only Ia, Ib,  
II – VIII 

Turner et al. 
(2012) 

Thai-
Myanmar 
border 

Pregnant 
women 

Vaginal and 
rectal 

Carriage Latex agglutination  
and PCR 

All 10 

Lopez et al. 
(2017) 

Catalonia, 
Spain 

Pregnant 
women and 
neonates 

NS Carriage NS NS 

NS Invasive 

Elikwu et al. 
(2016) 

Nigeria Pregnant 
women 

Vaginal and 
rectal 

Carriage PCR All 10 

Foster-Nyarko 
et al. (2016) 

Gambia Infants Nasopharyngeal Carriage Latex agglutination  
and PCR 

All 10 

Romain et al. 
(2017) 

France Neonate - 
infant 

Blood and 
cerebrospinal 
fluids 

Invasive French National 
Reference Centre for 
Streptococci (method 
NS) 

Only Ia - V 

Bjorsdottir  
et al. (2016) 

Iceland Adults Blood and 
synovial fluid 

Invasive Latex agglutination All 10 

Teatero et al. 
(2017) 

Toronto, 
Canada 

Pregnant 
women 

Vaginal and 
rectal 

Carriage PCR and latex 
agglutination 

All 10 

Teatero et al. 
(2015) 

Toronto, 
Canada 

Neonates - 
adults 

Blood, 
cerebrospinal 
fluid and tissue 

Invasive PCR and latex 
agglutination 

All 10 

Ferrieri et al. 
(2013) 

Minnesota, 
USA 

Infant Blood, 
cerebrospinal 
fluid, bone, 
joint and post-
mortem from 
liver and lung 

Invasive Immuno- 
precipitation 

All 10 

Blumberg  
et al. (1996) 

Atlanta, 
USA 

Infant - adults Blood, 
peritoneal fluid 
and 
cerebrospinal 
fluid 

Invasive Capillary precipitin Only Ia, Ib,  
II - V 

Belard et al. 
(2015) 

Gabon Pregnant 
women 

Vaginal and 
rectal 

Carriage Latex agglutination All 10 
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Suara et al. 
(1994) 

Gambia Pregnant 
women 

Vaginal and 
rectal 

Carriage Capillary precipitin Only I - VI 

Neonates Throat, rectal 
and umbilical 

Carriage 

Shabayek et al. 
(2014) 

Egypt Pregnant and 
non-pregnant 
women 

Vaginal Carriage PCR and latex 
agglutination 

All 10 

Lachenauer  
et al. (1999) 

Japan Pregnant 
women 

Vaginal Carriage Inhibition ELISA Only Ia, Ib,  
II – VIII 

Eskandrian  
et al. (2015) 

Malaysia Neonates and 
adults 

 Vaginal and 
urine 

Carriage PCR and latex 
agglutination 

Only Ia, Ib  
II - VII 

Blood, wound 
and skin ulcers, 
tracheal and 
gastric 
aspirates 

Invasive/infection 

Suhaimi et al. 
(2017) 

Malaysia Neonates – 
adults (80+ 
years) 

Vaginal, urine 
and placental 

Carriage PCR and latex 
agglutination 

All 10 

Blood and 
tissue 

Invasive 

Dutra et al. 
(2014) 

Brazil Pregnant 
women 

Vaginal and 
perianal 

Carriage Capillary precipitin Only Ia, Ib,  
II – VIII 

Adults Blood, urine 
and male 
genital tract 
discharge 

Invasive/infection 

Chaudhary  
et al. (2017) 

India Pregnant 
women 

Vaginal and 
rectal 

Carriage Latex agglutination All 10 

Islam et al. 
(2016) 

Bangladesh Neonates Umbilical cord Carriage PCR All 10 

Ekelund et al. 
(2003) 

Denmark Neonates – 
adults (80+ 
years) 

Blood Invasive Precipitin test Only Ia, Ib,  
II – VIII 

Paoletti et al. 
(1999) 

Boston,  
USA 

Neonates and 
adults 

Genitourinary 
tract, others NS 

NS Precipitin test Only Ia, Ib, 
 II, III, V, VI 
and VIII 

Yan et al.  
(2016) 

China Pregnant 
women 

NS Carriage PCR All 10 

Toyofuku  
et al. (2017) 

Japan Neonates Nasopharyngeal 
and rectal 

Carriage PCR Only Ia, Ib,  
II – VIII 

Slotved et al. 
(2017) 

Ghana Pregnant 
women 

Vaginal and 
rectal 

Carriage Latex agglutination All 10 

Gudjonsdottir  
et al. (2015) 

Sweden Neonates and 
adults 

Blood, 
cerebrospinal 
fluid and 
synovial fluid 

Invasive Latex agglutination All 10 

Takahara et al. 
(2015) 

Japan Neonate 
(case study) 

Blood and 
cerebral spinal 
fluid 

Invasive Latex agglutination All 10 

   NS, not stated.  
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2.3.2. Surface proteins 

In addition to the CPS, proteins are also present on the surface of GBS cells and studies 

have shown that antibodies against both CPS and surface proteins are protective 

against GBS infection (Stålhammar-Carlemalm et al. 1993, Bevanger and Naess 1985, 

Wessels et al. 1989). The alpha-like protein (Alp) family are among the well-

characterised GBS surface proteins and are significant virulence factors. These include 

alpha-C protein, Rib, Alp2, Alp3, Alp4 and epsilon (Alp1), and are encoded by the bca, 

rib, alp2, alp3, alp4 and epsilon/alp1 genes respectively (Lindahl et al. 2005). Detection 

of the expressed surface proteins by serology or gene presence by molecular 

techniques such as PCR or sequencing can be used as another grouping tool. The C 

antigen was the first identified surface protein antigen and has been found in 

numerous GBS strains except for serotype III (Ferrieri and Flores 1997). Alps have been 

present in the majority of GBS isolates, however, non-Alp isolates do exist. A total of 

1.1% of isolates in one study were non-Alp and all were associated with invasive 

bloodstream infections (Gabrielsen et al. 2017). Smith and others examined 

associations between the common serotypes (Ia, Ib, II, III and V) and specific genes. 

They found that most genes tested (sbp1, bca, bac, rib, brp, pag, and psp) were 

common in only one or two serotypes, except for bca which was present in >50% of all 

Ib, II and V serotypes (Smith et al. 2007). A review of several surface proteins reported 

correlations between alpha protein presence in CPS Ia, Ib and II, yet almost never in III, 

and only rarely in V; Rib is expressed by the large majority of CPS III, many II and by a 

few V; Alp3 is expressed by CPS V and VIII and Alp2, more rarely, in Ia, III and V (Lindahl 

et al. 2005). 
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2.3.3. Pulsed Field Gel Electrophoresis 

Pulsed-field gel electrophoresis (PFGE) is another molecular method to distinguish 

isolates with greater discrimination than serotyping for evaluation of genetic 

relatedness. It involves nucleic acid digestion with one or more restriction enzymes 

(often SmaI in the instance of GBS) to produce a fragment profile on an agarose gel, 

after which the profiles are then compared for similarity and grouped accordingly 

(Tenover et al. 1995). Fasola and colleagues described this method for use in GBS in 

1993 and later Benson et al. reported an updated and more rapid PFGE technique for 

GBS, reducing workflow from 6-8 days down to 3 days total (Fasola et al. 1993, Benson 

and Ferrieri 2001). PFGE profile correlations with serotype have shown variation; 

Skjaervold et al. observed homogeneity for Ib, III and V strains while IV, Ia and II were 

heterogenous (Skjaervold et al. 2004). This suggests that serotype grouping does not 

permit an understanding of close genetic relationships. While greater depth of genetic 

relation could be observed using PFGE compared to serological typing, there are 

limitations with this method. Due to the lack of a uniform typing system with respect 

to naming, PFGE analyses can be difficult to compare between studies: what may be 

PFGE clone A in one study could be 37 in another (Souza et al. 2013, Diedrick et al. 

2010). Therefore pattern and band sizes must be used for comparison between 

studies. In this respect, it is mainly useful for comparison within a study to see diversity 

among isolates and modes of transmission. For example, mother and infant paired GBS 

specimen fragment profiles were observed with common patterns, highlighting vertical 

transmission (Ellis et al. 1996). In the past, identifying fragment banding on gels was 

subjective and lacked accuracy in reporting band sizes, making comparison across 

studies difficult. The idea of using restriction enzymes with minimal cutting sites aims 

to reduce this by producing fewer fragments for visualisation on the gel (Tenover et al. 
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1995). Regardless of any limitations, PFGE has identified variation within and across 

serotypes and has led to the progression of the molecular epidemiology of GBS. 

 

2.3.4. Multi-locus Sequence Typing 

Jones and colleagues developed the multi-locus sequence typing (MLST) method for 

GBS using seven defined housekeeping genes (adhP, atr, glcK, glnA, pheS, sdhA and 

tkt) (Jones et al. 2003). The MLST database was produced by Jolley and colleagues and 

currently includes over 4,000 GBS isolates (Jolley et al. 2004). Allelic variations 

amongst housekeeping genes allow the determination of different sequence types 

(STs). These STs can then be clustered into what are known as clonal complexes (CCs) 

which are conservatively determined by no more than one allele difference from 

another member of the cluster.  

 

The MLST database is a valuable resource that enables sharing of data; the publicly 

available information for GBS includes a range of criteria to assess, including the 

country of origin, serotype and specimen type. Although there remains a reporting 

bias, in that only submitted information is available, the data represent a mix of global 

information which is very useful. An audit of the GBS MLST database 

(https://pubmlst.org/sagalactiae/) found a total of 4,131 isolates from 38 different 

countries. Of these, 3,949 isolates had been assigned an ST (n = 635). Twelve STs 

account for 73% of the GBS isolates with available MLST data (Figure 2.1). The 

remaining STs (27%) each account for less than one percent of all isolates and 525 STs 

have a single isolate submitted to the database. 

 

https://pubmlst.org/sagalactiae/
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Having access to the location of each isolate’s origin enabled categorisation of STs by 

continent (Figure 2.2). This highlighted gaps in the global data, with no isolates from 

Australia and New Zealand available, unless not stated (categorised as “Unknown”). 

Examining the main contributors within each continent, Netherlands (n = 1230/1610), 

Kenya (n = 1133/1172), Japan (n = 490/550), USA (n = 325/491) and Brazil (n = 3/5) 

have submitted the most isolates within Europe, Africa, Asia, North America and South 

America, respectively.  

 

Associations between ST and serotype have been reported in the literature with some 

showing strong correlation and others very little; this is observed in the MLST database 

also (Figure 2.3). Ramaswamy et al. observed a correlation between CPS III and ST-17, 

Ib and ST-12, and found CPS V was represented in all STs except for ST-17 

(Ramaswamy et al. 2006). Similar trends are observed within the MLST database 

where each of the most prevalent STs appears to be dominated by a particular 

serotype (Figure 2.3). The serotype variability in some instances, for example ST-1, may 

be suggestive of discordance with serotype profiling. Trends observed by various 

studies reveal variable serotype presence within ST-1, variation between CPS Ib and II 

within ST-10, predominance of CPS III within ST-17 and ST-19 and CPS Ia within ST-23 

(Kang et al. 2017, Lo et al. 2017). Collectively, within the clonal complexes, 

homogeneity of serotypes is evident in the CC-17 group with all representing CPS III 

except for a small proportion which are unspecified. Similarly, within CC-19, ST-182 

includes CPS III only, however, other STs in this complex show variation, especially ST-

28 which is predominantly CPS V (Figure 2.3). From an evolutionary perspective, 

caution must be taken when inferring phylogenetic relationships as suggested by 

Sorensen et al., due to the indication that different segments of the GBS genome 



25 

 

evolved independently (Sorensen et al. 2010). With this in mind, MLST is perhaps not 

the best method for describing evolutionary relationships, however, for the purpose of 

epidemiology at the current scale, it should be acceptable now that we are aware of 

these factors.  

 

Reoccurring themes in the literature include the numerous studies that have described 

the association between ST-17 and invasive neonatal disease (Bisharat et al. 2005, 

Jones et al. 2006, Luan et al. 2005, Martins et al. 2007b, Lin et al. 2006, Kang et al. 

2017), and further, the relationship between this lineage and meningitis (Manning et 

al. 2009). Neonatal invasive isolates collected over a ten year period in Sweden 

showed variation in genotype prevalence over time and in different regions, in 

particular, the emergence of CC-1 and subsequent disappearance of CC-23 (Luan et al. 

2005). These temporal changes emphasise the importance of understanding GBS 

epidemiology and tracking changes in prevalence worldwide; ST-17 may expand 

and/or other STs may become hypervirulent over time. 

 

The MLST profiling scheme is publicly available and curated, making it an invaluable 

epidemiology resource. If the database was treated like a repository, the 

epidemiological surveillance would be greatly enhanced which would be desirable for 

targeted therapeutics assessment. 
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Figure 2.1. Frequencies of the 12 most prevalent GBS sequence types available from 

the MLST database which includes a total of 635 sequence types (remaining STs 

account for <1% each). 
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Figure 2.2. Contributions by continent of GBS isolates available in the MLST database, 

as percentages of all isolates (South America represents 0.1% and is therefore not 

visible). 
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Figure 2.3. Serotype distribution within each sequence type, using the public MLST 

database for GBS, for the 12 most represented sequence types within the database, as 

well as their corresponding clonal complexes (CCs), where appropriate. 
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2.3.5. Random Amplified Polymorphic DNA and Repetitive-sequence-based 

Polymerase Chain Reaction 

Random amplified polymorphic DNA polymerase chain reaction (RAPD-PCR) and 

repetitive-sequence-based PCR methods (rep-PCR) are techniques that rely on the 

amplification of DNA via random primers (RAPD) (Limansky et al. 1995) or repetitive 

sequence target primers (rep-PCR) and result in a genomic fingerprinting profile as the 

generated amplicons lead to strain-specific band patterns on an electrophoretic gel.  

 

The RAPD assay has been used in a number of genotyping contexts such as; evolution 

and genetic relatedness (Martinez et al. 2000), epidemiology (Suhaimi et al. 2017, 

Chatellier et al. 1997), transmission (Brzychczy-Wloch et al. 2010) and isolate variation 

within individual patients (Brandolini et al. 2014, Toresani et al. 2001, El Aila et al. 

2009). One study examined RAPD profiles of GBS isolated from a number of sites such 

as blood, cerebral spinal fluid and maternal breastmilk, in cases of LOD in neonates (n 

= 4) (Brandolini et al. 2014). They found identical banding profiles for all sample types 

from individual patients and differing types between patients, however, this was 

representative of a small sample size. Likewise, Brzychczy-Wolch et al. used RAPD to 

suggest that GBS isolates from colonised neonates originated from the colonised 

mother regardless of mode of delivery as a result of identical genotypic profiles 

(Brzychczy-Wloch et al. 2008). While detection of identical clones via RAPD profiles can 

suggest vertical transmission, other studies have used this to demonstrate horizontal 

transmission in neonates born to non-colonised mothers that likely acquired GBS from 

the hospital environment with identical profiles observed in other hospital wards 

(Strus et al. 2009). 
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Toresani et al. found 16 profiles from 21 GBS isolates tested by RAPD assay, 

furthermore, successive samples of two patients showed different genotype profiles, 

suggesting reinfection (Toresani et al. 2001). Contrary to this, El Aila et al. compared 

culture methods and genotyped the multiple isolates collected from individual 

patients. RAPD testing of 118 isolates from 32 pregnant women resulted in 66 

genotype profiles, including patients with multiple different genotypes at each site 

(vagina and rectum), demonstrating assumed reinfection may be due to lack of initial 

identification (El Aila et al. 2009). This highlights the use of RAPD for single centre 

studies and integration with high resolution capillary electrophoresis, which enhances 

accuracy and provides digital fingerprints (El Aila et al. 2009). 

 

Numerous studies have observed correlation between RAPD profile and clustering of 

resistant phenotypes (Hannoun et al. 2009, Muller et al. 2008). The results from a 

study of macrolide resistant GBS isolates suggested that PFGE was a more precise tool 

for analysing molecular epidemiology than RAPD PCR (Brzychczy-Wloch et al. 2010). In 

contrast, Zhang and colleagues (Zhang et al. 2002) found that the clustering of the 

isolates by RAPD-PCR was in concordance with previous PFGE findings that suggested 

clusters could be serotype specific (Ellis et al. 1996).  

 

The great advantage of RAPD is, however, a relatively short procedure time and simple 

methodology making it a suitable tool for suggesting clonal relatedness in clinical 

settings and monitoring of transmission. Comparison between studies can be difficult, 

however, particularly when different primers are used. The random nature of this 

profiling technique provides variation and enables discrimination between clones, 

however, similar to the PFGE technique, due to the lack of specific targets the 
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information this provides beyond strain similarity is somewhat limited unless further 

genetic analysis is undertaken.  

 

Literature assessing rep-PCR in GBS are limited, with the one study comparing rep-PCR 

Diversilab® system with MLST and PFGE using clinical adult and neonatal GBS isolates 

(n = 179) (Al Nakib et al. 2011). Compared to PFGE, the clustering concordance was 

similarly low between the two techniques, however, PFGE had greater discriminatory 

power than rep-PCR (Al Nakib et al. 2011). One study compared both RAPD and rep-

PCR techniques to genotype GBS isolates from fish and observed RAPD to have a 

greater level of variability than rep-PCR between strains, with 13 and 9 profiles, 

respectively (Amal et al. 2013). This is not supportive of the use of rep-PCR over other 

methods tested including MLST and PFGE. The rep-PCR typing is notorious for its 

susceptibility to minor variations in experimental conditions and reagents, resulting in 

poor reproducibility (Tyler et al. 1997, Deplano et al. 2000).  

 

2.3.6. Multi-locus Variant-Number Tandem-Repeat Assay 

Various bacterial species have been typed through the detection of variable numbers 

of tandem repeats (VNTR), which is based on the repeated sequences that make up 

DNA at different loci and that are found throughout bacterial genomes (Yazdankhah 

and Lindstedt 2007). As the name suggests, these VNTR loci vary in repeat number, 

allowing for an assay of a combination of several VNTR loci to generate different 

strain-specific profiles. This is known as a multi-locus variant-repeat assay (MLVA) and 

has a similar principle to MLST, however, rather than housekeeping genes, MLVA uses 

these VNTR loci (Radtke et al. 2010). This typing scheme was developed for GBS by 

Radtke and colleagues and includes five of the most diverse loci (SATR1 (Dmitriev et al. 
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2007), SATR2, SATR3 (Lamy et al. 2006), SATR4 (Reinscheid et al. 2001) and SATR5 

(Rosenau et al. 2007)) (Radtke et al. 2010). The authors found clustering of CPS/surface 

protein typing or MLST to generally correspond with the MLVA profiles, however, the 

latter was more discriminatory. A total of 126 GBS isolates tested were profiled into 70 

different MLVA types as compared to 36 STs by MLST and 19 CPS/protein types. A 

specific number of 15 repeats within SATR2 was observed to correspond with serotype 

IX. Additionally, for one of the three described SATR3 alleles, all isolates of that allele 

(except one) belonged to the MLST ST-17, known to account for a high proportion of 

neonatal infections (Luan et al. 2005, Jones et al. 2003). Other MLST groups were more 

dispersed, including CPS V/ST-1 for which SATR5 resolved into a number of profiles. 

This is interesting due to the often homogeneous reports of this sub-group in other 

studies (Skjaervold et al. 2004, Lin et al. 2016). The SATR1 locus is considered to be 

composed of clustered regularly interspaced short palindromic repeats (CRISPR) and 

this worked efficiently as part of the MLVA scheme.  

 

Additional MLVA schemes have been reported, one using six VNTR loci including three 

described by Radtke et al. (Haguenoer et al. 2011, Radtke et al. 2010). Similar results 

were observed in this study, with greater isolate discrimination reported with the 

MLVA (98 types) technique compared to MLST (51 types). The clustering patterns 

observed for MLVA types showed similarity with MLST CCs, in particular, all human 

strains of MLST CC-17 appeared in MLVA cluster 9 (Haguenoer et al. 2011). This 

scheme was able to categorise MLST CC-23 into two clusters, one accounting for CPS III 

and the other CPS Ia and highlights this scheme’s ability to distinguish strain variability 

within lineages (Haguenoer et al. 2011).  
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A study of commensal GBS colonisation of non-pregnant women of reproductive age 

utilised MLVA for genotyping and observed 15 types among the 86 GBS isolates 

(Otaguiri et al. 2013). In pregnant women, 30 MLVA types from a total of 41 GBS 

isolates were observed which suggested a highly diverse population structure 

(Beigverdi et al. 2014). The MLVA types (MTs) are difficult to compare between studies 

though, as there is no mention of a database where naming conventions are uniformly 

enforced; however, a database has been created for this purpose (www.mlva.net) but 

unfortunately it does not include GBS. 

 

2.3.7. Clustered Regularly Interspaced Short Palindromic Repeats Locus 1 

Lastly, the molecular target which was mentioned in the MLVA scheme as one of the 

loci are the clustered regularly interspaced short palindromic repeats (CRISPR) and Cas 

(CRISPR-associated proteins). These are known for their role in bacterial host defence 

and adaptive immunity against foreign invading DNA, such as bacteriophages and 

mobile genetic elements (Barrangou and Horvath 2012). The genetic arrangement that 

this system follows results in a polarised orientation, which allows tracking of ancestral 

invasions over time (Shariat and Dudley 2014). In GBS, two CRISPR-Cas systems have 

been identified and these include a type II-A system (ubiquitous and functional) and a 

type I-C system (rare and often incomplete), associated with the CRISPR1 and CRISPR2 

loci, respectively (Lopez-Sanchez et al. 2012, Makarova et al. 2015). The ubiquitous 

nature of the CRISPR1 locus makes it an attractive molecular marker to track changes 

in the genome. The highly conserved direct repeats form the spacers between 

introduced genetic materials and can therefore be monitored for changes. Using this 

method, Beauruelle and others were able to follow the vaginal GBS colonisation of 100 

women over an 11-year period (Beauruelle et al. 2017). This extensive study highlights 

http://www.mlva.net/
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the influence of genetic variables that alter these organisms over time, for example 

bacteriophage infection. This is an example of new epidemiological markers that may 

assist in understanding these bacteria, their colonisation and their pathogenic 

tendencies. 

 

2.4. From targets to treatment 

The purpose of the targets and molecular assays presented above is to understand the 

population of GBS with respect to colonisation and disease; by distinguishing 

differences between strains we can begin to associate specific features with clinical 

outcomes. Equally, by identifying similarities that are represented across the majority 

or the entire population of GBS, we can target these bacteria more broadly. Within 

antenatal settings the current preventative measures for GBS include antenatal GBS 

screening (risk- or culture-based) and subsequent intrapartum antibiotic prophylaxis 

prior to delivery. This has resulted in reductions in EOD rates as reported by the Centre 

for Disease Control and Prevention and is recommended by other countries also (Di 

Renzo et al. 2015, ANAES 2003, Cagno et al. 2012, Verani et al. 2010). Unfortunately, 

no change in LOD has been observed with such preventative strategies, however, this 

is likely due to the nature of transmission (nosocomial or community acquired) (Jordan 

et al. 2008). 

 

Due to the recommended intrapartum antibiotic prophylaxis, antibiotic exposure has 

become widespread: the potential for resulting adverse events is unclear as 

highlighted in a recent systematic review (Seedat et al. 2017). While consistency is 

lacking for development of antimicrobial resistance and long-term adverse events as a 

result of IAP for GBS, infant microbiome disruption has been observed by numerous 
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studies (Aloisio et al. 2014, Aloisio et al. 2016, Corvaglia et al. 2016, Jaureguy et al. 

2004, Arboleya et al. 2015, Arboleya et al. 2016, Mazzola et al. 2016). However, due to 

the lack of high-level (species) taxonomic data and the myriad of other methodological 

problems that are still rampant in microbiome studies (lack of negative controls and 

proper selection of primer sets) (Salter et al. 2014), with the current data it remains 

unclear as to what impact this may have on neonates. With potential implications in 

mind, however, it is important to examine alternative preventative and therapeutic 

strategies. 

 

Maternal GBS vaccination has been proposed as an alternative preventative strategy 

due to the ability of maternal IgG to cross the placenta and provide immunity for the 

fetus (Palmeira et al. 2012). Baker identified the association between deficient 

maternal antibody levels and occurrence of neonatal GBS infection. This study also 

detected GBS antibody titres in the umbilical cord serum from three healthy neonates 

born to mothers with demonstrable antibody levels (60 – 80% of the maternal levels 

detected), suggesting transplacental transfer and illustrating the potential for a 

maternal vaccine (Baker and Kasper 1976). The benefit of maternal vaccination has 

since been described and a number of GBS vaccines have been developed (Englund 

2007, Palmeira et al. 2012, Heath 2016, Lin et al. 2018). 

 

While no vaccines against GBS are currently licensed and available, several 

polysaccharide conjugate and surface protein vaccines are being trialled (Heath 2016, 

Lin et al. 2018). Through comparison of these vaccine targets with the global GBS 

epidemiology, we can identify areas of vaccine coverage. Numerous studies that have 

identified the less commonly recognised serotypes within their populations have 
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raised concern for vaccinations targeting specific serotypes such as Ia, Ib and III – all of 

which are included in the trivalent vaccine currently furthest along in progress with 

completion of a phase Ib/2 clinical trial (NCT01193920) (Madhi et al. 2016, Madhi et al. 

2017). The review by Lin et al. describes such challenges faced by capsule-based 

conjugate vaccines against GBS, in addition to dealing with the potential for serotype 

replacement and capsular switching (Lin et al. 2018). More recently, a pentavalent 

vaccine targeting serotypes Ia, Ib, II, III and V has commenced a phase I trial on healthy 

volunteers (NCT03170609); if successful, this this could be an effective GBS vaccine 

outside of Asia as it covers the five major circulating serotypes in the US, Europe and 

Australia (Russell et al. 2017).  

 

Alternative vaccination strategies have focused on proteins. Surface proteins have 

been included as vaccine targets in addition to capsule types, and given the variety of 

circulating serotypes described, these may provide a broader, more universal target to 

exploit which would be ideal for vaccine development (Heath 2016). Although minimal 

surface proteins are conserved across all strains, Maione and colleagues provided 

evidence of protein vaccination in female mice with the ability to elicit protection in 43 

– 80% of cases of GBS challenge to pups born to the vaccinated mother (Maione et al. 

2005). Four proteins, including a conserved Sip protein (SAG0032) encoded in the core 

genome of strains were included in this study in addition to three other antigens 

(SAG1404, SAG0645 and SAG0649) which had variable presence in the genome 

(Maione et al. 2005). Studies in humans have been described by Heath et al. and 

include multiple studies of monovalent, one bivalent and several trivalent CPS-based 

vaccines, all in the proof-of-concept stage involving trials in pregnant women. A 

bivalent vaccine including the N-terminal domains of surface proteins alpha-C and Rib 
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is currently in development by MinervaX and has completed phase I clinical trials 

(NCT02459262). Larsson et al. reported the association between low protein alpha and 

Rib antibodies and occurrence of neonatal invasive infection (Larsson et al. 2006). 

While the type of vaccine is important in terms of coverage, the implementation is 

equally as important when considering access, especially in low-income settings and 

developing countries where screening and widespread prophylaxis is often not 

practical (Cutland et al. 2009). Based on the World Health Organisation guidelines, GBS 

vaccination, particularly in South Africa, would be very cost-effective according to cost-

effectiveness analysis (Kim et al. 2014). In developed countries, such as the United 

States, Kim and others evaluated the cost-effectiveness of maternal vaccine compared 

to screening/IAP (Kim et al. 2017). They concluded that ≥70% vaccine efficacy in 

addition to IAP for unvaccinated women would prevent more disease than current 

strategies with similar economic burden (Kim et al. 2017). Epidemiological data about 

GBS is not only invaluable for vaccination development and success, but also for other 

future targeted therapeutic agents, such as bacteriophage therapy (Furfaro et al. 

2018a).  

 

2.5. Conclusion 

This review describes different commonly used and emerging techniques to define GBS 

epidemiology and phylogeny. Some traditional targets such as serotype are widely 

reported but lack the level of definition that other molecular targets can provide with 

respect to genetic relatedness and pathogenic features. The difficulty lies in 

recognising these targets and widely reporting them to provide a comparable basis for 

global surveillance. It is likely that future epidemiological efforts for monitoring GBS 

will include the reporting of a combination of these targets, and in turn, refine the 
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association between these different components. The epidemiology of GBS provides 

insight into the adaptation and evolution of these organisms through examination of 

their genetic relatedness and population structure. Understanding GBS as an 

opportunistic pathogen is one aspect to arise from the proposed surveillance efforts, 

another is for the guidance of future therapeutics. Vaccines based on serotypes 

commonly found in one area may not include prevalent serotypes of another due to 

the geographic variation observed, even at a regional level. To vet these coverage 

issues, surveillance of different targets within GBS are required to monitor prevalent 

isolates in all populations. Additionally, following vaccine implementation, this will 

provide a platform to monitor shifts in GBS dynamics and identify emerging pathogen 

types before outbreaks occur. Broader coverage may result from protein vaccine 

development and this further emphasises the importance of characterisation of a 

range of targets. The targets outlined here each have individual relevance, although 

uniformity in reporting profiles would be ideal for global comparisons. Currently MLST, 

while less discriminatory than MLVA, comprises the only established database to 

enable this comparison and provides the added confidence of curation.  
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CHAPTER 3 – PREAMBLE 

 

This chapter describes in detail general methods which are important to different 

chapters of this thesis and consolidates them in one place. Where methodological 

detail was not included in the published journal articles/manuscripts, this chapter has 

detailed these to a degree that one could reproduce this research. As chapters four 

and six are composed of methodological manuscripts, these have not been described 

here to prevent repetition, similarly, any methods which are adequately described 

within the respective chapters have been omitted, such as extraction methods, 

bioinformatics approaches and statistical analyses. Appendices A and B describe 

reagents, and buffers and solution compositions used, respectively. 
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CHAPTER 3 – GENERAL METHODS 

 

3.1. Predict1000 cohort study 

Predict1000 aimed to recruit a cohort of 1000 pregnant women at King Edward 

Memorial Hospital (KEMH) in Subiaco, Western Australia under the ethical approval 

granted (Appendix C and D) by the Women and Newborn Health Service Human 

Research Ethics Committee (201535EW). The current study was designed as a sub-

study within Predict1000, and utilised some of the samples collected as part of 

Predict1000 (recruitment vaginal e-swabs), in addition to those collected specifically 

for the sub-study (all rectal e-swabs and additional vaginal e-swab collections). 

 

3.1.2. Inclusion and exclusion criteria 

Pregnant women attending antenatal clinics at KEMH were accepted to the study 

based on the following inclusion criteria: 

 ≥16 years of age 

 Nulliparous or multiparous  

 Gestational age ≤22 weeks at the time of sample collection 

 Speak, read and comprehend English 

Women that did not meet the above criteria were not included in the study, and 

neither were any women who met any of the following exclusion criteria: 

 In dependent or unequal relationships with the study investigators 

 Highly dependent on medical care 

 With cognitive impairment 

 With intellectual disability 

 Using illegal drugs  
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 Using antibiotics or antifungal agents with two weeks of sample collection 

 Multiple pregnancy (twins, triplets, etc.) 

 Intending to deliver at a hospital other than KEMH 

 

3.1.3. Specimen collection 

Visit 1 (≤22 weeks) 

Pregnant women ≤22 weeks gestation who consented (Appendix E and F) to the study 

were asked to provide two self-collected low vaginal and rectal e-swabs (Copan, Italy) 

resulting in a total of four swabs for use in this sub-study. Participants were instructed 

on how to self-collect specimens verbally and using pictorial guides (Appendix H), in 

order to maintain relative uniformity in collection technique. Additionally, a vaginal 

wall pH measurement was collected by use of glove pH strips, which allowed direct 

contact with the litmus strip and the vaginal wall. The colour result (pH range of 4 – 7) 

was interpreted by the assisting midwife or researcher present. All samples were 

labelled appropriately with de-identified study number, date and specimen type and 

placed immediately at 4°C for same-day sample processing (<6 h). A patient 

questionnaire relating to lifestyle practices was also completed at this time (Appendix 

G). 

 

Visit 2 (≥33 weeks) 

Participants provided follow-up specimens (as for visit 1) at ≥33 weeks of gestation 

(majority 35-37 weeks). Vaginal pH was not tested at the second visit. A brief patient 

questionnaire relating to lifestyle practices was also completed at this time. 
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3.1.4. Specimen processing 

Study specimens were collected from KEMH and transported on ice to the Lotteries 

West/Women and Infants Research Foundation Perinatal Research Laboratories at The 

University of Western Australia, where immediate processing was performed. 

Specimen details were recorded such as the study number and date of collection, 

before labelling tubes appropriately. All swabs were vortexed vigorously for 10 s in the 

e-swab collection tubes, and then a single vaginal swab tip was placed into a carrot 

broth tube and a single rectal swab tip was placed into another (see carrot broth and 

CHROM agar methods). The swab eluate remaining in the e-swab collection tubes (≤1 

mL) were aliquoted and stored as original vaginal and rectal swab samples for future 

analysis at -80°C. The two remaining vaginal and rectal swabs had the excess liquid 

extracted from the swab head by pressing the swab against the wall of the tube before 

discarding the swab tip. The eluted specimen was transferred into appropriately 

labelled tubes and centrifuged at 10,000 x g for 10 minutes. The supernatant was 

carefully removed and 0.2 µm filtered into a sterile collection tube for future analysis 

(stored at 4°C for immediate analysis or otherwise -80°C). The pellet remaining in the 

tube was re-suspended in 500 µL sterile 1X phosphate buffered saline (PBS) and stored 

at -80°C for molecular analysis. 

 

3.1.5. Metadata collection and analysis 

In addition to study questionnaires, medical record data were collected once the 

participant had delivered and all obstetric data were finalised. These were sourced by 

midwives and entered into a de-identified database. Collation of these data and 

analysis with paired laboratory data was completed at the conclusion of specimen 

collection for this sub-study. 
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3.2. Streptococcus agalactiae culture 

3.2.1. Tryptic soy broth and agar 

S. agalactiae was cultured in tryptic soy broth (TSB; Becton Dickson, Australia) by 

selection of a single colony from a tryptic soy agar (TSA; Becton Dickson, Australia) 

plate or from a 10% glycerol TSB stock culture stored at -80°C. Broths were incubated 

overnight at 37°C, with shaking speed of 250 RPM. Plates were incubated overnight at 

35°C (see carrot broth conditions) under normal atmospheric conditions. 

 

3.2.2. Carrot broth 

Carrot Broth (Hardy Diagnostics, USA) were used to incubate the specimen swab tips 

collected from the study participants. These broths were stored at 4°C and at the time 

of preparation, a tile provided with the broths was added into the broth followed by 

the specimen swab. The lid was replaced tightly to promote anaerobic conditions and 

incubated at the required 35°C. The tubes were examined after 18-24 h for orange 

pigment formation, indicating a positive result for S. agalactiae. If no colour change 

was observed, the carrot broth was sub-cultured onto CHROMagar (see below) and the 

broth re-incubated for a further 24 h to confirm the result. 

 

3.2.3 Chromogenic agar 

Strep B CHROMagar (CHROMagar, France) chromogenic agar plates were used for 

follow-up assessment of the carrot broth results. Carrot broth can only detect the 

pigmented/haemolytic phenotype of S. agalactiae (>90% of cases) (Rodriguez-Granger 

et al. 2015), and therefore to ensure non-haemolytic isolates were detected 

CHROMagar was used. Carrot broths were sub-cultured directly onto CHROMagar and 

incubated at 35°C overnight. Mauve colonies were indicative of S. agalactiae, while 
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blue and/or white colonies or a lack of growth represented negative results. Single 

mauve colonies were selected and sub-cultured onto CHROMagar to ensure purity and 

a single colony from this plate was cultured in TSB as in section 3.2.1 and stored in 15% 

glycerol at -80°C until further analysis.  

 

3.2.4 DNA extraction from pure culture 

Pure S. agalactiae isolates were cultured in TSB overnight at 37°C prior to DNA 

extraction. The DNA from pure S. agalactiae isolates was extracted using the 

MagAttract Microbial DNA Extraction Kit (QIAGEN) as per manufacturer’s instructions 

using the KingFisher Duo (ThermoFisher Scientific) automated platform. 

 

3.2.5 Serotyping and genotyping 

This thesis includes description of GBS serotypes as referred to the genotype that 

describes the capsular polysaccharide (CPS, protein and cps, gene). No serological 

methods were used to confirm the serotype, rather, PCR assays and whole genome 

sequencing have been used to determine the cps genes associated with these 

serotypes. Molecular methodology is detailed within the respective chapters (PCR, 

chapter four and WGS, chapter seven). 

 

3.3 Phage assays 

3.3.1. Environmental sample enrichment for S. agalactiae-specific phages 

Raw influent waste water (0.2 – 1 L) was collected on the day of processing (Subiaco 

Waste Water Treatment Plant, Water Corporation) and transported on ice to the 

laboratory. Raw influent was aliquoted into 50 mL conical polypropylene centrifuge 

tubes (Greiner Bio-One, Austria) and centrifuged at 7,000 x g for 20 minutes. The 
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resulting supernatant was filtered through a 0.2 µm filter (Pall Corporation, USA) into a 

sterile collection tube as waste water filtrate. A panel of S. agalactiae reference 

isolates were used as the enrichment hosts and were cultured in TSB the day 

preceding waste water sampling (see section 3.2.1). Enrichment tubes included 10 mL 

of double-strength TSB (twice the broth powder in the same volume), 10 mL of waste 

water filtrate and 100 µL of an overnight culture of a S. agalactiae enrichment host. 

Once all tubes were prepared, these were incubated at 37°C, at 50 RPM shaking for 24 

h. After 24 h, all tubes were centrifuged at 7,000 x g for 20 minutes and the resulting 

supernatant filtered through a 0.2 µm filter into a sterile collection tube as the 

enrichment filtrate. These enrichment filtrates, and also neat waste water filtrates, 

were stored at 4°C until screened for phage activity via the drop-on-plate assay, also 

known as the spot test. 

 

3.3.2. Drop-on-plate phage assay (spot test) 

This assay was adapted from those described previously (Mazzocco et al. 2009b). Semi-

solid TSA (0.5%; Appendix B) was kept in a water bath at 48°C in 3 mL aliquots. Aliquots 

were removed from the water bath, gently inverted to mix and 200 µL of overnight S. 

agalactiae host culture (section 3.2.1) was added. The agar was then briefly mixed and 

poured over the surface of a calcium-supplemented TSA plate (Appendix B) to form an 

overlay. This was repeated for each host isolate and plates were left for 15 minutes or 

until the agar overlay had sufficiently set. Enrichment filtrates of each S. agalactiae 

host were tested against the same set of hosts as used in the agar overlays. This 

involved placing a 10 µL drop of enrichment filtrate onto each agar overlay, making 

sure drops were well isolated from each other. In addition, neat waste water filtrates 

were also tested. The spots were allowed to absorb into the semi-solid agar and once 
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dry, plates were inverted and incubated at 35°C for 24 h. After this time, the lawns of 

bacteria became turbid in the zones in which no filtrate was added, indicating 

successful growth of the bacteria. Plates were examined for clearing of this lawn at 

each filtrate drop site and for presence of phage plaques. If any zones of clearing or 

plaque formation were detected, a whole plate assay was performed to confirm 

activity. Phage titre was determined by counting single plaques (if available) and 

recorded as plaque forming units per mL (PFU/mL). 

 

3.3.3. Whole-plate phage assay 

This assay was adapted from those described previously (Kropinski et al. 2009). 

Overnight S. agalactiae cultures were prepared and 200 µL was added to semi-solid 

agar TSA as described in section 3.3.2, in addition to 100 µL of the filtrate solution of 

interest (neat waste water or enrichment filtrate). The agar was briefly mixed and 

poured over the surface of a calcium-supplemented TSA plate and allowed to set. If 

the prior drop-on-plate assay had resulted in complete drop site clearing, then 

dilutions of the respective filtrate (prepared in sodium magnesium (SM) buffer; 

Appendix B) were also tested to assess for single plaque formation. Once set, the 

plates were inverted and incubated at 35°C for 24 h. Plaque formation was indicative 

of phage presence. Higher concentrations of phages resulted in confluent lysis of the 

lawn, or semi-confluent lysis in which many phage plaques were merged together, but 

plaques were still discernible. Any plaque formation was followed by phage 

purification and concentration. 
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3.3.4. Phage purification 

To ensure a pure phage stock, phage purification was undertaken. This involved 

performing whole-plate assays at various dilutions to obtain single, well-isolated 

plaques. These single plaques were selected by puncturing the agar with a 1000 µL 

pipette tip to collect the plaque as an agar plug. This was transferred into 200 µL of SM 

buffer (Appendix B) and gently mixed by aspirating up and down. The suspension was 

then incubated at 37°C, at 50 RPM shaking for 30 minutes. After this time, the tubes 

were centrifuged at 10,000 x g for 10 minutes and the supernatant filtered through a 

0.2 µm filter into a sterile collection tube as the first purified lysate. A series of 

dilutions of this lysate were tested via the whole-plate assay and a single plaque was 

selected to repeat the process. This was repeated a total of three times to ensure a 

pure phage suspension. 

 

3.3.5. Phage concentration and stock preparation 

This assay was adapted from those described previously (Fortier and Moineau 2009). 

Once purified, multiple whole-plate assays were performed at a dilution that provided 

semi-confluent plaque formation. The top semi-solid agar layer from one or more 

plates was scraped into a tube containing SM buffer using a sterile loop, and gently 

mixed. The volume of the SM buffer amounted to 1 mL per whole-plate assay overlay 

included. This suspension was incubated for 30 minutes at 37°C with 50 RPM shaking, 

and was followed by centrifugation at 7,000 x g for 14 minutes, before filtration 

through a 0.2 µm filter of the resulting supernatant into a sterile collection tube as 

phage lysate. This lysate was then tested by drop-on-plate assay to determine the 

phage titre via a 10-fold dilution series made in SM buffer (neat to 10-10). This process 

was repeated until sufficient volumes and titres were achieved. While working with 
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the phage lysate, suspensions were kept at 4°C. Phage preparations remained active 

for three months at 4°C with a ≤103 PFU/mL loss in titre, however, stocks were also 

prepared as standard (no additives) and glycerol stocks (glycerol 15% and 50%) and 

stored at -80°C for long-term use. 

 

3.4. Microscopy of phages 

Microscopy methods were based on those described previously (Ackermann 2009). 

 

3.4.1. Phage preparation for transmission electron microscopy 

Phage preparations at high concentrations (≥108 PFU/mL) were required for 

transmission electron microscopy (TEM) sample preparation to ensure adequate 

numbers of phages absorbed to the grid. Buffers and salts also cause image 

interference with the staining and formation of crystals, which was avoided by the 

following washing method. An 800 µL aliquot of high-titre phage solution was 

centrifuged at 27,000 x g for 1 h. After this time, 700 µL of the supernatant was 

carefully removed from the surface of the liquid and replaced with 700 µL of Ultrapure 

Milli-Q water, and the tube was centrifuged again under the same conditions. Finally, 

700 µL was again removed from the surface and the remaining 100 µL of washed, 

concentrated phage preparation was used for TEM grid preparation and staining. 

 

3.4.2. Grid preparation and staining 

Grids of 200 mesh copper-carbon (SPI Supplies®, USA) were used for phage staining 

and TEM microscopy and were prepared by securing the grid using anti-capillary, self-

closing forceps (Dumont®, Switzerland). A humid environment was produced by 

placing the forceps in a container with dampened filter paper to ensure the grid did 
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not dry out. Without touching the grid a 10 µL drop of the prepared phage suspension 

(above) was placed onto the grid and allowed to absorb for 10 minutes at room 

temperature (longer if the concentration of phages was lower). After this time, filter 

paper was used to gently absorb the excess sample from the side of the grid. Then a 

single drop of 2% uranyl acetate (SPI Supplies®, USA) was added to the grid and left for 

1 minute. Again, this was removed by filter paper placed at the side of the grid to 

slowly absorb any excess liquid. Finally, a drop of sterile distilled water was added to 

the grid and removed immediately by filter paper as above. The grid was then left for 

24 h in the grid storage box at room temperature to dry completely before TEM. 

 

3.4.3. Transmission electron microscopy 

A JEOL 2100 microscope was used at the Centre for Microscopy, Characterisation and 

Analysis at the University of Western Australia, a facility funded by the University, 

State and Commonwealth Governments. Training was completed before independent 

use of this microscope was undertaken. This was operated at 120 kV with a spot size of 

1 and alpha 3. All micrographs captured were analysed using Fiji and ImageJ and 

included scale bars to address differences in magnification and field of view. 
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 Chapter 4 – PREAMBLE 

  

This chapter has been peer-reviewed and published under the following citation 

(Appendix J): 

Furfaro LL, Chang BJ, Payne, MS. A novel one-step real-time multiplex PCR assay to 

detect Streptococcus agalactiae presence and serotypes Ia, Ib and III. Diagnostic 

Microbiology and Infectious Disease. 2017;89(1):7-12. 
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Chapter 4 – A NOVEL ONE-STEP REAL-TIME MULTIPLEX PCR ASSAY TO DETECT 
Streptococcus agalactiae PRESENCE AND SEROTYPES Ia, Ib AND III 
 

4.1. Abstract 

Streptococcus agalactiae is the leading cause of early-onset neonatal sepsis. A 

universal screening program has been implemented in Western Australia and other 

parts to test pregnant women to allow treatment prior to delivery. Current culture-

based screening methods lack the sensitivity of molecular methods and do not indicate 

serotype; a potentially important virulence marker. We aimed to develop a multiplex 

PCR method to detect S. agalactiae while simultaneously identifying serotypes Ia, Ib, 

and III; commonly associated with infant disease. Primers were designed to target 

serotype-specific cps genes and the ubiquitous dltS gene among S. agalactiae. Type 

strains and 512 vaginal specimens from pregnant women were used to validate this 

assay. Of these, 112 (21.9%) were positive for S. agalactiae, with 14.3% of these 

further identified as cps Ia, 0.9% as cps Ib and 6.3% as cps III. In conclusion, we have 

developed a specific and sensitive method to simultaneously detect S. agalactiae and 

serotypes Ia, Ib and III in a one-step multiplex real-time PCR assay. This assay is of 

significant clinical relevance for diagnostic applications and also provides 

epidemiological data on serotype, information that may be important for vaccine 

development and other targeted non-antibiotic therapies. 

 

4.2. Introduction 

Streptococcus agalactiae, commonly known as Group B Streptococcus (GBS), is an 

opportunistic pathogen that largely affects the immunocompromised, elderly and 

neonatal populations (Edwards et al. 2005). In neonates, this organism causes sepsis, 

pneumonia, meningitis and in some cases death (Baker et al. 1973, Barton et al. 1973). 
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The disease caused by GBS can be classified based on the time of onset of infection; 

early-onset disease occurs at less than seven days of life (Oddie and Embleton 2002), 

while late-onset disease occurs from seven days onwards to 3 months of age (Lin et al. 

2003). These differ based upon their expected transmission routes; early-onset is 

associated with vertical transmission either in utero by ascending infection or during 

vaginal delivery from a colonised mother (Berardi et al. 2014), whereas late-onset is 

associated with horizontal transmission including nosocomial and community-acquired 

sources (Aber et al. 1976, Jauneikaite et al. 2018). In Australia the rates of early- and 

late-onset sepsis have been reported as 0.38 and 0.19 per 1000 live births, respectively 

(Ko et al. 2015). Previously, rates in Australasia were as high as 2 per 1000 live births, 

with a decline observed following the implementation of intrapartum antibiotic 

treatment (Isaacs and Royle 1999). In the United States (US) a multi-state surveillance 

program conducted during 1990 suggested that >15,000 cases of infection and 1,300 

deaths were caused by GBS each year (Zangwill et al. 1992). The Centers for Disease 

Control and Prevention have published guidelines to prevent infant disease caused by 

GBS, with strategies such as risk-based assessment and culture-based screening (Cagno 

et al. 2012). The incidence of early-onset disease was reported to have declined with 

the implementation of these universal screening guidelines and prompted the US, and 

more recently, parts of Australia, to offer all women at 36 weeks gestation culture-

based screening. This method involves the self-collection of a low vaginal and rectal 

swab which is processed as per standard microbiological culture protocols to 

determine GBS presence. This culture screening is the current gold-standard, however, 

it lacks the sensitivity and specificity that molecular tests could provide. Culture 

techniques are also unable to identify specific serotypes of GBS, a factor which we now 

understand to be of high clinical significance (Baker and Barrett 1974). The capsular 
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polysaccharide (cps) type of a GBS strain determines the serotype and these different 

serotypes have been linked to virulence (Rajagopal 2009). For example, cps III has been 

described as the serotype most commonly associated with invasive neonatal disease 

(Frohlicher et al. 2014, Gilbert et al. 2002). Information regarding serotype distribution 

in a population is likely to play an important role in uncovering the specific virulence 

traits of this organism and how we can further prevent maternal and neonatal 

complications.  

 

A number of PCR assays have been published in the literature for GBS diagnosis, 

however, these either require multiple testing platforms such as PCR followed by gel-

electrophoresis (Poyart et al. 2007, Kong et al. 2002b, Imperi et al. 2010) or determine 

GBS presence only (Park et al. 2013, Poncelet-Jasserand et al. 2013). Morozumi and 

colleagues in 2015 published an assay that tested for GBS presence and serotypes Ia, Ib 

and III, however, sensitivity could only be maintained when each target was separated 

into individual assays (Morozumi et al. 2015). To the best of our knowledge, no PCR 

assays with sensitivity levels appropriate for clinical diagnostics have been published 

that can determine GBS presence in combination with clinically relevant serotypes Ia, 

Ib and III in a single multiplex assay. Our aim was to develop and validate such an assay 

in an effort to provide a rapid, sensitive and specific approach for GBS detection, while 

simultaneously generating epidemiological data that may be invaluable for future 

prevention strategies aimed at improving healthcare for mothers and infants. 
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4.3. Materials and methods 

4.3.1. PCR assay design and optimisation 

Primers and probes (Table 4.1) were designed around the well-documented  

S. agalactiae cps gene regions, individually targeting sequences specific to serotypes 

cps Ia (Genbank #AB028896), Ib (Genbank #AB050723) and III (Genbank #AF163833). 

The dltS gene (Genbank #AL766853) was selected as the target for universal GBS 

detection as it is ubiquitous among known GBS serotypes. Primers and probes were 

designed using Primer Express software, version 3.01 (Life Technologies), and all 

reactions were performed on a ViiA7 real-time PCR system (Applied Biosystems). Due 

to competition between targets, as is routinely seen in multiplex PCR applications, 

primer and probe concentrations were optimised through a primer/probe limiting 

process, until CT (cycle threshold) values were comparable in single target and multi-

target reactions. Optimised reaction mixtures (final concentration) consisted of 1X 

PerfeCTa Multiplex qPCR ToughMix (Quanta Biosciences), 250 nM (Ia), 1000 nM (Ib 

and III) and 100 nM (dltS) of each respective primer (forward/reverse) (Life 

Technologies), 250 nM (Ia-FAM, Ib-ABY and dltS-VIC) and 500 nM (III-JUN) probes (Life 

Technologies), 2-6 µL of template DNA and nuclease-free water (Ambion, Life 

Technologies) to a final volume of 25 µL. PCR cycling conditions consisted of an initial 

denaturation/Taq activation at 95°C for 3 min, followed by 45 quantification cycles of 

95°C for 15 s and 60°C for 90 s (data acquiring). Positive controls were included in each 

run.  
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Table 4.1. Primer and probe sequences used in this study. 

 

 

 

4.3.2. Sensitivity testing 

DNA extracts from pure GBS cultures representing the target cps serotypes were 

quantified using a dsDNA high-sensitivity kit (Life Technologies) on a Qubit fluorometer 

(Life Technologies) and normalised to 0.28 ng of DNA in nuclease-free water (Life 

Technologies, Ambion). A ten-fold dilution series (to a maximum of 10-5) of each of 

these DNA extracts was established in triplicate and these were used as template in 

both single (2 µL) and multi-target (cps Ia, Ib and III) (2 µL of each, 6 µL in total) 

formats to assess sensitivity levels. 

 

 

Primer/probe name Sequence (5’  3’) 

CpsIaF GGTCAGACTGGATTAATGGTATG 

CpsIaR TAGCTACTATTCCAGCCCTG 

CpsIa FAM-CCCATTGCTCTTTGAGTAT-MGB 

CpsIbF TATACTTGCCCACCCAAC 

CpsIbR ACTTATTGGTTTGTGATATTCC 

CpsIb ABY-TTCAAAATCGGCTTACTCAATA-MGB 

CpsIIIF CGTTATTATGTTACACGCTC 

CpsIIIR CAAGTATGCGATTATCTTCC 

CpsIII JUN-CCTAATCATTGGAGTATTGTAT-MGB 

dltSF CCTTATGGCGTTCCACGATT 

dltSR ATCATGCAGATTCTCTCAGTTTTGG 

dltS VIC-CCTTAGCAATAGATAAGCCTAG-MGB 
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4.3.3. Specificity testing 

To assess assay specificity, the assay was tested with pure DNA extracts from closely-

related organisms including: Staphylococcus epidermidis, Enterococcus faecalis, 

Staphylococcus aureus, Streptococcus pyogenes, Streptococcus equisimilis, 

Streptococcus bovis, Streptococcus sanguinis, Streptococcus anginosus, Streptococcus 

mitis and Streptococcus pneumoniae. In addition, to ensure universal GBS detection 

was being achieved with the dltS gene target, DNA extracts from six of the seven 

remaining known GBS serotypes (cps II, IV, V, VI, VII and VIII) were also tested. 

Unfortunately we were unable to access pure DNA from the most recently described 

serotype, cps IX. However, in silico analysis of all cps primers was conducted against 

the S. agalactiae cps IX capsular gene locus (LT671992.1) using BLAST (National Center 

for Biotechnology Information) with the blastn feature selected (regions of somewhat 

similarity). 

 

4.3.4. Validation with clinical samples 

A retrospective cohort study was conducted on samples collected from 191 women 

during the UPCAN (Ureaplasma sp. and Candida sp.) study conducted at King Edward 

Memorial Hospital, Western Australia, from 2012-2014. The study was approved by 

the Human Research Ethics Committee of the Western Australian Department of 

Health, Women and Newborn Health Service (2056/EW). These samples were 

comprised of self-collected low-vaginal swabs from pregnant women at three 

gestational time points during their pregnancies (18-26, 28 and 36 weeks), 512 

samples in total. Vaginal swabs (Copan, USA) were vigorously vortexed and eluted 

into1 mL of CAT broth (Copan, USA) and stored at -80°C at the time of collection. DNA 

was extracted from a 200 µL aliquot of the sample using an InviMAG Universal DNA 
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extraction kit (Stratec Biomedical, Germany) on the Kingfisher Duo platform (Thermo 

Fisher Scientific, USA). A total of 100 µL of elution buffer was used to collect the 

extracted DNA, of this 6 µL of DNA was used as template in subsequent PCR reactions, 

as per the previously described optimised reaction/cycling conditions.  

 

4.3.5. Confirmation of clinical sample cps typing results 

In order to confirm our PCR results, an aliquot all dltS-positive samples were cultured 

in Strep B Carrot Broth™ (Hardy Diagnostics, California, USA) for 24 - 48 h, followed by 

sub-culture onto StrepB CHROMagar™ (CHROMagar™, Paris, France). Single colonies 

were selected and grown in Tryptic Soy Broth (Becton Dickinson Pty Ltd, New South 

Wales, Australia) to form a pure culture enriched stock for downstream analyses. All 

viable cultures were serotyped using the previously published PCR/gel electrophoresis 

method described by Imperi et al.(Imperi et al. 2010) and we compared cps data from 

this assay with ours.  

 

4.3.6. PCR inhibition 

To test for any potential PCR inhibition caused by vaginal swabs, 0.28 ng of pure GBS 

DNA from cps types Ia, Ib and III (combined equally) was diluted in GBS-negative 

vaginal swab DNA from three study participants and examined in a dilution series to 

10-5 in triplicate using our multiplex assay. CT values generated by these samples were 

compared with those values obtained using only combined pure GBS DNA diluted in 

nuclease-free water as described above.  
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4.3.7. Hospital culture screening 

Antenatal hospital screening for GBS involved self-collection of low vaginal and rectal 

swabs, followed by culture in Lim Broth (Colistin-nalidixic acid in Todd Hewitt broth) 

for 24 to 48 h. Turbid broths were sub-cultured onto New Granada Media (NGM) and 

incubated in anaerobic conditions for 24 to 48 h. A positive result was indicated by one 

or more bright orange colonies on NGM. As part of the routine hospital screening, 

vaginal and rectal specimens were combined as opposed to being cultured separately 

as a positive result from either indicates antibiotic treatment. Hospital culture testing 

was carried out independently of the study and medical records were used to confirm 

these results. 

 

4.3.8. Statistics 

Non-parametric analysis of related samples was conducted via Friedman’s two-way 

analysis of variance by rank-testing the null hypothesis that distributions of 13-26 

week, 28 week and 36 week GA samples were the same. Significance was determined 

by a p value less than 0.05. All statistical analyses were completed using IBM SPSS 

Statistics for Windows v.22 (IBM Corp., Armonk, NY). 

 

4.4. Results 

4.4.1. Assay sensitivity and specificity 

As assessed using a 0.28 ng DNA-normalised ten-fold dilution series in multi-target 

format, the limit of detection for our assay was 2.8 x10-4 ng DNA, equating to 

approximately 120 genome copies of S. agalactiae (based on a genome size of 

2,127,839 bp, Genbank #CP000114). Sensitivity levels were limited by the cps III target, 

with greater levels of detection possible for cps Ia, Ib and dltS (Table 4.2). There was 
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minimal variation in limit of detection between assays with template containing all 

four targets and those with only single targets (Table 4.2). 

 

Our assay was highly specific for S. agalactiae. No amplification was observed with 

DNA from any of the closely-related organisms or other cps types II, IV, V, VI, VII and 

VIII tested. In silico analysis of the capsular gene locus of cps IX showed no regions of 

similarity. Samples spiked into vaginal swab DNA to test for PCR inhibition resulted in 

the same limit of detection as for those described above that were diluted in nuclease-

free water.  

 

 

Table 4.2. Sensitivity of each primer/probe set in single and multiplex reactions with 

the corresponding genome copy number. 

 

 Singleplex Multiplex 

Primer and Probe 
Sensitivity in ng of 
DNA (copy number) 

Sensitivity in ng of  
DNA (copy number) 

Cps Ia 2.8 x 10-5 (12) 2.8 x 10-5 (12) 

Cps Ib 2.8 x 10-5 (12) 2.8 x 10-5 (12) 

Cps III 2.8 x 10-5 (12) 2.8 x 10-4 (120) 

dltS 2.8 x 10-5 (12) 2.8 x 10-5 (12) 
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4.4.2. Validation using clinical samples  

Of the 512 vaginal swab eluates tested, a total of 112 (21.9%) were positive for GBS 

(dltS gene). Of these positive samples, 16 (14.3%) were identified as serotype cps Ia, 

one (0.9%) as Ib and seven (6.3%) as cps III. In all of these cases, only one serotype was 

detected per sample. The remaining 88 samples (78.6%) were only dltS-positive, 

indicating detection of cps types II, IV, V, VI, VII, VIII or IX (Figure 4.1). 

 

Of the 191 UPCAN study participants, 131 were 100% compliant with sample provision 

at all three time points throughout their pregnancy. 110 (83.9%) of these women 

remained consistently positive or negative for GBS at every gestational time point. The 

remaining 21 (16.1%) women showed variation in GBS detection across the study, 

represented as either gain or loss of GBS at each time point, and in a few cases, a 

combination of loss and gain. Despite this, factoring in all 191 participants and the 

collective 512 samples, GBS detection was relatively stable throughout the three 

sampling points with mean GBS positivity rates of 20.5% at 13-26 weeks, 19.5% at 28 

weeks and 24.2% at 36 weeks gestation (p=0.692).  
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Figure 4.1. PCR results of 512 clinical vaginal samples taken from 191 pregnant women 

at three time points throughout pregnancy (13-26, 28, and 36 weeks gestation) and 

corresponding GBS serotype result (cps Ia, Ib, III, other serotype or negative) as a 

percentage of the total. 

 

 

 

4.4.3. Culture of dltS-positive samples 

Eighty dltS-positive samples were culture positive, while 32 were no longer viable. Of 

the 80 cultured samples, 75 (93.7%) were positive by carrot broth and chromogenic 

agar, while 5 (6.3%) were negative by carrot broth but positive by chromogenic agar 

and were therefore GBS with the non-haemolytic phenotype. 
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4.4.4. Confirmation of GBS serotyping 

In order to further validate the cps typing results of our multiplex assay and provide 

additional epidemiological information on overall GBS serotype distribution within our 

sample cohort, all vaginal swab samples where a positive culture result was attained 

underwent further genotyping analysis with the PCR/electrophoresis assay of Imperi et 

al. (Imperi et al. 2010). Of the 80 culture-positive samples tested, the serotype 

distribution was as follows; Cps V (18), III (17), II (15), Ia (13), VI (5), IX (5), IV (4), VII (2) 

and Ib (1) (Table 4.3). Serotype VIII was not detected in this sample cohort. Enrichment 

through culture resulted in improved serotype detection, as samples with a low 

organism titre detected as dltS-positive only (GBS-positive) by our multiplex assay 

were able to be detected as Ia (4), Ib (1) or III (10) after an increase in titre following 

enrichment. Testing of these enriched pure samples by our multiplex assay resulted in 

a 95% correlation with the Imperi assay results, with only four samples yielding 

discordant serotypes (all Ia by multiplex but cps V (2) and II (2) by Imperi (Imperi et al. 

2010). 
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Table 4.3. Serotype detection for the original (unenriched) and cultured (enriched) 

samples from the sub-set of 80 viable GBS-positive samples by our multiplex PCR 

assay, in comparison to detection by the previously published Imperi et al. assay 

(Imperi et al. 2010). 

 

 

 

 

At King Edward Memorial Hospital (KEMH), GBS screening using gold-standard culture 

methods is offered to all women between 35-37 weeks gestation. We were able to 

compare these data for all 191 UPCAN women with that generated using our novel 

multiplex PCR. It should be noted that a limitation in this comparison is that a positive 

hospital culture result is reflective of either a positive vaginal and/or rectal swab, 

whereas the UPCAN study only collected vaginal swabs, which is what our PCR data 

represents. Of the 191 patient samples, four (2.1%) were GBS status unknown, 35 

(18.3%) were not tested for GBS, 37 (19.4%) were GBS-positive and 115 (60.2%) were 

GBS-negative. In order to provide a fair comparison, we matched the time of hospital 

Target Neat Multiplex Enriched Multiplex Enriched Imperi 

Cps Ia 12  (15%) 17  (21.3%)  13  (16.2%)  

Cps Ib 0    (0%) 1    (1.2%)  1    (1.2%)  

Cps III 7    (8.7%) 17  (21.3%) 17  (21.3%)  

Other Cps (total) 61  (76.3%) 45  (56.2%) 49  (61.3%) 

Cps II -  -  15  (18.7%)  

Cps IV -  -  4    (5%)  

Cps V -  -  18  (22.5%)  

Cps VI -  -  5    (6.3%)  

Cps VII -  -  2    (2.5%)  

Cps VIII -  -  0    (0%)  

Cps IX -  -  5    (6.3%)  

TOTAL 80 80 80  
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swab collection with the time of UPCAN study swab collection. Culture and PCR 

methods were in agreement for 11 GBS-positive and 49 GBS-negative cases. However, 

there were three culture positive/PCR negative cases and conversely, five culture 

negative/PCR positive cases (Table 4.4).  

 

 

Table 4.4. Comparison of hospital culture (combined vaginal and rectal testing) and 

PCR (vaginal only) GBS results for those samples collected on the same day. 

 

 
Hospital GBS result (culture) 

Study GBS result (PCR) 
GBS positive n (%) GBS negative n (%) 

GBS positive n (%) 11 (16.2) 5 (7.3) 

GBS negative n (%) 3 (4.4) 49 (72.1) 

 

 

 

4.5. Discussion  

Our GBS multiplex real-time PCR assay, to the best of our knowledge, is the first of its 

kind to combine detection of S. agalactiae, with concurrent detection of three 

neonatal disease-associated serotypes cps Ia, Ib and III in a single-step assay that can 

be used directly on clinical sample DNA. The assay was highly specific for S. agalactiae 

with no cross-reaction with closely-related strains or type strains of other remaining 

serotypes. Our assay also showed very high concordance (>95%) with serotyping 

results generated by the previously validated assay of Imperi et al. (Imperi et al. 2010), 

with discrepancies only found in three instances (Cools et al. 2016, Lambertsen et al. 
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2014, Le Doare et al. 2016, Teatero et al. 2014). Such discrepancies may be attributed 

to individual strain variation and differences in each assay’s molecular targets. While 

specific, our assay was also extremely sensitive, detecting down to as little as 2.8 x 10-4 

ng of DNA; equating to a genome copy number of ~120, or ~ 1/100th – 1/1000th of a 

typical GBS colony. This level of sensitivity was maintained across both single and 

multiple serotype template reactions and was limited by the cps III target; for cps Ia, Ib 

and dltS targets, a ten-fold higher sensitivity was achieved. Despite this high level of 

sensitivity, culture enrichment of dltS-positive samples further-enhanced serotype 

detection by our assay, with 15 low titre GBS positive isolates detected as serotypes Ia, 

Ib or III after enrichment. This level of detection is highly significant to clinical 

diagnostics, considering that both Park et al. (Park et al. 2013) and Poncelet-Jarrand et 

al. (Poncelet-Jasserand et al. 2013) reported the widely-used Xpert GBSTM real-time 

PCR assay (Cepheid, Sunnyvale, CA, USA) to have a detection limit of 300 genome 

copies; and this is only a single-target GBS presence/absence assay. Our single-step 

assay has the potential to improve the level of detection of GBS amongst pregnant 

women and infants, while concurrently providing epidemiological information in the 

form of distribution of common neonatal disease-associated serotypes. Serotype 

identification is now recognised as an important factor for GBS vaccine development 

and other targeted prevention strategies (Baker and Kasper 1985, Heath 2016).  

 

While a number of molecular methods have previously been developed to detect GBS 

and associated serotypes, these all require multiple procedures or utilise multiple 

reactions for serotype analysis (Imperi et al. 2010, Morozumi et al. 2015, Park et al. 

2013, Poyart et al. 2007, Poncelet-Jasserand et al. 2013). Of most relevance to our 

study are the assays described by Poyart et al. (Poyart et al. 2007), Imperi et al. (Imperi 
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et al. 2010) and Morozumi et al. (Morozumi et al. 2015). Poyart et al. (Poyart et al. 

2007) described an assay consisting of two multiplex PCRs that was able to detect 9/10 

serotypes by gel visualisation of PCR amplicons. Similarly, Imperi et al. (Imperi et al. 

2010) were able to test for all 10 serotypes in a single multiplex PCR followed by gel 

visualisation (Imperi et al. 2010). In both studies serotypes were differentiated by 

specific fragment size and arrangement. However, both of these assays ideally require 

prior culture of GBS from clinical samples and the process of PCR followed by gel 

visualisation is more laborious and time-consuming than a single multiplex real-time 

PCR. Standard PCR/gel electrophoresis also lacks the sensitivity of hydrolysis probe 

target detection and detection of multiple targets within a single sample can be 

confounded due to the banding patterns produced. The real-time PCR assay described 

by Morozumi et al. (Morozumi et al. 2015) is similar to ours, however, it is not as 

suitable for diagnostic applications due to the multiple reactions required in order to 

attain information on both GBS presence and the serotypes cps Ia, Ib and III. Although 

the authors state that it could technically be run in multiplex format with appropriate 

dyes, it has not been optimised for this and they make note of keeping the assays as 

three separate reactions to maintain a high level of sensitivity. The sensitivity levels 

they describe are comparable to those for all of our targets in multiplex format, with 

the exception of cps III, however, our detection level for this serotype is still very high 

at 120 genome copies. 

 

We validated our multiplex assay on 512 vaginal swab eluates collected from 191 

women throughout pregnancy. Direct assay of unenriched samples identified 112 

samples in total as GBS positive (21.3%), with 14.3%, 0.9% and 6.3% of these being 

positive for cps type Ia, Ib and III, respectively. Regarding colonised women, rates 
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varied between sampling points with 20.5%, 19.5% and 24.2% positive at 13 – 26, 28, 

and 36 weeks gestation, respectively. This vaginal colonisation rate is consistent with 

that described in previous studies, where it has been reported as between 10-30% 

(Kwatra et al. 2016). Examining a sub-set of these positive samples (n = 80 GBS-positive 

samples) which remained viable, serotypes V, III, II and Ia represented over 78% of the 

positive samples. Of interest, the proportions of serotypes present in the clinical 

specimens differed from those predicted from global results (Edmond et al. 2012). 

Serotype Ib was detected as the least prevalent serotype in our sample cohort and 

serotype V predominated over III and Ia. Ko et al.(Ko et al. 2015) reported on 

Australian rates, of which the antenatal prevalent serotypes included cps III 

representing 35% of positive samples closely followed by Ia at 26%, while Ib was more 

prevalent compared to our study accounting for 8% (Ko et al. 2015). The serotypes IV, 

VI and VII were considered rare and represented approximately 3% of positive 

samples, while none were reported as VIII or IX for the Ko et al. (Ko et al. 2015) cohort. 

We show a collective 13.8% abundance of these IV, VI and VII serotypes and also 

detected IX as 6.3% of the positive sample sub-set, however, no cps VIII was detected 

in our cohort. These preliminary data suggest that serotype distribution in the Western 

Australian pregnant population may be different from other parts of Australia and the 

world. A New Zealand study found a 22% GBS positivity rate among women tested at 

35 – 37 weeks gestation, with cps III, Ia, Ib and V the most predominant serotypes, 

respectively (Grimwood et al. 2002). In a 2012 systematic review by Edmond, serotype 

III accounted for almost half of all isolates followed by Ia, Ib, II and V, globally for 

infants <90 days of age(Edmond et al. 2012). While the current study did not assess 

neonatal isolates, it still remains that some serotypes are more prevalent than others 

and may pose a greater risk of disease. This needs further assessment in Western 
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Australian women, including follow-up data on infant outcomes, data that was not 

available in our current study. Regardless, as our assay currently stands it is highly 

applicable to clinical GBS diagnostics, based on the majority of previous reports of GBS 

serotype distribution in pregnancy as documented above. In Western Australia 

however, a different assay that also detects serotypes V and II in place of Ib may be 

relevant, pending further research.  

 

GBS serotype information is becoming of increasing significance as we attempt to 

better understand serotype distribution across different populations and subsequently 

aim to identify with greater precision those infants at risk of GBS disease. Effective 

prevention strategies commonly rely upon knowledge of the circulating 

serotypes/genotypes within the target population. For example, most GBS vaccines in 

development target the cps type (Heath 2016). As such, implementation of PCR assays, 

such as that described here, will allow generation of epidemiological data relating to 

circulating and prevalent strains within our population. This is likely to play a crucial 

role in future prevention and treatment options for GBS colonisation and disease. 

 

Another novel aspect of our study was that it assessed vaginal GBS colonisation over 

three time points in pregnancy; 13 – 26, 28, and 36 weeks gestation. Of the 131 

participants who provided samples at all three gestations, the majority (83.9%) were 

consistent in their colonisation status throughout pregnancy (either all GBS positive or 

all GBS negative). The remaining 16.1% showed a gain or loss of GBS colonisation 

status, suggestive of transient colonisation in these individuals. This information is of 

particular relevance to women at a high risk of premature rupture of membranes 

(PROM), in particular preterm PROM. Premature infants have an elevated risk of GBS 
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disease and early-mid gestation maternal GBS status is often unknown due to routine 

screening occurring only in the final trimester. Our data suggests that in such high-risk 

cases, women could undergo earlier gestation antenatal testing for GBS, so that in the 

event of PROM, GBS colonisation information would be immediately available and 

might influence subsequent patient management protocols. For example, in cases of 

late preterm (34 – 37 weeks gestation) PROM, if a woman is GBS positive it may be 

desirable to give antibiotics and deliver the infant immediately, as opposed to giving 

antibiotics and delaying delivery to prolong in utero development (Tajik et al. 2014). 

 

The final aspect of our study compared the results of our PCR assay with those 

obtained by routine hospital culture. We reported five instances where our assay 

recorded a positive result, despite hospital culture for same-day samples suggesting 

the participant was GBS negative. This is of significant interest and implies that even 

targeted culture methods lack the sensitivity of PCR. Similar results have been 

previously reported (Bidgani et al. 2016, Winkler et al. 2015). In addition, GBS culture 

analyses typically require 24-48 h to provide a result, compared with approximately 2-

3 h using our assay (including DNA extraction time). It should be noted though, that a 

limitation of the hospital culture protocol is that non-haemolytic GBS strains will not 

be detected by New Granada Medium; however, such strains represent a very small 

percentage of clinical GBS isolates (Nickmans et al. 2012). Conversely, we also 

identified four cases where our assay recorded a negative result, despite hospital 

culture reporting the participant as GBS positive. These four cases are most likely 

indicative of solely rectal GBS colonisation. Routine hospital culture tests analyse both 

vaginal and rectal samples, while the current PCR study only had access to vaginal 

samples. As it is well known that the rectum harbours GBS, and can often be the sole 
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source (Badri et al. 1977), it is highly likely to explain these discrepancies; a larger 

study is currently underway that will access both sample types in order to test this 

hypothesis. 

  

4.6. Conclusion 

S. agalactiae is a major cause of infant sepsis that is routinely screened for in pregnant 

women across many countries to prevent transmission. Although culture microbiology 

is the current accepted gold-standard for detecting GBS, we have shown that real-time 

PCR is a sensitive diagnostic technique. The assay we have described is of significant 

clinical value in that it provides rapid, highly sensitive GBS detection (~12 genome 

copies), coupled with detection of the most common neonatal disease serotypes (~12-

120 genome copies) described to date. Surprisingly, prevalence of these serotypes was 

low (Ib in particular) amongst vaginal swab eluates collected from Western Australian 

women, suggesting geographical variation in GBS strains circulating within Australia. 

Further studies are needed to confirm this result, document the dominant GBS 

serotypes in pregnant Western Australian women and assess potential associations 

between maternal colonisation with such serotypes and infant sepsis. Once such 

information is known, the potential for use of targeted GBS preventative measures 

such as vaccination and bacteriophage therapy will be greatly enhanced, reducing the 

reliance on antibiotic prophylaxis and associated increases in drug resistance. 
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CHAPTER 5 – PREAMBLE 

 

This chapter has been prepared as a manuscript pending submission to the Journal of 

Applied Microbiology. Here, different methods are compared to assess optimal 

screening strategies for Group B Streptococcus detection from antenatal samples and 

includes clinical samples from the Predict1000 cohort sub-study. 
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CHAPTER 5 – DETECTION OF GROUP B STREPTOCOCCUS DURING ANTENATAL 
SCREENING IN WESTERN AUSTRALIA USING RESEARCH (CULTURE AND/OR 
MOLECULAR) AND ROUTINE DIAGNOSTIC (CULTURE) METHODS 

 

5.1. Abstract 

As a leading neonatal pathogen, Streptococcus agalactiae, known as Group B 

Streptococcus (GBS), is a risk factor for development of neonatal disease such as 

sepsis, pneumonia and meningitis. Screening strategies have been implemented 

worldwide and include risk-based or culture-based identification of pregnant women 

to receive intrapartum prophylaxis. In Western Australia, routine culture-based 

screening has been implemented. However, as there are a number of different culture 

methods and molecular methods such as PCR available, we aimed to assess the 

comparability of several different screening approaches. We collected vaginal and 

rectal swabs from a cohort of 531 pregnant women from King Edward Memorial 

Hospital, Subiaco, Western Australia in parallel with (±2 weeks) their routine hospital 

screening (35-37 weeks gestation). Study culture methods for detection of GBS 

included culture in Strep B Carrot Broth™ and plating on StrepB CHROMagar™, and 

molecular methods included a real-time PCR assay to detect GBS DNA directly from 

clinical specimens, as well as from broth cultures. Routine hospital screening involved 

Lim broth culture, followed by plating on Granada agar. Using PCR identification of 

cultured specimens as the confirmed GBS result, Carrot Broth™ showed 100% 

specificity and ~89% sensitivity, while CHROM showed 73% specificity and 100% 

sensitivity for GBS. Direct PCR was unable to detect GBS in ~18% of specimens, which 

were positive upon culture, but showed a specificity of 100% in specimens detected. 

Overall GBS detection was comparable between this study and the routine hospital 

screening, with 3-5% of discrepant results (kappa = 0.76). This study provides a clinical 
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evaluation of several GBS screening methods in a cohort of pregnant women. We are 

able to support current routine screening methods as they agreed with our results in 

~95% of cases. While CHROM was highly sensitive, further testing is recommended due 

to a high rate of false positives. Molecular assays are useful for rapid detection, 

however, low titre samples may require additional enrichment prior to molecular 

analysis to improve sensitivity. 

 

5.2. Introduction 

Streptococcus agalactiae, or Group B Streptococcus (GBS) as it is referred to clinically, 

is a leading neonatal pathogen that causes sepsis, meningitis and pneumonia. Vertical 

transmission of GBS can occur during delivery and has been directly associated with 

these negative neonatal outcomes. As a result, screening and prevention strategies 

have been implemented worldwide to identify pregnant women at risk, and these 

mothers will often receive intrapartum antibiotic prophylaxis (IAP) (Verani et al. 2010). 

A recent systematic review and meta-analysis of global screening strategies identified 

that 60 of 95 countries had a national IAP policy, and of these, 25 (42%) implemented a 

risk-based approach, while 35 (58%) used both antenatal screening and risk factor 

strategies (Le Doare et al. 2017). Further to this, approximately two thirds of 

developed countries assessed implemented the microbiological screening method (Le 

Doare et al. 2017) and this has been supported by other studies (Berardi et al. 2018). 

 

While no global consensus has been attained regarding these screening strategies, in 

Australia, antenatal culture-based screening or risk-based approaches are both 

accepted (RANZCOG 2016). One of the points of criticism of risk-based screening, 

however, is the failure to identify women without risk factors (~18%), however, culture 
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screening-based methods identify a large proportion of women and expose them to 

IAP which also has raised concerns. In Western Australia, all pregnant women are 

screened for GBS at 35-37 weeks gestation by culture-based methods, and this study 

aimed to compare the routine hospital screening results with an alternative culture 

and PCR strategy carried out on specimens collected from the same women as part of 

a large cohort study in Western Australia. A number of culture and molecular methods 

are available for detecting GBS presence, therefore, we compared the routine hospital 

screening (diagnostic) results with alternative methods including Carrot Broth™ and 

CHROMagar™ culture detection, in addition to a real-time PCR assay targeting the dltS 

gene, developed previously (Furfaro et al. 2017).  

 

Culture-based methods remain the gold standard for GBS detection, however, 

numerous studies have suggested molecular methods, such as PCR, are more sensitive 

and specific compared to culture and represent a point-of-care detection option (Khalil 

et al. 2017, Wollheim et al. 2017, de-Paris et al. 2011, El Helali et al. 2009, Relich et al. 

2018). Cost-effectiveness is another consideration when evaluating screening 

methods, particularly in GBS where universal screening is implemented (Kaambwa et 

al. 2010). While molecular assays have been shown to be rapid, sensitive and specific, 

they are generally associated with higher material costs (Poncelet-Jasserand et al. 

2013). However, several studies suggest that the reduction in disease associated with 

appropriate detection and treatment in addition to reduction of unnecessary IAP may 

balance this cost (El Helali et al. 2012, Picchiassi et al. 2018). 

 

In addition to detection of GBS presence to guide clinical therapeutic protocols, 

additional screening and surveillance could be possible with molecular methods and is 
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another factor to consider when comparing cost-effectiveness and value, especially 

given that additional isolate information such as serotype could guide appropriate 

vaccine candidate selection in the future. 

 

5.3. Methods 

5.3.1. Research specimen collection 

This was a sub-study of the larger Predict1000 study. This study included pregnant 

women attending King Edward Memorial Hospital (KEMH), Subiaco, Western Australia 

and ethics approval was granted by the Women and Newborn Health Service Human 

Research Ethics Committee (201535EW). The study inclusion and exclusion criteria 

used are outlined in Table 5.1. Specimens analysed here included self-collected low 

vaginal and rectal e-swabs (Copan, Italy) at 33 – 39 weeks gestation (n = 531). All 

swabs were immediately stored at 4°C and processed within 6 h.  
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Table 5.1. Study inclusion and exclusion criteria for involvement of pregnant 

participants and subsequent collection of vaginal and rectal specimens. 

 

Inclusion Criteria Exclusion Criteria 

 ≥16 years of age 

 Nulliparous or multiparous  

 Gestational age ≤22 weeks at the 

time of recruitment 

 Speak, read and comprehend 

English 

 In dependent or unequal relationships 

with the study investigators 

 Highly dependent on medical care 

 With cognitive impairment 

 Using illegal drugs  

 Using antibiotics or antifungal agents 

with two weeks of sample collection 

 Multiple pregnancy (twins, triplets, etc.) 

 Intending to deliver at a hospital other 

than KEMH 

KEMH, King Edward Memorial Hospital. 

 

 

5.3.2. Research specimen processing 

A total of two e-swabs per site (two vaginal and two rectal) were collected. One set of 

vaginal and rectal swabs were vortexed rigorously to elute the sample and the total 

volume was collected, centrifuged at 10, 000 x g, supernatant removed, and pellet 

resuspended in 1X phosphate buffered saline (Sigma-Aldrich, Germany) before storage 

at -80°C for subsequent molecular analysis. The remaining set of swabs was used for 

culture, where the swab tip was placed in Strep B Carrot Broth™ (Hardy Diagnostics, 

USA) and cultured overnight at 35°C. Formation of orange pigment indicated 

pigmented/haemolytic GBS presence. All carrot broths (regardless of colour change) 

were sub-cultured onto StrepB CHROMagar™ (CHROMagar, France) to confirm and 
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select for pure GBS colonies. Mauve colonies were indicative of GBS and this StrepB 

CHROMagar™ (CHROM) method was capable of detecting non-pigmented/non-

haemolytic isolates, unlike the Strep B Carrot Broth™ (CB). Mauve colonies were sub-

cultured onto CHROM to confirm purity, followed by culture of pure isolates in tryptic 

soy broth (Becton Dickinson Pty Ltd., Australia), and storage in 15% glycerol at -80°C. 

 

5.3.3. Molecular analysis 

Those samples stored for molecular analysis, were thawed (once only) and extracted 

using the InviMAG Universal Kit (Stratec Molecular GMBH, Germany) using the 

KingFisher DUO (Thermo Fisher Scientific, USA) platform and resulting DNA stored at 

4°C. The clinical sample DNA was directly tested via real-time PCR (direct PCR) to 

detect GBS presence (ubiquitous dltS gene), as previously described (Furfaro et al. 

2017). Stored cultures of the pure GBS isolates had DNA extracted and stored using the 

same methods, and were tested via real-time PCR (culture PCR) to detect the dltS 

gene, as above. 

 

5.3.4. Diagnostic specimen processing 

Routine diagnostic screening was carried out independently of the study as per 

standard protocol (PathWest, Western Australia). Briefly, Transwab® Amies charcoal 

swabs (Medical Wire and Equipment, UK) were used for self-collection of both low 

vaginal and rectal swabs separately. These swabs were combined and cultured in Lim 

Broth (Colistin-nalidixic acid in Todd Hewitt broth) for 24 h at 35°C, followed by sub-

culture onto New Granada Media (NGM) and incubated in anaerobic conditions for 24-

48 h at 35°C. Colonies of bright orange colour were indicative of GBS and therefore 
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were reported as a positive screening result, and these data were collected 

retrospectively at the conclusion of the study. 

 

5.3.5. Statistical analysis 

Data were analysed using the Chi-square test to assess sensitivity and specificity of the 

different detection methods. The kappa agreement was used to determine significance 

between hospital results and overall study results. Significance was determined as 

p<0.05. The statistical package IBM SPSS Statistics version 22 (IBM Corporation, USA) 

was used.  

 

5.4. Results 

A total of 531 participants had both hospital screening and study results available and 

these were included in this analysis. The average gestational age was 35 weeks at 

collection; however, our study did collect outside the routine screening range of 35-37 

weeks, with a minimum of 33 weeks and maximum of 39 weeks gestation.  

 

5.4.1. Research culture methods 

All samples were cultured for GBS using CB followed by CHROM (Table 5.2). Positive CB 

results were confirmed as GBS positive by CHROM culture methods in 100% of cases of 

both vaginal and rectal samples. In the instance of a negative CB culture, CHROM 

detected an additional 9.6% and 9.8% of tentative GBS positive vaginal and rectal 

specimens, respectively. Of these, 73.1% (106/145) of vaginal and 71.5% (113/158) of 

rectal specimens were confirmed as GBS positive following molecular confirmation of 

CHROM cultures, indicating a 27-29% false positive rate of CHROM. Both vaginal and 

rectal detection were observed to be similar for both CB and CHROM. 
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Table 5.2. Comparison of culture method results using Strep B Carrot Broth™ and 

StrepB CHROMagar™ for GBS detection from antenatal vaginal and rectal specimens (n 

= 531). 

 

   Strep B Carrot Broth (n = 531) 

   Vaginal n (%) Rectal n (%) 

   Positive Negative Positive Negative 

StrepB 

CHROMagar 

(n = 531) 

Vaginal  

n (%) 

Positive 94 (17.7) 51 (9.6) 96 (18.1) 49 (9.2) 

Negative 0 (0) 386 (72.7) 10 (1.9) 376 (70.8) 

Rectal 

n (%) 

Positive 92 (17.3) 66 (12.4) 106 (20) 52 (9.8) 

Negative 2 (0.4) 371 (69.9) 0 (0) 373 (70.2) 

 

 

 

5.4.2. Research molecular methods 

Direct analysis of clinical sample DNA by real-time PCR (direct PCR) was compared to 

real-time PCR of the putative GBS cultured isolates (culture PCR) (Table 5.3). No false 

positives were reported with the direct PCR; however, 27 (~18%) specimens were not 

detected by direct PCR but were detected by culture PCR. The observed sensitivity and 

specificity overall for the direct PCR were 81.4% – 82.9% and 100%, respectively. 
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Table 5.3. Comparison of direct PCR and culture PCR for the detection of GBS from 

antenatal vaginal and rectal specimens. 

 

   Direct PCR n (%) 

   Vaginal (n = 145) Rectal (n = 158) 

   Positive Negative Positive Negative 

Culture PCR 

n (%) 

Vaginal  

(n = 145) 

Positive 84 (57.9) 27 (18.6) 86 (59.3) 2 (1.4) 

Negative 0 (0) 34 (23.4) 25 (17.2) 32 (22.1) 

Rectal 

(n = 158) 

Positive 76 (48.1) 41 (25.9) 90 (57.0) 27 (17.1) 

Negative 0 (0) 41 (25.9) 0 (0) 41 (25.9) 

 

 

 

 

5.4.3. Research culture versus PCR 

Using the culture PCR results as the confirmed GBS result, the culture results were 

assessed for sensitivity and specificity (Table 5.4). As mentioned above, CB showed 

100% specificity, however, sensitivity was observed as ~89% overall. The CHROM 

method was less specific in comparison (~73%) and sensitivity was not able to be 

confirmed as the PCR results were reliant upon positive CHROM results, a limitation of 

this comparison. 
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Table 5.4. Comparability of culture methods to the confirmed PCR positive GBS 

detection results. 

 

   PCR n (%) 

   Vaginal (n = 145) Rectal (n = 158) 

   Positive Negative Positive Negative 

Strep B 

Carrot Broth 

n (%) 

Vaginal  

n = 145 

Positive 90 (62.1) 0 (0) - - 

Negative 16 (11.0) 37 (25.5) - - 

Rectal 

n = 158 

Positive - - 96 (62.3) 0 (0) 

Negative - - 17 (11.1) 45 (28.4) 

StrepB 

CHROMagar 

n (%) 

Vaginal  

n = 145 

Positive 106 (73.1) 39 (26.9) - - 

Negative 0 (0) 0 (0) - - 

Rectal 

n = 158 

Positive - - 113 (73.4) 45 (28.4) 

Negative - - 0 (0)  0 (0) 

 

 

 

5.4.4. Research methods versus diagnostic screening 

For all participants, the result of GBS diagnostic screening was compared to the result 

of GBS research screening (a positive result was based on the overall [vaginal and 

rectal] GBS result as confirmed by culture PCR) (Table 5.5). Diagnostic and research 

results were in agreement for 91.3% of the specimens tested (vaginal and rectal 

inclusive). Statistical analysis reported a kappa value of 0.76, corresponding with 

substantial agreement (p<0.001). Where results showed discrepancies, the research 

methods were able to detect 5.3% of GBS isolates that diagnostic did not; in contrast, 

diagnostic methods detected 3.4% of positive cases that research methods found 

negative. It is important to note, that while the same participants were sampled, the 
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specimens tested were not the same (multiple swabs collected). Research swabs were 

collected after the diagnostic swabs were collected, as to not interfere with routine 

care. 

 

 

Table 5.5. Routine diagnostic GBS screening result compared to research methods 

(PCR confirmed testing) conducted in this study. 

 

  Diagnostic (n = 531) 

  Positive n (%) Negative n (%) 

Research 

(n = 531) 

Positive n (%) 102 (19.2) 28 (5.3) 

Negative n (%) 18 (3.4) 383 (72.1) 

 

 

 

5.5. Discussion 

In this study we examined GBS detection methods CB, CHROM and PCR using 

specimens collected from an antenatal clinical cohort, and compared these overall 

results with routine diagnostic screening which involved Lim Broth and NGM. To 

enable comparison of the research and diagnostic methods, the culture PCR result was 

used as the confirmed GBS result for the Research methods. Research culture 

techniques were compared, and it was revealed that CB had an excellent specificity 

(100%), however, it is known to be unable to detect non-haemolytic isolates of GBS, 

accounting for the observed lowered sensitivity (~89%). Pigment and haemolysin 

production studies in GBS have revealed that both are products from the cyl operon 
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and are expressed simultaneously (Rosa-Fraile et al. 2014, Spellerberg et al. 2000). This 

means that pigment production observed is likely to indicate a haemolytic GBS isolate 

as opposed to non-haemolytic isolates, which should produce no pigment. In such 

instances, CHROM culture was beneficial for detecting additional non-pigmented GBS 

isolates, however, ~27% of the CHROM positive results were discordant with further 

PCR confirmation and are likely false positives. Such false positives would not be 

identified using routine CHROM methods (we only detected them using PCR) and as 

such in a clinical context would result in pregnant women being exposed to IAP 

unnecessarily. Known false positive isolates mentioned by the manufacturer of 

CHROM include other Streptococcal groups (A, C, F and G) and a few strains of 

Staphylococcus spp., however, further confirmatory tests can be applied with 

additional time and costs.  

 

Carrot broth, CHROMagar and direct PCR were assessed to compare the detection 

rates to that of Lim broth and NGM used in the routine diagnostic screening. Both 

research and diagnostic results showed substantial agreement based on kappa value 

(Viera and Garrett 2005), with only 5.3% and 3.4% of samples being only positive by 

research and diagnostic methods, respectively. In addition to different detection 

methods used, these minor differences could also be due to the different sample 

collection swabs used (diagnostic screening used charcoal swabs for sample collection, 

while we used e-swabs). In addition, the collection of multiple swabs for each test and 

self-collection methods themselves may have contributed to observed differences, 

however, other studies have reported consistency with self-collection (Molnar et al. 

1997) and multiple swabs (Torok and Dunn 2000). 
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For the research component of this study, vaginal and rectal swabs were tested 

independently, while the routine practice is to collect swabs separately and combine 

them in the culturing process. This results in a single report of positive or negative for 

GBS. This is economically viable in the sense that half the reagents are required; 

however, this places importance on the colony selection process for further 

confirmatory testing. In this study we observed the same culture outcomes for both 

vaginal and rectal isolates, yet differing GBS confirmation in follow up PCR testing. The 

false positive results of chromogenic agar have been documented previously and 

suggested that further testing be conducted to ensure only GBS are detected rather 

than other Streptococcus spp. (Verhoeven et al. 2014). In cases of mixed isolates with 

the same phenotype, the selection of one colony over another for confirmatory testing 

could also result in different outcomes. 

 

Further to the different site sampling, recovery differences have been observed 

between vaginal and rectal swabs, with one study suggesting that selective broths may 

not be appropriate for assessing GBS from rectal swabs due to the reduced selectivity 

as a result of overgrowth of other rectal microbes exhibiting resistance (Kwatra et al. 

2016). In contrast, we report a higher rate of GBS detected from rectal specimens than 

vaginal, although, not to the level of statistical significance. 

 

CB has been previously shown to be superior to LIM for GBS detection (Church et al. 

2008). The benefit of this broth is the colour change that is observed based on 

pigmented GBS growth. Given the 100% concordance with confirmed GBS result by 

PCR, this may be a useful initial screening option that our study suggests may not 

require additional testing given colour change indication of GBS presence. The clear 



85 

 

limitation of this broth is the lack of detection of non-haemolytic isolates; however, 

NGM is known to lack ability to detect non-haemolytic GBS isolates also (Nickmans et 

al. 2012, Verhoeven et al. 2014). Joubrel assessed different media and the 

identification of non-haemolytic GBS isolates and suggested they account for up to 5% 

of invasive infections (Joubrel et al. 2014). To address this issue in our study, CHROM 

was tested, which resulted in mauve colonies representing GBS. Perry summarises the 

progression of chromogenic media over the past decade and highlights the 

applications for GBS (Perry 2017).  

 

Comparison of direct and cultured specimen PCR suggested that ~18% of GBS positive 

specimens were not detected by direct PCR, but were identified with subsequent 

culture and PCR. Similar results of PCR sensitivity were reported by an Iranian 

antenatal screening study, whereby direct PCR was observed to have specificity 

(96.1%), but reduced sensitivity (72.7%) (Goudarzi et al. 2015). These observations of 

limited sensitivity of direct PCR, regardless of different PCR techniques, suggest that it 

may correspond to low titre samples, which provides support for the use of 

enrichment prior to PCR testing. Given that culture may be required to detect the 

serotypes and low titre samples, an enrichment step followed by PCR may optimise the 

screening process and avoid bias of colony selection. Munson and colleagues assessed 

the use of carrot broth enhanced PCR in which 2-6 h incubation in CB was followed by 

PCR. They observed greater detection after the 6 h CB enhanced PCR than direct swab 

PCR (Munson et al. 2010). While this enrichment step extends the time to diagnosis 

compared to direct PCR testing, the improved sensitivity in combination with reduction 

in time to result compared to culture is worth consideration.  
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In summary, we demonstrate a high level of agreement between diagnostic and 

research GBS screening methods. Comparison of sensitivity and specificity based on 

confirmatory PCR results revealed high specificity (100%) and sensitivity (~89%) for CB, 

noting that the reduced sensitivity is due to the lack of detection of non-haemolytic 

GBS isolates. In contrast, CHROM was able to detect these additional isolates (100% 

sensitivity), but with reduced specificity (~73%), leading to false positives that would 

require further testing for GBS confirmation. We also note that the PCR assay used in 

this study was able to detect GBS directly from specimens in ~82% of cases with 100% 

accuracy. This is promising for the rapid detection of GBS and we suggest that 

enrichment may improve the sensitivity of detection of GBS from direct specimens, 

while reducing the time-to-result associated with culture methods. In conclusion, 

culture methods remain valuable in diagnostic microbiology; however each technique 

has its own limitations that the user needs to be aware of. Molecular methods provide 

a rapid approach to GBS screening, but are limited in their ability to detect very low 

titre cases of GBS colonisation. 
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CHAPTER 6 - PREAMBLE 

 

This chapter has been prepared as a manuscript pending submission to the Journal of 

Medical Microbiology. This chapter describes the epidemiology, including serotypes 

and colonisation dynamics, and risk factors associated with Group B Streptococcus 

colonisation in a cohort of Western Australian pregnant women (Predict1000 sub-

study). 
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CHAPTER 6 – GROUP B STREPTOCOCCUS PREVALENCE, SEROTYPE DISTRIBUTION AND 
COLONISATION DYNAMICS IN WESTERN AUSTRALIAN PREGNANT WOMEN 

 

6.1. Abstract 

Streptococcus agalactiae, or Group B Streptococcus (GBS), is a leading neonatal 

pathogen that can cause severe health outcomes such as sepsis, meningitis and 

pneumonia. Strategies have been implemented globally that address vertical 

transmission from colonised mothers and those at risk receive intrapartum antibiotic 

prophylaxis. In Western Australia (WA), culture-based screening at 35-37 weeks 

gestation is implemented as routine care and guides antibiotic administration. 

Previous Australian studies have focused on regions other than WA or include low 

sample size representatives; we aimed to describe GBS colonisation among pregnant 

women in WA and associated serotypes, temporal dynamics and risk factors. A cohort 

of 814 pregnant women attending King Edward Memorial Hospital over the period of 

2015-2017 consented and were included in the analysis. Self-collected vaginal and 

rectal swabs were collected at ≤22 weeks (n = 814) and ≥33 weeks gestation (n = 567) 

and assessed for GBS presence using culture and PCR and serotyped by molecular 

methods. Questionnaire data on lifestyle practices were collected at each visit, in 

addition to medical data. We observed an overall GBS colonisation rate of 24% which 

did not significantly differ across the two collection time points, however 10.6% of 

positive participants were transiently colonised, with GBS presence detected at only 

one visit. Factors associated with GBS colonisation included ethnicity (Aboriginal and 

Torres Strait Islander and African), maternal age greater than 25 years, vitamin use, 

frequent sexual intercourse (≥5 times per week) and use of sex toys. Neonatal sepsis 

was statistically more likely to occur in neonates born to a colonised mother. The 

dominant serotypes identified were Ia (27.9%), III (20.9%), II (16.3%), V (15.8%), Ib 
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(8.4%), VI (5.1%), IV (2.8%), NT (1.9), VIII (0.5%) and IX (0.5%) and NT (0.6%) at first 

collection, with V (18.9%) preceding serotype II (18.2%) by the second collection. 

Serotype VII was not detected. This is the first cohort study to assess GBS colonisation 

in WA pregnant women and will be highly beneficial for guiding clinical practice and 

future therapeutic options, in particular, selection of suitable vaccine candidates. 

 

6.2. Introduction 

Pregnant women worldwide are subjected to screening for Streptococcus agalactiae, 

also known as Group B Streptococcus (GBS), in an effort to reduce transmission of this 

neonatal pathogen. This screening results in intrapartum antibiotic prophylaxis in 

women either at risk or colonised with GBS (Verani et al. 2010). In Western Australia, a 

culture-based universal screening occurs at 35-37 weeks gestation. This timing has 

been assessed as the optimal time, closest to term by which a result can be deemed 

still valid (Yancey et al. 1996). However, this has implications for women presenting 

with preterm labour, who often have no screening result. Such women may be given 

antibiotics (depending on the clinical scenario), however, a known GBS result could 

better inform clinical management in terms of delaying delivery or treating and 

delivering (Seelbach-Goebel 2013). As such, it would be of interest to understand the 

temporal dynamics of colonisation and the reliability of earlier screening to guide 

prophylaxis. In addition to this, both vaginal and rectal sites are screened, however, 

the results are often combined meaning that determination of colonisation site is 

largely unknown, despite several studies highlighting differences (Badri et al. 1977, 

Quinlan et al. 2000, Motlova et al. 2004). 
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A systematic review of global prevalence of maternal GBS colonisation reported an 

average of 15%, however, prevalence ranged from 2% in Melanesia to 35% in the 

Caribbean (Russell et al. 2017). This review estimated prevalence in 15-21% of 

pregnant Australian and New Zealand women (Russell et al. 2017), however, this 

included only three Australian studies (Gilbert et al. 2002, Hiller et al. 2005, Taylor 

2006). This highlights the limited data available describing colonisation and also 

maternal risk-factors and serotype prevalence in Australian pregnant women.  

 

Further to prevalence, categorisation into serotypes based on the capsular 

polysaccharide has become an important descriptive, particularly considering the 

geographic variability of this amongst GBS and its use as a target for vaccine 

candidates. The most prevalent serotypes of maternal colonisation are Ia, Ib, II, III and 

V, which account for 98% of serotypes globally (Russell et al. 2017). The remaining 

serotypes, IV, VI, VII, VIII and IX, are considered rarer, however, this is not true for all 

countries (Furfaro et al. 2018b). For example, a study in Ghana found serotype VII as 

the most common GBS serotype colonising pregnant women, followed by IX (Slotved 

et al. 2017). With vaccine candidates targeting serotypes, this is a consideration for 

future interventions, particularly considering the candidates that have progressed in 

clinical trials all target the common serotypes; for example, the pentavalent vaccine 

targeting Ia, Ib, II, III and V (Lin et al. 2018). 

 

We have previously used retrospective maternal specimens to report serotype 

information from Western Australia (WA) to validate a molecular assay, however, no 

comprehensive analysis of GBS amongst WA pregnant women has been undertaken 

prior to this study. Here, we describe antenatal GBS colonisation prevalence, serotypes 
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and temporal dynamics, as well as maternal clinical and lifestyle factors and their 

association with GBS status. This study not only helps to inform local clinical 

management strategies, but also contributes to global data to improve our 

understanding of epidemiology and risk factors that contribute to GBS disease 

incidence. 

 

6.3. Methods 

6.3.1. Specimen collection 

A prospective cohort of pregnant women at King Edward Memorial Hospital, Subiaco, 

Western Australia were recruited over the study period of 2015-2017 based on specific 

study criteria, for inclusion in the Predict1000 cohort study for which ethics approval 

was granted by the Women and Newborn Health Service Human Research Ethics 

Committee (201535EW). The data presented in this study include 821 participants 

from Predict1000 as a sub-study examining GBS colonisation with all included 

specimens outlined in Figure 6.1. Specimens included a total of four self-collected low 

vaginal and rectal e-swabs (Copan, Italy) at recruitment (≤22 weeks gestation) and an 

additional four e-swabs at the second visit (≥33 weeks gestation). All swabs were 

immediately stored at 4°C and processed within 6 h. A proportion of participants (n = 

596) collected vaginal pH results using Careplan VpH Test Glove (Unipath Limited, UK) 

at recruitment. Participants were included in the data analyses for the second visit if 

their specimens were collected before the defined sub-study end date and resulted in 

the inclusion of 567 participants of the original 821 recruited. 
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Figure 6.1. Study inclusion and exclusion criteria resulting in the recruitment of 

pregnant participants and subsequent collection of vaginal (V) and/or rectal (R) 

specimens at different gestational ages (weeks). 

 

 

6.3.2. Specimen processing 

A total of two swabs per site (two vaginal and two rectal) were self-collected at each 

study visit and these were processed independently. One swab from each site was 

used for molecular analyses and the other for culture. Women were given detailed 

verbal, written and pictorial instructions on how to collect swabs, in order to maintain 

some uniformity amongst collection. One set of vaginal and rectal swabs were 

vortexed rigorously to elute the sample, excess fluid removed from the swab tip by 

applying pressure against the side of the collection tube, and the total volume of the 
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eluate was centrifuged at 10, 000 x g for 10 minutes at 4°C, supernatant removed, and 

pellet resuspended in sterile 1X phosphate buffered saline (Sigma-Aldrich, Germany), 

before storage at -80°C for subsequent molecular analyses. The remaining swabs were 

used for culture, which involved placement of the swab tip (no prior vortexing) into 

Strep B Carrot Broth™ (Hardy Diagnostics, USA) and overnight culture at 35°C. 

Formation of orange pigment indicated pigmented/haemolytic GBS presence. All 

broths were sub-cultured onto StrepB CHROMagar™ (CHROMagar, France) and 

incubated at 35°C for 24-48 h, regardless of result, to select for pure GBS colonies and 

also identify non-haemolytic isolates that would not be indicated by Carrot Broth. 

Mauve colonies (indicative of GBS) were sub-cultured onto CHROM and incubated as 

above to confirm purity, followed by tryptic soy broth (Becton Dickinson, Australia) 

sub-culture and storage in 15% glycerol at -80°C. 

 

6.3.3. Molecular analysis 

Those samples stored for molecular analysis, were thawed (once only) and extracted 

using the InviMAG Universal Kit (Stratec Molecular GMBH, Germany) as per 

manufacturer’s instructions on a KingFisher DUO (Thermo Fisher Scientific, USA) 

platform, and resulting DNA was stored at 4°C until analysis. The DNA was tested via 

multiplex PCR to detect GBS presence (ubiquitous dltS gene) and additional serotype 

Ia, Ib or III presence as previously described (Furfaro et al. 2017). As this assay detects 

three of 10 serotypes, all dltS-positive isolates were further tested using the Imperi 

standard PCR method (Imperi et al. 2010) and amplicons were visualised using gel 

capillary electrophoresis on a QIAxcel Advanced platform (QIAGEN, USA). Combined 

culture and PCR results were used to inform GBS colonisation status (positive with one 

or both of these methods).  
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6.3.4. Data collection 

All participants were asked to complete a lifestyle questionnaire at each visit, including 

questions regarding dietary supplementation, smoking status, alcohol consumption, 

sexual activity and vaginal hygiene practices. Medical record data extracted included 

information on demographics, medical history, pregnancy outcome and neonatal 

outcome. All information was collected and categorised based on the relative sample 

size and significant differences within each category. 

 

6.3.5. Statistical analysis 

All data were categorical and summarised using frequency distributions. The temporal 

comparison of GBS prevalence among women who attended both visit 1 and visit 2 

was made using the McNemar test. Univariable comparisons of demographic and 

lifestyle factors between GBS positive and negative women were made using the Chi-

square test or exact methods when expected cell frequencies were small. Unadjusted 

and adjusted logistic regression modelling was utilised to assess candidate risk factors 

for positive GBS, identified as factors with p values <0.15 on univariable analysis, which 

were entered simultaneously and assessed in a multivariable logistic regression model. 

Candidate risk factors included maternal age (<25, 25-34, ≥35 years), ethnicity 

(Caucasian, Aboriginal and Torres Strait Islander, African, Other), gravidity (1-2, ≥3), 

medication supplements, current smoker, frequency of sexual intercourse (0, 1-2, 3-4, 

≥5 times per week) and other sexual activities. GBS status at visit 1 was chosen to 

model risk factors because the full sample of women, including those who delivered 

preterm and those who did not have their visit 2 specimens collected, could be 

included in the analysis. Furthermore, some lifestyle factors changed toward the end 

of pregnancy which resulted in small numbers and subsequently reduced power to 
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analyse these factors. Results were reported as odds ratios (OR), adjusted odds ratios 

(aOR) and associated 95% confidence intervals (CI). IBM SPSS Statistics 22 (IBM 

Corporation, Armonk, NY, USA) statistical software was used for data analysis. All tests 

were two-sided and p values <0.05 were considered statistically significant. 

 

6.4. Results 

Over the study period of 2015-2017, a total of 821 pregnant women consented to 

participate in this study, of whom seven (0.8%) were excluded or withdrawn and were 

not included in the following analysis. Of the 814 participants included in the analysis, 

567 (69%) women completed a secondary collection (visit two) at ≥33 weeks of 

gestation. Both vaginal and rectal specimens were requested, however, four (0.5%) 

participants at recruitment and four (0.7%) of the visit two participants declined the 

rectal swab collection, providing only vaginal swabs (Figure 6.1). 

 

6.4.1. Study cohort 

These data were generated from a diverse antenatal cohort with almost half of 

participants (43.4%) born outside of Australia (Table 6.1), with maternal ethnicity 

including Caucasian (73%), Asian (13.1%), African (5.4%), Indian (4.4%), Aboriginal 

and/or Torres Strait Islander ([ATSI], 2.3%), Maori (0.8%), unknown (0.8%) and Hispanic 

(0.2%). The mean age of the participants was 32 years, ranging from 16-50 years. 

  

6.4.2. Group B Streptococcus colonisation 

The overall GBS colonisation rate within this Western Australian pregnant cohort was 

24%, including 24.9% at ≤22 weeks and 24.7% at ≥33 weeks gestation (visit one and 

two, respectively). Individual assessment of collection site at each visit revealed 
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marginally higher rectal colonisation (22%) compared to vaginal (21%) at visit one and 

visit two (23% compared to 22%, respectively). The majority of GBS positive women 

were colonised at both vaginal and rectal sites at both visit one (93.8%) and visit two 

(95.2%), and the colonisation of one site was significantly associated with colonisation 

of the other (p<0.001). For the remaining proportion of participants, 20 (2.5%) were 

colonised only at the vaginal site and 30 (3.7%) only at the rectal site for visit one, and 

nine (1.6%) and 18 (3.2%) of participants were colonised at only vaginal and only rectal 

sites at visit two, respectively. 

 

6.4.3. Temporal dynamics 

A consistent/chronic colonisation was observed for 20.1% of participants that 

completed both study visits (n = 567), with an additional 69.3% remaining consistently 

GBS negative over the two visits. The transient colonisers included 6% who were only 

colonised with GBS at visit one and 4.6% only at visit two. This transient colonisation 

was not observed to be specimen site-dependent, as equivalent proportions of vaginal 

and rectal colonisation differed over pregnancy. There was no statistical difference in 

colonisation over the two collection gestations (24.9% vs 24.7%, p=0.366). 

 

6.4.4. Assessment of risk-factors 

Univariable maternal demographic associations with positive GBS colonisation at visit 1 

included ATSI or African ethnicity (Table 6.1), while associated lifestyle factors included 

use of supplements/natural therapies, vitamin consumption, high frequency of sexual 

intercourse, use of sex toys and specific to vaginal colonisation only, higher vaginal pH 

(Table 6.2). Risk factors associated with positive versus negative GBS colonisation 

status retained in the multivariable model included: ATSI ethnicity (4.9% vs 1.5%, aOR 
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3.84, 95% CI 1.41-10.46, p=0.008), African ethnicity (8.4% vs 4.4%, aOR 2.28, 95% CI 

1.10-4.74, p=0.027), vitamin use (51.7% vs 36.7%, aOR 1.80, 95% CI 1.27-2.54, 

p=0.001), sexual intercourse ≥5 times per week (6.9% vs 2.5%, aOR 2.66, 1.14-6.24, 

p=0.024) and the use of sex toys (12.3% vs 7.5%, aOR 1.79, 95% CI 1.03-3.11, p=0.040) 

(Table 6.3). Women <25 years of age were less likely to be positive for GBS colonisation 

(4.4% vs 8.7%, aOR 0.43, 95% CI 0.20-0.94, p=0.035). GBS colonisation status among 

women aged 25-34 years versus 35 years or more did not differ (p=0.938) and the 

categories were collapsed in the final model. 

 

6.4.5 Obstetric and neonatal outcomes 

Women colonised with GBS were more likely to receive intrapartum antibiotic 

prophylaxis (IAP) than non-colonised women (visit 1: 48.3% vs 5.4%, visit 2: 82.9% vs 

48.9%, both p values <0.001), in accordance with hospital treatment guidelines (Table 

6.4). There was no observed association with neonatal complications and maternal 

GBS colonisation overall, however, neonatal sepsis was significantly associated with 

maternal GBS colonisation (visit 1: 15.3% vs 8.0%, p=0.003), and this remained 

significant for both visits (visit 2: 12.1% vs 5.6%, p=0.011). 
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Table 6.1. Maternal demographic factors and their associations with Group B 

Streptococcus colonisation status at both ≤22 weeks (visit one) and ≥33 weeks of 

gestation (visit two), with p values representing the comparison of factors between 

women with negative and positive GBS colonisation at each visit. 

 

 Visit 1 (≤22 weeks) 
n (%) 

 Visit 2 (≥33 weeks) 
n (%) 

 Negative 
(n = 611) 

Positive 
(n = 203) 

p 
value 

 Negative 
(n = 427) 

Positive 
(n = 140) 

p 
value 

Maternal age 
(years) 

       

<25 53 (8.7) 9 (4.4) 0.142  32 (7.5) 4 (2.9) 0.126 
25 – 34 367 (60.1) 127 (62.6)   254 (59.5) 94 (67.1)  
≥35 191 (31.3) 67 (33.0)   141 (33) 42 (30.0)  
Ethnicity        
Caucasian 458 (75) 136 (67) 0.004  322 (75.4) 97 (69.3) 0.077 
ATSI 9 (1.5) 10 (4.9)   5 (1.2) 5 (3.6)  
African 27 (4.4) 17 (8.4)   20 (4.7) 12 (8.6)  
Other 115 (18.8) 39 (19.2)   79 (18.5) 25 (17.9)  
Gravidity         
1-2 324 (53) 95 (46.8) 0.070  224 (52.4) 74 (52.9) 0.935 
≥3 286 (46.8) 108 (53.2)   203 (47.5) 66 (47.1)  
Parity         
0 219 (35.8) 73 (36) 0.719  146 (34.2) 52 (37.1) 0.812 
1-2 339 (55.5) 109 (53.7)   244 (57.1) 76 (54.3)  
≥3 52 (8.5) 21 (10.3)   37 (8.7) 12 (8.6)  
Medical issues        
Pre-existing  
diabetes 

32 (5.2) 11 (5.4) 0.943  19 (4.4) 8 (5.7) 0.546 

Gestational 
diabetes 

88 (14.4) 35 (17.2) 0.215  66 (15.4) 21 (15.0) 0.864 

Maternal sepsis 112 (18.3) 37 (18.2) 0.517  73 (17.1) 28 (20.0) 0.435 
BMI (kg/m2)        

<25 251 (41.1) 72 (35.5) 0.179  179 (41.9) 52 (37.1) 0.366 
25-34.9 252 (41.2) 86 (42.4)   160 (37.5) 62 (44.3)  
≥35 104 (17) 45 (22.2)   87 (20.4) 26 (18.6)  
Fertility treatment 38 (6.2) 12 (5.9) 0.899  26 (6.1) 9 (6.4) 0.848 

ATSI-Aboriginal and Torres Strait islander, Other ethnicity (n) included Asian (143), Maori/Pacific 

Islander (6) and Hispanic (2). BMI-body mass index. 
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Table 6.2. Pregnancy and lifestyle factors and their associations with Group B 

Streptococcus colonisation status at both ≤22 weeks (visit one) and ≥33 weeks of 

gestation (visit two), with p values representing the comparison of factors between 

women with negative and positive GBS colonisation at each visit. 

 

 Visit 1 (≤22 weeks) 
n (%) 

 Visit 2 (≥33 weeks) 
n (%) 

 Negative 
(n = 611) 

Positive 
(n = 203) 

p 
value 

 Negative 
(n = 427) 

Positive 
(n = 140) 

p 
value 

Gestational age 
(weeks) 

       

13 – 16 98 (16.0) 24 (11.8) 0.304  - - - 
17 – 19 244 (39.9) 89 (43.8)   - - - 
20 – 22 269 (44.0) 90 (44.3)   - - - 
33 – 35 - - -  81 (19) 29 (20.7) 0.042 
35 – 36 - - -  275 (64.4) 100 (71.4)  
≥37 - - -  70 (16.4) 11 (7.9)  
Any antibiotic use 
during pregnancy 

- - -  77 (18.0) 20 (14.3) 0.165 

At time of visit:        
Medications         
Antibiotics 11 (1.8) 2 (1.0) 0.313  21 (4.9) 7 (5.0) 0.594 
Antifungals 14 (2.3) 7 (3.4) 0.274  19 (4.4) 9 (6.4) 0.251 
Probiotics 38 (6.2) 20 (9.9) 0.074  30 (7.0) 15 (10.7) 0.128 
Supplements/natural 
therapies 

342 (56.0) 138 (68.0) 0.006  274 (64.2) 95 (67.9) 0.359 

Vitamins 224 (36.7) 105 (51.7) <0.001  204 (47.8) 73 (52.1) 0.219 
Pregnancy supplement 193 (31.6) 64 (31.5) 0.530  147 (34.4) 49 (35.0) 0.496 
Other 79 (12.9) 35 (17.2) 0.080  79 (18.5) 31 (22.1) 0.208 
Smoking 41 (6.7) 11 (5.4) 0.455  20 (4.7) 5 (3.6) 0.643 
Alcohol 26 (4.3) 11 (5.4) 0.335  16 (3.7) 5 (3.6) 0.559 
Sexual intercourse 
(n/week) 

       

0 140 (22.9) 47 (23.2) 0.044  198 (46.4) 71 (50.7) 0.367 
1-2 351 (57.4) 114 (56.2)   180 (42.2) 50 (35.7)  
3-4*  50 (8.2) 17 (8.4)   26 (6.1) 11 (7.9)  
≥5 15 (2.5) 14 (6.9)   - -  
Other sexual activities  166 (27.2) 69 (34.0) 0.069  87 (20.4) 30 (21.4) 0.477 
Sex toys 46 (7.5) 25 (12.3) 0.028  22 (5.2) 9 (6.4) 0.351 
Oral 127 (20.8) 52 (25.6) 0.091  54 (12.6) 21 (15.0) 0.284 
Other 6 (1.0) 5 (2.5) 0.133  2 (0.5) 2 (1.4) 0.257 
Vaginal douching 20 (3.3) 6 (3.0) 0.487  10 (2.3) 2 (1.4) 0.739 
Vaginal pH# (n = 596)        
4 – 4.7 410 (67.1) 105 (51.7) 0.034  - - - 
5 – 7 56 (9.2) 25 (12.3)   - - - 
A dash (-) indicates the factor was not relevant/recorded for that visit. 

*Last category ≥3 for visit 2 
#
Only vaginal GBS results were analysed. 
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Table 6.3. Unadjusted and adjusted models showing demographic and lifestyle factors 

associated with Group B Streptococcus colonisation at ≤22 weeks gestational age (visit 

one), reported with odds ratios (OR), adjusted odds ratios (aOR) and 95% confidence 

intervals (CI). 

 

 Unadjusted  Adjusted 

 OR 
 

95% CI 
 

p 
value 

 aOR 95% CI p 
value 

Maternal age 
(years) 

       

≥25  1.00    1.00   
<25 0.49 0.24-1.01 0.053  0.43 0.20-0.94 0.035 
Ethnicity        
Caucasian  1.00    1.00   

ATSI 
3.74 1.49-9.40 0.005  3.84 1.41-10.46 0.008 

African 2.16 1.12-4.15 0.022  2.28 1.10-4.74 0.027 
Other 1.15 0.77-1.73 0.497  1.12 0.72-1.73 0.614 
Vitamin use        
No 1.00    1.00   
Yes 1.85 1.34-2.55 <0.001  1.80 1.27-2.54 <0.001 
Sexual intercourse         
0 1.00    1.00   
1-4 0.97 0.66-1.43 0.890  0.93 0.62-1.39 0.715 
≥5 2.78 1.25-6.19 0.012  2.66 1.14-6.24 0.024 
Use of sex toys        
No 1.00    1.00   
Yes 1.73 1.03-2.89 0.038  1.79 1.03-3.11 0.040 

ATSI-Aboriginal and Torres Strait Islander, Other ethnicity (n) included Asian (143), Maori/Pacific 

Islander (6) and Hispanic (2). 
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Table 6.4. Associations between Group B Streptococcus colonisation status at both ≤22 

weeks (visit one) and ≥33 weeks of gestation (visit two) and obstetric and neonatal 

outcomes, with p values representing the comparison of outcomes between women 

with negative and positive GBS colonisation at each visit. 

 

 Visit 1 (≤22 weeks) 
n (%) 

 Visit 2 (≥33 weeks) 
n (%) 

 Negative 
(n = 611) 

Positive 
(n = 203) 

p 
value 

 Negative 
(n = 427) 

Positive 
(n = 140) 

p 
value 

Antibiotics in labour 33 (5.4) 98 (48.3) <0.001  209 
(48.9) 

116 
(82.9) 

<0.001 

Antibiotic allergy 63 (10.3) 25 (12.3) 0.242  43 (10.1) 17 (12.1) 0.494 
Penicillin/ amoxicillin 45 (7.4) 23 (11.3) 0.077  32 (7.5) 13 (9.3) 0.496 
Mode of delivery        
Spontaneous vaginal 277 

(45.3) 
95 (46.8) 0.139  196 

(45.9) 
65 (46.4) 0.214 

Assisted vaginal 74 (12.1) 16 (7.9)   56 (13.1) 12 (8.6)  
Elective C/S 141 

(23.1) 
42 (20.7)   104 

(24.4) 
31 (22.1)  

Non-elective C/S 112 
(18.3) 

49 (24.1)   70 (16.4) 32 (22.9)  

Gestation (weeks)        
Term  550 

(90.0) 
178 

(87.7) 
0.139  416 

(96.7) 
133 

(95.0) 
0.111 

Preterm (<37 weeks) 54 (8.8) 24 (11.8)   10 (2.3) 7 (5.0)  
<28 7 (1.1) 2 (1.0) 0.300  - - - 
28 – 32  10 (1.6) 2 (1.0)   - -  
32 – 37 37 (6.1) 20 (9.9)   - -  
Male  318 

(52.0) 
99 (48.8) 0.208  217 

(50.8) 
70 (50.0) 0.847 

Birth weight (grams)        
<1500 12 (2.0) 4 (2.0) 0.497  0 (-) 0 (-) 0.274 
1500 – 2499 30 (4.9) 15 (7.4)   10 (2.3) 7 (5.0)  
2500 – 4199 534 

(87.4) 
171 

(84.2) 
  393 (92) 125 

(89.3) 
 

≥4200 28 (4.6) 12 (5.9)   23 (5.4) 8 (5.7)  
Neonatal 
complications 

233 
(38.1) 

82 (40.4) 0.344  148 
(34.7) 

54 (38.6) 0.412 

Sepsis 49 (8.0) 31 (15.3) 0.003  24 (5.6) 17 (12.1) 0.011 

C/S-caesarean section 
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6.4.6. Capsular serotypes 

Nine capsular serotypes were detected in this cohort, with the only serotype not 

identified being VII. At ≤22 weeks gestation Ia (27.9%), III (20.9%), II (16.3%), V (15.8%), 

Ib (8.4%), VI (5.1%), IV (2.8%), NT (1.9%), VIII (0.5%) and IX (0.5%) were identified in 

order of highest to lowest prevalence. This order differed when examining ≥33 weeks 

of gestation, with Ia (24.5%), III (20.8%), V (18.9%), II (18.2%), Ib (5.7%), VI (5.7%), IV 

(2.5%), NT (2.5%), VIII (0.6%) and IX (0.6%), as serotype II dropped below V. The overall 

prevalence was similar when comparing visits one and two (Figure 6.2), however, 

multiple serotypes per participant were observed in 13 women at visit one and 22 at 

visit two. Assessing intra-patient serotype variability, 75.3% and 76% were not 

colonised by GBS at either vaginal or rectal sites, 16.2% and 13.6% were colonised by 

the same serotype at both sites, 6.8% and 6.5% were colonised at only one site and 

1.7% and 3.9% were colonised by a different serotype at each site at visit one and two, 

respectively (Table 6.5). The different serotypes involved a number of combinations 

including serotypes Ia, Ib, II, III, IV, V, VI and NT (combinations highlighted in red, Table 

6.5). 
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Figure 6.2. Group B Streptococcus antenatal serotype distribution and comparison 

across two specimen collections (visit one, ≤22 weeks; visit two ≥33 weeks gestation) 

and their respective site of isolation. 
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Table 6.5. Serotype colonisation of vaginal and rectal sites for each participant at 

different gestational ages including ≤22 weeks (visit one) and ≥33 weeks of gestation 

(visit two). Grey highlights those that have the same serotype colonising both sites, 

blue indicates those colonised at a single site and red indicates those colonised by 

different serotypes. 

 

Visit 1 (≤ 22 weeks) 

Rectal serotype  Vaginal serotype  

 Negative Ia Ib II III IV V VI VII VIII IX NT Total 

Negative 613 9 0 3 5 1 1 1 0 0 0 0 633 

Ia 9 40 0 0 0 0 0 0 0 0 0 0 49 

Ib 5 1 9 0 0 0 0 1 0 0 0 0 16 

II 5 1 1 21 1 1 0 0 0 0 0 0 30 

III 6 0 0 0 28 0 1 1 0 0 0 0 36 

IV 2 0 0 0 0 2 0 0 0 0 0 0 4 

V 4 0 1 0 2 0 25 0 0 0 0 0 32 

VI 3 0 0 1 0 0 0 4 0 0 0 0 8 

VII 0 0 0 0 0 0 0 0 0 0 0 0 0 

VIII 0 0 0 0 0 0 0 0 0 1 0 0 1 

IX 0 0 0 0 0 0 0 0 0 0 1 0 1 

NT 1 0 0 1 1 0 0 0 0 0 0 1 4 

Total 648 51 11 26 37 4 27 7 0 1 1 1 814 

              

Visit 2 (≥ 33 weeks) 

Rectal serotype  Vaginal serotype  

 Negative Ia Ib II III IV V VI VII VIII IX NT Total 

Negative 431 3 0 2 3 0 4 1 0 0 0 0 444 

Ia 4 17 0 3 1 0 3 0 0 0 0 4 32 

Ib 1 0 5 0 0 0 0 0 0 0 0 0 6 

II 2 1 0 17 0 0 1 0 0 0 0 0 21 

III 7 1 0 1 18 0 0 0 0 0 0 0 27 

IV 0 0 0 1 0 3 0 0 0 0 0 0 4 

V 5 2 2 0 0 0 14 0 0 0 0 0 23 

VI 4 0 0 1 1 0 0 2 0 0 0 0 8 

VII 0 0 0 0 0 0 0 0 0 0 0 0 0 

VIII 1 0 0 0 0 0 0 0 0 0 0 0 1 

IX 0 0 0 0 0 0 0 0 0 0 1 0 1 

NT 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total 455 24 7 25 23 3 22 3 0 0 1 4 567 

NT, non-typeable. 
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6.5. Discussion 

This cohort study assessed pregnant women from Western Australia (WA) who 

represented a number of origins and ethnicities. The overall GBS colonisation rate 

observed was 24%, and consisted of 24.9% at ≤22 weeks and 24.7% at ≥33 weeks of 

gestation. Colonisation rates vary globally, however, a recent systematic review 

estimated the global GBS prevalence as 18% with variation from 11-35%. This analysis 

estimated the Australian and New Zealand prevalence as 23.3% (Russell et al. 2017). 

Our data supports this estimation and those of other studies conducted elsewhere in 

Australia. Previous studies have identified GBS in Australian populations, including 

Brisbane (Taylor 2006), Sydney (Gilbert et al. 2002), Adelaide (Hiller et al. 2005) and 

Australia-wide (Ko et al. 2015, Isaacs and Royle 1999), however, these have either 

included small sample sizes, were undertaken prior to 2006 (prior to the discovery of 

serotype IX), examined neonatal disease isolates or lacked additional risk factor and 

serotype information. Our study is the first to evaluate GBS colonisation in WA 

pregnant women and highlights a number of lifestyle factors and their association with 

GBS colonisation status that have scarcely been assessed.  

 

Through collection and processing of separate vaginal and rectal swabs, we were able 

to determine the site contribution to overall GBS colonisation. Over the two 

gestational time points (visit one and two), rectal colonisation was marginally higher 

than vaginal colonisation, and similarly those women colonised exclusively at one site 

included 2.5-3.7% rectal only and 1.6-3.2% vaginal only. As a gastrointestinal 

commensal organism, the rates of rectal colonisation are not surprising and others 

have found similar results (Badri et al. 1977, Law et al. 2013, Quinlan et al. 2000). 

Hillier and colleagues reported slightly higher (1-2% difference) rectal colonisation 
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rates compared to vaginal at all times across gestational ages including 32 weeks, 36 

weeks and labour, however, the authors concluded that no substantial benefit from 

this screening was observed beyond increased detection (Hiller et al. 2005). The rectal 

swab compliance in our study was excellent, with only four participants at each visit 

declining the rectal specimen. This, in combination with the increased detection, and 

given the number of rectal only colonisations, would suggest that routine dual 

collection is warranted and this is supported by other studies also (Quinlan et al. 2000, 

Motlova et al. 2004, El Aila et al. 2009). 

 

Another aspect of GBS detection that we examined that impacts on routine screening 

guidelines is the proposed transient nature of colonisation (Hansen et al. 2004, Verani 

et al. 2010). We assessed the temporal dynamics of colonisation by collecting samples 

from 567 patients over two gestational ages a minimum of 10 weeks apart. As 

mentioned above, the overall rates of GBS colonisation were similar at both gestations 

and further statistical analysis revealed that the result at visit one was highly likely to 

be the same at visit two. Moreover, 89.1% of participants remained colonised or 

negative over both collection periods, while of the remaining participants, 6% were 

only colonised with GBS at visit one and the opposite was observed for 4.6% of 

women. This 10.6% transiency rate has been observed in other cohorts at higher rates 

including 15% when comparing routine screening (35-37 weeks) and intrapartum 

screening (Picchiassi et al. 2018), and also lower rates of <4% over 32 weeks, 36 weeks 

and labour (Hiller et al. 2005). Observations of declining GBS colonisation rate with 

increasing gestational age have also been reported (Kwatra et al. 2014, Taylor 2006) 

and this is a consideration for routine screening as close to delivery date as possible 

(Verani et al. 2010). In Italy, Picchiassi et al. showed that in 74.9% of cases with IAP 
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being administered for GBS detected at routine screening, GBS was no longer detected 

at intrapartum testing which would suggest IAP was received unnecessarily (Picchiassi 

et al. 2018). This is an important consideration for reducing antibiotic exposure and 

refining IAP selection. Our study observed no significant change in colonisation over 

the ≥10 week period between second and third trimesters and suggests that early 

screening could be considered for patients at high risk of preterm delivery, who may 

otherwise miss the routine screening as a result of delivery before such screening. In 

WA, women presenting with premature rupture of membranes receive antibiotic 

prophylaxis as part of standard clinical management, however, an available GBS result 

could be used to better inform the decision to deliver immediately in cases of late 

gestation preterm labour (34-37 weeks), as was recommended following the 

secondary analysis of the PPROMEXIL trial (Tajik et al. 2014).  

 

The collection of data on maternal medical and lifestyle factors in addition to several 

neonatal outcomes, were strengths of this study, and allowed us to examine 

associations with GBS colonisation. Interestingly, a number of previously reported risk 

factors were not found to have statistical significance in this cohort, such as smoking 

status, parity, gravidity and body mass index (BMI) (Chen et al. 2018), despite our 

substantial sample sizes. Those that were identified in association with GBS 

colonisation included maternal age (>25 years), ethnicity, vitamin use, frequent sexual 

intercourse (≥5 times per week) and use of sex toys. Also, neonatal sepsis was 

statistically more likely to occur in neonates born to a colonised mother, regardless of 

the high IAP compliance with screening. A limitation of this study was the lack of 

detailed cause of sepsis data and whether GBS was responsible in the cases reported, 
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however, regardless of this, we still observed a higher proportion of neonatal sepsis 

cases from colonised mothers (12-15%) compared to non-colonised mothers (5-8%).  

 

We identified maternal ages over 25 years as a significant risk factor for GBS 

colonisation, with women under 25 years half (4.4% vs 8.7%, aOR 0.43, 95% CI 0.20-

0.94, p=0.035) as likely to be colonised. Similar findings have been reported, in which 

women over 35 (Manning et al. 2008) and 40(Khan et al. 2015) years of age were 

observed with greater rates of colonisation. In contrast, a recent study found the 

opposite when assessing predictors for early onset GBS disease in non-colonised 

mothers, with maternal ages below 18 years significantly (OR 2.63, 95% CI 1.54-4.51, 

p<0.001) associated with neonatal disease incidence (Parente et al. 2017).  

 

Ethnicity has been identified as a risk factor previously, particularly higher colonisation 

in African ethnicities (Valkenburg-van den Berg et al. 2006); we also observed higher 

rates in this ethnicity, in addition to Aboriginal and Torres Strait Islanders (ATSI). We 

observed no correlation between other ethnicities, the majority of which were Asian, 

and this supports global data. The estimated GBS prevalence in Asia in general is 11%, 

lower than the global average (Russell et al. 2017). Our study included 19 ATSI 

participants and the regression model revealed that rates of GBS were significantly 

greater in this population, being almost 4-fold more likely (4.9% vs 1.5%, aOR 3.84, 

95% CI 1.41-10.46, p=0.008) to be colonised with GBS than non-ATSI mothers. This is in 

contrast to a study conducted in Brisbane which observed no significant difference 

(Taylor 2006). Early studies reported ATSI as a risk factor, with incidence of EOD caused 

by GBS approximately 5.2 per 1000 live births compared to 1.7 in non-indigenous 

neonates (Isaacs et al. 1995). 
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An interesting and highly significant association with GBS colonisation was the 

consumption of vitamins (51.7% vs 36.7%, aOR 1.80, 95% CI 1.27-2.54, p=0.001). A 

large proportion of women will take vitamins during their pregnancy (Maats and 

Crowther 2002) which may be representative of other factors such as deficiencies or 

socioeconomic status. There are no studies, to our knowledge, that address vitamin 

use and associations with GBS colonisation during pregnancy, although associations 

between vitamin D protein levels in pregnant adolescents and GBS colonisation have 

been proposed, however, in contrast to our general findings, lower levels were 

consistent with colonisation (Akoh et al. 2017). While we show a strong association 

between vitamin use and GBS colonisation, this would require further studies for 

clarification. Additionally, many roles of vitamins such as vitamin D are yet to be 

comprehensively understood (Hollis and Wagner 2017) and the same is the case for 

other vitamins commonly used in pregnancy. We are also limited by the lack of details 

of the specific vitamins consumed. 

 

Lifestyle factors such as sexual activity have rarely been examined for GBS colonisation 

in pregnancy; however, some studies have assessed GBS colonisation from non-

pregnant sexual health clinic attendees and suggest that there is no association with 

sexual activity and GBS colonisation (Honig et al. 2002, Wallin and Forsgren 1975). The 

sample sizes of these studies were low and also included male participants, making for 

a difficult comparison. More recently, sexual intercourse frequency has been 

associated with GBS colonisation in pregnant women (Rocchetti et al. 2011). Regan 

and others, reported increased risk of GBS colonisation in pregnant women only with 

extreme increases of sexual activity, including frequent intercourse (Regan et al. 1991). 
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This is supported by our data, as those who reported sexual intercourse of ≥5 times 

per week were more than 2-fold more likely (6.9% vs 2.5%, aOR 2.66, 1.14-6.24, 

p=0.024) to be colonised with GBS. At visit two the frequency of sexual intercourse 

reported had declined and a larger proportion of women reported none (45-50% 

compared to 22-23% reported at visit one). Perhaps the changes in sexual behaviour as 

pregnancy progresses may also play a role in the decline in colonisation observed, 

although this is speculative. A study of spouses during pregnancy examined both the 

pregnant women (vaginal culture) and their spouse (urine culture) at each screening 

visit and found no significant difference in GBS colonisation between the spouses 

(Yamamoto et al. 1999). This may also add to the speculation around changes in sexual 

activity and transient colonisation. Considering the gastrointestinal origins of GBS, we 

hypothesised that sexual practices other than standard vaginal intercourse may be 

linked to risk of colonisation, particularly use of sex toys, oral sex, anal sex and other 

sexual activities. The only significant association we observed was in visit one and 

suggested women were almost 2-fold more likely (12.3% vs 7.5%, aOR 1.79, 95% CI 

1.03-3.11, p=0.040) to be colonised with GBS if they used sex toys. Oral sex was not 

associated with GBS colonisation and the other categories were limited to small 

sample sizes that were not sufficient for any statistical analysis. Honig et al. assessed 

similar practices among a sexual health clinic cohort (non-pregnant) and found similar 

rates of GBS colonisation in those who reported anal sex (26.7%) and those that did 

not (20%) and higher, but not statistically significant rates for those who reported oral 

sex (23.8%) and those who did not (13.8%) (Honig et al. 2002). Other studies that have 

documented sexual activity in non-pregnant women have shown that multiple sexual 

partners, frequent intercourse and intercourse within five days prior to the sample 

collection, are important risk factors for vaginal acquisition of GBS (Meyn et al. 2002). 
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While there appeared to be no significant change in GBS colonisation across the two 

collection time points, when stratifying the second visit by gestation, univariable 

analysis showed a significant difference was observed between <35 weeks, 35-36 

weeks and ≥37 weeks of gestation (p=0.042). Compared to the central routine 

screening gestation of 35-36 weeks, GBS colonisation was less likely at ≥37 weeks of 

gestation (16.4% GBS negative vs 7.9% positive). This supports the declining 

colonisation over time identified by others (Kwatra et al. 2014, Taylor 2006), however, 

no similar association was found across earlier gestations within visit one and this may 

be due to changes in behaviour as the pregnancy progresses, as indicated by lifestyle 

factors. 

 

Finally, vaginal pH was assessed in a sub-set of participants at visit one (596/814) and a 

pH ≥5 was associated with increased GBS colonisation (p=0.034). These bacteria have 

the capability to withstand a range of pH environments in a human host (Shabayek and 

Spellerberg 2017) and this association with colonisation has been reported as a risk 

factor for non-pregnant women previously (Regan et al. 1991, Leclair et al. 2010). In 

addition, in vitro studies of GBS biofilm production have shown that this was enhanced 

at pH 4.5 and inhibited at pH of 7 and there were differences based on serotype (Ho et 

al. 2013).  

 

The ten serotypes of GBS were assessed to determine the distribution among pregnant 

mothers in a prospective WA cohort for the first time. Here we found a predominance 

of serotypes Ia, III, V and II, representing greater than 15% of the positive isolates 

combined, and additionally Ib, VI, IV, VIII and IX were identified. Serotype VII was not 

observed in this cohort and four positive isolates were not able to be serotyped (NT). 
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These data are in accordance with the globally predominant serotypes, Ia, Ib, II, III and 

V (Russell et al. 2017), although we did observe higher rates of II and VI in our cohort. 

Following comparison to the limited Australian data available, similarities with a study 

by Zhao et al. assessing women of child-bearing age in Australia and New Zealand were 

observed, including Ia (31%), III (30%), V (19%), Ib (16%), II (7%), IV (2%), VI (2%) and 

VII (1%). Unlike our study, they identified serotype VII, but not VIII and this was 

conducted before the introduction of serotype IX (Zhao et al. 2008). Other studies 

showed a predominance of serotype III (Ko et al. 2015, Zeng et al. 2006, Taylor 2006, 

Ellis et al. 1996), with one study focusing on sterile site invasive isolates though, not 

including carriage isolates (Zeng et al. 2006). In comparison to other Australian data, 

we detected a lower rate of serotype III (20.8%) in our study, particularly in 

comparison to the Brisbane cohort (43.6%) (Taylor 2006), but greater rates of serotype 

II (16.3%-18.2%), with other areas around Australia and Australasia having reported 

this serotype as ≤10% of positive isolates (Ko et al. 2015, Zeng et al. 2006, Taylor 2006, 

Ellis et al. 1996, Zhao et al. 2008). The stability in serotype prevalence we observed 

over the study collections is consistent with the colonisation rate consistency. Apart 

from our past retrospective assessment of vaginal specimens from WA pregnant 

women (Furfaro et al. 2017), this is also the first Australian study to detect serotype IX, 

even compared to those studies that were conducted after the acceptance of this new 

serotype. 

 

Comparing serotypes within the same participant revealed co-colonisation with 

different serotypes, and included multiple combinations, including serotypes Ia, Ib, II, 

III, IV, V, VI and NT. This has been described by others where 2-3 serotypes have been 

detected from the same women (Kwatra et al. 2014), and another study in which one 
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woman was found to carry both IV and IX (Slotved et al. 2017); both of these studies 

were in African cohorts. Similarly, a combination of two or three GBS serotypes per 

participant was observed in pregnant women in an Australian (Brisbane) cohort, where 

only 10 participants were colonised by the same serotype at both vaginal and rectal 

sites compared to 22 that showed different serotypes (Taylor 2006). This is in contrast 

to our study, where we found that when different serotypes occurred at each site, this 

was only in a minority of samples (1-4%). However, a limitation of ours and other 

studies was that the purification of culture isolates using CHROMagar methods would 

inevitably select for a single isolate serotype. As such, PCR methods, such as our 

multiplex assay for cps Ia, Ib and III, that detect serotypes directly from clinical samples 

are more appropriate for detection of multiple serotypes within single samples. 

However, we did not detect multiple serotypes from direct single site samples using 

this method (Furfaro et al. 2017). 

 

With vaccine development targeting serotypes, the relevance of understanding 

regional serotype distribution is of critical importance for considering potential 

candidate vaccine implementation (Song et al. 2018). The serotype vaccine candidates 

have progressed in clinical trials and are the closest to clinical use compared to more 

recent developments such as those targeting surface proteins and pili (Heath 2016). 

There are monovalent, bivalent (II and III), trivalent (Ia, Ib and III) and also a 

pentavalent (Ia, Ib, II, III and V) vaccine in development (Lin et al. 2018), the latter of 

which would hypothetically cover a minimum of 88% of our cohort who are colonised 

by Ia, Ib, II, III and V. There are implications to consider, however, particularly given 

that we identified different serotypes at different sites, of which several were 

colonised with serotypes not included in this vaccine. This could lead to a vaccine-
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driven selection process and further drive serotype replacement. These considerations 

highlight the importance of monitoring populations and circulating serotypes to enable 

detection of changes over time (Gudjonsdottir et al. 2015). 

 

In conclusion, this study elucidates the clinical epidemiology of antenatal GBS 

colonisation in a prospective cohort of WA pregnant women, for the first time. We 

observed a colonisation rate of 24% and found minimal change in colonisation over the 

two gestational time frames, as well as between both vaginal and rectal swabs. This 

cohort reported relatively high rates of serotype II, which has not previously been 

described to this degree in Australasian studies and we also identified serotype IX, 

which has never been isolated from antenatal samples from other regions of Australia. 

The study provides important baseline data that can act to guide current/future 

antenatal care and therapeutic options, such as vaccine selection, an important 

regional-based consideration. 
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CHAPTER 7 - PREAMBLE 

 

This chapter has been prepared as a manuscript pending submission to BMC 

Genomics. This chapter characterises the molecular epidemiology of a sub-set of the 

clinical Streptococcus agalactiae isolates including antenatal carriage (Predict1000 sub-

study) and historic neonatal invasive isolates from Western Australia. 
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CHAPTER 7 – GENOMIC CHARACTERISATION OF WESTERN AUSTRALIAN 
Streptococcus agalactiae ISOLATES 

 

7.1. Abstract 

As a leading cause of neonatal sepsis, Streptococcus agalactiae, commonly known as 

Group B Streptococcus, is a major neonatal pathogen. Current global screening 

practices employ risk- or culture-based protocols for detection of these organisms. In 

Western Australia, universal culture-based screening is provided, with subsequent 

intrapartum antibiotic prophylaxis for all S. agalactiae-positive women during labour. 

Widespread antibiotic exposure is not ideal and one of the factors driving 

development of vaccines against S. agalactiae. Vaccine candidates have focused on the 

capsule, surface proteins and pilus types, however, capsule serotypes are known to 

vary geographically. The aim of this study was to use genome sequencing to gain an 

understanding of the circulating genotypes in Western Australia, and to assess 

variations in the associated gene pools. We sequenced 141 antenatal carriage 

(vaginal/rectal) isolates and 10 neonatal invasive disease isolates from Western 

Australia, in addition to 20 reference isolates. Based on the global PubMLST database, 

the 151 strains were characterised into 30 characterised sequence types, with 

clustering of these mainly into clonal complexes 1, 12, 17, 19 and 23. Of the genes 

encoding eleven surface proteins analysed, the most commonly identified were fbp, 

lmb and scpB which were present in ≥98% of isolates. A cluster of non-haemolytic 

isolates, appearing to lack the entire cyl locus were detected, one a neonatal invasive 

disease isolate. Admixture analysis of population structure revealed evidence of 

genetic transfer among the Western Australian isolates across structural groups. When 

compared against the PubMLST S. agalactiae data, Western Australian isolates showed 

high levels of strain diversity with minimal clustering apparent. This is the first whole 
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genome sequence study of Western Australian S. agalactiae isolates and also 

represents the first addition of Australian isolate data to PubMLST. Our research 

provides important information on S. agalactiae vaccine targets within Western 

Australia which may have use in future vaccination selection strategies and also adds 

to the global epidemiological knowledge base for S. agalactiae. 

 

7.2. Introduction 

As an opportunistic pathogen, Streptococcus agalactiae, commonly known as Group B 

Streptococcus, is able to reside as a commensal in some individuals and cause serious 

infection in others; commonly those who are immunocompromised, and typically the 

elderly or neonates. As the leading cause of neonatal sepsis, S. agalactiae is targeted in 

the antenatal and intrapartum period by antibiotic treatment to reduce the risk of 

transmission from mother to infant and effectively reduce associated disease (Verani 

et al. 2010). Currently, all women in Western Australia are offered S. agalactiae testing 

to assess presence at 35-37 weeks gestation and this involves culture analysis. 

Approximately 10-30% of women will be carriers of S. agalactiae and receive 

antibiotics based on this presence/absence result (Russell et al. 2017). This universal 

screening practice provides a currently under-utilised opportunity to attain a better 

understanding of circulating S. agalactiae strains in our population through serotyping 

and whole genome sequencing of clinical specimens to further refine S. agalactiae 

diagnostic and therapeutic approaches.  

 

Previous studies have demonstrated geographical variation in circulating S. agalactiae 

serotypes and this highlights the importance of documenting population dynamics at a 

local level (Dutra et al. 2014, Russell et al. 2017). However, although knowledge of 
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capsule (CPS) serotype is of significant importance to formulating vaccines that target 

the S. agalactiae capsule, with the exception of CPS III, information on serotype is not 

particularly useful for comparing carriage and invasive disease isolates which are 

generally found distributed amongst all serotypes (Bohnsack et al. 2008). This is 

further complicated by reports of capsular switching (Bellais et al. 2012, Martins et al. 

2010, Meehan et al. 2014, Neemuchwala et al. 2016) and discrepant results between 

serotyping methods (Kong et al. 2008, Yao et al. 2013).  

 

While some serotypes predominate across all countries, variation can impact the 

potential vaccine coverage within each population. In Japan for example, the globally 

rarer serotypes such as VI, VIII and incidences of IX, are observed more frequently 

(Furfaro et al. 2018b). Serotype VIII in particular is strongly associated with Japan, with 

studies reporting high rates in Japanese pregnant women (Lachenauer et al. 1999). It is 

apparent that each region should tailor serotype vaccines to their population to 

optimise efficacy. The success of this approach will rely on the knowledge of the 

circulating serotypes within each country. 

 

Beyond serotype description, we have the capability of delving more deeply into the 

characterisation and epidemiology of S. agalactiae isolates and a number of molecular 

approaches have been described (Furfaro et al. 2018b). A common molecular identifier 

is through use of the seven housekeeping genes, adhP, pheS, atr, glnA, sdhA, glcK and 

tkt, described by Jones and colleagues (Jones et al. 2003). The allelic profiles of these 

genes are compared to provide unique Sequence Types (STs) and group genetically 

similar isolates; this scheme is known as multi-locus sequence typing (MLST). The MLST 

database, PubMLST, is a valuable public source of S. agalactiae sequence typing data, 
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however, it currently contains no Australian isolates. MLST profiles were often 

determined via PCR (Jones et al. 2003), however, the use of whole genome sequencing 

(WGS) is becoming more popular. The cost of WGS has dramatically declined in recent 

years and it is now reaching a price point where it is feasible to use it in assessing 

global epidemiology of both carriage and invasive isolates, especially considering the 

vast amount of information it provides compared to standard serotyping methods and 

MLST alone (Kapatai et al. 2017). Population analysis allowed by WGS enables the 

detection of new and emerging clusters of GBS, some of which may represent 

pathogenic clades, which would, therefore, have implications for public health 

surveillance (Jauneikaite et al. 2018). The depth of information that can be afforded by 

such methods can also clarify the origins of disease. For example, Da Cunha and others 

(Da Cunha et al. 2014) used WGS to show that the emergence of S. agalactiae disease 

in humans can be traced through genetic lineage as a result of extensive tetracycline 

use.  

 

The aim of this study was to use WGS to thoroughly characterise circulating S. 

agalactiae strains in Western Australian pregnant women and neonates and to 

compare these data to those from other geographical areas, in an effort to inform 

vaccine targets. 

 

7.3. Methods 

7.3.1. Clinical isolates 

Antenatal isolates were collected as part of a larger cohort study, Predict1000, which 

was approved by the Women and Newborn Health Service Human Research Ethics 

Committee (201535EW). This study was conducted at King Edward Memorial Hospital, 
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a Tertiary Obstetrics Hospital in Perth, Western Australia over 2015-2017. Specimen 

collection involved self-collected vaginal and rectal e-swabs (Copan, Italy) from 

pregnant women at 14 – 22 weeks gestational age (GA) and again at 34-40 weeks GA. 

Specimens were processed immediately by culture and also stored at -80°C for 

molecular analysis. Culture for S. agalactiae detection involved carrot broth (Hardy 

Diagnostics, California, USA) followed by sub-culture onto StrepID CHROMagar 

(CHROMagar). All S. agalactiae positive cultures were purified and stored at -80°C. Ten 

archived neonatal disease isolates collected at King Edward Memorial Hospital were 

also included in analyses, and these were cultured from pure stocks. 

 

7.3.2. Reference Strains 

Twenty S. agalactiae reference strains representing serotypes Ia – VIII were also 

included in sequencing analyses. These were provided by Dr Fanrong Kong and 

Professor Lyn Gilbert (Westmead Hospital, Sydney). 

 

7.3.3. DNA extraction 

DNA from pure S. agalactiae isolates was extracted using the QIAGEN MagAttract 

Microbial DNA Extraction Kit (QIAGEN) as per manufacturer’s instructions using the 

KingFisher Duo (ThermoFisher Scientific) automated platform. 

 

7.3.4. Whole Genome Sequencing 

Extracted DNA was quantified on a QubitTM fluorometer (Life Technologies) with a 

dsDNA broad range kit (Life Technologies), and 1.0 ng of DNA was used in the Illumina 

Nextera XT library preparation protocol as per manufacturer’s instructions (Illumina). 

The genomic DNA was tagmented, indexed by PCR and purified using AMPure XP 
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beads. Library pooling was performed after quantification of the library size using the 

LabChip® GXII. The pooled DNA library (12 pM) from all 171 S. agalactiae strains was 

sequenced on an Illumina Nextseq using a paired-end 300 bp read workflow. 

 

7.3.5. Sequence analysis 

DNA sequences were analysed using the Short Read Sequence Typing for Bacterial 

Pathogens (SRST2) program (Inouye et al. 2014) for the detection of the Multi-Locus 

Sequence Typing (MLST) loci (Jones et al. 2003). Alleles were assigned integers using 

the S. agalactiae database within PubMLST (http://pubmlst.org/sagalactiae/) (Jolley 

and Maiden 2010). The seven housekeeping loci used for MLST were adhP, pheS, atr, 

glnA, sdhA, glcK and tkt (Jones et al. 2003). Assembly was performed using SPAdes 

(version 3.10.3) (Bankevich et al. 2012) followed by the PubMLST database automated 

pipeline for annotation of genes in addition to the online tool Genome Comparator 

(Jolley and Maiden 2010). All assembled genomes were analysed using QUAST genome 

assembly evaluation tool (Gurevich et al. 2013) to ensure quality (Supplementary Table 

7.1, Appendix M). Additionally, SRST2 (Inouye et al. 2014) was used to identify partial 

genes which were not annotated by the automated pipeline. The presence of alp 

genes encoding a family of surface protein antigens was confirmed by multiplex PCR, 

as described previously (Creti et al. 2004) and confirmed with Sanger sequencing. 

Those that were not confirmed by PCR were manually curated to ensure flanking 

regions of the gene were adjacent or that SRST2 did not detect partial genes. 

Population structure was analysed using BAPS (version 6) (Corander et al. 2008) with 

hierarchical clustering via HierBAPS admixture analysis (Cheng et al. 2013). 

 

 

http://pubmlst.org/sagalactiae/
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7.3.6. Representative global database 

The PubMLST S. agalactiae database (http://pubmlst.org/sagalactiae/) (Jolley and 

Maiden 2010) contained 4,214 S. agalactiae publicly available submissions, of these, a 

total of 2,801 isolate records contained >1500 tagged loci, indicative of genomic 

sequence availability. These were exported and assessed to include all variations 

available for continent, country, ST, source, disease and year. The resulting dataset of 

1378 isolates (Seale et al. 2016, Flores et al. 2015, Teatero et al. 2014, Mehershahi et 

al. 2015, Singh et al. 2012) was used as a global representative for further analysis and 

comparison with our Australian isolates (Supplementary Table 7.2, Appendix N). The 

genome comparator tool was used to align all loci, followed by neighbour-joining tree 

analysis using MEGA (version 7) (Kumar et al. 2016) with 500 boot-straps and 

visualised using the Interactive Tree of Life online software (iTOL version 3) (Letunic 

and Bork 2016). 

 

7.4. Results 

7.4.1. Population structure 

The majority of the clinical isolates collected from Western Australia were observed to 

cluster into five clonal complexes (CCs), CC1, CC12, CC17, CC19 and CC23 (Figure 7.1a), 

however, a small cluster (n = 5) of ST22 isolates (which may be considered CC17) and a 

single ST248 isolate were also observed. Neonatal invasive disease-causing isolates 

were distributed relatively evenly among the antenatal carriage isolates across each 

CC. The phylogenetic tree revealed diversity within the CC1 lineage with various 

branches and seven (Ia, Ib, II, IV, V, VI and VIII) associated serotypes (n = 41 isolates). In 

contrast, CC17 appeared largely clonal and consisted of ST17 (all CPS III, n = 9) and a 

http://pubmlst.org/sagalactiae/
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single ST291 (CPS IV) isolate. Similarly, CC23 also exhibited minimal branching in the 

WA population, comprising four serotypes (Ia, III, V and VI) indicative of recent clonal 

expansion (n = 41). BAPS analysis identified six subgroups within the WA S. agalactiae 

population in accordance with the CCs and phylogenetic analysis. Multiple isolates 

were sequenced from 13 patients and included different sites (vaginal and rectal) 

and/or different gestational ages during pregnancy. Paired isolates clustered together 

as identical isolates, except for two cases. The first case included vaginal and rectal 

specimens from a mother at both sampling gestations (≤22 weeks and ≥33 weeks) 

where three of the four S. agalactiae isolates were identical and within CC1 (263_V, 

263_R and II-263_R), while the remaining isolate collected from the vagina (II-263_V) 

was distinct and clustered within CC23. Another case included specimens from 

different sites of the same mother (198_R and II-198_V) at different gestational ages 

which were genetically distinct (Supplementary Table 7.3, Appendix O). 

 

7.4.2. Admixture analysis 

Admixture analysis exposed the extent of genetic exchange evident in this population 

and identified various donor subgroups (Figure 7.1b). CC17 and CC19 showed no 

evidence of recombination within this population and appeared only as genetic 

donors, particularly CC19 with CC1 and CC23. CC12 appeared to have obtained the 

majority of genetic information from CC1. The singleton cluster appeared uniform (all 

ST22 isolates), except for a single ST248 isolate, which branched outside the ST22 

cluster and contained recombination originating from CC1, CC12 and CC19. 
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Figure 7.1. a) The core genome maximum likelihood phylogeny of 151 clinical 

Streptococcus agalactiae isolates collected from Western Australian pregnant women 

(n = 141) and neonates (n = 10). Clonal complexes are highlighted within the tree. The 

first colour strip indicates antenatal carriage (blue) and neonatal invasive disease (red) 
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isolate origins. The central colour strip indicates carriage site for the antenatal isolates, 

either vaginal (green) or rectal (orange) and the outer colour strip indicates the 

serotype (Ia – IX). b) Admixture analysis of population structure of the same S. 

agalactiae isolates as defined by BAPS. Isolates are displayed as vertical coloured bars, 

with colours indicative of the proportion of admixture that has occurred between the 

isolate and other structural groups. 

 

7.4.3. Sequence types 

A total of 150/151 isolates were represented by 30 currently described STs. A novel 

MLST profile was identified for an additional isolate with the allele combination of 5, 4, 

6, 1, 2, 1 and 2 for adhP, pheS, atr, glnA, sdhA, glcK and tkt, respectively. Three STs 

(ST1, 23 and 19) accounted for >50% of the isolates. Comparison with the PubMLST 

database revealed several STs that had hypothetical allelic profiles and had been 

assigned ST numbers accordingly, but where no representative clinical isolates had 

currently been described (ST15, ST248, ST414 and ST509). In addition, six STs including 

ST861, ST1167, ST529, ST569, ST585 and ST890 were identified where only one isolate 

had been submitted to the database.  

 

7.4.4. Virulence genes 

Several virulence genes were examined across this cohort including those encoding 

capsules, surface proteins, pilus islands, haemolysins and hyaluronate lyase (Table 7.1). 

All serotypes were represented in this study, except for CPS VII. Overall, serotypes Ia, 

V, III and II predominated in this cross-sectional population. Neonatal disease isolates 

were only represented by serotypes Ia – VI. Eleven surface protein genes were 

assessed, with fibrinogen-binding protein (SAG0152), laminin-binding protein 
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(SAG01234), and serine peptidase (SAG1236) detected in ≥ 98% of all sequences. To a 

lesser extent, bac (SAG2195) was detected in 15.7% and rib (SAG0433) in 27.8% of 

isolates (Figure 7.2). The majority of isolates contained pilus islands 1 and 2a (1/2a) in 

combination followed by 2a, 1/2b and 2b. The cyl genes that form the haemolysin 

locus were detected in the majority of isolates, however, we were unable to detect 

any genes within the entire locus for six isolates, including pairs 291_V, II-291_V, 

202_V and II-202_V, which comprised serotype V, ST41 isolates within CC12. The other 

two isolates included ST585 neonatal invasive isolate (Neo_9, also serotype V) within 

CC12 and ST22 carriage isolate (105_R, serotype II). In addition, seven other strains 

lacked detection of different cyl genes within the locus including II-493_V, II-302_V, 

469_V (serotype III, ST19), II-431_V, Neo_6 (serotype II and Ib, respectively, ST12), 

Neo_2 (serotype V, ST1) and 152_V (serotype Ia, ST23). Additionally, 80% of the 

isolates possessed detectable hlyB gene sequences (SAG1197) encoding hyaluronate 

lyase; of those lacking hlyB, 20/30 were serotype III, CC19 isolates.  
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Table 7.1. Summary of the presence of virulence genes including the capsule, surface 

proteins, pilus islands, haemolysin and hyaluronate lyase within the antenatal carriage 

and neonatal invasive disease isolates collected from Western Australia. 

 

 
Antenatal n (%) Neonatal n (%) 

Serotypes Vaginal Rectal  
Ia 34 (28.1) 3 (15) 1 (10) 

Ib 6 (5) 1 (5) 2 (20) 

II 20 (16.5) 2 (10) 1 (10) 

III 25 (20.7) 3 (15) 2 (20) 

IV 4 (3.3) 1 (5) 1 (10) 

V 27 (22.3) 6 (30) 2 (20) 

VI 4 (3.3) 3 (15)  1 (10) 

VII 0 0 0 

VIII 0 1 (5) 0 

IX 1 (0.8) 0 0 

Surface Proteins 

SAG0433 (rib) 35 (28.9) 4 (20) 3 (30) 

SAG0832 (hyp) 59 (48.8) 13 (65) 8 (80) 
SAG1052 (fbp) 118 (97.5) 20 (100) 10 (100) 
SAG1234 (lmb) 120 (99.2) 19 (95) 10 (100) 

SAG1236 (scpB) 120 (99.2) 19 (95) 10 (100) 
SAG2195 (bac) 19 (15.7) 1 (5) 3 (30) 
SAG2196 (bca) 25 (20.7) 5 (25) 3 (30) 

AH013348 (alp1) 37 (30.6) 5 (25) 2 (20) 
SAG2197 (alp2) 2 (1.6) 0 (0) 0 
SAG2198 (alp3) 20 (16.5) 7 (35) 2 (20) 

AJ488912.1 (alp4) 0 (0) 0 (0) 0 (0) 

Pilus Islands 

2a 46 (38) 4 (20) 1 (10) 

1/2a 65 (53.7) 14 (70) 8 (80) 

2b 0 1 (5) 1 (10) 

1/2b 10 (8.3) 1 (5) 0 

Haemolysin Locus 

SAG0663 (cylD) 116 (95.9) 19 (95) 9 (90) 
SAG0664 (cylG) 116 (95.9) 19 (95) 8 (80) 

SAG0665 117 (96.7) 19 (95) 9 (90) 
SAG0666 (cylZ) 117 (96.7) 19 (95) 9 (90) 
SAG0667 (cylA) 116 (95.9) 19 (95) 9 (90) 

SAG0668 (cylB) 117 (96.7) 19 (95) 9 (90) 
SAG0669 (cylE) 116 (95.9) 19 (95) 8 (80) 
SAG0670 (cylF) 116 (95.9) 19 (95) 9 (90) 
SAG0671 (cylI) 116 (95.9) 19 (95) 9 (90) 

SAG0672 (cylJ) 117 (96.7) 19 (95) 9 (90) 
SAG0673 (cylK) 115 (95) 19 (95) 9 (90) 

Hyaluronate lyase  

SAG1197 (hlyB) 95 (78.5) 18 (90) 8 (80) 

Total (n) 121 20 10 
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Figure 7.2. Maximum likelihood phylogeny tree of 151 Western Australian isolates with 

associated surface protein gene presence (green “+”) and clonal complexes 

highlighted. The black “X” symbolises that the respective gene was not detected.  
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7.4.5. Global comparison 

In order to compare the genetic profiles of Australian isolates with those from other 

international cohort studies, WGS data contained within the PubMLST database was 

accessed. A representative global database was selected as described above and 

consisted of 1,378 isolates containing whole genome sequence data representative of 

the diversity available from the PubMLST database; these data were then used for 

comparison with the Australian isolates (Figure 7.3). A maximum likelihood phylogeny 

tree constructed from the combined global and Australian isolate data was dominated 

by African isolates (a notable bias as these represent the majority of the S. agalactiae 

isolates in the PubMLST database). Although cladal structures were discernible, 

isolates from African, European and Australian origin were distributed amongst these 

clades suggesting there was no linkage with geographic isolation of the strains. In 

contrast, North American isolates clustered into a limited number of cladal groups 

(Figure 7.3). There was no apparent clustering of invasive disease isolates within any of 

the global data, with distribution of these amongst carriage isolates being 

commonplace. 
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Figure 7.3. Maximum likelihood phylogeny tree comparing a global dataset 

representative of the diversity available in PubMLST to Western Australian isolates. 

The clade colouring is indicative of the continent of isolate origin and the outer colour 

strip indicates the clinical presentation of invasive disease or carriage. 
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7.5. Discussion 

Whole genome sequencing of Western Australian S. agalactiae isolates has revealed a 

clonal population structure with evidence of genetic exchange between structural 

groups. The five main CCs identified here included CC1, CC12, CC17, CC19 and CC23. 

The ten neonatal disease isolates included in this analysis showed no evidence of 

clustering based on invasive phenotype, rather these isolates were distributed 

amongst carriage isolates of all CCs. Although the small sample size of neonatal 

isolates is a limitation, looking at the number of these in each CC revealed that CC12, 

CC17, CC1, CC19 and CC23 varied in their percentage of neonatal isolates, represented 

by 13%, 10%, 9.7%, 3.3% and 2.4%, respectively. Further admixture analysis of the 

population structure provided evidence of genetic exchange across all structural 

groups with CC1, CC12 and CC23 being the most diverse of these groups. In contrast, 

here we observed no evidence of genetic recombination within CC17 and CC19 which 

contained uniform structural groups, but appeared to act as potential donors of 

genetic material to the other CCs.  

 

Virulence factors such as capsule and surface proteins are being assessed as 

vaccination targets, with several vaccines in development (Lin et al. 2018, Heath 2016). 

It is crucial to understand the population dynamics of these targets to assess the 

population coverage of the candidate vaccines in addition to further understanding 

their association with virulence. Serotypes are well-described among S. agalactiae 

studies and our study is consistent with global data that suggest serotypes Ia, Ib, II, III 

and V predominate (Le Doare and Heath 2013, Madrid et al. 2017, Russell et al. 2017). 

Serotype VI is often reported in Asian countries, in particular Japan (Lachenauer et al. 

1999) and Malaysia (Eskandarian et al. 2015, Suhaimi et al. 2017), however, it was 
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prevalent in similar proportions to Ib and IV in our West Australian antenatal cohort. 

Furthermore, serotype VIII and IX were also described in this population, which have 

rarely been reported in Australasia, with CPS VIII representing <2% in some studies 

(Taylor 2006, Zhao et al. 2008, Zeng et al. 2006), while IX was first described in 2007 

(Slotved et al. 2007) and neither VIII nor IX was detected in another Australian study 

performed in 2015 (Ko et al. 2015). The differences in the genetic diversity of these 

data sets could be a result of introduction and expansion of founder isolates into these 

regions and diversification over extended periods of time by evolution or continued 

introductions into the same region (Gudjonsdottir et al. 2015). 

 

The emergence of serotype IV has been reported in the literature in the last decade, 

particularly in the United States (Gherardi et al. 2007, Hery-Arnaud et al. 2007, 

Lartigue et al. 2009, Luan et al. 2005, van der Mee-Marquet et al. 2008, Diedrick et al. 

2010, Campisi et al. 2016). The main circulating STs of CPS IV include ST452 in CC23, 

ST459 and ST196 in CC1 and ST291 in CC17. We found three STs encompassing the CPS 

IV isolates in our study including ST196 (n = 4), ST414 (n = 1) and ST291 (n = 1). The 

only invasive disease isolate of this serotype was an ST196 isolate (Neo_1). This has 

been observed in other studies (Gherardi et al. 2007, Luan et al. 2005, Hery-Arnaud et 

al. 2007, Lartigue et al. 2009, van der Mee-Marquet et al. 2008) and interestingly, Lyhs 

et al. found both cattle and human isolates that represent ST196 of serotype IV, 

however, genomes were unavailable for comparison (Lyhs et al. 2016).  

 

All serotype IV isolates were found to cluster within CC1, except for ST291 which 

represented the only non-ST17 isolate within CC17. Bellais et al. (Bellais et al. 2012) 

analysed the evolution of this ST which formed from a capsular switch between a 
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hypervirulent strain from ST17 (CC17) and ST459 (CC1, CPS IV) that provided a 35.5 Kb 

genomic segment comprising the type IV cps operon. Florindo and colleagues found 

that 10% (9/89) of the serotype IV isolates were represented by ST291 within CC17 

(Florindo et al. 2014). Ferrieri et al. described two ST291 isolates in CC17 isolated from 

adults (pregnant and non-pregnant) that caused invasive disease (Ferrieri et al. 2013). 

Similarly two ST291 isolates within CC17 were observed in an Irish study, both CPS IV 

and invasive (neonatal and pregnant adult) (Meehan et al. 2014). A study in Canada 

also found two invasive serotype IV isolates of ST291 within CC17 (Teatero et al. 2015). 

This has been reported as a notable strain for surveillance monitoring and isolate II-

434_V is the first description from Australia. This suggests serotype replacement is a 

possibility and as with any capsule-specific vaccination strategy, lack of coverage may 

lead to the emergence of previously rare serotypes causing disease after vaccination 

implementation (Dangor et al. 2015). 

 

Capsule-based vaccination strategies such as the bivalent (II and III), trivalent (Ia, Ib 

and III) (Heath 2016) and pentavalent (Ia, Ib, II, III and V) (Lin et al. 2018) would 

potentially cover 35.1%, 51% and 89.4% of isolates in the Western Australian cohort, 

respectively. The remaining serotypes, as identified in this cohort, include CPS IV (4%), 

VI (5.3%), VIII (0.7%) and IX (0.7%) and would not be covered and as mentioned above 

could be a concern given emergence of previously rare serotypes.  

 

In addition to the capsular polysaccharide, surface proteins have also been shown to 

be immunogenic and potential vaccine candidates. Rib and alpha proteins have shown 

promise as surface protein targets with respect to low antibody levels and the 

association with invasive S. agalactiae infection (Larsson et al. 2006). While 
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formulations are currently in development, in this WA cohort rib and alpha C (bca) 

genes were not the most frequently identified (27.8% and 21.9%, respectively), 

suggesting that vaccines targeting these antigens would result in minimal coverage if 

used in Western Australian women. In contrast, genes encoding surface proteins such 

as laminin-binding protein, fibrinogen-binding protein and serine peptidase were 

present in ≥98% of isolates and may represent ideal targets for vaccination (if these 

genes are expressed) with regard to isolate coverage. Lower prevalence was observed 

with genes bac, alp1, alp2 and alp3 with 15.2%, 29.1%, 1.3% and 19.2%, respectively, 

and no alp4 was detected within Western Australian isolate genomes. In a previous 

study conducted examining a range of reference isolates from the US and New Zealand 

in addition to 206 clinical isolates (NZ and Australia), only a single isolate was found to 

contain the alp4 surface protein gene (n = 244) which supports our lack of detection 

(Kong et al. 2002a). Dangor and colleagues assessed maternal antibody levels against 

pilus islands, bibA and fbsA and found a weak relative association between anti-fbsA 

antibody concentrations and invasive S. agalactiae disease. These data suggest that 

these surface proteins may not be ideal candidates for neonatal disease protection 

(Dangor et al. 2015). 

 

A neonatal strain of interest was isolate ST585 which had no current PubMLST data, 

and lacked a detectable haemolysin locus, being one of six isolates (from four subjects) 

that were non-haemolytic. Non-haemolytic isolates of S. agalactiae are thought to be 

rare with descriptions of <5% of isolates lacking haemolysin activity (Rodriguez-

Granger et al. 2015, Six et al. 2016). With haemolysin recognised as a major virulence 

factor, non-haemolytic strains are often considered less pathogenic, however, a case 

of hypervirulence associated with such a strain has been reported (Gendrin et al. 
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2017). Our data provides further evidence that non-haemolytic S. agalactiae ST585 

isolates are clinically significant, ST585 (Neo_9) having been isolated from a case of 

neonatal disease (n = 10). The antenatal carriers of non-haemolytic GBS, however, did 

not contain any indication of disease development either themselves or in their 

neonate according to medical record data, highlighting that this is not exclusive to 

invasive or carriage isolates. Screening approaches that omit the identification of non-

pigmented and non-haemolytic isolates could limit the accurate detection of 

pathogenic S. agalactiae strains. Serotype, surface proteins and haemolysin production 

are examples of the virulence factors S. agalactiae use to cause disease and evade 

immune defences. A range of other virulence factors have also been described in this 

species (Herbert et al. 2004, Liu and Nizet 2004, Rajagopal 2009) and we have 

examined several of relevance to protein vaccine targets, colonisation and persistence, 

and disease outcomes. 

 

Another virulence factor, hyaluronate lyase, acts by cleaving a major component of 

connective tissues and enables the organism to spread. We found the hlyB gene to be 

present within 80% of both carriage and invasive disease isolates. Associations have 

been made between elevated production of this enzyme and neonatal disease within 

serotype III isolates (Milligan et al. 1978), however, other studies have observed 

invasive disease caused by isolates lacking this gene (Granlund et al. 1998). 

 

The pili of S. agalactiae represent a potential vaccine target, but have also been linked 

to the colonisation of the genitourinary tract and biofilm formation. Animal models 

have revealed that deletion of the pilA gene results in reduced ability to persist in the 

vaginal tract of mice (Sheen et al. 2011). Similarly, biofilm production (suggestive of a 
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persistent coloniser) has been associated with specific pilus types. Rinaudo et al. 

reported biofilm-forming capacity in isolates that carried pilus 2a and not pilus types 1 

and 2b (Rinaudo et al. 2010). One of the two isolates we found with pilus island 2b, 

isolate Neo_7, was an ST17, serotype III neonatal invasive disease isolate. Lazzarin and 

colleagues showed that ST17 isolates with pilus 2b knockouts were recovered 

significantly less from blood, lungs and brain tissue in mice, suggesting that this pilus 

type plays a role in invasion within this ST (Lazzarin et al. 2017).  

 

More generally, pilus island distribution was assessed among the S. agalactiae lineages 

and we found similar prevalence of pilus islands based on CCs (Springman et al. 2014). 

CC23 was composed mainly of 2a with some 1/2a isolates, CC17 was all 1/2b except 

for a single 2b isolate, CC12 consisted of mainly 1/2a with several 2a isolates and CC19 

(separated into CC1 and CC19 in the previous study) contained mainly 1/2a, but also 

1/2b and 2a isolates. Springman reported pilus islands 2a > 1/2a > 1/2b prevalence in 

maternal colonising strains, with no detection of 2b (Springman et al. 2014). We 

detected all pilus islands, however, with differences in prevalence including 1/2a > 2a > 

1/2b > 2b among the antenatal carriage isolates. The single 2b isolate was a singleton 

of ST248 isolated from the rectum and exhibited a transient loss of colonisation over 

the two collection time points during pregnancy. Neonatal invasive isolates were also 

characterised by the previous study and had prevalence of 1/2b > 1/2a > 2a, while 

again, no 2b was detected (Springman et al. 2014). Our study found an order of 

prevalence of 1/2a > 2a > 2b, with no 1/2b detected in the small number of neonatal 

invasive disease isolates characterised. Interestingly, the neonatal 2b isolate 

represented one of two isolates in which the 2b pilus island was detected in the entire 

cohort.  
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The small sample size of neonatal isolates in comparison to the antenatal isolates 

represents a limitation of this study; however, we have attempted to adjust for this 

through comparison to the extensive global data on invasive S. agalactiae disease. We 

present genomic analysis of isolates of clinical importance to Western Australian 

pregnant women and neonates and have shed light on the population structure of this 

group. This is the initial step toward monitoring S. agalactiae evolution in our 

population. 

 

7.6. Conclusion 

Current global screening protocols, particularly those culture-based approaches (as 

implemented in Western Australia) resemble an ideal surveillance tool for S. agalactiae 

in individual populations. We have described S. agalactiae isolate genetic diversity 

within a Western Australian cohort for the first time, and have added valuable whole 

genome sequence data to the public database to allow more representative global 

analyses. We observed similarities in CCs and serotype distribution and our results are 

consistent with the global trend of serotype IV emergence. Additional description of a 

non-haemolytic cluster of isolates raises questions about screening detection as some 

methods lack the capability to detect such isolates. The potential importance of their 

detection is highlighted as one of these isolates came from a case of neonatal invasive 

disease. In addition to monitoring prevalent circulating sequence types, our data also 

provide information on potential therapeutic targets that may be of use in both 

implementation and assessment of efficacy of future vaccination strategies. 
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CHAPTER 8 - PREAMBLE 

 

This chapter has been peer-reviewed and published under the following citation 

(Appendix K): 

Furfaro LL, Chang BJ, Payne MS. Applications for bacteriophage therapy during 

pregnancy and the perinatal period. Frontiers in Microbiology. 2018;8:2660. Published 

2018 Jan 11. https://doi.org/10.3389/fmicb.2017.02660. 

This chapter reviews the literature around bacteriophage use as a therapeutic 

alternative to antibiotics, within the context of pregnancy. This is the first review to 

our knowledge to approach bacteriophage therapy from a perinatal perspective. It 

aims to provide a multi-faceted background into bacteriophage therapy and the 

untapped niche of potential perinatal targets in which the focus of the subsequent 

chapter. 
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CHAPTER 8 – APPLICATIONS FOR BACTERIOPHAGE THERAPY DURING PREGNANCY 
AND THE PERINATAL PERIOD 

 

8.1. Use of therapeutics in the antenatal period 

Pregnancy induces a number of physiological changes in women, ranging from changes 

in energy metabolism (Herrera 2000, Prentice and Goldberg 2000) to maternal 

circulation (Hunter and Robson 1992), and presents a number of unknown risks in 

relation to the pharmacokinetics of different therapeutics (Loebstein et al. 1997). 

Infection during pregnancy can have devastating outcomes for the mother and fetus 

and is a major cause of preterm birth (delivery at <37 weeks gestation) (Goldenberg et 

al. 2008). Minimising harm to the developing fetus is of the utmost importance when 

treating maternal conditions during this period, however, the complex nature of 

pregnancy can make this a challenging task. Maternal treatment can often result in the 

fetus being unnecessarily treated and conversely, attempts to treat the fetus in utero 

by maternal administration of drugs can vary greatly depending on the placental 

transfer of the chosen compound (Pacifici 2006). This is further confounded by the 

overall lack of knowledge of the interactions of various therapeutics during pregnancy, 

largely due to this population being excluded from most clinical trials of drug efficacy 

as a result of safety concerns (Ke et al. 2014).  

 

A review by Anderson examined pharmacokinetic factors during pregnancy to assess 

the differences in drug absorption, metabolism, distribution and excretion (Anderson 

2006). The issue of drug transfer to the fetus in utero is of particular concern, given the 

poorly understood impacts that exposure may have during these early stages of 

development. The placenta plays a number of roles during pregnancy: not only does it 

act as a physical barrier, it also provides exchange of nutrients and oxygen and 
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differentiates the maternal and fetal circulation. Drug transfer during pregnancy may 

occur across the placenta through passive diffusion or transporter systems (Syme et al. 

2004). Improved knowledge of the mechanisms of such transfer and the extent of 

metabolism prior to contact with the fetus is important in understanding how drug 

administration during pregnancy may affect the neonate. With this in mind, one would 

think that drug safety for use in pregnancy would certainly be thoroughly investigated, 

however, a survey of the global clinical trials registries reveal that only 0.32% of active 

registered studies were pregnancy drug trials (Scaffidi et al. 2017). As the majority of 

drugs prescribed and used during pregnancy are off-label and often never formally 

tested for use in pregnancy (Ke et al. 2014), the exclusion of pregnant women from 

such trials is ethically questionable considering that the results may be of great 

relevance to this population; however, extensive consideration of the trial design is 

required for this population due to the greater inherent risks (Welch et al. 2015). In 

addition, as highlighted by Welch and colleagues, a depth of understanding must be 

attained to ensure women are able to make informed decisions about their own 

treatment and involvement in trials. 

 

8.2. Antibiotics during pregnancy 

8.2.1. Bacterial infections 

The majority of antibiotic use during pregnancy is targeted at treating various urinary 

tract infections (UTIs), sexually transmitted infections (STIs) such as Treponema 

pallidum, Neisseria gonorrhoeae and Chlamydia trachomatis and the common food-

borne pathogen Listeria monocytogenes (Ross 1979, Cram et al. 2002, Brumfitt and 

Hamilton-Miller 1981). Another pathogen associated with neonatal sepsis, 

Streptococcus agalactiae or Group B Streptococcus (GBS), is also targeted with 
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antibiotics in an effort to prevent transmission to the neonate during birth (Verani et 

al. 2010). These pathogens are targeted in an effort to prevent poor obstetric 

outcomes, however, even narrow-spectrum antibiotics impact on a number of other 

bacterial species in addition to the target. Alternatively, broad-spectrum antibiotics are 

commonly used in the event of complications during pregnancy such as premature 

rupture of membranes (PROM) (Chapman 1986). In utero infection is a major cause of 

preterm birth, with preterm births accounting for 11% of all live births (Blencowe et al. 

2012), and is often associated with significant morbidity and mortality (Goldenberg et 

al. 2000). Major causes of infection-associated preterm birth include the Ureaplasma 

spp., for which treatment options are particularly limited due to their lack of a 

peptidoglycan layer rendering all β-lactam antibiotics ineffective (Viscardi 2014). All of 

these bacterial infections and a number of others have resulted in widespread 

administration of antibiotics to pregnant women, the majority of which have limited 

data available on their relevant safety profiles and are broad-spectrum in their activity, 

affecting not only the target organisms, but also commensal bacteria.  

 

8.2.2. Safety 

With the above causes of infection and pharmacological considerations in mind, it has 

been reported that 80% of all prescriptions during pregnancy are antibiotics and 

approximately 20-25% of women will receive antibiotics during pregnancy (de Jonge et 

al. 2014, Heikkila 1993, Santos et al. 2010, Bookstaver et al. 2015). A review of 

antibiotic use during pregnancy by Bookstaver et al. (Bookstaver et al. 2015) included 

an extensive list of antibiotics accompanied by their Food and Drug Administration 

(FDA) pregnancy category rating from A (no risk in pregnancy) to X (contraindicated in 

pregnancy). The list only contained categories B (generally safe to use) to D (avoid in 
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pregnancy unless benefit outweighs risk). This further highlights the lack of knowledge 

we have on the effect of drugs, specifically antibiotics, which are widely used during 

pregnancy. In general β-lactams, macrolides, clindamycin and fosfomycin are 

considered safe during pregnancy, but additional studies are required for further 

assessment of other antibiotic classes that currently have minimal pregnancy data 

(Bookstaver et al. 2015).  

 

In addition to selecting the appropriate antibiotic, the correct dose of antibiotics is 

essential to minimise toxicity and maximise efficacy. During pregnancy, 

pharmacokinetic properties of drugs can be expected to vary significantly in 

comparison with non-pregnant adults due to a number of physiological changes 

(Pariente et al. 2016). Further to this, the dose a fetus receives from maternal 

administration significantly differs depending on a number of factors, one being the 

placental barrier. Drugs must overcome the placental barrier to reach the fetus and 

have a therapeutic effect; the rate of this transplacental transfer is low for widely-used 

macrolide antibiotics (Heikkinen et al. 2000, Philipson et al. 1973, Ramsey et al. 2003). 

Heikkinen and others observed transfer of erythromycin, roxithromycin and 

azithromycin to be as low as 3%, 4.3% and 2.6%, respectively, across a placental 

perfusion model (Heikkinen et al. 2000). Extensive studies by Kemp and colleagues 

have examined the in vivo effect of erythromycin, azithromycin and more recently, 

solithromycin, using a pregnant sheep model (Keelan et al. 2011, Kemp et al. 2014a, 

Kemp et al. 2014b). The clearance of Ureaplasma parvum intrauterine infection by IV 

administration was achieved by azithromycin and solithromycin (Miura et al. 2014). In 

contrast, neither intramuscular nor intra-amniotic administration of erythromycin was 

able to completely resolve U. parvum intra-amniotic infection (Kemp et al. 2014b). This 
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highlights not only the importance of drug bioavailability but also efficacy against the 

pathogen. 

 

Drug bioavailability to the fetus is important for treating intrauterine infections, while 

conversely, minimal transfer may be beneficial when treating maternal infection as the 

lack of transfer results in limited fetal exposure. Philipson and colleagues examined 

ampicillin (Philipson 1977), cepharidine and cephazolin (Philipson et al. 1987): both 

studies concluded that higher doses were required during pregnancy to reach similar 

plasma levels as compared to after pregnancy. This raises questions regarding under 

and over dosing in this population; the former has the potential to impact on 

resistance in bacterial infections as sub-inhibitory doses can select for resistant 

isolates, and higher dosage raises issues of toxicity (Anderson 2006, Pariente et al. 

2016). Most antibiotics cross the placenta to some extent. Β-lactams cross rapidly and 

equilibrate in maternal and cord plasma in what is termed ‘complete’ transfer, while 

other antibiotics show ‘incomplete’ transfer where concentrations are lower in the 

cord than maternal plasma (Pacifici 2006). 

 

8.2.3. Antibiotic resistance 

Widespread antibiotic use is strongly associated with the development of multi-drug 

resistant (MDR) bacteria. The World Health Organisation (WHO) recently published a 

list of priority organisms that require urgent drug development to overcome resistance 

to current antibiotics (Willyard 2017). Of the pathogens mentioned, N. gonorrhoeae is 

listed as “High Priority” for research and development of new antibiotics. While 

resistance is more prevalent in some bacterial species than others, continued 

widespread use coupled with a lack of new drug development is likely to continue to 
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fuel the growth of MDR strains amongst numerous new species in the coming years 

(Norrby et al. 2005, Talbot et al. 2006, Ventola 2015). In fact, some recent predictions 

suggest total human mortality attributed to MDR bacteria by 2050 could exceed that 

resulting from cancer (O'Neill 2014).  

 

8.2.4. Microbial dysbiosis 

The majority of antibiotics have broad spectrum activity and affect not only the target 

bacteria but also commensal organisms. In addition to potentially promoting 

resistance amongst organisms other than the intended target/s, commensal disruption 

also results in a state of antibiotic-induced dysbiosis in which those bacteria unaffected 

by the antibiotic (potentially already resistant or protected within a microbial biofilm) 

populate the microbial community through lack of competition (Mendling 2016). The 

resulting cascade of impacts possible is far reaching, from adverse effects on various 

maternal body site microbiomes, through to effects on the seeding of the neonatal 

microbiome in utero and soon after delivery (Stinson et al. 2017, Mueller et al. 2015). 

The latter in particular is of great significance when considering intrapartum antibiotic 

prophylaxis (IAP) which aims to delay antibiotic exposure until the point of delivery in 

an effort to reduce exposure and prevent neonatal infection through vertical 

transmission, particularly for GBS colonisation (Schrag and Verani 2013). This has 

successfully reduced incidence of GBS disease in neonates (Verani et al. 2010), 

however, a number of studies have now assessed the impact of this exposure on 

neonatal gut microbiomes. 

 

Mazzola and colleagues noted the effect in IAP-exposed breastfed infants following 

analysis of infant stool samples, where 16S rDNA sequences associated with the 
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Enterobacteriaceae were increased at seven days and remained in high abundance a 

month after delivery (Mazzola et al. 2016). IAP resulted in a reduction in 

Bifidobacterium spp. sequences in breastfed and mixed-fed infants at seven days, but 

numbers returned to levels comparable with non-IAP exposed infants by one month of 

age. Similarly, another group examined the effect of IAP for GBS on the gut microbiota 

within the first month of life. This study selected microbial groups to examine including 

Lactobacillus spp., Bifidobacterium spp., and Bacteroides fragilis (Corvaglia et al. 2016). 

They observed a reduction in Bifidobacteria counts at seven days of life in the IAP 

group compared to no IAP. However, breast milk-fed infants had increased 

Lactobacillus spp. counts regardless of IAP at both seven and 30 days of life. Another 

study revealed differences in infant gut microbiota communities at three months of 

age following IAP exposure (Azad et al. 2016). Further disruption was evident in those 

who received IAP during caesarean section delivery, with taxonomic differences in 

microbial profiles persisting to 12 months in those caesarean section-delivered, 

formula-fed infants who received IAP. These studies highlight the potential effects of 

IAP on the neonatal gut microbiome and suggest that it can be modified and semi-

restored through breastfeeding. However, the long-term impact of this initial microbial 

seeding displacement is not yet well understood (Azad et al. 2016, Corvaglia et al. 

2016, Mazzola et al. 2016). Reviews on the significance of the fetal microbiome for 

infant health highlight the effect such prophylactic treatments have on the initial 

microbial diversity and the impact this may have on other health parameters (Yang et 

al. 2016, Stinson et al. 2017, Dunlop et al. 2015, Mueller et al. 2015). In light of this 

information, when considering IAP for a defined target, such as for the prevention of 

GBS vaginal/rectal transmission, the potential for use of targeted, non-antibiotic 

therapies warrants serious consideration. 
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Without a doubt, antibiotics represent a significant breakthrough in medical history. In 

an antenatal context they have prevented large amounts of maternal and neonatal 

morbidity, however, there is limited information available on their safety for use in 

pregnancy. The development of resistant bacteria, although not a major issue in 

pregnancy at present, is still a serious concern. Although substantial contention still 

exists (Perez-Munoz et al. 2017) surrounding recent evidence that the newborn likely 

develops its initial gut microbiota in utero and that this is seeded from the mother 

(Dunlop et al. 2015, Mueller et al. 2015, Stinson et al. 2017), regardless, it would 

certainly appear that targeted antimicrobial therapies, such as bacteriophages, would 

be of significant benefit during the antenatal period. This is particularly so in cases of 

prophylactic treatment, such as prevention of GBS infection. Broad-spectrum antibiotic 

use is certainly still warranted though when unknown potential pathogens are 

involved, in cases of PROM for instance (Seelbach-Goebel 2013), but reserving usage 

to these emergency situations would likely be of significant benefit to both the mother 

and the developing fetus in terms of reducing microbial dysbiosis and potential 

associated adverse effects on fetal immune programming. 

 

8.3. Bacteriophages 

Bacteriophages are bacterial viruses also known as phages. They represent the most 

abundant organisms on Earth. They are so expansive in number that it has been 

postulated that there are likely a trillion phages for every single grain of sand on the 

planet (Keen 2015). Unlike other viruses, bacteriophages are only able to infect 

bacteria and remain distinct from animal and plant viruses (Carlton 1999). The co-

discovery of these viruses was made in 1915 by Twort (Twort 1915) and independently 

two years later by d’Herelle who subsequently named them bacteriophages (d'Hérelle 
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1917). Upon the realisation that phages had the capability of killing bacteria, their use 

as a therapeutic was investigated almost immediately. In the century of research since 

their discovery, many breakthroughs, especially in molecular biology, have been made 

through the use of bacteriophages (Keen 2015). Initial interest in these viruses was, 

however, overshadowed by the emergence of cheap and effective antibiotics which 

have since been the frontline in bacterial infection treatment. However, recent years 

have brought attention to the serious issue of emerging antibiotic resistance, which 

has revitalised the notion of using bacteriophages as therapeutic agents (Nobrega et 

al. 2015). 

 

8.3.1. Mechanism of action 

The overall mechanism of action that all phages undertake includes adsorption, 

injection of genetic material into host, replication, assembly and virion release. Given 

the breadth of phage taxa there are a number of variations to the following process, 

however, as an obligate pathogen the phage must find a host in which to replicate. The 

process of adsorption occurs in two steps, the first is the initial contact with the host 

surface through reversible electrostatic forces, allowing the phage to survey the host 

at closer proximity to locate specific receptors. In the case of tailed phages, capsid 

interaction with the host surface allows the tail components to search for and interact 

with specific receptors on the surface (Hu et al. 2013, Murata et al. 2017). If the 

specific host receptor is found, tailed phages will bind irreversibly to their target and 

complete the adsorption process. Alternatively, tailless and filamentous phages 

contain the necessary components for attachment at exposed surface sites and have 

evolved to use host-cell-encoded channels for genomic transfer (Peralta et al. 2013).  
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Once attached to the host, the genetic material of the phage, initially encased in the 

phage head or capsid, is injected into the host where it will then undergo replication. 

Larger phages, such as ϕKZ, contain genomes that encode their own necessary DNA 

replication requirements, while others may rely on the host (Ceyssens et al. 2014). The 

replication process involves synthesis of numerous copies of the genetic material, 

translation and the manufacture of phage components such as the head, tail and 

internal proteins. Once matured and assembled these virions are released from the 

host cell via internal lysis, after which the progeny may go on to infect other cells and 

continue the infection process, whilst the host is killed (Stent 1963). Other methods of 

progeny release can also include budding and extrusion (Weinbauer 2004). 

 

Bacteriophage lifecycles include obligately lytic, lysogenic, pseudolysogenic and 

chronic infection (Clokie et al. 2011). Bacteriophages are often classified according to 

the best understood of these lifecycles as virulent (obligately lytic) or temperate 

(lysogenic lifestyle) (Dy et al. 2014). Recent review of phage terminology has 

highlighted terms that require classification, such as the intended use of ‘lytic and 

lysogenic’ and these suggestions have been incorporated into this review (Hobbs and 

Abedon 2016). Obligately lytic phages do not integrate with the host and only enter 

the lytic cycle. This cycle involves cessation of host component production and 

utilisation of host products to replicate phage products, ultimately resulting in host cell 

death and release of assembled virions (Stent 1963, Roach and Donovan 2015, Young 

2013). This feature makes these phages the perfect subjects for bacteriophage therapy 

as the goal is to eradicate the target bacteria in a bactericidal fashion (Brussow 2012). 

The lytic cycle acts to regulate bacterial populations and is beneficial in many ways, 

such as in the reduction of colonisation by pathogens of mucosal surfaces. Barr et al. 
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demonstrated that bacteriophage colonising the mucosal surfaces of humans and 

animals limited bacterial populations and acted as an additional component of innate 

immunity (Barr et al. 2013). Their ubiquitous presence makes it difficult to believe they 

wouldn’t play a significant role in our individual microbiomes and health. Indeed, 

Manrique and colleagues have demonstrated a shared “phageome” of humans and 

propose that it plays a major part in maintaining the structure and function of the gut 

microbiome, although the temperate phages discussed below are believed to be more 

abundant than obligately lytic phages in the human gut (Manrique et al. 2016). 

 

Temperate phages, however, can undertake a lysogenic lifestyle which involves phage 

replication that does not directly result in virion production or release. These phages 

have the ability to integrate into the host genome or exist as a plasmid, enabling 

replication through host reproduction and resulting in bacterial daughter cells 

containing this phage genome (prophage). The temperate phage can remain as a 

prophage, coexisting in the lysogenised host which it leaves unharmed until conditions 

are unfavourable for growth, in which case the phage, if integrated, may then excise 

itself from the genome and enter a lytic cycle.  

 

Both obligately lytic, and temperate phages may exhibit pseudolysogeny, a 

controversial topic but defined by some authors as a state of stalled development of a 

phage within its host, in which neither phage replication nor prophage formation 

occurs (Łoś and Węgrzyn 2012). This state is triggered by conditions that cause sub-

optimal growth of bacteria or starvation, allowing the co-existence of both the 

resulting inactive and unstable phage, and the starved host within low resource 

environments without mutual destruction (Brendan and Lenski 1997). Pseudolysogeny 
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is resolved with the change of nutrient conditions which enable growth, at which point 

the phage can either form a stable prophage or enter the lytic cycle. Chronic phage 

infection may also involve either temperate or non-temperate phages (Hobbs and 

Abedon 2016), and refers to productive infection in which virions are released over 

time without host cell lysis. Filamentous phages have the ability to release progeny 

phage through extrusion via membrane transport complexes (Rakonjac et al. 2011). 

 

Lysogeny makes temperate phages a potential public health risk as phage-encoded 

virulence genes or regulators can result in increased host pathogenesis as a result of 

phage expression. The process of phage conversion involves the expression of a 

different host phenotype as a result of temperate phage infection. Phage-encoded 

virulence factors are numerous, and thus temperate phage infection could result in 

increased pathogenicity of the lysogenised host bacteria (Clokie et al. 2011, Keen 

2015). Prime examples of phage-mediated virulence exist in Vibrio cholerae, in which 

the gene for production of the cholera toxin is contained on a phage (CTXϕ, an 

example of a chronic temperate phage) (Waldor and Mekalanos 1996) and the same is 

evident in Escherichia coli with phage-encoded shiga-like toxin contributing to the 

symptoms of hemorrhagic colitis (O'Brien et al. 1984). As well as numerous toxin 

genes, temperate phages encode other traits that promote bacterial colonisation, 

uptake and survival within a host cell (reviewed by Boyd) (Boyd 2012). 

 

Considering this brief overview of phage biology, we highlight that the obligately lytic 

phages currently provide the best option for therapeutic use due to their lethal effect 

on the bacterial host, as opposed to the co-existence with the host of temperate 

phages and the potential problem of lysogenic conversion. 



151 

 

8.3.2. Bacteriophage therapy 

The lethal nature of obligately lytic bacteriophages is highly attractive for exploitation 

in treatment of bacterial infections. Certain characteristics of bacteriophages such as 

the specificity of their action, are a significant advantage over antibiotics when 

targeted therapy is applicable (Table 8.1). This specificity can improve treatment 

outcomes for patients in that only specific bacterial species within an individual host 

range are removed, leaving other beneficial microbes unaffected (Loc-Carrillo and 

Abedon 2011). 
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Table 8.1. Comparison of therapeutic characteristics of bacteriophages and antibiotics.  

Bacteriophages Antibiotics 
Bactericidal agents 

 Virulent phages cause cell lysis 
(bactericidal). 

 Bioengineering of phages can 
produce bacteriostatic results. 

 Induce a static state (bacteriostatic) 
or cause cell death (bactericidal). 

Dosage 

 Dose escalation through release of 
exponential phage numbers caused 
by host-dependent replication. 

 Dose is dependent on absorption, 
concentration, metabolism and 
excretion of the agent. 

Toxicity 

 Generally considered as inherently 
non-toxic due to nucleic acid and 
protein composition. 

 Risk of lysed cell remnants that may 
lead to severe reactions in 
therapeutic use unless phages are 
highly purified. 

 Range of toxicity levels which can 
vary according to the drug 
depending on contraindications such 
as pregnancy. 

Microbiota disruption 

 Host specificity of phages results in 
minimal to no disruption of the 
normal microbiota. 

 Broad-spectrum antibiotics are well 
known for disrupting the overall 
microbiota and causing a dysbiotic 
state. 

 Narrow spectrum antibiotics reduce 
this impact, but still target many 
species. 

Resistance 

 The specificity of phages for their 
hosts means that if resistance does 
emerge only a select bacterial 
population will be affected.  

 Phage-resistant mutants are often 
less virulent as phage receptors are 
commonly associated with 
pathogenicity. 

 Cocktail formulations reduce 
resistance emergence and may be 
used to treat antibiotic-resistant 
pathogens. 

 Broader range of activity means that 
a substantial proportion of bacterial 
species are affected and the 
potential for widespread resistance 
to emerge is greater. 

 Mutations resulting in resistance to 
one antibiotic may cause cross-
resistance to other agents. 

Discovery 

 Phage discovery is generally rapid 
and relatively easy due to their 
ubiquitous nature. 

 Antibiotic discovery is expensive and 
complicated by drug design and 
development in addition to 
assessment of potential toxicity. 

 Minimal new discoveries. 
Information adapted from (Loc-Carrillo and Abedon 2011).  
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8.4. Bacteriophages against antenatal pathogens 

8.4.1. Urinary tract pathogens 

Development of urinary tract infections (UTIs) can occur at any stage during pregnancy 

and often results in antibiotic intervention, which depending on the gestation, could 

have implications for fetal development (de Tejada 2014). Numerous in vitro studies 

have outlined the level of activity that isolated bacteriophages have on specific 

pathogens and a number of cocktails have been developed to cover a broader host 

range and reduce risk of resistance forming (Sybesma et al. 2016, Galtier et al. 2016, 

Lehman and Donlan 2015). Common causes of UTIs, Escherichia coli and Klebsiella 

pneumoniae have been the target of a number of studies. Sybesma and others 

reported the activity of commercially available bacteriophage cocktails from the 

George Eliava Institute in Georgia against clinical E. coli (n = 41) and K. pneumoniae (n 

= 9) strains isolated from urine of patients with UTIs, where activity against all strains 

except one was observed (Sybesma et al. 2016). The ability to penetrate biofilms is of 

particular relevance when considering these as treatment options. One study found a 

significant reduction of uropathogenic E. coli biofilms within 2-12 h of phage 

administration in vitro (Chibeu et al. 2012). Additionally, a continuous-flow in vitro 

model using artificial urine was used to assess the prevention of biofilm formation by 

pre-treatment of urinary catheters with phages, which showed a significant reduction 

in common UTI species Pseudomonas aeruginosa and Proteus mirabilis (Lehman and 

Donlan 2015). 

 

The genitourinary tract is the major focus when considering applications for 

bacteriophage use antenatally, and in the context of UTI treatment during pregnancy 

the common antibiotic side-effect of vaginal dysbiosis/candidiasis can be prevented 
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with such targeted therapies. In addition, it is well established that opportunistic 

pathogens residing in the vaginal microbiota during pregnancy can ascend through the 

cervix and establish florid infections of the fetal membranes (chorioamnionitis), 

amniotic cavity and ultimately the fetus (Goldenberg et al. 2000). The asymptomatic 

nature of such vaginal colonisation can have devastating impacts on the immune-naïve 

fetus and neonate and in this context pathogen removal using specific bacteriophages 

could be implemented as a preventative measure. 

 

Ureaplasma spp. are prime examples of such asymptomatic colonisations, with 40 to 

80% of pregnant women colonised with these bacteria (Waites et al. 2005). Their role 

in preterm birth has been one of controversy, however, studies highlighted in the 

review by Capoccia et al. (Capoccia et al. 2013) address the association between 

Ureaplasma spp. and adverse pregnancy outcomes. In addition, more recently, in a 

prospective cohort study of low-risk pregnant women, Payne and colleagues reported 

that it is Ureaplasma parvum, not Ureaplasma urealyticum, that is of relevance to 

preterm birth and particularly U. parvum genotype SV6 (Payne et al. 2016). Intra-

amniotic infection can lead to preterm birth and additional neonatal morbidity and 

mortality (Kallapur et al. 2013, Kasper et al. 2011, van Waarde et al. 1997, Viscardi and 

Hasday 2009). Ureaplasma spp. are a potential target for bacteriophage therapy, 

however, their unique biological characteristics represent a challenge. They are unable 

to form a lawn or turbid culture due to their small cell size, making plaque assays and 

other standard phage techniques extremely difficult.  

 

Galtier and colleagues examined phage therapy for UTIs in the form of uropathogenic 

E. coli eradication from the gut of mice using a cocktail of three virulent 
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bacteriophages (Galtier et al. 2016). In this study they found that a single oral gavage 

dose of the bacteriophage cocktail was able to remove the target E. coli with less effect 

on microbial diversity than that of antibiotic administration. Another study found that 

a bacteriophage cocktail was effective against E. coli adhered to the urothelium, 

commonly the case in persistent UTIs (Sillankorva et al. 2011). While the assessment of 

bacteriophage activity in the context of pregnancy is lacking, we can appreciate the 

body of work regarding phage efficacy and selectivity in in vitro, animal and non-

pregnant human models and move toward broadening the scope of this research. 

 

P. aeruginosa represents another pathogen that causes UTIs from which isolation of 

MDR strains is becoming more frequent. Human examples of phage therapy often 

comprise case reports of persistent pathogens and instances of compassionate phage 

use. One such example includes a 67 year old woman administered a cocktail of six 

lytic phages in combination with antibiotic therapy to treat a UTI caused by P. 

aeruginosa. Antibiotic therapy alone had failed, however, combination of this with the 

phage cocktail resulted in eradication (Khawaldeh et al. 2011). Additionally, a clinical 

trial is currently underway to assess phage therapy in the context of UTI in 

transurethral resection of prostate patients (Leitner et al. 2017). While this trial is in 

men, the study design and context of UTIs make for a valuable addition to our current 

understanding of phage therapy in humans and will allow assessment of inter-patient 

variability which cannot be assessed from case studies. This represents significant 

progress towards gaining thorough and credible clinical trial data which will impact 

future phage therapeutics. 
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8.4.2. Group B Streptococcus  

Intrapartum antibiotic prophylaxis for Streptococcus agalactiae or Group B 

Streptococcus (GBS) vaginal/rectal colonisation is standard practice in many countries 

in an attempt to reduce neonatal morbidity and mortality associated with GBS disease. 

These prophylactic strategies vary from risk-based to culture-based screening and 

result in identified women receiving intravenous (IV) antibiotics a minimum of four 

hours prior to delivery and then every four hours during labour in an effort to 

eradicate the bacteria (Verani et al. 2010). With 10 – 30% of pregnant women 

colonised with GBS, the potential for antibiotic exposure is widespread (Le Doare and 

Heath 2013). This is a prime example of a single species target in which phage therapy 

could excel.  

 

Exploitation of the key components of virulent phage, such as the lysins that result in 

bacterial cell lysis, have been pursued as therapeutic options (Gaca and Gilmore 2016). 

Bacteriophage lysins are responsible for the final stage of the lytic cycle which involves 

disruption of the bacterial host envelope and release of phage progeny and cell 

contents, inevitably destroying the host (Grundling et al. 2001). Exogenously, the lysin 

enzyme alone is often sufficient to lyse bacteria as it has direct contact with the 

peptidoglycan layer (Loeffler et al. 2001). This property has been targeted by 

researchers in an attempt to uncover novel therapeutic strategies. Pritchard and 

colleagues examined the bifunctional peptidoglycan lysin of GBS bacteriophage B30 

and found a synergistic killing activity between the lysozyme and endopeptidase 

functions (Pritchard et al. 2004). This study involved in vitro testing and 

characterisation of the lysin molecules, which they aimed to use as treatment for 

vaginal GBS in an effort to prevent GBS disease transmission. The following year Cheng 
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et al. examined GBS lysin activity in vivo using a mouse model (Cheng et al. 2005). It 

was found that GBS phage lysin, PlyGBS, efficiently killed all tested GBS serotypes in 

vitro, and in the mouse model significantly reduced bacterial colonisation in both the 

vagina and oropharynx with a single dose. This study outlines promising results for use 

of bacteriophage lysins for the eradication of GBS in the vagina in particular. 

Bacteriophage-derived lysin reviews have highlighted the activity against Gram positive 

organisms (Fischetti 2008, Fenton et al. 2010), however activity against Gram negative 

organisms has also been observed (Lood et al. 2015) and discussed (Yang et al. 2014, 

Trudil 2015). These studies, however, rely on static compounds of the phage as 

opposed to the whole phage which has the potential to increase its concentration in 

vitro exponentially, therefore, these lysins are likely to face similar issues to antibiotics 

in that dose, host metabolism/excretion and potential resistance (although this is likely 

to be less of an issue for lysins) may limit therapeutic use. 

 

Various in vitro studies have assessed whole bacteriophages which possess activity 

against GBS strains; as yet only temperate phages have been identified in this 

organism. Studies such as that by Domelier and others characterised the prophages 

present upon induction of clinical GBS strains and identified these as belonging to the 

family Siphoviridae (Domelier et al. 2009). Similarly, Bai and colleagues characterised a 

temperate phage, JX01, induced from a bovine mastitis isolate and reported similar 

taxonomic observations (Bai et al. 2013). This study went on to further assess 

characteristics of the phage and to report that an absorption of 90% of phage particles 

occurred after 2.5 minutes incubation, followed by a 30 minute latent period prior to 

release of a burst size of 20 virions per infected cell. Another group examined the 

activity of induced and modified Streptococcus agalactiae phages in vitro and reported 
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on their activity against pathogenic strains from the environment (Brnakova et al. 

2005). They also went further to analyse horizontal transfer of genetic elements. To 

our knowledge no virulent GBS bacteriophages have been reported in the literature to 

date; these would represent the ideal candidates for phage therapy. Theoretically 

speaking, such phages should certainly exist. 

 

8.4.3. Other antenatal and perinatal pathogens 

Sepsis and meningitis resulting from bacterial infections are a significant burden in the 

neonatal population. A number of key pathogens have been targeted in phage therapy 

research and experimental trials of phage formulations tested. As is the case with the 

majority of phage studies, these have predominantly been in vitro or in vivo animal 

studies. Multi-drug resistant (MDR) K. pneumoniae is a major cause of neonatal 

disease and very difficult to treat. The action of a phage formulation active against 

MDR-K. pneumoniae within a septic mouse model has been described (Vinodkumar et 

al. 2005). These authors observed 100% rescue of the mice with immediate phage 

administration and 50% when treatment was delayed until mice were moribund. 

Considering therapeutic limitations faced by clinicians when treating MDR-infections, 

phage therapy could be a viable alternative. Similarly, a Polish study observed 

sterilisation of cerebrospinal fluid of a MDR-K. pneumoniae infected child after oral 

phage administration (Stroj et al. 1999).  

 

Regarding phage administration, Russian studies observed anti-phage antibody 

production in infants and children up to 15 years of age that was associated with time 

post-oral bacteriophage treatment (Pagava et al. 2011, Pagava et al. 2012). 

Interestingly, patients less than one month of age did not produce antibodies until 30-
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60 days post-treatment and even then they were only detected in 20% of the 

participants. Children aged one month to one year of age showed antibody presence in 

4%-60% of cases 30-60 days post treatment and for children aged 1-15 the rate was 

33.3%-100%. These data suggest there may be an advantage to having naïve neonatal 

immune system when considering efficacy and immune clearance of phage 

preparations, however, a recent study by Roach and others observed conflicting 

results. Their findings suggest a synergy between the host immune system and phage 

lysis of target bacteria, termed “immunophage synergy”. This comes as a result of 

administering phage to treat P. aeruginosa infection in healthy compared to 

immunocompromised mice (Roach et al. 2017). In the antenatal and perinatal context 

the impact of limited immune defences, such as thse of a fetus or neonate, is a major 

consideration in terms of efficacy and further exploration into the specific immune 

components involved is warranted. 

 

Listeria monocytogenes is a food-borne pathogen which causes sepsis, abortion and 

central nervous system dysfunction. While clinical cases are relatively rare, listeriosis is 

associated with high mortality, especially in immunocompromised patients such as 

pregnant women and neonates (Poulsen and Czuprynski 2013). As a food-borne 

pathogen, prevention of infection at the production stage has seen bacteriophage 

approved for use as biocontrol agents by the Food and Drug Administration (FDA) 

(Lang 2006). Klumpp and Loessner provide a thorough overview of Listeria spp. phages 

(Klumpp and Loessner 2013) including the number of applications that have been 

achieved such as biocontrol on ready-to-eat foods (Guenther et al. 2009) and sprays 

for fresh fruit (Leverentz et al. 2004). Phage application as a preventative measure is 

currently more feasible than its use to treat human infection due to the intracellular 
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nature of L. monocytogenes infection. Intracellular infection creates a barrier to phage 

therapy, however, studies are evaluating alternative phage access methods such as 

encapsulation in liposomes (Nieth et al. 2015) and avirulent co-infection models 

(Broxmeyer et al. 2002) in an attempt to overcome this problem. The issue of phage 

access during human infection with L. monocytogenes in particular, however, still 

remains a logistical challenge. 

 

8.5. Route of administration and transfer 

Availability of phages plays a key role in the efficacy of treatment. If just one phage can 

reach a bacterial cell of interest, then replication and release of exponential numbers 

of phage progeny will escalate the dose. Route of administration is dependent on the 

type and site of bacterial infection and this must be considered to ensure optimal 

results in terms of efficacy, distribution and clearance (Abedon 2014). Once again, 

physiological differences during pregnancy can impact on therapeutic results through 

alterations in body systems (Costantine 2014) including cardiac (Clark et al. 1989, 

Frederiksen 2001, Pacheco et al. 2013), respiratory (Taylor 1961, Pacheco et al. 2013), 

renal (Rasmussen and Nielsen 1988, Davison and Dunlop 1980, Pacheco et al. 2013) 

and gastrointestinal (Cappell and Garcia 1998, Parry et al. 1970) systems for example 

(Figure 8.1). 
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Figure 8.1. Physiological changes during pregnancy and their impact on drug 

pharmacokinetics and consideration of these factors in the application of antenatal 

phage therapy (Kulangara and Sellers, 1959; Taylor, 1961; Uhr et al., 1963; Parry et al., 

1970; Davison and Dunlop, 1980; Rasmussen and Nielsen, 1988; Clark et al., 1989; 

Cappell and Garcia, 1998; Frederiksen, 2001; Dabrowska et al., 2005; Jonczyk et al., 

2011; Pacheco LD, 2013; Costantine, 2014; Leung et al., 2016; Speck and Smithyman, 

2016). This figure includes a licensed image obtained by the authors. 
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8.5.1. Intravenous phage administration 

Systemic administration of phages by an IV route has the potential to treat multiple 

body sites, however a number of issues have been raised about the safety and efficacy 

of this application. A review by Speck and Smithyman highlighted and succinctly 

summarised these issues and previous successful IV phage applications (Speck and 

Smithyman 2016). The main issues arising with IV use of phages can be summarised in 

the following categories; (i) clearance, (ii) adverse host response and (iii) host 

resistance; however, to some degree these are issues faced by all phage therapy 

routes. 

 

The issue of clearance involves the rapid removal of phages from the bloodstream. The 

half-life of phages, however, has been described in the order of days as opposed to the 

hours observed for most antibiotics (Ochs et al. 1971). Further to this, Merril described 

selecting longer circulating phage variants for IV use (Merril et al. 1996). Equally, 

clearance is dependent on host bacteria presence, as the phage will persist only if they 

have access to their host bacteria to replicate in and subsequently lyse (Dubos et al. 

1943).  

 

Secondly, adverse host responses, such as shock, reported by early phage researchers 

(MacNeal 1941) are likely due to the lack of purification of these initial preparations: 

current best practice involves extensive purification to ensure exclusion of bacterial 

components and endotoxins (Bonilla et al. 2016). The current state of bacteriophage 

preparation for IV use, however, has been refined significantly and has allowed 

successful IV administration and infection eradication as reported by numerous case 

studies in the US in the last year (Duplessis et al. 2017, Jennes et al. 2017, Schooley et 
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al. 2017). Similarly, the effect of cell lysis and ensuing response to cell debris has been 

raised, however, this should be considered no different to the effects of bactericidal IV 

antibiotics which are regularly prescribed (Speck and Smithyman 2016).  

 

Lastly, the formation of phage-specific antibodies may act to clear the phage before 

they can exert an effect on the targeted pathogens. In response to this point we are 

reminded by the study of Matsuzaki et al. (Matsuzaki et al. 2005) that phage kill 

extremely quickly and the time required for antibody formation may exceed what is 

needed to treat and resolve infection. Cases which involve prolonged treatment where 

antibodies are likely to form, however, may require administration of additional 

phages that do not have the same serological cross-reactivity (Abedon et al. 2011). 

 

Considering the increased heart rate, uterine and renal blood flow observed in 

pregnancy the impact on IV phage administration may correlate with the findings 

observed for IV drug administration (Clark et al. 1989, Frederiksen 2001). The 

increased cardiac output may require a greater dose to obtain initial plasma levels. 

Further to this, as phage are dose-independent in nature (replication upon bacterial 

interaction) the premise of adequate plasma levels is likely to be completely different 

to the way we view classical drugs. Attention should be focused on defining and 

refining such parameters in current phage studies of non-pregnant humans. Valuable 

information gained from each phage administration could be used to build 

individualised drug profiles for each phage which will likely influence future 

administration.  
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8.5.2. Local - topical, oral or inhaled phage administration 

The thorough review by Dabrowska and others outlined numerous studies that have 

revealed the extent of bacteriophage penetration in vertebrates (Dabrowska et al. 

2005). This article explored the ability of bacteriophages to enter the circulation by 

non-IV means (oral, intraperitoneal, intramuscular and topical) and disseminate into 

internal organs and the central nervous system. It was suggested that phage 

persistence and concentration in particular organs strongly depends on the presence 

or absence of susceptible bacteria. 

 

The local delivery of bacteriophages is most appropriate where a site-specific infection 

or colonisation is occurring (Ryan et al. 2011). In pregnancy, intravaginal application 

could be ideal for delivery of phages specific to genitourinary tract pathogens. Similarly 

in neonates, skin based administration may act to protect the infant’s fragile skin and 

prevent colonisation by pathogens. Such applications may come in the form of phage-

impregnated gels, creams and pessaries, all of which have retained phage activity in 

such formulations as previously demonstrated (Brown et al. 2017). 

 

Topical applications are ideal as a high titre of bacteriophage can be delivered directly 

to the source of infection with minimal host immune interference. Common examples 

of this topical approach include skin and sinus infections by organisms such as 

Staphylococcus aureus (Drilling et al. 2017, Pincus et al. 2015, Seth et al. 2013). In 

antenatal terms, however, the major sources of infection relate to genitourinary 

pathogens (Cunnington et al. 2013). As GBS is commonly isolated from both the vagina 

and rectum (Dillon et al. 1982) this represents a target site for topical applications. 

Intravaginal delivery of bacteriophage lysin was previously demonstrated by Cheng and 
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colleagues in a mouse model (Cheng et al. 2005). Rectal phage delivery also has high 

potential for success with an early study reporting detection of phage in the blood as 

early as 10 minutes after administration (Sechter et al. 1989).  

 

Respiratory pathogens can be targeted through inhalation of phage preparations and 

respiratory physiology during pregnancy is likely to enhance the absorption of inhaled 

drugs (Pacheco et al. 2013) and therefore potentially phages. The methods of 

production of powders and aerosolised phage, however, can result in titre reduction 

(Leung et al. 2016). Inhaled phage studies are summarised in a review by Bodier-

Montagutelli et al. (Bodier-Montagutelli et al. 2017). Respiratory phage delivery, 

however, is more relevant in perinatal and paediatric populations of developing 

nations where bacterial pneumonia accounts for 15% of deaths in children under 5 

years (Liu et al. 2015). Respiratory delivery of phage and its potential for enhanced 

absorption could be beneficial during pregnancy as another route of administration 

and depending on the resulting access to the fetus, treat in utero infection. 

 

Oral delivery has been successful for gastrointestinal tract and some systemic 

infections, however, the low pH of the stomach is a big issue for phage stability 

(Jonczyk et al. 2011). This problem may be overcome using microencapsulation 

techniques (Colom et al. 2015, Ma et al. 2008). Other suggestions have included the 

neutralisation of stomach acid prior to oral delivery, with one study suggesting yoghurt 

may have a synergistic effect in overcoming this unfavourable acidic environment 

(Miedzybrodzki et al. 2017). Similarly, proton-pump inhibitors such as rabeprazole 

have been used in Helicobacter pylori treatment and act to inhibit gastric acid 

production (Sharara 2005). These approaches may be useful for oral phage 
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administration during pregnancy. The physiological changes cause an increase in 

gastric pH which is a potential benefit, depending on the pH stability range of the 

phage, and reduced gastric emptying resulting in extended exposure to these pH 

conditions. If able to transit successfully through to the bowel, prolonged small 

intestine passage is likely. In light of new data suggesting transcytosis of phage across 

gut epithelial cells being possible in vitro, depending on the downstream consequences 

of this process which remain unknown, this could be beneficial (Nguyen et al. 2017). 

This also raises questions regarding the potential for transcytosis across the placenta. 

 

8.5.3. Placental phage administration 

When treating the mother and fetus, it is essential to have a thorough understanding 

of the placenta and the extent to which drug transfer occurs across this maternal/fetal 

barrier. Kulangara et al. (Kulangara and Sellers 1959) examined the passage of 

coliphage and mycobacteriophages across the placental barrier of rats. Passage was 

achieved after injection into the uterine lumen as confirmed by presence of phage in 

the fetal fluids, however, maternal IV injection saw phage rarely reach the embryo. 

Conversely, transplacental transfer of bacteriophage was observed in a guinea pig 

model, where maternal IV bacteriophage administration resulted in the presence of 

bacteriophages in the fetal circulation (Uhr et al. 1963). Similarly, in a phage-display 

study an engineered T7 phage was injected into the tail vein of a pregnant rat and was 

subsequently recovered from fetal tissues 15 minutes after administration (Srivastava 

et al. 2004). The potential for virulent phage to target not only maternal infection, but 

also fetal, is extremely promising in the antenatal context. Mechanisms of this 

placental transfer of bacteriophage, however, are not well-understood at this stage 

and further studies are vital to progressing in utero treatment strategies. 
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8.6. Issues to consider 

Successful therapies during pregnancy rely on a number of intercalating factors. First, 

is the aim of the therapy to eradicate maternal or fetal infection, or could both be 

feasible? Placental transfer, fetal immune response or lack thereof, maternal immune 

response, dose, route of administration and pharmacokinetics all play key roles in 

therapeutic considerations. Some of the greatest challenges in phage therapy have 

been linked to immune inactivation by antibodies. As mentioned throughout this 

review, these are all aspects that can be overcome by altering the way we approach 

phage therapy. Extensive characterisation, purification and preparation of cocktails of 

phage to act specifically but also broadly amongst different strains of the same target 

of interest are likely to permit widespread killing of the entire species without the 

adverse reactions described in early literature. In addition, having a thorough 

understanding of the infection that is to be treated is also extremely important, as in 

the case of in utero infections, for example, if secondary pathogens are also present 

(but in much smaller numbers), then targeted removal of the primary pathogen may 

simply pave the way for a new infection to begin. Treatment protocols need to factor 

this scenario in and have suitable complementary interventions on hand, in this case 

most likely antibiotics. The issue of the potential for host inflammatory response due 

to release of bacterial cell components following cell lysis is obviously of concern, 

especially in an antenatal context due to the nature of parturition, however, antibiotic 

interventions can also result in similar scenarios. Further research into this is required, 

particularly the potential for phage preparations to be co-administered with anti-

inflammatory agents such as cytokine-suppressive anti-inflammatory drugs (Ng et al. 

2015). 
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Phage therapy has had a difficult time integrating with western medicine and its use 

during pregnancy is largely unexplored. This review highlights how little we currently 

know about the safety of the most common drugs used in pregnancy, antibiotics, and 

the potential benefits that phage research into antenatal and perinatal infection and 

colonisation could have in the future. Although extensive phage research has been 

carried out, the majority of this research has not been in the western world. In a 

clinical context, many have questioned the credibility of past studies due to the lack of 

randomised double-blind clinical trials in general (Slopek et al. 1987, Slopek et al. 

1985). In addition, a number of studies reporting the use of phage therapy in pregnant 

women and paediatric contexts are inaccessible or only available in Russian (Pagava et 

al. 2011, Samsygina and Boni 1984, Terekhina et al. 2008). To overcome these current 

perceptions of phage therapy a basic science approach needs to be taken initially, 

whereby candidate clinical bacteriophages are thoroughly characterised (molecularly 

and taxonomically) and purified, and potential bacterial resistance monitored at the 

molecular level in the target bacteria and by analysis of mutations occurring in the 

phages. Such an approach would likely result in the formulation of well-characterised, 

robust, efficacious phage cocktails suitable for use in randomised clinical trials. It is 

essential that standardised protocols be developed, not only for uniformity but so that 

accurate comparisons of data can be made. Furthermore, the refinement of clinical 

practice can be largely influenced by case studies, and despite patient heterogeneity, 

similarities in phage pharmacokinetics may be observed which are informative 

nonetheless and should not impede standard care. 

 

The ethical implications of phage therapy thus far have not been greatly explored, as 

many instances of human phage therapy have been for compassionate use as a final 
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option. The potential for phage therapy to be beneficial for treatment of pregnant 

women and neonates is great when we reflect on the pathogens afflicting this 

population, however, there will no doubt be a number of ethical considerations that 

need to be addressed which are specific to these patients. Optimal healthcare is a 

priority and this will ultimately come down to the decision of the patient, who needs 

to be fully informed of the risks vs benefits. 

 

8.7. Conclusion 

The vulnerability of pregnant women and neonates as patients can make development 

and thorough testing of therapeutic agents difficult. This is evident in the little data 

available on antibiotic safety in pregnancy. Regardless of the ethical issues associated 

with this population, they remain at risk of infection and thus need access to safe, 

efficacious treatments. Antibiotics have numerous contraindications in pregnancy, 

have problems associated with resistance and new data suggests that antibiotic 

alteration of the vagina could influence the microbial seeding of the neonatal gut. 

Despite this, they still are certainly of use in pregnancy where an infection or potential 

infection of unknown aetiology is in play, for example PROM. The potential for use of 

phage therapy is already fast accelerating with the emergence of antibiotic resistance, 

however, the targeted nature of this intervention would be especially beneficial in an 

antenatal and perinatal context where minimal disruption of the host microbiota is of 

importance. Through the numerous studies that have examined bacteriophages as 

therapeutic agents, we can see their vast and unique potential, especially in that their 

concentration and persistence is dependent on bacterial host prevalence and their 

site-specific localisation appears to be somewhat independent of their route of 

administration. The potential for targeted treatment of infections in the mother and 



170 

 

fetus is exciting and certainly warrants additional research into further development of 

antenatal in vitro and in vivo models of bacteriophage therapy to complement the 

many years of previous research in this field summarised within this review. 
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CHAPTER 9 – PREAMBLE 

 

This chapter has been submitted to the journal Viruses MDPI and is currently under 

peer-review. Here the previously described clinical Group B streptococcus isolates are 

used as a platform for bacteriophage discovery. This chapter focuses on the 

characterisation of four novel phages and their activity against these clinical isolates. 
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CHAPTER 9 – CHARACTERISATION OF BACTERIOPHAGES WITH ACTIVITY AGAINST 
CLINICAL Streptococcus agalactiae ISOLATES 

 

9.1. Abstract 

Streptococcus agalactiae or Group B Streptococcus (GBS) is a leading cause of sepsis in 

neonates. Prophylactic antibiotic administration is common in pregnant women, but 

antibiotic-resistance and adverse effects on neonatal microbiomes may result. Use of 

bacteriophages (phages) is one option for targeted therapy. To this end, four phages 

(LF1 – LF4) were isolated from wastewater. They displayed lytic activity in vitro against 

S. agalactiae isolates collected from pregnant women and neonates, with 191/247 

isolates (78.2%) and 10/10 (100%) isolates susceptible to at least one phage, 

respectively. All phages were members of the Siphoviridae and sequencing revealed 

genomes ranging from 32,205 – 44,768 bp. LF1 and LF4 shared 99.9% nucleotide 

identity and were closely related to a putative prophage of S. agalactiae. LF2 showed 

homology to a different putative prophage, although its genome organisation differed, 

while LF3 exhibited genome similarity to a Streptococcus pyogenes phage. The 

presence of genes required for lysogeny including integrase, repressor and regulatory 

modules suggests all are temperate phages, which are not typically used for phage 

therapy; however, the in vitro activity of these phages against a broad range of clinical 

isolates is promising for future therapeutic use as bioengineered phages or purified 

lysins.  

 

9.2. Introduction 

As a leading neonatal pathogen, Streptococcus agalactiae is an important 

consideration for prophylactic antenatal treatment. Transmission of this organism to 

neonates from a colonised mother has led to the implementation of universal 
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screening programs in various countries worldwide (Verani et al. 2010). These consist 

of either risk- or culture-based approaches and result in the administration of 

intrapartum antibiotics. Colonisation by S. agalactiae occurs in 10-30% of pregnant 

women and as such there is widespread use of antibiotics given this treatment 

approach (Russell et al. 2017). While this strategy has been effective in reducing the 

disease burden of early onset sepsis (Verani et al. 2010), there are implications to 

consider. Antibiotic exposure in utero as a result of intrapartum prophylaxis has been 

reported to have an impact on the infant microbiome, with studies describing altered 

community structure, species richness and diversity in the infant gut (Stearns et al. 

2017, Aloisio et al. 2016, Azad et al. 2016, Corvaglia et al. 2016). The long term impact 

of this early gut alteration is not well understood and studies addressing this are 

currently being conducted (Simioni et al. 2016).  

 

In addition to microbiome-related effects is the potential for resistance emergence 

among S. agalactiae isolates. Clindamycin and erythromycin resistance have been 

frequently reported in the literature (Back et al. 2012, Brzychczy-Wloch et al. 2010, 

Chang et al. 2015, Lopes et al. 2018, Guo et al. 2018, Khodaei et al. 2018) with rates 

between 3% - 70.8%, which is of particular concern for those women with penicillin 

allergies who often receive clindamycin as an alternative. Penicillin resistance has 

previously been rare and not considered a cause for concern until more recently. 

Tolerance to penicillin was described as far back as 1994 by Betriu and colleagues 

(Betriu et al. 1994) and since then further studies have observed reduced susceptibility 

to penicillin in S. agalactiae (Chu et al. 2007, Banno et al. 2017, Kimura et al. 2008). 

Multi-drug resistance within a clone exhibiting intermediate susceptibility to penicillin 

has increased rapidly over the last decade in Japan (Seki et al. 2015, Banno et al. 2018). 
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This incidence of rising resistance coupled with the unknown effects of antenatal 

antibiotic administration on the infant are justified reasons for evaluation of 

alternative strategies for S. agalactiae prophylaxis during pregnancy.  

 

Bacteriophages or phages, are being re-considered in the western world as an 

alternative antimicrobial therapy in the face of increasing rates of antibiotic resistance 

(Matsuzaki et al. 2005, Nobrega et al. 2015). These bacterial viruses typically have 

narrow antibacterial host ranges, are self-limiting, and are unable to infect human 

cells. These attributes make for an attractive solution to treatment of bacterial 

infections, one that other countries such as the former Soviet Union have continued to 

pursue for over a century (Carlton 1999). Use of human phage therapy in the Western 

world has been a challenge (Kutter et al. 2015) and its use during pregnancy and the 

perinatal period presents an even greater one due to the vulnerability of this 

population(Furfaro et al. 2018a). Regardless, the prospects for phage therapy as a 

targeted alternative to antibiotics, particularly for the eradication of S. agalactiae in 

pregnant women, have huge potential. Antenatal S. agalactiae colonisation represents 

a niche opportunity in which a single bacterial species is the target; an ideal scenario 

considering the host specificity of phages. Phage therapy could potentially resolve 

issues associated with microbiome dysbiosis, as well as limiting the development of 

antibiotic resistance.  

 

Several studies have explored phages active against S. agalactiae, however, none to 

date have isolated phages which are obligately lytic. Bai and colleagues isolated a total 

of four phages from bovine milk sources with the prospect of use in cases of bovine 

mastitis, of which S. agalactiae is an important cause (Bai et al. 2016, Bai et al. 2013). 
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Domelier et al. isolated 36 phages by inducing 114 S. agalactiae isolates with 

mitomycin C and observing the resultant lytic activity (Domelier et al. 2009). Both 

studies failed to isolate phages that would be ideal for therapeutic use though, due to 

their temperate nature. With the risk of lysogeny in treated strains, other studies have 

focussed on utilising phage components such as lysins, which are responsible for 

bacterial cell wall degradation, as treatment options (Oechslin et al. 2013, Huang et al. 

2015, Schmelcher et al. 2015). The best example of this is seen in a study by Cheng et 

al., which found that vaginal inoculation with S. agalactiae phage lysin PlyGBS (purified 

from a temperate S. agalactiae phage) successfully eradicated the colonising S. 

agalactiae isolates in a mouse model (Cheng et al. 2005). Our study aimed to isolate 

phages with lytic activity against clinical S. agalactiae isolates collected from pregnant 

women and neonates for potential use in future therapeutic ventures. 

 

9.3. Materials and methods  

9.3.1. Bacteriophage isolation 

Waste water from Perth, Western Australia was collected as an environmental source 

of phages and enriched using a panel of 20 S. agalactiae isolates as per standard 

enrichment protocols (Wommack et al. 2009). The resulting 0.2 µm filtrate was spot 

tested on a range of S. agalactiae isolates to detect lytic phage activity (Wommack et 

al. 2009). Trypticase Soy Broth (Becton Dickinson, USA) supplemented with Ca2+ at 

double strength (2 M) was used in the enrichment process and Tryptic Soy Agar 

(Becton Dickinson, USA) as solid and semi-solid media (0.5%) was used for whole plate 

and drop-on-plate (spot test) assays (Kropinski et al. 2009, Mazzocco et al. 2009b). 

Plaques were selected and purified on the propagating host in three separate 
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purification rounds. The resulting pure phage suspensions were propagated to a high 

titre for further analysis. 

 

9.3.2. Host range testing 

A total of 247 carriage S. agalactiae isolates from consenting Western Australian (WA) 

pregnant women were collected from 2015 - 2017 as part of a larger cohort study, 

Predict1000, which was approved by the Women and Newborn Health Service Human 

Research Ethics Committee (201535EW). In addition, 10 neonatal invasive disease S. 

agalactiae isolates from WA and 20 reference isolates (courtesy of Dr Kong and Prof. 

Gilbert) were included. Other organisms that were included to test phage specificity 

were the closely-related species, Streptococcus pyogenes (ATCC 12203), Streptococcus 

bovis (ATCC 15351), Streptococcus mitis (M2611), Streptococcus equisimilis (NCTC 

5371), Streptococcus sanguinis (ATCC 10558), Streptococcus anguinosus (M2670), 

Streptococcus salivarius, Staphylococcus aureus (ATCC 9144), Staphylococcus 

saprophyticus (ATCC 15305), Staphylococcus epidermidis (ATCC 14990), Enterococcus 

faecalis (ATCC 19433), Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus 

jensenii, Lactobacillus johnsonii and Lactobacillus rhamnosus. All these Lactobacilli 

apart from L. rhamnosus are common vaginal bacteria associated with vaginal health: 

important for assessment of phage host range in the context of S. agalactiae antenatal 

prophylaxis. Host range testing involved the whole plate and drop-on-plate assays 

(including 1:10 phage dilution series), as described previously (Kropinski et al. 2009, 

Mazzocco et al. 2009a, Mazzocco et al. 2009b). Results were determined as positive for 

activity if the drop zone produced full clearing (C, clear) and/or plaques (P, plaques). 

Turbidity of the drop sites was noted (T, turbid) and no observable activity on the lawn 

was recorded as negative for activity (–, negative). 
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9.3.3. Clinical S. agalactiae host characteristics 

All of the carriage S. agalactiae isolates were serotyped via multiplex assay to detect 

serotypes Ia, Ib and III (Furfaro et al. 2017) and remaining serotypes were determined 

by standard PCR and gel electrophoresis (Imperi et al. 2010). In addition to serotyping, 

57 of the 247 had whole genome sequence data available (data currently under 

review).  

 

9.3.4. Microscopy 

Transmission electron microscopy (TEM) was used to confirm phage presence and 

determine structure and taxonomy. Concentrated phage filtrates (1010 PFU/mL) were 

stained using 2% uranyl acetate on carbon-coated 200 mesh copper grids (SPI 

Supplies®, USA) and examined using a JEOL 2100 microscope operating at 120 kV. All 

TEM images collected were analysed using Fiji and Image J, including measurements of 

phage virions (minimum of ten single virions measured per phage) (Schindelin et al. 

2012). 

 

9.3.5. Sequencing 

All phage lysates were treated with Turbo™ DNase (Life Technologies, USA) to remove 

bacterial host DNA contamination in the library preparation and phage DNA was 

extracted using the Phage DNA Isolation Kit (Norgen Biotek Corp., Canada). Extracted 

DNA was quantified using a QubitTM fluorometer and 1.0 ng of DNA was used in the 

Illumina Nextera XT library preparation protocol as per manufacturer’s instructions 

(Illumina). Briefly, the genomic DNA was tagmented, indexed by PCR and purified using 

AMPure XP beads. Library pooling was performed after quantification of the library 

size using the LabChip® GXII. The pooled DNA library was sequenced on an Illumina 
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Nextseq and paired-end 300 bp reads generated. Genome analysis was carried out 

using Geneious (version 10.2.4) with phage genomes assembled using SPAdes (version 

3.10.3) (Bankevich et al. 2012). Open reading frames (ORFs) were predicted using 

Glimmer (version 3) (Delcher et al. 2007) and GenBank was used to annotate these 

ORFs. RASTtk was also used for annotation (Aziz et al. 2008, Brettin et al. 2015, 

Overbeek et al. 2014). Easyfig was used to produce genome maps and alignment 

figures (Sullivan et al. 2011) and Interactive Tree of Life (iTOL) was used to visualise the 

phylogenetic tree including 264 complete Streptococcus phage genomes, from the 

NCBI database, used for comparison (Letunic and Bork 2016). ClustalW was used to 

align multiple genomes (Thompson et al. 1994) and FastTree used to create a 

neighbour-joining tree (Price et al. 2009). PHASTer was used to evaluate the presence 

of putative prophages in reference isolates for comparison (Arndt et al. 2016). 

Additionally, QUAST was used to assess the quality of the genome sequencing data 

(Gurevich et al. 2013). The genome sequences were deposited in GenBank under 

accession numbers MH853355 (LF1), MH853356 (LF2), MH853357 (LF3) and 

MH853358 (LF4). 

 

9.4. Results 

9.4.1. Phage isolation 

Four bacteriophages, LF1, LF2, LF3 and LF4, were isolated from local wastewater 

sources with propagating hosts of S. agalactiae reference isolates SA7 (LF1 and LF2), 

SA10 (LF3) and SA28 (LF4). All phages were found to belong to the Siphoviridae family 

based on TEM (Figure 9.1). Members of this family have an icosahedral head and long 

non-contractile tail; all phage dimensions were significantly different (p<0.01) in at 

least one virion measurement according to student t-test (Table 9.1). 
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Figure 9.1. Transmission electron micrographs of the four S. agalactiae phages (LF1 – 

LF4). Scale bar of 50 nm included in each micrograph. 

 

 

 

 

Table 9.1. S. agalactiae phages LF1, LF2, LF3 and LF4 virion measurements*. 

 

Mean (nm) ± SD LF1 LF2 LF3 LF4 

Tail length 109.6 ± 2.9 108.6 ± 4.0 125.3 ± 4.6 198.9 ± 9.1 

Capsid width 41.4 ± 1.5 43.3 ± 1.8 44.1 ± 4.1 46.3 ± 2.6 

Capsid length 38.7 ± 2.2 42.9 ± 1.2 44 ± 4.2 45.7 ± 3.5 

*A minimum of ten virions were measured per phage. 
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9.4.2. Host range activity 

Activity of each phage on the 257 clinical S. agalactiae isolates varied with 21.4%, 

20.6%, 23.3% and 23% of isolates sensitive to LF1, LF2, LF3 and LF4, respectively (Table 

9.2). Each phage had a different host range pattern. Between all four phages, activity 

was observed across 201 (78.2%) of the isolates, however, this consisted of both clear 

and turbid clearing results (Figure 9.2). Fifty six (21.8%) of the S. agalactiae isolates 

showed no sensitivity to any of the four phages. The specificity testing showed no 

activity of the phages against closely-related organisms or commensal vaginal bacteria 

tested, except for a single clinical S. salivarius isolate that was highly sensitive to LF1, 

LF2 and LF4 phages. Serotyping of the 257 S. agalactiae isolates revealed the presence 

of serotypes Ia, Ib, II, III, IV, V, VI and non-typeable (NT) strains. Comparison between 

individual phage activities based on serotype suggested that activity was serotype 

independent (Figure 9.3).  
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Table 9.2. The host range activity of four S. agalactiae phages against clinical carriage 

(antenatal) and disease (neonatal) S. agalactiae isolates. The activity is divided into 

plaque formation, clear zones, turbid zones and no activity. 

 

 Phage activity against GBS isolates n (%) 

 Plaques Lysis zone Turbid Negative 

LF1 4 (1.5) 49 (17.9) 71 (25.9) 150 (54.7) 

LF2 5 (1.8) 49 (18.0) 37 (13.6) 181 (66.6) 

LF3 33 (12.2) 30 (11.1) 15 (5.5) 193 (71.2) 

LF4 2 (0.7) 56 (20.7) 92 (34.1) 120 (44.5) 

 

 

 

 

Figure 9.2. Representative examples of the spot test outcomes including plaques (P), 

clear (C), turbid (T) and negative (–).  
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Figure 9.3. The relationship between S. agalactiae host serotype and LF1 – LF4 phage 

activity presented as the number of isolates that were sensitive (clearing or plaques, 

C+), turbid (T+) and not sensitive (negative, –) and their serotype. 

 

 

9.4.3. Phage genomic analysis 

Assembly of the phage sequence data showed variation in size and G/C% across three 

of the four phages. LF1 and LF4 were highly similar, and assembly resulted in complete 

circularised genomes for each (total length 37,421 bp) with G/C content of 37%. LF2 

(44,768 bp) and LF3 (32,205 bp) were annotated and assessed based on their largest 

contig, which represented all gene modules expected in a phage genome and 

contained 36.7% and 40.2% G/C content , respectively. A total of 65, 87, 55 and 65 

open reading frames (ORFs) were predicted by Glimmer and 60, 76, 47 and 60 ORFs 
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were predicted by RASTtk. ORFs orientated on the positive strand consisted of 88.3%, 

14.5%, 87.2% and 88.3% within LF1, LF2, LF3 and LF4, respectively. Annotation using 

BLASTN and RASTtk revealed similar structural arrangement of gene modules for LF1, 

LF2 and LF4, however, LF3 was distinct (Figure 9.4). All phages were aligned to assess 

their sequence similarity (Figure 9.5). LF1 and LF4 showed 99.9% identity (52 bp 

difference overall). LF2 shared regions of homology with LF1 and LF4, however, LF3 

showed the least homology, sharing only a small section within the structural module 

with LF2. Blast analysis of LF1 and LF4 suggested similarity to putative prophages of S. 

agalactiae A909 (Accession#: CP000114) which had no previous function characterised 

according to PHASTer. LF2 appeared to have regions of homology with the putative 

prophage characterised for S. agalactiae BM110 (Accession#: LT714196), but 

rearranged. Lastly, LF3 shared homology with a partial region of the putative prophage 

from S. agalactiae SG-M6 (Accession#: CP021869.1). These putative prophages have 

not been functionally described previously and our genome data do not cover the 

entire putative prophages. 
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Figure 9.4. The organisation of genes in the genomes of four S. agalactiae phages with 

modules highlighted. 
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Figure 9.5. Comparative alignment of all S. agalactiae phages demonstrating the 

percentage nucleotide similarity of the different genomes (colour scale percentage 

similarity). 
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9.4.4. Annotations 

Numerous methods were assessed to annotate the phage genomes including RASTtk 

(customised to phage annotations), Glimmer and BLAST (Supplementary Table 9.1, 

Appendix P). This analysis revealed key genes involved in lysogeny including those 

encoding integrase, excisionase, Cro/CI repressors. A toxin-associated gene, annotated 

as paratox, was found adjacent to the integrase gene in LF1 and LF4 and near 

transcriptional regulator genes in LF2. LF3 did not contain paratox, however, BLASTN 

analysis revealed 100% identity to a toxin-antitoxin system in S. pyogenes Str03 phage 

(Accession#: KY363359) and high similarity to an additional antitoxin HicB protein 

family gene (~98% identity). A tyrosine tRNA (tRNA-Tyr-ATA) was identified within LF2 

by RASTtk, located at the terminus of the genome. Integrase gene of all LF phages 

were reported as tyrosine recombinases by HHPred, with <43% homology except for 

LF1 and LF4 which shared 99.7%. All putative lysins of our four phages were tested 

using BLASTP to assess novelty. LF1, LF2 and LF4 shared homology with the conserved 

protein Cpl-1, a lysozyme/muramidase. LF1 and LF4 shared 98.6% (six amino acid 

differences) and 99.8% (one amino acid difference) identity with peptidoglycan 

endolysin protein (AAN28166.2), respectively. LF2 shared 99.8% homology with lysin 

protein (WP_025197090.1) and 93% identity to the LF1 and LF4 endolysin protein. 

Distinct from these phages with only 12% identity to the other lysins, LF3 was found to 

share 100% homology to muramidase protein (WP_000512610.1) including conserved 

domains such as amidase_5, Cpl-7 cell wall-binding domain and glucosaminidase. 

 

9.4.5. Phylogenetic analysis 

The four LF phages in the context of complete Streptococcus phage genomes shared 

<60% homology with the closest ancestor of the 264 Streptococcus phages assessed 
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(Figure 9.6). The distances between the LF phages within the neighbour-joining tree 

mirrored the percentage similarity observed in Figure 9.5, with LF1 and LF4 highly 

similar, LF2 somewhat similar and LF3 distantly related. The Streptococcus phage tree 

included the virus family where available, and was predominated by Siphoviridae, 

however, the closest ancestors to LF2 were Podoviridae family members.  
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Figure 9.6. The neighbour-joining phylogenetic tree analysis of LF1 – LF4 phages 

(purple) and 263 complete Streptococcus phage genomes and their respective viral 

families. 
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9.5. Discussion 

We describe four temperate S. agalactiae phages isolated from wastewater with 

activity against clinical S. agalactiae human isolates. Transmission electron 

micrographs revealed all phages were from the Siphoviridae family and all virions 

differed significantly in at least one measurement, suggesting they represent distinct 

phages. A broad range of host activity was observed of all phages against both 

antenatal carriage and neonatal disease S. agalactiae isolates, individually spanning 

multiple serotypes. While host range overlapped, each phage had a different host 

range pattern including unique activity of LF1, LF2, LF3 and LF4 against 7, 3, 20 and 24 

S. agalactiae isolates screened, respectively. These differences further indicated that 

the four phages were distinct. It should be noted that the spot test, however, has 

limitations because of the instances of false positives (Khan Mirzaei and Nilsson 2015, 

Abedon 2017). The detection of plaques via dilution screening was able to provide 

confidence that activity was due to phages and not bacteriocins.  

 

Phylogenetic comparison with other completed Streptococcus phage genomes showed 

clustering, however, the studied phages, LF1, LF2 and LF4 had 43%, 40% and 43% 

homology with other phages on neighbouring branches, respectively. This suggested 

that perhaps these represent phages that had not been previously characterised as 

Streptococcus phages. Whole genome analysis revealed a high sequence similarity 

between LF1 and LF4 suggesting these were highly related with only 52 bp equating to 

43 amino acid differences overall. This homology contrasts with the differences 

observed phenotypically and structurally. These phages shared 40% of the isolates as 

hosts, but LF4 was active against an extra 19% while LF1 lysed only an extra 8.6% of 

isolates. Structurally the LF4 tail measured almost twice the length of that of LF1, and 
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its capsid was significantly larger, the latter possibly related to two amino acid 

differences in the major capsid protein (99% homology to WP_0008410241.1). The 

amino acid differences between the two phages were seen across numerous 

conserved hypothetical proteins in addition to terminase, lysin, capsid and other 

structural proteins, including a minor structural protein within the tail protein cluster 

(ORF32). This ORF is the longest gene in the genome and may represent the tape-

measure protein, however, no annotations have revealed a direct homology to other 

tape-measure proteins. Several tail proteins contained amino acid differences between 

LF1 and LF4 phages, however, the direct cause of the morphological difference has not 

been confirmed. Previous analyses of mutations in the structural proteins and tail 

fibres that affect host range were reported by Jacobs-Sera and colleagues (Jacobs-Sera 

et al. 2012). They observed single point mutations resulting in an amino acid 

substitution in the putative minor tail protein genes of mycobacteriophages and 

attributed the differing host ranges to these changes (Jacobs-Sera et al. 2012). 

Similarly, we found a single amino acid substitution in the ORF32 protein of LF1 and 

LF4 phages in addition to observable host range differences. ORF32 aligns (31% 

identity, 98% cover, E value 2e-47) with the genes present in several S. thermophilus 

phages encoding antireceptor proteins responsible for host specificity (Duplessis and 

Moineau 2001, Binetti et al. 2005). 

 

The lysogenic regions including integrase and repressor genes detected within our 

sequence data are suggestive that all four phages are temperate. This corresponds 

with the homology with partial regions of S. agalactiae whole genomes reported by 

BLAST. LF1 and LF4 results were indicative of a prophage from S. agalactiae A909, a 

well-known reference isolate, however, the regions of phage coverage did not 
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correspond with the putative phages outlined by PHASTer. Similarly, LF2 contained 

regions of homology to S. agalactiae BM110, however, rearranged gene modules are 

evident which is not uncommon in phages (Hatfull and Hendrix 2011). LF3 also shared 

homology with S. agalactiae SG-M6, although this was only corresponding with a 

partial region of this putative prophage. These observed homologies with putative 

prophages indicate that S. agalactiae isolates are the origin of four phages, which have 

presumably been released as virions into the environment by spontaneous induction 

from their hosts, however, the PHASTer database states these regions as questionable 

and the phages we describe do not cover these regions entirely. Thus this study may 

represent the first functional analysis of such putative prophages. This said, although 

our whole genome sequence data certainly suggests that these are temperate phages 

based on the presence of lysogeny-related genes, it should be noted that additional 

experiments are required to functionally confirm these findings. These include 

determining whether lysogens can be formed in vitro and assessing the conditions of 

prophage induction. However, we should point out that although these experiments 

would be valuable for phage characterisation, in a therapeutic context, such as that in 

our study, molecular identification of lysogeny-related genes provides sufficient data 

to either progress or halt further work on the therapeutic application of specific 

phages. As such, the LF phages discussed here are not suitable ‘textbook’ candidates 

for therapy in their current form. Additional experiments to characterise the nature of 

lysogeny may pave the way for future assessment of the potential for bioengineering 

these phages to make them suitable for therapeutic use, an approach that may be 

pertinent to successful application of phage therapy against S. agalactiae considering 

that no obligately lytic phages have been identified against this species to date. 

Previous studies have described the induction of temperate phages from S. agalactiae 
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bacteria and phages with specific bovine host range activity. Bai and colleagues 

described the phage JX01 in 2013, which was isolated from mastitic bovine milk. They 

found that JX01 specifically lysed bovine clinical isolates of S. agalactiae, however, 

showed no activity against fish or human S. agalactiae isolates or other Streptococci 

and Staphylococci. Similar to our current study, whole genome sequencing revealed 

the presence of a lysogenic module containing repressor and integrase genes 

suggesting temperate nature (Bai et al. 2013). This group went on to describe three 

additional bovine S. agalactiae phages which also specifically lysed bovine isolates (Bai 

et al. 2016). 

 

Domelier and colleagues reported the activity of chemically-induced phages originating 

from human S. agalactiae isolates. They observed a lineage-based specificity whereby 

phages induced from all clonal complexes (CC), excluding CC17, only lysed isolates of a 

similar evolutionary origin. In contrast, phages induced from CC17 S. agalactiae 

isolates demonstrated lytic activity against all other lineages except for CC23 (Domelier 

et al. 2009). The range of serotypes sensitive to each of the LF phages does not support 

this finding, unless all four phages originated from a CC17 strain, phages from which 

Domelier and others showed had a broader host range. Further to this point, Salloum 

et al. revealed the clustering of prophage DNA into five groups within a cohort of 142 

S. agalactiae isolates that caused meningitis and bacteraemia in adults and neonates. 

They showed differences in prophage DNA content between serotypes, STs and CCs 

and concluded with the suggestion that mechanisms of gene transfer from cell to cell 

mediated by phages are specific to each intraspecies lineage (Salloum et al. 2011). This 

is an interesting notion, given that we have evaluated the serotype and ST for a 

proportion of the isolates used in our host range studies, and that phage activity was 
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observed across all serotypes and STs. While the majority of these isolates are 

maternal carriage isolates, the few neonatal invasive disease isolates (n = 10) were also 

similar with regard to this variation. This activity would suggest that the polysaccharide 

capsules containing these serotype determinants are not responsible for phage 

attachment, as this is often a very specific binding, and may be a result of phage 

evolutionary adaptation to the infection of different serotypes. 

 

In addition to these lysogeny-associated genes, paratox (LF1, 2 and 4) and toxin-

antitoxin (LF3) genes were present. The term paratox refers to a highly conserved ORF 

situated adjacent to toxin genes, and was first described in S. pyogenes prophages as a 

recombination hot-spot, but has also been reported in S. agalactiae (Aziz et al. 2005). 

While no toxin genes have been identified in our phages, the position of the paratox 

genes in the LF phages, adjacent to genes annotated as encoding hypothetical 

proteins, may suggest that these genes should be assessed to determine if they are 

toxin genes. Furthermore, the LF1 and LF4 paratox gene is 180 bp and 100% identical 

to that of S. agalactiae isolate SG-M6 (putative prophage origin of LF3) and is found 

adjacent to the integrase gene, supporting the notion of paratox as an indicator of a 

recombination hot-spot. LF2 contains a 183 bp paratox with 100% identity to that of S. 

agalactiae BM110 (putative host of LF2) and is adjacent to the integrase gene also. As 

paratox is thought to have contributed to the emergence and evolution of virulent 

Group A Streptococcus strains (Aziz et al. 2005), its role in other streptococcal species 

is of great interest. No paratox genes were annotated in LF3, however, at a similar 

genome location, putative toxin-antitoxin genes are present. The toxin-antitoxin 

system in bacteria plays a role in defence against invading phage DNA in which an 

antitoxin promotes dormancy or death of a phage-infected cell (Unterholzner et al. 
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2013): in some cases phages encode their own antitoxins which mimic or neutralise 

the bacterial molecule to allow phage reproduction (Samson et al. 2013). 

 

When considered for therapeutic use, individual phages are not likely to be used, 

rather a cocktail of different phages to cover an extensive host range (Chan and 

Abedon 2012). A cocktail of the phages isolated from this study would result in 

coverage of 50.1% as a conservative estimate, and as many as 77.3% when including 

turbid zones of the clinical S. agalactiae isolates screened. Given the temperate nature 

of these phages they are not recommended candidates for phage therapy, however, 

given that no obligately lytic phages have been described with activity against S. 

agalactiae, temperate phages may yet be an option. A similar scenario is observed for 

Clostridium difficile, in which to date only temperate phages have been isolated, yet 

these have been pursued as a therapeutic option regardless of the difficulties 

(Hargreaves and Clokie 2014) which has resulted in promising results in vitro (Nale et 

al. 2018). The activity observed makes for a case to pursue the isolation and 

characterisation of S. agalactiae phages and indicates the potential for future 

bioengineering (Pires et al. 2016) of those described here. 

 

Others have also explored the purification of lysins as another option for clinical use of 

phages, given the success of this approach by the several S. agalactiae studies outlined 

in the literature (Cheng et al. 2005, Cheng and Fischetti 2007, Pritchard et al. 2004, 

Pritchard et al. 2007, Oechslin et al. 2013, Huang et al. 2015, Schmelcher et al. 2015). 

The cell wall hydrolases of pneumococcal phages have been described previously 

(Lopez et al. 1997, Fenton et al. 2010), of which the studied phages’ translated lysin 

gene sequences shared homology with conserved protein domains such as Cpl-1 cell 
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wall-binding domain (LF1, LF2 and LF4), Cpl-7 cell wall-binding domain, amidase_5 and 

glucosaminidase (LF3). The peptidoglycan endolysin Cpl-1 was first identified in S. 

pneumoniae phages and has since been characterised (Hermoso et al. 2003). Similarly, 

Cpl-7 is a representative of the pneumococcal phage lysozymes (Bustamante et al. 

2017). These lysins are conserved among Streptococcal species but have been shown 

to elicit varying activity, for example, the multiple CW-7 repeat sequences present 

within the Cpl-7 cell wall-binding domain account for the extended host range of the 

Cpl-7 lysin (Donovan and Foster-Frey 2008). The arrangement of LF3 domains 

resembles a similar structure to the λSa2 endolysin, including the endopeptidase 

(amidase_5), two Cpl-7 regions and a glucosaminidase domain (Donovan and Foster-

Frey 2008).  

 

The isolation and host range, morphological and genomic characterisation of the four 

LF phages adds to our knowledge of S. agalactiae phages and highlights the activity of 

temperate phages on clinical isolates. Further characterisation is required to confirm 

the temperate nature of these phages and will be an important step for assessment of 

bioengineering potential of these phages in future studies. Similarly, additional 

survival, adsorption and one-step growth experiments would help to characterise 

these phages in a clinical context, a limitation of the present study. The clinical isolates 

used for host range screening in this study are particularly relevant to assessing the 

potential activity of these phages in a therapeutic setting. Antenatal colonising isolates 

are the target of current intrapartum antibiotic administration, and additionally, the 

neonatal invasive disease isolates also remain a target in cases of early onset and late 

onset disease, the latter of which has not been reduced through current prophylactic 

strategies (Schrag and Verani 2013). Given the lack of obligately lytic phages against 



196 

 

this species, phage isolation is an important step towards building an arsenal of 

therapeutic alternatives, whether that is through use of whole phage, enzymatic 

components, or engineered phage with the power to reduce virulence or resistance 

determinants. Further phage isolation and screening against clinical antenatal S. 

agalactiae isolates is also warranted in the pursuit of obligately lytic phages; these 

would be ideal candidates for whole phage therapy strategies to prophylactically 

target S. agalactiae in pregnant women without having any impact on the neonate. 
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CHAPTER 10 – GENERAL DISCUSSION 

 

10.1. Critical discussion of findings and associated research limitations 

10.1.1. Group B Streptococcus screening 

Streptococcus agalactiae is a significant neonatal pathogen that can be transmitted to 

neonates from colonised mothers. Maternal colonisation is a central risk factor for 

early onset neonatal disease, and this was illustrated by the significant association 

(p=0.011) we observed in our Predict1000 cohort sub-study (Chapter five).  

 

Although Western Australian pregnant women were being screened and treated for 

GBS colonisation accordingly, epidemiological data was severely lacking for this region. 

The development of the novel multiplex real-time PCR assay was aimed at maximising 

screening capabilities by providing additional information on serotypes that were 

thought to be the most prevalent globally, and also improving the diagnostic turn-over 

time compared to culture methods. The assay sensitivity (limit of detection 2.8 x 10-4 

ng DNA) and specificity (100%) in both singleplex and multiplex was extremely 

promising. While this assay was designed to target what were considered prevalent 

serotypes, a range of other serotypes appeared to be prominent also, accounting for 

56% of detected isolates from the enrichment PCR (Chapter four). At the time of 

developing the multiplex real-time PCR assay the prominent vaccine candidate in 

development was the trivalent vaccine targeting serotypes Ia, Ib and III. Our validation 

data assessing the UPCAN cohort, however, revealed relatively low rates of Ib (1.2%) 

compared to other studies in Australasia (8% - 19.5%) (Ko et al. 2015, Zeng et al. 2006, 

Zhao et al. 2008, Taylor 2006). Interestingly, the results of the prospective cohort sub-

study (Predict1000) identified higher rates of Ib (8.4%) than this previous study, 
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possibly due to retrospective methods and sample size, or changes observed over 

different the time period (2012-2014 compared to 2015-2017, respectively). 

 

With assay sensitivity detection level of 120 genome copies overall and as low as 12 

copies for Ia, Ib and dltS targets, this suggested capacity for use on direct sample 

testing. However, the direct PCR lacked sensitivity compared to cultured PCR with only 

~82% of isolates detected directly from the clinical specimen. A number of factors may 

play a role in this, particularly when comparing sensitivity of pure GBS DNA that was 

used to report a limit of detection. The concept of high target competition may skew 

results, particularly with specimens that contain a range of bacteria. If targets are 

present in low titres, these may be unable to adequately bind with primers due to the 

other bacterial DNA presence and this is likely to account for the improvement in 

detection with selective broth enrichment. While this assay was validated with clinical 

samples, accurate enrichment culture confirmatory data was not available for all 

samples of the retrospective study (UPCAN) as it was for Predict1000. For example, we 

were not able to estimate sensitivity based on clinical samples in the UPCAN study as 

we were unable to accurately confirm sample positivity through enrichment culture 

due to the retrospective nature of the study and the associated impact on sample 

viability for culture.  

 

10.1.2. Methodological limitations 

This study does not come without its limitations, and these are largely related to 

potential additional analyses that may have yielded more data. Follow-up with the 

neonatal component would have strengthened the study and provided additional 

information about the link between carriage and those isolates that go on to become 
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invasive; however, this was beyond the scope of our clinical study. Rather, we were 

able to assess clinical risk factors and medical record data to form associations 

between GBS colonisation and neonatal data to some degree. Optimisation of the 

diagnostic component would have involved testing enriched Carrot Broths by PCR, 

although our end goal was pure isolation to continue further testing, so this was not 

economically feasible for this study given that extractions were carried out on all 

clinical specimens (vaginal and rectal separately) for both visits and any additional pure 

isolates.  

 

The WGS component has the potential for analysis in great depth of numerous 

different genes; however, we selected only those of particular relevance to virulence 

or those whose products were targeted by candidate therapies, such as vaccines. A 

plethora of information could be mined from these genomes and this was beyond the 

scope and focus of this study. The genomic information was used to understand the 

population structure among the isolates from Western Australia and place this into 

perspective with other global isolates. A key finding here was the interspersion of 

Australian and global isolates and highlights that while regional differences in serotype 

prevalence exist, information from WA is somewhat similar to that seen in other 

countries (with the exception of North America) and does not exhibit exclusive 

clustering separately from the global isolates.  

 

As widespread antibiotic prophylaxis results from the screening strategy, it would be of 

interest to assess antimicrobial resistance development. Antimicrobial susceptibility 

testing was not conducted on these isolates, but would be of particular interest 

regarding current treatment regimes. A total of 10.8% of study participants reported 
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an antibiotic allergy, of whom 77.3% specified allergy to penicillin and/or amoxicillin. 

These allergy rates (8.3%) are similar to those reported previously in the US and the UK 

(Van Dyke et al. 2009, Kerr 1994), but others have reported as high as 15.6% (Aagaard 

et al. 2014). This has implications for treatment, as the frontline antibiotic is often 

benzylpenicillin, and elevates the importance of potential resistance to other 

antibiotics which are often used in its place such as clindamycin (Garland et al. 2011). 

The rates of penicillin resistance were extremely low, however, studies have reported 

reduced penicillin susceptibility in GBS (Banno et al. 2017, Chu et al. 2007, Kimura et al. 

2008, Seki et al. 2015). Of greater concern given the treatment regime, are the rates of 

clindamycin resistance (Back et al. 2012, Chang et al. 2015, Pearlman et al. 1998) and 

this has led to guidelines calling for susceptibility testing of GBS from allergic women 

(Verani et al. 2010). The preservation of specimens within this study, will allow both 

phenotypic (pure GBS isolates) and genotypic (WGS data) examination of antimicrobial 

susceptibility in future studies using this cohort. 

 

10.1.3. Epidemiology of Group B Streptococcus within Western Australia 

All ten serotypes were detected from pregnant women in Western Australia over this 

study; this included both retrospective analysis (UPCAN study, chapter four) and 

prospective analysis (Predict1000 sub-study, chapter six). The serotype prevalence is 

illustrated in Figure 10.1, showing the variation across these two WA cohorts. The 

predominant antenatal serotypes detected in WA included Ia, III, II, V and Ib, followed 

by VI, IV and IX, VII and VIII. While serotypes III, II, V and VI remained consistent across 

the two studies, noticeable increases in Ia and Ib were observed in Predict1000 

compared to UPCAN, and in contrast, greater detection of IX and VII in UPCAN. 
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 Figure 10.1. Comparison of overall Streptococcus agalactiae serotype distribution 

resulting from the UPCAN study analysis (chapter four) and the Predict1000 sub-study 

(chapter six). 

 

 

Both the UPCAN and Predict1000 study collected antenatal specimens from King 

Edward Memorial Hospital (KEMH), Subiaco, Western Australia. The UPCAN study 

collected samples over the period of 2012 – 2014 of which we conducted retrospective 

analysis for GBS detection to validate the multiplex PCR assay. The GBS sub-study of 

Predict1000, however, collected specimens over the period of 2015 – 2017 in a 

prospective cohort study. There are a number of similarities and differences between 

the two datasets, but of interest were the span of time from 2012 to 2017, and key 

differences observed in the serotype distribution across the two periods. The earlier 

period showed low rates of Ib and high detection of IX, which had previously not been 
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detected in antenatal Australian cohorts. Additionally, the UPCAN cohort included VII 

and no VIII while Predict1000 reported the opposite result. The sample size and nature 

of the prospective study design adds more weight to the findings of Predict1000, 

however, the comparison of serotypes highlights that all 10 have been detected in the 

Western Australian antenatal cohort. 

 

The assessment of temporal dynamics revealed different results in each study; the 

three sampling points of UPCAN showed an increase in colonisation over pregnancy 

(20.5% at 13-26 weeks, 19.5% at 28 weeks and 24.2% at 36 weeks gestation), whereas 

the two time points in Predict1000 showed consistency (24.9% ≤22 weeks and 24.7% 

at ≥33 weeks). This difference was reflected in the percentage transiency, with 16.1% 

reported in UPCAN, while Predict1000 had a lower transiency rate of 10.4%. There are 

expectations for variation over different years and with different populations of 

different sample sizes and ethnicities, however, the combination of these two datasets 

begins to build the basis of epidemiology of GBS in WA pregnant women, with a 

colonisation rate of ~24% at the time of routine screening (35-37 weeks). 

 

The strengths of this research are the comprehensive analysis of GBS in the WA 

antenatal cohort, including a range of methodological approaches and diagnostics, 

epidemiology at the phenotypic and genotypic levels, and exploration of alternative 

therapeutic methods. This study has allowed the thorough description of GBS in a 

previously under-represented region of Australia and provided information that will 

inform clinical practice and public health, particularly when considering therapeutic 

alternatives such as vaccine implementation and future phage therapy. 
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10.1.4. Disease perspective 

The inclusion of only ten neonatal invasive disease GBS isolates within this thesis 

demonstrates the lack of disease perspective addressed, however, a number of studies 

have assessed disease isolates in the past and the importance of antenatal carriage as 

a source of this disease incidence in cases of early onset disease warranted further 

research in our opinion. Additionally, with current screening and treatment practices, 

the current rate of neonatal GBS disease is relatively low and would not sufficiently 

power a study over three years. Carriage provides an important insight into disease 

and the focus of this research was to refine screening during pregnancy and 

understand targets that may be more prevalent in GBS-colonised WA women. The 

limited neonatal disease isolates that were included in this research yielded interesting 

results in comparison to the carriage isolates; they represented a range of serotypes 

and sequence types (STs) and spanned all clonal complexes (CCs). This highlights the 

diversity within disease isolates and supports the examination of antenatal carriage to 

understand broader GBS epidemiology, as exclusive disease-associated targets have 

yet to be elucidated. Although this distribution was observed across all CCs, a greater 

proportion of neonatal invasive isolates were identified within CC12 (13%), CC17 (10%) 

and CC1 (9.7%) compared to CC19 (3.3%) and CC23 (2.4%). Interestingly, despite the 

lack of information on these neonatal isolates beyond the fact they were collected 

from neonatal invasive disease at KEMH, the minimal branching between these and 

the recently collected carriage isolates demonstrates a level of clonal persistence over 

time. 
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10.1.5. Implications of study outcomes for prevention and treatment of GBS by 

phage therapy 

The real-time collection and characterisation of clinical GBS isolates from pregnant 

women from this cohort provided an opportune platform for isolation of 

bacteriophages with activity against GBS. Using local wastewater, four bacteriophages 

were isolated and tested for activity against a panel of clinical GBS isolates from the 

Predict1000 sub-study. The activity observed differed between each phage, however, 

as a collective cocktail their host range would be sufficient to cover 78.2% (n = 247) of 

antenatal GBS isolates and 100% of all neonatal invasive disease isolates tested (n = 

10). No obligately lytic S. agalactiae phages have previously been characterised, and 

similarly, WGS analysis revealed that the four LF phages were unlikely to be virulent. 

The presence of common lysogenic modules such as integrase (int) and excisionase 

(xis), among other regulatory genes, indicated that these phages had the potential to 

form lysogens. While this has yet to be confirmed by integration and induction 

analysis, the presence of turbid plaques also supports this indication.  

 

10.1.6. Characterisation of lysogeny 

The number of sequenced bacteriophages has increased substantially over the last 

decade, with now more than 9,000 phage genomes available in Genbank, compared to 

the 500 available in 2008 (Hatfull 2008). With next generation sequencing technologies 

allowing higher throughput, leading to reduced costs and improved quality, the field of 

phage genomics is expanding. Compared to other organisms, however, the vast 

majority of genes identified are only able to be annotated as encoding hypothetical 

proteins. This is improving, however, there is still a long way to go and this is 

evidenced by the number of hypothetical and putative functions annotated in the four 
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phage genomes sequenced in this thesis. With more phage genomes and functional 

studies, the database will be improved and enable a greater level of confidence in 

annotations. This will not only be useful for clarifying phage genome organisation, but 

also for understanding the functional roles in the biology of the phages and 

interactions with their hosts, a valuable consideration for future therapeutic selection 

of phages. 

 

Additionally, genomic analysis of the LF phages LF1 and LF4 revealed a high level of 

similarity, with only 52 bp differences between the two genomes. However, despite 

their sequence similarity, structural and host range differences were observed, 

suggesting that these differences were of relevance. Other studies have demonstrated 

the effect of single nucleotide polymorphisms on phenotypical changes (Jacobs-Sera et 

al. 2012). To clarify the genetic and phenotypic differences we report, future studies 

should assess knock-out and gene mutation models to observe any impact on host 

range. This has implications for our current set of phages as the activity of narrow host 

range phages may be improved following mutation, particularly of the tail fibre 

receptors which are responsible for this host interaction (Chaturongakul and Ounjai 

2014, Lindberg 1973). The genetic engineering of the phages, to eliminate their ability 

to integrate and persist, should also be considered. This would be valuable for 

understanding the genes involved in lysogeny and also for the creation of 

therapeutically useful phages. 
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10.2. Directions for future research 

10.2.1. Screening and surveillance 

This research has highlighted the depth of information that can be obtained from 

these routine antenatal GBS screening programs. Serotype information is used widely 

when referring to GBS and is useful in describing prevalence, however, WGS analysis 

revealed greater complexity within these serotypes, often with mixtures of serotypes 

appearing within different clonal complexes. Surveillance must also be approached 

from an economical perspective though, hence the consideration of a multiplex PCR 

assay that not only provides diagnostic data in terms of presence/absence, but also 

determines the prevalence of three prominent serotypes simultaneously. Increasing 

development of WGS technology has made this platform one that is not far from 

routine diagnostics, particularly as costs decline, and could provide not only MLST data 

but also genetic relationships between strains. In light of this, another suitable option 

could be to develop a multiplex similar to the design demonstrated here, however, 

including the five predominant serotypes covered by the pentavalent vaccine in 

addition to dltS. This would require substantial optimisation but could be a cost-

effective strategy to inform GBS epidemiology. The long-term solution to GBS disease 

prevention cannot rely on antibiotic use and therefore surveillance is imperative 

sooner rather than later to guide development and the implementation of future 

therapeutics. 

 

Economic considerations of the universal culture-based screening in the US show that 

while more expensive than vaccination, if vaccine efficacy is <90% then it would be less 

effective than current screening and intrapartum antibiotic prophylaxis strategies (Kim 

et al. 2017). To optimise the cost associated with screening, additional testing of these 
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positive isolates is likely to be beneficial in long-term economic analysis as this would 

provide a platform to optimise vaccination strategies in a timely manner after their 

development, which may be pertinent to achieving the proposed >90% efficacy rate. 

 

As a commensal organism, exploration of host factors for colonisation is also of 

interest for understanding why colonisation is present in some and not others. We 

examined this in greater depth than many other studies by assessing not only 

demographic factors but also behavioural and lifestyle factors and their association 

with colonisation, however, further research into factors that may confer protection in 

non-colonised women would be beneficial. The concept of sexual activity creating re-

exposure events may begin to explain the transiency we observed, in addition to that 

observed in other studies. Other research directions may also include the assessment 

of dietary sources for GBS, particularly given that this organism colonises other hosts 

such as cows and fish. Reported outbreaks of food poisoning around 2015 – 2016 

related to GBS-contaminated fish were linked to a specific zoonotic clone (ST283) 

(Chau et al. 2017, Kalimuddin et al. 2017, Rajendram et al. 2016). During pregnancy 

raw fish consumption would be avoided, however, colonisation may be seeded from 

consumption prior to conception. Other sources such as breastmilk, may colonise the 

neonatal gut from birth and lead to a generational GBS colonisation, however, 

understanding the original source (neonate or breastmilk) is contentious (Brandolini et 

al. 2014, Filleron et al. 2014, Zimmermann et al. 2017). Maternal diet analyses would 

require extensive and detailed questionnaires before and during pregnancy and would 

be an extremely difficult logistical task. Regardless, this highlights the number of 

unknowns that require further evidence to help piece together the colonisation and 

disease occurrence associated with GBS. 
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10.2.2. Therapeutic interventions 

Vaccine targets were addressed in this research, particularly capsular polysaccharides, 

surface proteins and pilus proteins, and these vaccine candidates are progressing 

through clinical trials rapidly (Heath 2016, Lin et al. 2018). The pentavalent vaccine 

appears to provide the greatest coverage for WA pregnant women, considering that 

~88% of this population were colonised by either Ia, Ib, II, III or V. The notion of 

surveillance will not only be beneficial for such selection of vaccines, but also to track 

changes after the implementation of vaccines. Considering other vaccine strategies 

such as the Neisseria meningitidis vaccination program, particularly in Western 

Australia, vaccination against serogroup C has resulted in the emergence of invasive W 

and Y prevalence in its absence (Hogea et al. 2016, Martin et al. 2016, Mowlaboccus et 

al. 2017). Future research will rely on such data represented here as a baseline for 

understanding population changes and tracking serotype replacement, in addition to 

developing other strategies to target GBS, such as phages. 

 

The characterisation of phages completed here is only the start of what is required to 

build a library of phages that may be used in the future for treatment. At this stage, 

obligately lytic phages are the ideal candidates for this purpose, however, in other 

cases where obligately lytic phages have never been identified, such as for Clostridium 

difficile, temperate phages have been successfully explored in in vitro and in vivo 

models (Hargreaves and Clokie 2014, Nale et al. 2018). This also raises the question 

regarding the existence of this type of phage among S. agalactiae phages, as no 

obligately lytic phages have been isolated to date. Although the predominance in the 

environment of dormant endospores of C. difficile has been suggested to be the reason 

why only temperate phages have been found (Goh et al. 2005), S. agalactiae do not 
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have this trait. Consideration of utilising temperate phages with suitable activity may 

be an option in the future, and hence it is vital to further characterise such temperate 

phages. Characterisation that should be undertaken in the future includes assessing 

penetration of biofilms (Forti et al. 2018), ability to enhance antibiotic efficacy (Chan et 

al. 2016) and rates of resistance formation (Labrie et al. 2010). Additionally, 

determination of temperate nature (Howard-Varona et al. 2017) may include infection 

assays or probe labelling dot blot hybridisation (Jiang et al. 1998). 

 

As this project focused on the perinatal period, the impact phages have during this 

time is of great interest, given that 31 billion phage particles are estimated to be 

transcytosed across the human gut each day (Nguyen et al. 2017). Initially, this project 

aimed to isolate phages from antenatal specimens, with the research question relating 

to whether phages play a protective role in the genitourinary tract and prevent 

colonisation in consistently GBS negative women. The logistics of this made it not 

feasible to continue given the very small sample volumes and the other analyses 

planned using these specimens. If these phages play a protective role against GBS 

colonisation, this could further support the application of phages during the antenatal 

period and whether this may confer protection to neonates also. This presents a very 

exciting research area for pursuit in subsequent studies and will initially involve 

determination of whether phages are capable of crossing the maternal/fetal 

membranes.  

 

Phage therapy is a rapidly developing field that is gaining more traction in Western 

medicine given that current research has considered issues that have plagued its 

success in the past and modified clinical approaches in line with these. Although 
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phages may be used as therapeutics, they pose different challenges compared to other 

drugs and chemical agents which should be addressed accordingly. Clinical trials are 

required for progression of the field and their success will be critical for regulatory 

acceptance. We provide an outline of such regulatory hurdles in a recent review 

(Furfaro et al. 2018c). A recent clinical trial “PhagoBurn” highlighted the challenges 

faced by phage therapy and confirms that alternative approaches to conducting clinical 

trials in this area are vital (Jault et al. 2018). Additional research should explore the 

therapeutic definitions of phage therapy and perhaps work towards a breakpoint style 

reference for phages as is seen with antibiotics (e.g. Clinical & Laboratory Standards 

Institute [CLSI] or European Clinical Antimicrobial Susceptibility Testing [EUCAST]). This 

in itself, however, is no easy feat given the extent of phage diversity and the nature of 

their activity. A unique approach to suit the different traits phages possess will be 

required to inform clinical decisions. Phage therapy is making headway, with the 

opening of the Phage Therapy Centre in the US and other documented successful 

clinical applications; it is an exhilarating time to be involved in this research area. 

 

10.3. Conclusions 

In conclusion, this research has provided valuable epidemiological and methodological 

information regarding the prevalence, characterisation and screening strategies for 

GBS in Western Australian pregnant women. Future prevention strategies are likely to 

require information on bacterial targets such as capsule and surface proteins, and this 

provides the first in-depth description of isolates from this population. Antibiotic 

interventions provide an adequate solution currently; however, this widespread 

prophylaxis is not sustainable and may have implications for the establishment of 

neonatal microbiomes that are, as yet, not well understood. In preparation for future 
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vaccines and other targeted therapies such as bacteriophages, we have described a 

cohort of clinical samples to inform vaccine selection and additionally provided initial 

surveillance data for comparison of prevalent GBS isolates beyond vaccine 

introduction. We also described four novel phages with broad activity against these 

clinical GBS isolates that may provide insight into host range differences resulting from 

genetic mutations, providing an exciting pathway for future research. Finally, to place 

this study in context, we demonstrated genetic similarities with GBS isolates within the 

global database; this will be of interest beyond Australia, and is a valuable contribution 

to GBS epidemiology worldwide. 
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APPENDIX A – REAGENT INFORMATION 

 

Reagent Supplier 

Tryptic soy broth Becton Dickinson Pty Ltd. (New South 

Wales, Australia) 

Tryptic soy agar Becton Dickinson Pty Ltd. (New South 

Wales, Australia) 

Noble agar Becton Dickinson Pty Ltd. (New South 

Wales, Australia) 

Phosphate buffered saline Sigma-Aldrich (Darmstadt, Germany) 

StrepB CHROMagar™ CHROMagar™ (Paris, France) 

Strep B Carrot Broth™ Hardy Diagnostics (California, USA) 

Blood agar PathWest Media (Western Australia, 

Australia) 

NaCl Sigma-Aldrich (Darmstadt, Germany) 

MgSO4 7H2O Sigma-Aldrich (Darmstadt, Germany) 

Tris Cl (pH 7.5) Sigma-Aldrich (Darmstadt, Germany) 

Quanta PerfeCTA multiplex qPCR 

ToughMix 

Quanta Biosciences (USA) 

Primers Life Technologies, Australia 

Probes Life Technologies, Australia 

Nuclease-free water Ambion (Life Technologies, Australia) 

InviMag Universal Kit/KFDuo Stratec Molecular GMBH (Berlin, Germany) 

PowerMag® Microbial DNA Isolation 

Kit  

MoBio/QIAGEN (California, USA) 

Phage DNA isolation kit Norgen Biotek Corp (Ontario, Canada) 

SPI-Chem™ Uranyl Acetate SPI Supplies (USA) 
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APPENDIX B – SOLUTIONS AND BUFFERS 

All solutions and buffers were prepared as per manufacturer’s instructions except for 

those below where modifications are detailed. 

Sodium Magnesium (SM) Buffer/Phage Buffer 

NaCl 5.8 g 

MgSO4 7H2O  2 g 

1M Tris Cl (pH 7.5) 50 mL 

Deionised water 950 mL 

 

 

Semi-solid tryptic soy agar (0.5%) 

Noble agar 5 g 

CaCl2 1.2 g 

Tryptic soy broth 30 g 

Deionised water 1 L 

 

 

Calcium-supplemented tryptic soy agar (15%) 

Tryptic soy agar 40 g 

CaCl2 1.2 g 

Deionised water 1 L 
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APPENDIX C – HUMAN RESEARCH ETHICS COMMITTEE APPROVAL 
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APPENDIX D – HUMAN RESEARCH ETHICS COMMITTEE AMENDMENT 
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APPENDIX E – PREDICT1000 – PATIENT INFORMATION SHEET 
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APPENDIX F – PREDICT1000 PATIENT CONSENT FORM 
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APPENDIX G – PREDICT1000 PATIENT LIFESTYLE FACTOR QUESTIONNAIRE 
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APPENDIX H – PREDICT1000 PATIENT SWAB SELF-COLLECTION INSTRUCTIONS 

 
Directions for vaginal swab collection (for patients) 

 
1) Wash your hands thoroughly with soap. 

 

2) In the privacy of an examination room, you will need to undress from the waist down. You 

will need to comfortably position yourself to maintain balance during the collection 

procedure. 

 
3) Starting with the ‘UTM’ swab kit, peel open the package and remove the collection tube. 

Place this tube in the provided Styrofoam rack. 

 
4) Remove the cap from the collection tube without touching the inside of the cap or tube. 

Place the cap on a table with the internal thread facing up. If the cap is dropped, please 

notify the midwife.  

 

5) Remove the swab package from the collection kit and carefully peel this open. Do not touch 

the soft tip of the swab or lay it down. Remove the swab from the package and hold the 

swab by placing your thumb and forefinger in the middle of the swab shaft (see figure 1) 

 

 
 

Figure 1 

 

6) Carefully insert the swab into your vagina, approximately 5 centimetres (2 inches) inside the opening 

of the vagina (see figure 2). 

 

 
 

Figure 2 

7) Gently rotate the swab inside your vagina for 20 seconds, making sure the swab touches the walls 

of the vagina so that moisture is absorbed by the swab. 

 

 

8) Gently rotate the swab inside your vagina for 20 seconds, making sure the swab touches the walls 

of the vagina so that moisture is absorbed by the swab.  
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9) Withdraw the swab without touching the skin. 

 

10) Immediately place the swab into the collection tube, so that the tip of the swab is submerged in the 

liquid (see figure 3). 

 
 

Figure 3 

 

11) Carefully break the swab shaft at the score line against the side of the tube (see figure 4). 

 
 

Figure 4 

 

12) Screw the cap onto the tube tightly (see figure 5) and place it back in the Styrofoam rack. Discard of 

the top half of the swab. 

 
 

Figure 5 

13) Repeat this process from step 3 using the ‘e’ swab kits. 

Please place all specimens in the Biohazard Bag provided  
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Directions for rectal swab collection (for patients) 

 

 
1) Wash your hands thoroughly with soap. 

2) In the privacy of an examination room, you will need to undress from the waist down. You 

will need to comfortably position yourself to maintain balance during the collection 

procedure. 

3) Take the first of the two ‘e’ swab kits, peel open the package and remove the collection tube. Place 

this tube in the provided Styrofoam rack. 

4) Remove the cap from the collection tube without touching the inside of the cap or tube. Place the cap 

on a table with the internal thread facing up. If the cap is dropped, please notify the midwife. 

5) Remove the swab package from the collection kit and carefully peel this open. Do not touch the soft 

tip of the swab or lay it down. 

6) Remove the swab from the package and hold the swab by placing your thumb and forefinger in 

the middle of the swab shaft. (see figure 1) 

 

  
 
Figure 1 

 

7) Carefully insert the swab into your rectum, past the external anal sphincter (approximately 2 

centimeters inside the opening of the anal sphincter (see figure 2). 

 

 
Figure 2 
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8) Withdraw the swab without touching the skin. 

 

 

9) Immediately place the swab into the collection tube, so that the tip of the swab is submerged in the 

liquid (see figure 3). 

 

 
 
Figure 3 

 

10) Carefully break the swab shaft at the score line against the side of the tube (see figure 4). 

 

 
 
Figure 4 
 

 

11) Screw the cap onto the tube tightly (see figure 5) and place it back in the Styrofoam rack. Discard of 
the top half of the swab. 

 

 
 
Figure 5 

 

 

Please place all specimens in the Biohazard Bag provided 
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APPENDIX I – PUBLICATION FRONT PAGE: CHAPTER 2 
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APPENDIX J – PUBLICATION FRONT PAGE: CHAPTER 4 
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APPENDIX K – PUBLICATION FRONT PAGE: CHAPTER 8 
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APPENDIX L – PUBLICATION FRONT PAGE: OTHER RELATED PUBLICATIONS 

Furfaro LL, Chang BJ, Payne MS. Maternal Group B Streptococcus colonisation. 
Microbiology Australia. 2018;3. Published Aug 9. https://doi.org/10.1071/MA17049. 
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APPENDIX M – SUPPLEMENTARY TABLE 7.1. 

 
Supplementary Table 7.1. Quality statistics for the sequencing and assembly of the 171 Streptococcus agalactiae isolates. 
 
PubMLST ID Study ID Isolate Number 

of reads 
Maximum 
read length 

Total length 
(>= 0 bp) 

Total length 
(>=1000 bp) 

# contigs Largest 
contig 

Total length GC (%) 

4608 II-8_V 4608 941605 301 2128043 2113024 36 305017 2114806 35.34 

4530 II-12_V 4530 715178 301 2059442 2040622 69 232006 2047279 35.21 

4544 II-22_V 4544 685559 301 2058130 2040513 62 166043 2042018 35.28 

4556 II-26_V 4556 685770 301 2081427 2067955 77 145973 2071020 35.46 

4574 II-36_V 4574 502242 301 2073833 2059540 67 148983 2061459 35.34 

4577 II-40_V 4577 658893 301 2116293 2099579 78 137564 2106342 35.2 

4602 II-53_V 4602 618580 301 1972756 1957312 58 137911 1962262 35.19 

4604 II-60_V 4604 627720 301 2023096 2010569 51 219682 2012078 35.35 

4605 II-63_V 4605 669825 301 2046390 2034457 45 263381 2036548 35.15 

4606 II-64_V 4606 787874 301 1961963 1950105 32 263573 1950939 35.18 

4607 II-69_V 4607 1146300 301 1997544 1978108 63 131967 1980071 35.22 

4609 II-84_V 4609 736335 301 2191047 1932350 87 134277 1942839 35.26 

4612 II-97_V 4612 488892 301 2127488 2067627 75 125067 2074325 35.34 

4528 II-108_V 4528 792244 301 2061519 2046736 53 261957 2049696 35.3 

4529 II-110_V 4529 537462 301 2055533 2035777 115 111076 2042596 35.46 

4533 II-155_V 4533 759434 301 2182590 2158471 86 120796 2164113 35.41 

4534 II-160_V 4534 484076 301 2134179 2111859 144 136765 2122945 35.37 

4535 II-162_V 4535 523538 301 2100516 2087084 93 115919 2090975 35.49 

4536 II-175_V 4536 837014 301 2077857 2061563 74 172474 2064376 35.39 



234 

 

4537 II-176_V 4537 562991 301 2074296 2060239 74 120228 2067622 35.26 

4539 II-185_V 4539 593377 301 2043465 2034109 46 270460 2035499 35.25 

4540 II-196_V 4540 681477 301 2089997 2072502 76 189526 2075454 35.39 

4541 II-198_V 4541 793104 301 2130589 2115765 75 165608 2117572 35.46 

4542 II-200_V 4542 1637820 301 2036858 2009610 31 394840 2013084 35.18 

4545 II-221_V 4545 604199 301 2143457 2014255 70 164193 2025721 35.24 

4546 II-226_V 4546 652806 301 2052302 2041794 104 122104 2042712 35.28 

4550 II-236_V 4550 476082 301 2066562 2052807 52 137569 2055706 35.29 

4551 II-239_V 4551 572175 301 2115180 2087825 89 150352 2095500 35.39 

4554 II-248_V 4554 455852 301 2140623 2131076 64 196277 2133126 35.35 

4555 II-251_V 4555 560972 301 2118905 2101431 61 193610 2108080 35.26 

4559 II-279_V 4559 456677 301 2078246 2060904 63 171635 2065767 35.33 

4560 II-281_V 4560 441428 301 2053098 2039866 73 129064 2043282 35.3 

4561 II-282_V 4561 500435 301 2155142 2081016 68 140635 2084605 35.36 

4562 II-283_V 4562 528937 301 2054450 2041450 61 183868 2042914 35.26 

4563 II-284_V 4563 667781 301 2206217 2185524 86 159656 2191785 35.42 

4566 II-294_V 4566 725938 301 2087411 2008715 70 172774 2015348 35.35 

4567 II-295_V 4567 523827 301 2419247 2239959 109 181574 2253118 35.53 

4568 II-297_V 4568 711335 301 2140453 2104061 66 126112 2109029 35.45 

4569 II-302_V 4569 472052 301 2152374 2060736 179 73574 2075141 35.5 

4570 II-315_V 4570 557635 301 2146533 2135106 76 139417 2138896 35.35 

4571 II-320_V 4571 638233 301 2046855 2020720 71 137776 2028096 35.2 

4572 II-332_V 4572 659133 301 2157633 2000685 118 151701 2045352 35.43 

4573 II-350_V 4573 692733 301 2000211 1983458 91 109523 1985947 35.28 

4576 II-376_V 4576 548863 301 2103555 2092453 87 111206 2094122 35.5 

4578 II-400_V 4578 646575 301 2125799 2110385 103 110922 2117993 35.16 
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4579 II-403_V 4579 477626 301 2121881 2105675 58 321808 2108530 35.42 

4580 II-407_V 4580 552713 301 2100685 2084814 145 101620 2089468 35.34 

4581 II-409_V 4581 529925 301 2048432 2030536 78 131827 2034490 35.36 

4582 II-415_V 4582 461430 301 2147871 2035167 50 290123 2038290 35.27 

4583 II-423_V 4583 514714 301 2053617 2041314 61 155736 2044489 35.36 

4585 II-433_V 4585 534076 301 2048285 2033352 37 368605 2033937 35.31 

4586 II-434_V 4586 660126 301 2024549 1985894 53 166056 1987020 35.22 

4587 II-435_V 4587 552718 301 2013399 1998818 41 199330 1999678 35.11 

4588 II-444_V 4588 552169 301 2086950 2075868 40 267206 2077438 35.38 

4589 II-446_V 4589 472067 301 2761856 2065631 160 267449 2133639 35.38 

4590 II-451_V 4590 282328 301 2044012 2019812 160 77988 2032862 35.26 

4592 II-455_V 4592 472502 301 2150719 2135132 80 202633 2141655 35.57 

4594 II-459_V 4594 543218 301 2589057 2053967 172 172175 2127167 35.42 

4595 II-482_V 4595 552617 301 2104818 2088655 83 176053 2095680 35.33 

4596 II-490_V 4596 596780 301 2060782 2044793 67 166904 2048919 35.31 

4598 II-494_V 4598 522388 301 2183364 2172738 84 137103 2174392 35.34 

4599 II-507_V 4599 673839 301 2200482 2176326 95 182626 2184159 35.55 

4600 II-510_V 4600 823680 301 2069277 2051143 36 283315 2053968 35.27 

4601 II-512_V 4601 713343 301 2157988 2142892 86 168285 2145133 35.6 

4548 II-23_V 4548 614827 301 2132660 2107980 102 118194 2119771 35.6 

4538 II-183_V 4538 657416 301 2035922 2016860 93 111080 2023726 35.29 

4543 II-202_V 4543 597282 301 2161639 2132876 117 105247 2146003 35.38 

4564 II-291_V 4564 597561 301 2078337 2065363 57 206382 2067025 35.37 

4584 II-431_V 4584 605662 301 2137685 2129651 52 289685 2130511 35.27 

4597 II-493_V 4597 1000150 301 2246283 2223935 86 159766 2228822 35.47 

4526 II-1_V 4526 610446 301 2078822 2066445 67 189929 2068971 35.33 
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4525 II-1_R 4525 460120 301 2080243 2065765 57 124697 2068932 35.33 

4527 II-10_V 4527 701592 301 2025798 2009548 47 224932 2013534 35.19 

4531 II-13_V 4531 670840 301 2125865 2100195 69 283609 2107079 35.32 

4532 II-133_V 4532 493393 301 2067933 2040982 105 100204 2048548 35.32 

4565 II-292_V 4565 772801 301 2124011 2108173 70 172297 2112270 35.53 

4553 II-245_V 4553 951258 301 2038700 2014926 31 268768 2015760 35.44 

4610 II-9_R 4610 470165 301 2083872 2065792 63 251466 2071107 35.32 

4603 II-54_R 4603 612882 301 2170510 2151412 78 162198 2158383 35.52 

4611 II-90_R 4611 587603 301 2088115 2075365 98 165329 2080163 35.52 

4547 II-227_R 4547 680632 301 2096474 2077875 82 125757 2083413 35.4 

4549 II-230_R 4549 538294 301 2079447 2063269 91 102426 2070839 35.43 

4552 II-243_R 4552 523576 301 2080198 2056645 105 101589 2062960 35.25 

4575 II-373_R 4575 542772 301 2399127 1965971 148 132169 2017060 35.21 

4591 II-454_R 4591 531116 301 2022230 2011199 68 207476 2014538 35.37 

4593 II-458_R 4593 555583 301 2186327 2176598 42 248818 2177458 35.11 

4487 22_V 4487 592257 301 2164662 2037825 94 192764 2061904 35.24 

4488 23_V 4488 549279 301 2145619 2115537 84 273275 2122551 35.59 

4507 35_V 4507 721220 301 2030025 2011661 26 488450 2013217 35.18 

4515 47_V 4515 403968 301 1974287 1958934 31 297107 1960987 35.17 

4516 48_V 4516 892153 301 2156841 2006896 83 428958 2045065 35.13 

4522 54_V 4522 623199 301 2131631 2114951 49 151821 2118439 35.42 

4523 90_V 4523 505557 301 2089794 2081482 65 247532 2082342 35.49 

4524 92_V 4524 508326 301 2037865 2017348 43 280210 2017348 35.3 

4473 104_V 4473 1081744 301 2056131 2035547 34 280984 2036407 35.2 

4474 105_R 4474 615542 301 2054877 2015045 89 140379 2016361 35.3 

4475 107_V 4475 803848 301 2147197 2119138 51 196477 2120604 35.37 
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4477 112_V 4477 727178 301 2074973 2060453 30 263864 2062009 35.29 

4476 112_R 4476 1086885 301 2077240 2060325 25 488409 2061881 35.29 

4478 121_V 4478 581892 301 2023661 2010691 32 267486 2012789 35.18 

4479 123_V 4479 422803 301 2057099 2037178 29 446358 2038529 35.15 

4480 132_V 4480 1114522 301 2055202 2036094 43 244042 2036094 35.12 

4481 137_V 4481 555523 301 2250466 2227780 95 120970 2234208 35.52 

4482 152_V 4482 1383167 301 2049141 1962368 306 40298 1987475 34.96 

4483 160_V 4483 852998 301 2143860 2130469 50 215328 2131329 35.31 

4643 200_V 4643 649588 301 2025505 2012209 29 488205 2013765 35.18 

4485 202_V 4485 520759 301 2167683 2147885 62 286319 2150621 35.36 

4486 218_V 4486 797837 301 2070827 2057425 29 242034 2057425 35.2 

4489 231_V 4489 654259 301 2060128 2048307 27 361056 2049646 35.34 

4490 238_R 4490 762433 301 2028082 2014192 50 173410 2015793 35.16 

4491 250_V 4491 193605 301 2181250 2164775 66 137103 2169283 35.41 

4492 254_V 4492 618544 301 2096044 2084289 42 190009 2085768 35.38 

4493 259_V 4493 373667 301 2067332 2052271 32 318215 2052271 35.28 

4498 266_V 4498 572298 301 2031366 2000100 40 334213 2000100 35.35 

4499 268_V 4499 554901 301 2051581 2036829 48 121735 2038322 35.29 

4500 273_R 4500 560016 301 2077847 2055369 31 320987 2056233 35.27 

4501 277_V 4501 142969 301 2112170 2095805 195 57405 2102897 35.51 

4502 287_V 4502 427832 301 2165659 2132987 65 265783 2139958 35.59 

4504 333_V 4504 658481 301 2076039 2066660 72 194567 2069716 35.23 

4505 340_V 4505 611157 301 2144440 2125542 90 149306 2133134 35.46 

4506 344_V 4506 1024638 301 1999864 1979885 36 310691 1980719 35.18 

4508 375_V 4508 966115 301 2086456 2071745 38 321518 2074537 35.36 

4509 408_V 4509 655059 301 2048438 2036961 32 234574 2037795 35.22 
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4510 422_V 4510 625354 301 2101539 2090395 59 227304 2091568 35.37 

4511 437_V 4511 555844 301 2059189 2040788 63 157415 2045253 35.35 

4512 456_V 4512 712959 301 2177377 2160952 66 196278 2164119 35.39 

4513 462_V 4513 1371637 301 2077867 2062509 31 204375 2064004 35.34 

4514 469_V 4514 517326 301 2089907 2077434 88 127852 2080488 35.5 

4517 480_V 4517 564526 301 2145427 2107006 67 140809 2112448 35.43 

4518 481_V 4518 506076 301 2087969 2078935 118 129033 2080205 35.36 

4519 495_R 4519 598802 301 2142854 2119883 48 234651 2123872 35.39 

4520 496_R 4520 744181 301 2131749 2115467 53 327193 2116857 35.32 

4521 499_V 4521 938395 301 2008436 1994290 109 90164 1996285 35.28 

4497 263_V 4497 806801 301 2113988 2094901 53 186072 2096354 35.37 

4496 263_R 4496 640933 301 2110899 2093249 63 176915 2096377 35.37 

4558 II-263_V 4558 683513 301 2058443 2049052 36 264469 2049886 35.41 

4557 II-263_R 4557 712878 301 2245765 2096531 65 152485 2102105 35.39 

4495 26_V 4495 901764 301 2081862 2071308 54 247521 2072168 35.44 

4494 26_R 4494 474811 301 2081283 2069056 87 115961 2072801 35.45 

4503 291_V 4503 496613 301 2080707 2062767 73 159964 2068698 35.39 

4484 198_R 4484 709269 301 2135964 2118570 70 159005 2120999 35.54 

4629 Kong_4 4629 474427 301 2161852 2097384 101 102340 2105168 35.33 

4630 Kong_7 4630 571251 301 2049119 2024973 93 165427 2034811 35.24 

4631 Kong_8 4631 590425 301 2063714 2053222 54 185702 2055944 35.28 

4632 Kong_9 4632 606186 301 2061711 2053466 39 248749 2055505 35.27 

4613 Kong_10 4613 625044 301 2049477 2003024 233 55812 2027520 35.57 

4614 Kong_11 4614 490849 301 2061831 2051155 47 224157 2054774 35.26 

4615 Kong_12 4615 547537 301 2130099 2050075 62 130350 2054747 35.28 

4616 Kong_14 4616 575036 301 2278003 2217333 159 91914 2240673 35.33 
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4617 Kong_15 4617 523445 301 2086746 2073863 60 268394 2075027 35.32 

4618 Kong_17 4618 500059 301 2099637 2088830 78 111907 2091882 35.22 

4619 Kong_18 4619 466757 301 2030454 2017662 58 208889 2019012 35.22 

4620 Kong_20 4620 484830 301 2211358 2189874 129 196843 2195612 35.38 

4621 Kong_21 4621 519886 301 2202380 2179500 123 186003 2187099 35.4 

4622 Kong_22 4622 498933 301 2062117 2050854 44 222830 2052057 35.29 

4623 Kong_23 4623 601570 301 1994867 1977819 56 165942 1980385 35.23 

4624 Kong_24 4624 658852 301 2052542 2038918 59 209790 2041612 35.32 

4625 Kong_25 4625 466891 301 2211220 2188207 115 108871 2194602 35.39 

4626 Kong_26 4626 739803 301 2004029 1988971 29 480727 1989719 35.34 

4627 Kong_27 4627 453532 301 2048816 2029635 55 174353 2033759 35.34 

4628 Kong_28 4628 536585 301 2108243 2092232 46 217495 2094211 35.2 

4633 Neo_1 4633 586117 301 2122925 2106271 65 197883 2111654 35.46 

4635 Neo_2 4635 620745 301 2116624 2052913 72 134697 2054944 35.3 

4636 Neo_3 4636 536494 301 2124759 2115654 74 201606 2117657 35.3 

4637 Neo_4 4637 444959 301 2175495 2160331 104 128785 2167663 35.43 

4638 Neo_5 4638 454580 301 2054115 2043370 62 153470 2046420 35.3 

4639 Neo_6 4639 588567 301 2068801 2058155 66 201666 2061733 35.14 

4640 Neo_7 4640 529453 301 2182794 2168740 95 95537 2171687 35.45 

4641 Neo_8 4641 454094 301 2043845 2028373 42 187122 2029207 35.26 

4642 Neo_9 4642 572438 301 2123047 2055315 110 163543 2063871 35.43 

4634 Neo_10 4634 593101 301 2069590 2058382 54 254574 2061416 35.34 
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APPENDIX N – SUPPLEMENTARY TABLE 7.2. 

Supplementary Table 7.2. Isolates included in the global phylogenetic comparison, including characteristics and reference to publication, accession 
number or PubMLST contributor (Seale et al. 2016, Mehershahi et al. 2015, Singh et al. 2012, Teatero et al. 2014). 
 

PubMLST ID Reference/Accession number Isolate ID Continent Year ST 

709 GCA_000289375.1 MRI Z1-213 Europe 2004 591 

710 GCA_000311305.1 MRI Z1-215 Europe 2004 589 

711 GCA_000322845.1 MRI Z1-218 Europe 2005 590 

745 GCA_000427055.1 ILRI112 Africa 2002 617 

763 GCA_000427075.1 ILRI005 Africa 2004 609 

1062 SAMEA4027055 ERR1624735 Europe   6 

1130 SAMEA4027062 ERR1624742 Europe   10 

1135 SAMEA4027063 ERR1624743 Europe   6 

1164 AE009948.1 2603V/R     110 

1174 GCA_000221325.2 FSL S3-026     67 

1178 GCA_000311405.1 BSU133     6 

1181 GCA_000310625.1 BSU174     41 

1184 GCA_000289895.1 BSU247     26 

1188 GCA_000311365.1 BSU260     88 

1189 GCA_000289055.1 BSU442     22 

1192 GCA_000311385.1 BSU451     103 

1196 GCA_000510405.1 BV3L5     110 

1197 GCA_000311185.1 CCUG 17336 Europe 1985 17 

1200 GCA_000288715.1 CCUG 25532     26 

1203 GCA_000310485.1 CCUG 29782 Europe 1992 23 

https://www.ebi.ac.uk/ena/data/view/GCA_000289375.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311305.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322845.1
https://www.ebi.ac.uk/ena/data/view/GCA_000427055.1
https://www.ebi.ac.uk/ena/data/view/GCA_000427075.1
https://www.ebi.ac.uk/ena/data/view/GCA_000221325.2
https://www.ebi.ac.uk/ena/data/view/GCA_000311405.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310625.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289895.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311365.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289055.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311385.1
https://www.ebi.ac.uk/ena/data/view/GCA_000510405.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311185.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288715.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310485.1
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1205 GCA_000323085.1 CCUG 34230 Europe 1995 23 

1215 GCA_000288855.1 CCUG 39096 A     9 

1220 GCA_000310525.1 CCUG 44110     88 

1222 GCA_000311245.1 CCUG 44186 Europe 2000 17 

1225 GCA_000311625.1 CCUG 49072     524 

1231 GCA_000310285.1 FSL C1-487     415 

1234 GCA_000289875.1 FSL F2-343     88 

1237 GCA_000310465.1 FSL S3-005     22 

1241 GCA_000322565.1 FSL S3-034     61 

1242 GCA_000323145.1 FSL S3-043     61 

1246 GCA_000310445.1 FSL S3-102     31 

1251 GCA_000323125.1 FSL S3-229     415 

1253 GCA_000311145.1 FSL S3-268     22 

1257 GCA_000322605.1 FSL S3-568     415 

1258 GCA_000310365.1 FSL S3-586     67 

1259 GCA_000289815.1 FSL S3-603     61 

1260 GCA_000322785.1 FSL S3-608     490 

1261 GCA_000322825.1 FSL S3-654     61 

1272 Singh et al. (2012) GB00112 North America 1999 17 

1274 GCA_000290115.1 GB00174     22 

1283 GCA_000289575.1 GB00300     130 

1285 GCA_000290175.1 GB00543     36 

1286 GCA_000290195.1 GB00548     88 

1290 GCA_000290295.1 GB00588     447 

1291 GCA_000290315.1 GB00601     24 

1292 GCA_000290335.1 GB00614     448 

https://www.ebi.ac.uk/ena/data/view/GCA_000323085.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288855.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310525.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311245.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311625.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310285.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289875.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310465.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322565.1
https://www.ebi.ac.uk/ena/data/view/GCA_000323145.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310445.1
https://www.ebi.ac.uk/ena/data/view/GCA_000323125.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311145.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322605.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310365.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289815.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322785.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322825.1
https://www.ebi.ac.uk/ena/data/view/GCA_000290115.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289575.1
https://www.ebi.ac.uk/ena/data/view/GCA_000290175.1
https://www.ebi.ac.uk/ena/data/view/GCA_000290195.1
https://www.ebi.ac.uk/ena/data/view/GCA_000290295.1
https://www.ebi.ac.uk/ena/data/view/GCA_000290315.1
https://www.ebi.ac.uk/ena/data/view/GCA_000290335.1
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1293 GCA_000290355.1 GB00640     26 

1305 GCA_000289675.1 GB00888     41 

1311 GCA_000288295.1 GB00901     459 

1316 GCA_000288435.1 GB00922     88 

1320 GCA_000288555.1 GB00933     452 

1323 GCA_000322905.1 GB00951     28 

1324 GCA_000322645.1 GB00954     22 

1329 GCA_000322665.1 GB00965     88 

1330 GCA_000288635.1 GB00975     22 

1336 GCA_000322685.1 GB01004     22 

1339 GCA_000419215.1 GBS12     88 

1344 GCA_000310265.1 LDS 623     61 

1345 GCA_000288055.1 LDS 628     61 

1350 GCA_000310805.1 LMG 15081     25 

1356 GCA_000288935.1 LMG 15091     1166 

1358 GCA_000288975.1 LMG 15093     110 

1366 GCA_000419095.1 MC627     22 

1368 GCA_000419055.1 MC629     88 

1374 GCA_000310685.1 MRI Z1-022     121 

1375 GCA_000311425.1 MRI Z1-023     103 

1378 GCA_000310705.1 MRI Z1-035     88 

1379 GCA_000289355.2 MRI Z1-038     296 

1395 GCA_000289395.1 MRI Z1-214     591 

1396 GCA_000289415.1 MRI Z1-216     591 

1418 GCA_000347415.1 SS1014     6 

1425 GCA_000310305.1 STIR-CD-14     491 

https://www.ebi.ac.uk/ena/data/view/GCA_000290355.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289675.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288295.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288435.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288555.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322905.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322645.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322665.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288635.1
https://www.ebi.ac.uk/ena/data/view/GCA_000322685.1
https://www.ebi.ac.uk/ena/data/view/GCA_000419215.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310265.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288055.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310805.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288935.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288975.1
https://www.ebi.ac.uk/ena/data/view/GCA_000419095.1
https://www.ebi.ac.uk/ena/data/view/GCA_000419055.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310685.1
https://www.ebi.ac.uk/ena/data/view/GCA_000311425.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310705.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289355.2
https://www.ebi.ac.uk/ena/data/view/GCA_000289395.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289415.1
https://www.ebi.ac.uk/ena/data/view/GCA_000347415.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310305.1
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1432 GCA_000310325.1 STIR-CD-26     500 

1434 GCA_000289255.1 STIR-CD-28     500 

1437 GCA_000288075.1 Gottschalk 1003A     19 

1438 GCA_000289435.1 Gottschalk 1005B     288 

1448 GCA_000288115.1 GB00018     444 

1449 GCA_000290075.1 GB00111     32 

1451 GCA_000288275.1 GB00247     24 

1452 GCA_000288395.1 GB00911     452 

1455 GCA_000310385.1 MRI Z1-219     590 

1474 Mehershahi et al. (2015) SG-M1 Asia 2015 283 

1475 Teatero et al. (2014) NGBS10 North America 2009 1 

1476 Teatero et al. (2014) NGBS107 North America 2010 1 

1477 Teatero et al. (2014) NGBS110 North America 2010 1 

1478 Teatero et al. (2014) NGBS117 North America 2010 1 

1484 Teatero et al. (2014) NGBS180 North America 2010 1 

1485 Teatero et al. (2014) NGBS200 North America 2010 1 

1486 Teatero et al. (2014) NGBS21 North America 2009 1 

1488 Teatero et al. (2014) NGBS22 North America 2009 1 

1490 Teatero et al. (2014) NGBS234 North America 2010   

1492 Teatero et al. (2014) NGBS244 North America 2011 871 

1494 Teatero et al. (2014) NGBS25 North America 2009 1 

1495 Teatero et al. (2014) NGBS267 North America 2010 1 

1498 Teatero et al. (2014) NGBS275 North America 2010 1 

1499 Teatero et al. (2014) NGBS279 North America 2010 1 

1500 Teatero et al. (2014) NGBS28 North America 2009 1 

1501 Teatero et al. (2014) NGBS283 North America 2010 1 

https://www.ebi.ac.uk/ena/data/view/GCA_000310325.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289255.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288075.1
https://www.ebi.ac.uk/ena/data/view/GCA_000289435.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288115.1
https://www.ebi.ac.uk/ena/data/view/GCA_000290075.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288275.1
https://www.ebi.ac.uk/ena/data/view/GCA_000288395.1
https://www.ebi.ac.uk/ena/data/view/GCA_000310385.1
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1502 Teatero et al. (2014) NGBS287 North America 2010 1 

1503 Teatero et al. (2014) NGBS288 North America 2010 1 

1505 Teatero et al. (2014) NGBS30 North America 2010 1 

1506 Teatero et al. (2014) NGBS303 North America 2010 1 

1515 Teatero et al. (2014) NGBS35 North America 2010 1 

1535 Teatero et al. (2014) NGBS54 North America 2010 1 

1545 Teatero et al. (2014) NGBS63 North America 2010 1 

1547 Teatero et al. (2014) NGBS633 North America 2012 531 

1548 Teatero et al. (2014) NGBS68 North America 2010 1 

1549 Teatero et al. (2014) NGBS8 North America 2009 1 

1550 Teatero et al. (2014) NGBS9 North America 2010 1 

1551 Teatero et al. (2014) NGBS92 North America 2010 1 

1552 Teatero et al. (2014) NGBS93 North America 2010 1 

1553 Teatero et al. (2014) NGBS94 North America 2010 1 

1554 Teatero et al. (2014) NGBS99 North America 2010 1 

1555 Teatero et al. (2014) SS100 North America 2006 1 

1556 Teatero et al. (2014) SS102 North America 2006 1 

1557 Teatero et al. (2014) SS103 North America 2006 1 

1558 Teatero et al. (2014) SS104 North America 2006 1 

1559 Teatero et al. (2014) SS105 North America 2006   

1560 Teatero et al. (2014) SS106 North America 2006 1 

1561 Teatero et al. (2014) SS107 North America 2006 1 

1562 Teatero et al. (2014) SS108 North America 2006 872 

1563 Teatero et al. (2014) SS109 North America 2006 1 

1564 Teatero et al. (2014) SS110 North America 2007 1 

1565 Teatero et al. (2014) SS111 North America 2007 1 
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1566 Teatero et al. (2014) SS114 North America 2007 1 

1567 Teatero et al. (2014) SS115 North America 2007 1 

1568 Teatero et al. (2014) SS116 North America 2007 1 

1569 Teatero et al. (2014) SS118 North America 2008   

1570 Teatero et al. (2014) SS119 North America 2008 1 

1571 Teatero et al. (2014) SS120 North America 2008 1 

1572 Teatero et al. (2014) SS122 North America 2009 1 

1573 Teatero et al. (2014) SS125 North America 2009 1 

1574 Teatero et al. (2014) SS126 North America 2009 1 

1575 Teatero et al. (2014) SS127 North America 2009 1 

1576 Teatero et al. (2014) SS129 North America 2009 1 

1577 Teatero et al. (2014) SS132 North America 2009 1 

1578 Teatero et al. (2014) SS133 North America 2009 1 

1579 Teatero et al. (2014) SS135 North America 2007 1 

1580 Teatero et al. (2014) SS136 North America 2007 297 

1581 Teatero et al. (2014) SS138 North America 2010 1 

1582 Teatero et al. (2014) SS140 North America 2008 1 

1583 Teatero et al. (2014) SS141 North America 2009 1 

1584 Teatero et al. (2014) SS143 North America 2010 1 

1585 Teatero et al. (2014) SS144 North America 2010 1 

1586 Teatero et al. (2014) SS145 North America 2010 1 

1587 Teatero et al. (2014) SS146 North America 2010 1 

1588 Teatero et al. (2014) SS147 North America 2010 1 

1593 Teatero et al. (2014) SS31 North America 1992 1 

1594 Teatero et al. (2014) SS32 North America 1992 1 

1595 Teatero et al. (2014) SS33 North America 1994 1 
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1596 Teatero et al. (2014) SS34 North America 1994 1 

1597 Teatero et al. (2014) SS35 North America 1994 1 

1598 Teatero et al. (2014) SS36 North America 1997 1 

1599 Teatero et al. (2014) SS37 North America 1997 1 

1600 Teatero et al. (2014) SS38 North America 1998 1 

1601 Teatero et al. (2014) SS39 North America 1998 1 

1602 Teatero et al. (2014) SS40 North America 1998 1 

1603 Teatero et al. (2014) SS41 North America 1998 1 

1604 Teatero et al. (2014) SS42 North America 1998 1 

1605 Teatero et al. (2014) SS43 North America 1998 1 

1606 Teatero et al. (2014) SS44 North America 1999 1 

1607 Teatero et al. (2014) SS45 North America 1999 1 

1608 Teatero et al. (2014) SS46 North America 1999 1 

1609 Teatero et al. (2014) SS47 North America 2000 1 

1610 Teatero et al. (2014) SS48 North America 2000 1 

1611 Teatero et al. (2014) SS49 North America 2000 873 

1612 Teatero et al. (2014) SS50 North America 2000 1 

1613 Teatero et al. (2014) SS51 North America 2000 1 

1614 Teatero et al. (2014) SS52 North America 2000 1 

1615 Teatero et al. (2014) SS53 North America 2000 1 

1616 Teatero et al. (2014) SS54 North America 2001 1 

1617 Teatero et al. (2014) SS56 North America 2001 1 

1618 Teatero et al. (2014) SS57 North America 2001 1 

1619 Teatero et al. (2014) SS58 North America 2001 1 

1620 Teatero et al. (2014) SS59 North America 2001 1 

1621 Teatero et al. (2014) SS60 North America 2001 1 
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1622 Teatero et al. (2014) SS61 North America 2002 1 

1623 Teatero et al. (2014) SS62 North America 2002 1 

1624 Teatero et al. (2014) SS63 North America 2002 1 

1625 Teatero et al. (2014) SS64 North America 2002 1 

1626 Teatero et al. (2014) SS65 North America 2002 1 

1627 Teatero et al. (2014) SS66 North America 2002 1 

1628 Teatero et al. (2014) SS67 North America 2002 1 

1629 Teatero et al. (2014) SS68 North America 2003 1 

1630 Teatero et al. (2014) SS69 North America 2003 1 

1631 Teatero et al. (2014) SS70 North America 2003   

1632 Teatero et al. (2014) SS71 North America 2003 1 

1633 Teatero et al. (2014) SS72 North America 2003 1 

1634 Teatero et al. (2014) SS74 North America 2004 1 

1635 Teatero et al. (2014) SS75 North America 2004 1 

1636 Teatero et al. (2014) SS76 North America 2004 1 

1637 Teatero et al. (2014) SS77 North America 2004 1 

1638 Teatero et al. (2014) SS78 North America 2004 1 

1639 Teatero et al. (2014) SS79 North America 2004 153 

1640 Teatero et al. (2014) SS80 North America 2004 1 

1641 Teatero et al. (2014) SS81 North America 2004 1 

1642 Teatero et al. (2014) SS82 North America 2004 1 

1643 Teatero et al. (2014) SS83 North America 2004 1 

1644 Teatero et al. (2014) SS84 North America 2005 1 

1645 Teatero et al. (2014) SS85 North America 2005 1 

1646 Teatero et al. (2014) SS86 North America 2005 1 

1647 Teatero et al. (2014) SS87 North America 2005 1 
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1648 Teatero et al. (2014) SS88 North America 2005 1 

1649 Teatero et al. (2014) SS89 North America 2005 1 

1650 Teatero et al. (2014) SS92 North America 2005 1 

1651 Teatero et al. (2014) SS93 North America 2005 1 

1652 Teatero et al. (2014) SS94 North America 2005 1 

1653 Teatero et al. (2014) SS95 North America 2005 1 

1654 Teatero et al. (2014) SS96 North America 2005 1 

1655 Teatero et al. (2014) SS97 North America 2005 1 

1656 Teatero et al. (2014) SS98 North America 2005 1 

1657 Teatero et al. (2014) NGBS003 North America 2009 2 

1658 Teatero et al. (2014) NGBS050 North America 2010 17 

1659 Teatero et al. (2014) NGBS069 North America 2010 17 

1661 Teatero et al. (2014) NGBS079 North America 2010 17 

1662 Teatero et al. (2014) NGBS082 North America 2010 17 

1663 Teatero et al. (2014) NGBS106 North America 2010   

1665 Teatero et al. (2014) NGBS128 North America 2010 17 

1666 Teatero et al. (2014) NGBS169 North America 2010 17 

1667 Teatero et al. (2014) NGBS186 North America 2010 17 

1670 Teatero et al. (2014) NGBS222 North America 2010 17 

1673 Teatero et al. (2014) NGBS250 North America 2011 17 

1674 Teatero et al. (2014) NGBS271 North America 2011   

1675 Teatero et al. (2014) NGBS277 North America 2010 17 

1676 Teatero et al. (2014) NGBS282 North America 2010 17 

1677 Teatero et al. (2014) NGBS291 North America 2010 17 

1678 Teatero et al. (2014) NGBS296 North America 2010 17 

1679 Teatero et al. (2014) NGBS297 North America 2010 17 
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1683 Teatero et al. (2014) NGBS318 North America 2011 290 

1684 Teatero et al. (2014) NGBS327 North America 2011 484 

1686 Teatero et al. (2014) NGBS345 North America 2011 874 

1711 Teatero et al. (2014) NGBS502 North America 2012 95 

1714 Teatero et al. (2014) NGBS531 North America 2012 148 

1722 Teatero et al. (2014) NGBS608 North America 2012 17 

1727 Teatero et al. (2014) NGBS622 North America 2012 148 

1730 Teatero et al. (2014) NGBS632 North America 2012 17 

1731 Teatero et al. (2014) NGBS636 North America 2010 17 

1732 Teatero et al. (2014) NGBS641 North America 2010 17 

1733 Teatero et al. (2014) NGBS644 North America 2011 17 

1734 Teatero et al. (2014) NGBS650 North America 2011 17 

1735 Teatero et al. (2014) NGBS44 North America 2010 1 

1897 Seale et al. (2016) K59213 Africa 2012 1 

1898 Seale et al. (2016) K58722 Africa 2012 182 

1899 Seale et al. (2016) K56677 Africa 2012 1 

1900 Seale et al. (2016) K62205 Africa 2013 23 

1901 Seale et al. (2016) K61856 Africa 2013 23 

1902 Seale et al. (2016) K61593 Africa 2013 1 

1903 Seale et al. (2016) K61569 Africa 2013 10 

1904 Seale et al. (2016) K61520 Africa 2013 484 

1905 Seale et al. (2016) K61337 Africa 2013 8 

1906 Seale et al. (2016) K61281 Africa 2013 1 

1907 Seale et al. (2016) K61004 Africa 2013 17 

1908 Seale et al. (2016) K60927 Africa 2013 23 

1909 Seale et al. (2016) K60926 Africa 2013 23 



250 

 

1910 Seale et al. (2016) K60802 Africa 2013 28 

1911 Seale et al. (2016) K60691 Africa 2013 484 

1912 Seale et al. (2016) K59750 Africa 2012 484 

1913 Seale et al. (2016) K59732 Africa 2012 17 

1914 Seale et al. (2016) K59579 Africa 2012 8 

1915 Seale et al. (2016) K59519 Africa 2012 1 

1916 Seale et al. (2016) K59497 Africa 2012 17 

1917 Seale et al. (2016) K59496 Africa 2012 10 

1918 Seale et al. (2016) K59380 Africa 2012 182 

1919 Seale et al. (2016) K59319 Africa 2012 1 

1920 Seale et al. (2016) K59216 Africa 2012 17 

1921 Seale et al. (2016) K59112 Africa 2012 1 

1922 Seale et al. (2016) K58953 Africa 2012 1 

1923 Seale et al. (2016) K58904 Africa 2012 1 

1924 Seale et al. (2016) K58847 Africa 2012 1 

1925 Seale et al. (2016) K58834 Africa 2012 23 

1926 Seale et al. (2016) K58784 Africa 2012 17 

1927 Seale et al. (2016) K58759 Africa 2012 484 

1928 Seale et al. (2016) K58245 Africa 2012 17 

1929 Seale et al. (2016) K58244 Africa 2012 10 

1930 Seale et al. (2016) K57971 Africa 2012 10 

1931 Seale et al. (2016) K57970 Africa 2012 8 

1932 Seale et al. (2016) K57879 Africa 2012 8 

1933 Seale et al. (2016) K57791 Africa 2012 10 

1934 Seale et al. (2016) K57354 Africa 2012 17 

1935 Seale et al. (2016) K57353 Africa 2012 17 
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1936 Seale et al. (2016) K57172 Africa 2012 14 

1937 Seale et al. (2016) K57063 Africa 2012 17 

1938 Seale et al. (2016) K56978 Africa 2012 182 

1939 Seale et al. (2016) K56941 Africa 2012 17 

1940 Seale et al. (2016) K56795 Africa 2012 23 

1941 Seale et al. (2016) K56485 Africa 2012 786 

1942 Seale et al. (2016) K56441 Africa 2012 23 

1943 Seale et al. (2016) K56376 Africa 2012 23 

1952 Seale et al. (2016) K57091 Africa   327 

1961 Seale et al. (2016) K62585 Africa 2013 23 

1962 Seale et al. (2016) K62584 Africa 2013 19 

1963 Seale et al. (2016) K62583 Africa 2013 17 

1964 Seale et al. (2016) K62582 Africa 2013 17 

1965 Seale et al. (2016) K62581 Africa 2013 10 

1966 Seale et al. (2016) K62580 Africa 2013 23 

1967 Seale et al. (2016) K62570 Africa 2013 23 

1968 Seale et al. (2016) K62569 Africa 2013 17 

1969 Seale et al. (2016) K62567 Africa 2013 23 

1970 Seale et al. (2016) K62558 Africa 2013 291 

1971 Seale et al. (2016) K62557 Africa 2013 19 

1972 Seale et al. (2016) K62556 Africa 2013 23 

1973 Seale et al. (2016) K62554 Africa 2013 17 

1974 Seale et al. (2016) K62534 Africa 2013 23 

1975 Seale et al. (2016) K62476 Africa 2013 17 

1976 Seale et al. (2016) K62475 Africa 2013 484 

1977 Seale et al. (2016) K62474 Africa 2013 17 
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1978 Seale et al. (2016) K62464 Africa 2013 17 

1979 Seale et al. (2016) K62463 Africa 2013 10 

1980 Seale et al. (2016) K62462 Africa 2013 10 

1981 Seale et al. (2016) K62461 Africa 2013 23 

1982 Seale et al. (2016) K62460 Africa 2013 1 

1983 Seale et al. (2016) K62459 Africa 2013 484 

1984 Seale et al. (2016) K62446 Africa 2013 23 

1985 Seale et al. (2016) K62445 Africa 2013 23 

1986 Seale et al. (2016) K62444 Africa 2013 23 

1987 Seale et al. (2016) K62419 Africa 2013 23 

1988 Seale et al. (2016) K62418 Africa 2013 17 

1989 Seale et al. (2016) K62393 Africa 2013 17 

1990 Seale et al. (2016) K62392 Africa 2013 328 

1991 Seale et al. (2016) K62350 Africa 2013 10 

1992 Seale et al. (2016) K62349 Africa 2013 484 

1993 Seale et al. (2016) K62348 Africa 2013 17 

1994 Seale et al. (2016) K62347 Africa 2013 19 

1995 Seale et al. (2016) K62313 Africa 2013 17 

1996 Seale et al. (2016) K62312 Africa 2013 23 

1997 Seale et al. (2016) K62311 Africa 2013 1 

1998 Seale et al. (2016) K62252 Africa 2013 19 

1999 Seale et al. (2016) K62251 Africa 2013 182 

2000 Seale et al. (2016) K62250 Africa 2013 484 

2001 Seale et al. (2016) K62249 Africa 2013 327 

2002 Seale et al. (2016) K62210 Africa 2013 1 

2003 Seale et al. (2016) K62209 Africa 2013 3 
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2004 Seale et al. (2016) K62208 Africa 2013 1 

2005 Seale et al. (2016) K62207 Africa 2013 19 

2006 Seale et al. (2016) K62204 Africa 2013 23 

2007 Seale et al. (2016) K62170 Africa 2013 8 

2008 Seale et al. (2016) K62168 Africa 2013 17 

2009 Seale et al. (2016) K62167 Africa 2013 1 

2010 Seale et al. (2016) K62165 Africa 2013 1 

2011 Seale et al. (2016) K62164 Africa 2013 19 

2012 Seale et al. (2016) K62157 Africa 2013 103 

2013 Seale et al. (2016) K62156 Africa 2013 17 

2014 Seale et al. (2016) K62155 Africa 2013 1 

2015 Seale et al. (2016) K62154 Africa 2013 17 

2016 Seale et al. (2016) K62153 Africa 2013 17 

2017 Seale et al. (2016) K62152 Africa 2013 23 

2018 Seale et al. (2016) K62151 Africa 2013 8 

2019 Seale et al. (2016) K62145 Africa 2013 801 

2020 Seale et al. (2016) K62144 Africa 2013 1 

2021 Seale et al. (2016) K62143 Africa 2013 484 

2022 Seale et al. (2016) K62142 Africa 2013 484 

2023 Seale et al. (2016) K62111 Africa 2013 1 

2024 Seale et al. (2016) K62110 Africa 2013 17 

2025 Seale et al. (2016) K62080 Africa 2013 17 

2026 Seale et al. (2016) K62079 Africa 2013 17 

2027 Seale et al. (2016) K62064 Africa 2013 10 

2028 Seale et al. (2016) K62063 Africa 2013 182 

2029 Seale et al. (2016) K62062 Africa 2013 23 
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2030 Seale et al. (2016) K62044 Africa 2013 1 

2031 Seale et al. (2016) K62043 Africa 2013 17 

2032 Seale et al. (2016) K62042 Africa 2013 17 

2033 Seale et al. (2016) K62032 Africa 2013 17 

2034 Seale et al. (2016) K62031 Africa 2013 10 

2035 Seale et al. (2016) K62030 Africa 2013 10 

2036 Seale et al. (2016) K62029 Africa 2013 28 

2037 Seale et al. (2016) K62026 Africa 2013 10 

2038 Seale et al. (2016) K62025 Africa 2013 17 

2039 Seale et al. (2016) K61994 Africa 2013 17 

2040 Seale et al. (2016) K61855 Africa 2013 327 

2041 Seale et al. (2016) K61845 Africa 2013 17 

2042 Seale et al. (2016) K61844 Africa 2013 17 

2043 Seale et al. (2016) K61843 Africa 2013 19 

2044 Seale et al. (2016) K61842 Africa 2013 10 

2045 Seale et al. (2016) K61841 Africa 2013 17 

2046 Seale et al. (2016) K61840 Africa 2013 17 

2047 Seale et al. (2016) K61832 Africa 2013 17 

2048 Seale et al. (2016) K61823 Africa 2013 19 

2049 Seale et al. (2016) K61781 Africa 2013 10 

2050 Seale et al. (2016) K61780 Africa 2013 23 

2051 Seale et al. (2016) K61773 Africa 2013 28 

2052 Seale et al. (2016) K61772 Africa 2013 23 

2053 Seale et al. (2016) K61771 Africa 2013 23 

2054 Seale et al. (2016) K61768 Africa 2013 23 

2055 Seale et al. (2016) K61767 Africa 2013 484 
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2056 Seale et al. (2016) K61766 Africa 2013 12 

2057 Seale et al. (2016) K61765 Africa 2013 12 

2058 Seale et al. (2016) K61764 Africa 2013 10 

2059 Seale et al. (2016) K61763 Africa 2013 17 

2060 Seale et al. (2016) K61749 Africa 2013 28 

2061 Seale et al. (2016) K61748 Africa 2013 182 

2062 Seale et al. (2016) K61747 Africa 2013 23 

2063 Seale et al. (2016) K61746 Africa 2013 23 

2064 Seale et al. (2016) K61739 Africa 2013 23 

2065 Seale et al. (2016) K61733 Africa 2013 23 

2066 Seale et al. (2016) K61732 Africa 2013 1 

2067 Seale et al. (2016) K61731 Africa 2013 17 

2068 Seale et al. (2016) K61730 Africa 2013 23 

2069 Seale et al. (2016) K61729 Africa 2013 19 

2070 Seale et al. (2016) K61725 Africa 2013 28 

2071 Seale et al. (2016) K61704 Africa 2013 484 

2072 Seale et al. (2016) K61692 Africa 2013 28 

2073 Seale et al. (2016) K61691 Africa 2013 23 

2074 Seale et al. (2016) K61690 Africa 2013 1 

2075 Seale et al. (2016) K61689 Africa 2013 23 

2076 Seale et al. (2016) K61688 Africa 2013 109 

2077 Seale et al. (2016) K61685 Africa 2013 1 

2078 Seale et al. (2016) K61684 Africa 2013 182 

2080 Seale et al. (2016) K61670 Africa 2013 1 

2081 Seale et al. (2016) K61669 Africa 2013 23 

2082 Seale et al. (2016) K61668 Africa 2013 23 
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2083 Seale et al. (2016) K61640 Africa 2013 17 

2084 Seale et al. (2016) K61639 Africa 2013 17 

2085 Seale et al. (2016) K61622 Africa 2013 10 

2086 Seale et al. (2016) K61620 Africa 2013 17 

2087 Seale et al. (2016) K61618 Africa 2013 10 

2088 Seale et al. (2016) K61611 Africa 2013 17 

2089 Seale et al. (2016) K61610 Africa 2013 23 

2090 Seale et al. (2016) K61608 Africa 2013 17 

2091 Seale et al. (2016) K61606 Africa 2013 28 

2092 Seale et al. (2016) K61594 Africa 2013 484 

2093 Seale et al. (2016) K61592 Africa 2013 10 

2094 Seale et al. (2016) K61591 Africa 2013 2 

2095 Seale et al. (2016) K61590 Africa 2013 17 

2096 Seale et al. (2016) K61589 Africa 2013 798 

2097 Seale et al. (2016) K61586 Africa 2013 484 

2098 Seale et al. (2016) K61572 Africa 2013 17 

2099 Seale et al. (2016) K61571 Africa 2013 23 

2100 Seale et al. (2016) K61533 Africa 2013 10 

2101 Seale et al. (2016) K61521 Africa 2013 17 

2102 Seale et al. (2016) K61516 Africa 2013 17 

2103 Seale et al. (2016) K61515 Africa 2013 8 

2104 Seale et al. (2016) K61514 Africa 2013 484 

2105 Seale et al. (2016) K61512 Africa 2013 327 

2106 Seale et al. (2016) K61491 Africa 2013   

2107 Seale et al. (2016) K61481 Africa 2013 327 

2108 Seale et al. (2016) K61465 Africa 2013 182 
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2109 Seale et al. (2016) K61464 Africa 2013 797 

2110 Seale et al. (2016) K61463 Africa 2013 10 

2111 Seale et al. (2016) K61461 Africa 2013 484 

2112 Seale et al. (2016) K61460 Africa 2013 182 

2113 Seale et al. (2016) K61459 Africa 2013 23 

2114 Seale et al. (2016) K61457 Africa 2013 10 

2115 Seale et al. (2016) K61438 Africa 2013 23 

2116 Seale et al. (2016) K61437 Africa 2013 8 

2117 Seale et al. (2016) K61436 Africa 2013 10 

2118 Seale et al. (2016) K61435 Africa 2013 17 

2119 Seale et al. (2016) K61434 Africa 2013 1 

2120 Seale et al. (2016) K61432 Africa 2013 10 

2121 Seale et al. (2016) K61431 Africa 2013 790 

2122 Seale et al. (2016) K61428 Africa 2013 23 

2123 Seale et al. (2016) K61416 Africa 2013 10 

2124 Seale et al. (2016) K61415 Africa 2013 484 

2125 Seale et al. (2016) K61414 Africa 2013 23 

2126 Seale et al. (2016) K61407 Africa 2013 484 

2127 Seale et al. (2016) K61395 Africa 2013 23 

2128 Seale et al. (2016) K61394 Africa 2013 23 

2129 Seale et al. (2016) K61381 Africa 2013 1 

2130 Seale et al. (2016) K61379 Africa 2013 23 

2131 Seale et al. (2016) K61378 Africa 2013 10 

2132 Seale et al. (2016) K61363 Africa 2013 23 

2133 Seale et al. (2016) K61362 Africa 2013 17 

2134 Seale et al. (2016) K61361 Africa 2013 10 
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2135 Seale et al. (2016) K61360 Africa 2013 796 

2136 Seale et al. (2016) K61359 Africa 2013 10 

2137 Seale et al. (2016) K61342 Africa 2013 28 

2138 Seale et al. (2016) K61341 Africa 2013 24 

2139 Seale et al. (2016) K61336 Africa 2013 484 

2140 Seale et al. (2016) K61335 Africa 2013 17 

2141 Seale et al. (2016) K61334 Africa 2013 23 

2142 Seale et al. (2016) K61331 Africa 2013 17 

2143 Seale et al. (2016) K61330 Africa 2013 8 

2144 Seale et al. (2016) K61329 Africa 2013 10 

2145 Seale et al. (2016) K61328 Africa 2013 23 

2146 Seale et al. (2016) K61308 Africa 2013 328 

2147 Seale et al. (2016) K61307 Africa 2013 196 

2148 Seale et al. (2016) K61306 Africa 2013 8 

2149 Seale et al. (2016) K61305 Africa 2013 17 

2150 Seale et al. (2016) K61304 Africa 2013 23 

2151 Seale et al. (2016) K61282 Africa 2013 17 

2152 Seale et al. (2016) K61280 Africa 2013 484 

2153 Seale et al. (2016) K61279 Africa 2013 1 

2154 Seale et al. (2016) K61278 Africa 2013 23 

2155 Seale et al. (2016) K61276 Africa 2013 17 

2156 Seale et al. (2016) K61270 Africa 2013 19 

2157 Seale et al. (2016) K61269 Africa 2013 23 

2158 Seale et al. (2016) K61265 Africa 2013 8 

2159 Seale et al. (2016) K61263 Africa 2013 1 

2160 Seale et al. (2016) K61261 Africa 2013 2 
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2161 Seale et al. (2016) K61259 Africa 2013 8 

2162 Seale et al. (2016) K61258 Africa 2013 23 

2163 Seale et al. (2016) K61256 Africa 2013 8 

2164 Seale et al. (2016) K61255 Africa 2013 182 

2165 Seale et al. (2016) K61252 Africa 2013 484 

2166 Seale et al. (2016) K61251 Africa 2013 17 

2167 Seale et al. (2016) K61250 Africa 2013 182 

2168 Seale et al. (2016) K61236 Africa 2013 1 

2169 Seale et al. (2016) K61235 Africa 2013 2 

2170 Seale et al. (2016) K61223 Africa 2013 23 

2171 Seale et al. (2016) K61219 Africa 2013 2 

2172 Seale et al. (2016) K61211 Africa 2013 23 

2173 Seale et al. (2016) K61196 Africa 2013 23 

2174 Seale et al. (2016) K61194 Africa 2013 23 

2175 Seale et al. (2016) K61193 Africa 2013 24 

2176 Seale et al. (2016) K61192 Africa 2013 182 

2177 Seale et al. (2016) K61191 Africa 2013 23 

2178 Seale et al. (2016) K61177 Africa 2013 484 

2179 Seale et al. (2016) K61175 Africa 2013 23 

2180 Seale et al. (2016) K61164 Africa 2013 484 

2181 Seale et al. (2016) K61163 Africa 2013 328 

2182 Seale et al. (2016) K61143 Africa 2013 196 

2183 Seale et al. (2016) K61142 Africa 2013 196 

2184 Seale et al. (2016) K61141 Africa 2013 10 

2185 Seale et al. (2016) K61138 Africa 2013   

2186 Seale et al. (2016) K61119 Africa 2013 182 
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2187 Seale et al. (2016) K61118 Africa 2013 182 

2188 Seale et al. (2016) K61116 Africa 2013 28 

2189 Seale et al. (2016) K61115 Africa 2013 8 

2190 Seale et al. (2016) K61079 Africa 2013 17 

2191 Seale et al. (2016) K61078 Africa 2013 17 

2192 Seale et al. (2016) K61069 Africa 2013 223 

2193 Seale et al. (2016) K61068 Africa 2013 484 

2194 Seale et al. (2016) K61067 Africa 2013 182 

2195 Seale et al. (2016) K61066 Africa 2013 23 

2196 Seale et al. (2016) K61063 Africa 2013 17 

2197 Seale et al. (2016) K61062 Africa 2013 23 

2198 Seale et al. (2016) K61061 Africa 2013 1 

2199 Seale et al. (2016) K61060 Africa 2013 1 

2200 Seale et al. (2016) K61053 Africa 2013 484 

2201 Seale et al. (2016) K61035 Africa 2013 23 

2202 Seale et al. (2016) K61034 Africa 2013 23 

2203 Seale et al. (2016) K61018 Africa 2013 484 

2204 Seale et al. (2016) K61017 Africa 2013 794 

2205 Seale et al. (2016) K61016 Africa 2013 17 

2206 Seale et al. (2016) K61008 Africa 2013 8 

2207 Seale et al. (2016) K61006 Africa 2013 17 

2208 Seale et al. (2016) K61005 Africa 2013 23 

2209 Seale et al. (2016) K61000 Africa 2013 2 

2210 Seale et al. (2016) K60999 Africa 2013 1 

2211 Seale et al. (2016) K60994 Africa 2013 23 

2212 Seale et al. (2016) K60992 Africa 2013 23 
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2213 Seale et al. (2016) K60961 Africa 2013 28 

2214 Seale et al. (2016) K60957 Africa 2013 17 

2216 Seale et al. (2016) K60939 Africa 2013 17 

2217 Seale et al. (2016) K60937 Africa 2013 10 

2218 Seale et al. (2016) K60929 Africa 2013 802 

2219 Seale et al. (2016) K60928 Africa 2013 10 

2220 Seale et al. (2016) K60905 Africa 2013 182 

2221 Seale et al. (2016) K60903 Africa 2013 10 

2222 Seale et al. (2016) K60902 Africa 2013 28 

2223 Seale et al. (2016) K60901 Africa 2013   

2224 Seale et al. (2016) K60888 Africa 2013 23 

2225 Seale et al. (2016) K60887 Africa 2013 17 

2226 Seale et al. (2016) K60886 Africa 2013 23 

2227 Seale et al. (2016) K60885 Africa 2013 17 

2228 Seale et al. (2016) K60881 Africa 2013 8 

2229 Seale et al. (2016) K60880 Africa 2013 8 

2230 Seale et al. (2016) K60878 Africa 2013 1 

2231 Seale et al. (2016) K60877 Africa 2013 799 

2232 Seale et al. (2016) K60876 Africa 2013 23 

2233 Seale et al. (2016) K60871 Africa 2013 23 

2234 Seale et al. (2016) K60870 Africa 2013 196 

2235 Seale et al. (2016) K60844 Africa 2013 23 

2236 Seale et al. (2016) K60843 Africa 2013 800 

2237 Seale et al. (2016) K60831 Africa 2013 17 

2238 Seale et al. (2016) K60830 Africa 2013 17 

2239 Seale et al. (2016) K60829 Africa 2013 8 
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2240 Seale et al. (2016) K60812 Africa 2013 17 

2241 Seale et al. (2016) K60811 Africa 2013 19 

2242 Seale et al. (2016) K60801 Africa 2013 10 

2243 Seale et al. (2016) K60800 Africa 2013 28 

2244 Seale et al. (2016) K60799 Africa 2013 182 

2245 Seale et al. (2016) K60797 Africa 2013 17 

2246 Seale et al. (2016) K60796 Africa 2013 28 

2247 Seale et al. (2016) K60794 Africa 2013 23 

2248 Seale et al. (2016) K60793 Africa 2013 484 

2249 Seale et al. (2016) K60792 Africa 2013   

2250 Seale et al. (2016) K60790 Africa 2013 17 

2251 Seale et al. (2016) K60789 Africa 2013 327 

2252 Seale et al. (2016) K60788 Africa 2013 17 

2253 Seale et al. (2016) K60785 Africa 2013 8 

2254 Seale et al. (2016) K60756 Africa 2013 17 

2255 Seale et al. (2016) K60721 Africa 2013 182 

2256 Seale et al. (2016) K60720 Africa 2013 17 

2257 Seale et al. (2016) K60719 Africa 2013 17 

2258 Seale et al. (2016) K60715 Africa 2013 484 

2259 Seale et al. (2016) K60714 Africa 2013 23 

2260 Seale et al. (2016) K60693 Africa 2013 799 

2261 Seale et al. (2016) K60690 Africa 2013 1 

2262 Seale et al. (2016) K60689 Africa 2013 24 

2263 Seale et al. (2016) K60688 Africa 2013 10 

2264 Seale et al. (2016) K60670 Africa 2013 17 

2265 Seale et al. (2016) K60668 Africa 2013 10 
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2266 Seale et al. (2016) K60666 Africa 2013 1 

2267 Seale et al. (2016) K60664 Africa 2013 23 

2268 Seale et al. (2016) K60663 Africa 2013 17 

2269 Seale et al. (2016) K60658 Africa 2013 23 

2270 Seale et al. (2016) K60657 Africa 2013 796 

2271 Seale et al. (2016) K60577 Africa 2013 23 

2272 Seale et al. (2016) K60576 Africa 2013 8 

2273 Seale et al. (2016) K60575 Africa 2013 196 

2274 Seale et al. (2016) K60574 Africa 2013 17 

2275 Seale et al. (2016) K60573 Africa 2013 55 

2276 Seale et al. (2016) K60572 Africa 2013 182 

2277 Seale et al. (2016) K60566 Africa 2013 17 

2278 Seale et al. (2016) K60565 Africa 2013 484 

2279 Seale et al. (2016) K60564 Africa 2013 17 

2280 Seale et al. (2016) K60516 Africa 2013 8 

2281 Seale et al. (2016) K60508 Africa 2013 8 

2282 Seale et al. (2016) K60442 Africa 2013 8 

2283 Seale et al. (2016) K60434 Africa 2013 23 

2284 Seale et al. (2016) K60433 Africa 2013 182 

2285 Seale et al. (2016) K60432 Africa 2013 17 

2286 Seale et al. (2016) K60428 Africa 2013 793 

2287 Seale et al. (2016) K60427 Africa 2013 793 

2288 Seale et al. (2016) K60426 Africa 2013 328 

2289 Seale et al. (2016) K60291 Africa 2013 17 

2290 Seale et al. (2016) K60290 Africa 2013 19 

2291 Seale et al. (2016) K60028 Africa 2012 327 
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2292 Seale et al. (2016) K59962 Africa 2012 19 

2293 Seale et al. (2016) K59927 Africa 2012 19 

2294 Seale et al. (2016) K59917 Africa 2012 8 

2295 Seale et al. (2016) K59881 Africa 2012 23 

2296 Seale et al. (2016) K59813 Africa 2012 10 

2297 Seale et al. (2016) K59793 Africa 2012 182 

2298 Seale et al. (2016) K59792 Africa 2012 327 

2299 Seale et al. (2016) K59791 Africa 2012 17 

2300 Seale et al. (2016) K59790 Africa 2012 1 

2301 Seale et al. (2016) K59789 Africa 2012 10 

2302 Seale et al. (2016) K59778 Africa 2012 484 

2303 Seale et al. (2016) K59777 Africa 2012 23 

2304 Seale et al. (2016) K59776 Africa 2012 28 

2305 Seale et al. (2016) K59775 Africa 2012 182 

2306 Seale et al. (2016) K59774 Africa 2012 8 

2307 Seale et al. (2016) K59773 Africa 2012 8 

2308 Seale et al. (2016) K59772 Africa 2012 17 

2309 Seale et al. (2016) K59754 Africa 2012 182 

2310 Seale et al. (2016) K59753 Africa 2012 17 

2311 Seale et al. (2016) K59752 Africa 2012 28 

2312 Seale et al. (2016) K59749 Africa 2012 484 

2313 Seale et al. (2016) K59748 Africa 2012 1 

2314 Seale et al. (2016) K59747 Africa 2012 17 

2315 Seale et al. (2016) K59746 Africa 2012 23 

2316 Seale et al. (2016) K59733 Africa 2012 17 

2317 Seale et al. (2016) K59731 Africa 2012 17 
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2318 Seale et al. (2016) K59730 Africa 2012 23 

2319 Seale et al. (2016) K59729 Africa 2012 484 

2320 Seale et al. (2016) K59712 Africa 2012 795 

2321 Seale et al. (2016) K59711 Africa 2012 17 

2322 Seale et al. (2016) K59710 Africa 2012 17 

2323 Seale et al. (2016) K59673 Africa 2012 484 

2324 Seale et al. (2016) K59648 Africa 2012 17 

2325 Seale et al. (2016) K59646 Africa 2012 23 

2326 Seale et al. (2016) K59645 Africa 2012 17 

2327 Seale et al. (2016) K59605 Africa 2012 484 

2328 Seale et al. (2016) K59604 Africa 2012 182 

2329 Seale et al. (2016) K59594 Africa 2012 1 

2330 Seale et al. (2016) K59593 Africa 2012 182 

2331 Seale et al. (2016) K59591 Africa 2012 10 

2332 Seale et al. (2016) K59590 Africa 2012 17 

2333 Seale et al. (2016) K59589 Africa 2012 23 

2334 Seale et al. (2016) K59580 Africa 2012 8 

2335 Seale et al. (2016) K59567 Africa 2012 10 

2336 Seale et al. (2016) K59566 Africa 2012 801 

2337 Seale et al. (2016) K59564 Africa 2012 17 

2338 Seale et al. (2016) K59528 Africa 2012 23 

2339 Seale et al. (2016) K59527 Africa 2012 23 

2340 Seale et al. (2016) K59526 Africa 2012 1 

2341 Seale et al. (2016) K59524 Africa 2012 1 

2342 Seale et al. (2016) K59522 Africa 2012 484 

2343 Seale et al. (2016) K59518 Africa 2012 1 
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2344 Seale et al. (2016) K59501 Africa 2012 23 

2345 Seale et al. (2016) K59500 Africa 2012 10 

2346 Seale et al. (2016) K59499 Africa 2012 23 

2347 Seale et al. (2016) K59498 Africa 2012 484 

2348 Seale et al. (2016) K59495 Africa 2012 10 

2349 Seale et al. (2016) K59494 Africa 2012 1 

2350 Seale et al. (2016) K59463 Africa 2012 1 

2351 Seale et al. (2016) K59441 Africa 2012 23 

2352 Seale et al. (2016) K59440 Africa 2012 23 

2353 Seale et al. (2016) K59439 Africa 2012 17 

2354 Seale et al. (2016) K59426 Africa 2012 17 

2355 Seale et al. (2016) K59425 Africa 2012 17 

2356 Seale et al. (2016) K59423 Africa 2012 17 

2357 Seale et al. (2016) K59411 Africa 2012 1 

2358 Seale et al. (2016) K59410 Africa 2012 484 

2359 Seale et al. (2016) K59354 Africa 2012 1 

2360 Seale et al. (2016) K59352 Africa 2012 182 

2361 Seale et al. (2016) K59292 Africa 2012 23 

2362 Seale et al. (2016) K59290 Africa 2012 182 

2363 Seale et al. (2016) K59288 Africa 2012 23 

2364 Seale et al. (2016) K59245 Africa 2012 484 

2365 Seale et al. (2016) K59230 Africa 2012 328 

2366 Seale et al. (2016) K59219 Africa 2012 182 

2367 Seale et al. (2016) K59218 Africa 2012 182 

2368 Seale et al. (2016) K59217 Africa 2012 10 

2369 Seale et al. (2016) K59200 Africa 2012 17 



267 

 

2370 Seale et al. (2016) K59199 Africa 2012 28 

2371 Seale et al. (2016) K59184 Africa 2012 796 

2372 Seale et al. (2016) K59183 Africa 2012 17 

2373 Seale et al. (2016) K59182 Africa 2012 1 

2374 Seale et al. (2016) K59181 Africa 2012 10 

2375 Seale et al. (2016) K59167 Africa 2012 23 

2376 Seale et al. (2016) K59154 Africa 2012 182 

2377 Seale et al. (2016) K59148 Africa 2012 498 

2378 Seale et al. (2016) K59126 Africa 2012 17 

2379 Seale et al. (2016) K59113 Africa 2012 17 

2380 Seale et al. (2016) K59097 Africa 2012 17 

2381 Seale et al. (2016) K59095 Africa 2012 17 

2382 Seale et al. (2016) K59094 Africa 2012 182 

2383 Seale et al. (2016) K59086 Africa 2012 23 

2384 Seale et al. (2016) K59071 Africa 2012 10 

2385 Seale et al. (2016) K59070 Africa 2012 1 

2386 Seale et al. (2016) K59068 Africa 2012 167 

2387 Seale et al. (2016) K59067 Africa 2012 1 

2388 Seale et al. (2016) K58954 Africa 2012 1 

2389 Seale et al. (2016) K58915 Africa 2012 28 

2390 Seale et al. (2016) K58906 Africa 2012 10 

2391 Seale et al. (2016) K58905 Africa 2012 1 

2392 Seale et al. (2016) K58884 Africa 2012 19 

2393 Seale et al. (2016) K58864 Africa 2012 1 

2394 Seale et al. (2016) K58833 Africa 2012 23 

2395 Seale et al. (2016) K58820 Africa 2012 23 
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2396 Seale et al. (2016) K58806 Africa 2012 10 

2397 Seale et al. (2016) K58805 Africa 2012 17 

2398 Seale et al. (2016) K58801 Africa 2012 23 

2399 Seale et al. (2016) K58795 Africa 2012 17 

2400 Seale et al. (2016) K58773 Africa 2012 1 

2401 Seale et al. (2016) K58771 Africa 2012 23 

2402 Seale et al. (2016) K58760 Africa 2012 17 

2403 Seale et al. (2016) K58758 Africa 2012 484 

2404 Seale et al. (2016) K58737 Africa 2012 182 

2405 Seale et al. (2016) K58736 Africa 2012 10 

2406 Seale et al. (2016) K58734 Africa 2012 19 

2407 Seale et al. (2016) K58711 Africa 2012 484 

2408 Seale et al. (2016) K58710 Africa 2012 10 

2409 Seale et al. (2016) K58694 Africa 2012 17 

2410 Seale et al. (2016) K58690 Africa 2012 10 

2411 Seale et al. (2016) K58634 Africa 2012 17 

2412 Seale et al. (2016) K58631 Africa 2012 23 

2413 Seale et al. (2016) K58613 Africa 2012 796 

2414 Seale et al. (2016) K58611 Africa 2012 23 

2415 Seale et al. (2016) K58610 Africa 2012 23 

2416 Seale et al. (2016) K58593 Africa 2012 196 

2417 Seale et al. (2016) K58592 Africa 2012 23 

2418 Seale et al. (2016) K58591 Africa 2012 182 

2419 Seale et al. (2016) K58574 Africa 2012 484 

2420 Seale et al. (2016) K58551 Africa 2012 484 

2421 Seale et al. (2016) K58495 Africa 2012 182 
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2422 Seale et al. (2016) K58493 Africa 2012 17 

2423 Seale et al. (2016) K58491 Africa 2012 17 

2424 Seale et al. (2016) K58489 Africa 2012 10 

2425 Seale et al. (2016) K58460 Africa 2012 23 

2426 Seale et al. (2016) K58435 Africa 2012 17 

2427 Seale et al. (2016) K58418 Africa 2012 10 

2428 Seale et al. (2016) K58417 Africa 2012 23 

2429 Seale et al. (2016) K58331 Africa 2012 182 

2430 Seale et al. (2016) K58317 Africa 2012 23 

2431 Seale et al. (2016) K58316 Africa 2012 10 

2432 Seale et al. (2016) K58308 Africa 2012 1 

2433 Seale et al. (2016) K58307 Africa 2012 8 

2434 Seale et al. (2016) K58306 Africa 2012 8 

2435 Seale et al. (2016) K58274 Africa 2012 8 

2436 Seale et al. (2016) K58243 Africa 2012 17 

2437 Seale et al. (2016) K58242 Africa 2012 10 

2438 Seale et al. (2016) K58211 Africa 2012 801 

2439 Seale et al. (2016) K58185 Africa 2012 8 

2440 Seale et al. (2016) K58137 Africa 2012 1 

2441 Seale et al. (2016) K58136 Africa 2012 17 

2442 Seale et al. (2016) K58105 Africa 2012 8 

2443 Seale et al. (2016) K58104 Africa 2012 17 

2444 Seale et al. (2016) K58057 Africa 2012 23 

2445 Seale et al. (2016) K58056 Africa 2012 1 

2446 Seale et al. (2016) K57992 Africa 2012 10 

2447 Seale et al. (2016) K57976 Africa 2012 182 
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2448 Seale et al. (2016) K57973 Africa 2012 8 

2449 Seale et al. (2016) K57972 Africa 2012 796 

2450 Seale et al. (2016) K57969 Africa 2012 23 

2451 Seale et al. (2016) K57965 Africa 2012 17 

2452 Seale et al. (2016) K57964 Africa 2012 23 

2453 Seale et al. (2016) K57912 Africa 2012 28 

2454 Seale et al. (2016) K57910 Africa 2012 17 

2455 Seale et al. (2016) K57878 Africa 2012 23 

2456 Seale et al. (2016) K57877 Africa 2012 8 

2457 Seale et al. (2016) K57843 Africa 2012 17 

2458 Seale et al. (2016) K57809 Africa 2012 791 

2459 Seale et al. (2016) K57808 Africa 2012   

2460 Seale et al. (2016) K57807 Africa 2012 1 

2461 Seale et al. (2016) K57806 Africa 2012 17 

2462 Seale et al. (2016) K57805 Africa 2012 1 

2463 Seale et al. (2016) K57804 Africa 2012 8 

2464 Seale et al. (2016) K57803 Africa 2012 23 

2465 Seale et al. (2016) K57788 Africa 2012 10 

2466 Seale et al. (2016) K57787 Africa 2012 10 

2467 Seale et al. (2016) K57786 Africa 2012 23 

2468 Seale et al. (2016) K57751 Africa 2012 484 

2469 Seale et al. (2016) K57749 Africa 2012 484 

2470 Seale et al. (2016) K57643 Africa 2012 1 

2471 Seale et al. (2016) K57571 Africa 2012 10 

2472 Seale et al. (2016) K57570 Africa 2012 327 

2473 Seale et al. (2016) K57546 Africa 2012 10 
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2474 Seale et al. (2016) K57545 Africa 2012 1 

2475 Seale et al. (2016) K57543 Africa 2012 17 

2476 Seale et al. (2016) K57541 Africa 2012 182 

2477 Seale et al. (2016) K57540 Africa 2012 28 

2478 Seale et al. (2016) K57539 Africa 2012 327 

2479 Seale et al. (2016) K57538 Africa 2012 484 

2480 Seale et al. (2016) K57525 Africa 2012 1 

2481 Seale et al. (2016) K57524 Africa 2012 182 

2482 Seale et al. (2016) K57515 Africa 2012 796 

2483 Seale et al. (2016) K57514 Africa 2012 23 

2484 Seale et al. (2016) K57513 Africa 2012 17 

2485 Seale et al. (2016) K57479 Africa 2012 182 

2486 Seale et al. (2016) K57478 Africa 2012 23 

2487 Seale et al. (2016) K57477 Africa 2012 17 

2488 Seale et al. (2016) K57403 Africa 2012 8 

2489 Seale et al. (2016) K57402 Africa 2012 484 

2490 Seale et al. (2016) K57401 Africa 2012 182 

2491 Seale et al. (2016) K57400 Africa 2012 8 

2492 Seale et al. (2016) K57355 Africa 2012 10 

2493 Seale et al. (2016) K57352 Africa 2012 28 

2494 Seale et al. (2016) K57351 Africa 2012 17 

2495 Seale et al. (2016) K57350 Africa 2012 17 

2496 Seale et al. (2016) K57349 Africa 2012 17 

2497 Seale et al. (2016) K57348 Africa 2012 196 

2498 Seale et al. (2016) K57347 Africa 2012 223 

2499 Seale et al. (2016) K57346 Africa 2012 10 
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2500 Seale et al. (2016) K57335 Africa 2012 17 

2501 Seale et al. (2016) K57334 Africa 2012 23 

2502 Seale et al. (2016) K57199 Africa 2012 23 

2503 Seale et al. (2016) K57198 Africa 2012 23 

2504 Seale et al. (2016) K57174 Africa 2012 23 

2505 Seale et al. (2016) K57173 Africa 2012 23 

2506 Seale et al. (2016) K57171 Africa 2012 23 

2507 Seale et al. (2016) K57149 Africa 2012 144 

2508 Seale et al. (2016) K57135 Africa 2012 23 

2509 Seale et al. (2016) K57124 Africa 2012 196 

2510 Seale et al. (2016) K57093 Africa 2012 23 

2511 Seale et al. (2016) K57092 Africa 2012 23 

2512 Seale et al. (2016) K57090 Africa 2012 23 

2513 Seale et al. (2016) K57089 Africa 2012 17 

2514 Seale et al. (2016) K57069 Africa 2012 327 

2515 Seale et al. (2016) K57068 Africa 2012 182 

2516 Seale et al. (2016) K57066 Africa 2012 28 

2517 Seale et al. (2016) K57064 Africa 2012 23 

2518 Seale et al. (2016) K57062 Africa 2012 10 

2519 Seale et al. (2016) K57056 Africa 2012 10 

2520 Seale et al. (2016) K57050 Africa 2012 196 

2521 Seale et al. (2016) K57049 Africa 2012 17 

2522 Seale et al. (2016) K57015 Africa 2012 23 

2523 Seale et al. (2016) K56996 Africa 2012 1 

2524 Seale et al. (2016) K56995 Africa 2012 484 

2525 Seale et al. (2016) K56992 Africa 2012 8 
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2526 Seale et al. (2016) K56991 Africa 2012 484 

2527 Seale et al. (2016) K56989 Africa 2012 484 

2528 Seale et al. (2016) K56988 Africa 2012 17 

2529 Seale et al. (2016) K56981 Africa 2012 790 

2530 Seale et al. (2016) K56957 Africa 2012 23 

2531 Seale et al. (2016) K56949 Africa 2012 17 

2532 Seale et al. (2016) K56943 Africa 2012 327 

2533 Seale et al. (2016) K56917 Africa 2012 486 

2534 Seale et al. (2016) K56914 Africa 2012 23 

2535 Seale et al. (2016) K56913 Africa 2012 23 

2536 Seale et al. (2016) K56889 Africa 2012 17 

2537 Seale et al. (2016) K56872 Africa 2012 8 

2538 Seale et al. (2016) K56866 Africa 2012 484 

2539 Seale et al. (2016) K56857 Africa 2012 17 

2540 Seale et al. (2016) K56814 Africa 2012 484 

2541 Seale et al. (2016) K56813 Africa 2012 327 

2542 Seale et al. (2016) K56810 Africa 2012 23 

2543 Seale et al. (2016) K56809 Africa 2012 17 

2544 Seale et al. (2016) K56802 Africa 2012 8 

2545 Seale et al. (2016) K56800 Africa 2012 23 

2546 Seale et al. (2016) K56799 Africa 2012 19 

2547 Seale et al. (2016) K56798 Africa 2012 23 

2548 Seale et al. (2016) K56797 Africa 2012 182 

2549 Seale et al. (2016) K56796 Africa 2012 17 

2550 Seale et al. (2016) K56794 Africa 2012 17 

2551 Seale et al. (2016) K56781 Africa 2012 23 
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2552 Seale et al. (2016) K56778 Africa 2012 23 

2553 Seale et al. (2016) K56777 Africa 2012 23 

2554 Seale et al. (2016) K56776 Africa 2012 23 

2555 Seale et al. (2016) K56758 Africa 2012 23 

2556 Seale et al. (2016) K56745 Africa 2012 23 

2557 Seale et al. (2016) K56722 Africa 2012 182 

2558 Seale et al. (2016) K56721 Africa 2012 484 

2559 Seale et al. (2016) K56719 Africa 2012 8 

2560 Seale et al. (2016) K56718 Africa 2012 23 

2561 Seale et al. (2016) K56704 Africa 2012 182 

2562 Seale et al. (2016) K56702 Africa 2012 23 

2563 Seale et al. (2016) K56689 Africa 2012 23 

2564 Seale et al. (2016) K56687 Africa 2012 23 

2565 Seale et al. (2016) K56685 Africa 2012 8 

2566 Seale et al. (2016) K56684 Africa 2012 10 

2567 Seale et al. (2016) K56668 Africa 2012 10 

2568 Seale et al. (2016) K56667 Africa 2012 1 

2569 Seale et al. (2016) K56665 Africa 2012 484 

2570 Seale et al. (2016) K56664 Africa 2012 484 

2571 Seale et al. (2016) K56646 Africa 2012 3 

2572 Seale et al. (2016) K56645 Africa 2012 17 

2573 Seale et al. (2016) K56635 Africa 2012 327 

2574 Seale et al. (2016) K56634 Africa 2012 23 

2575 Seale et al. (2016) K56619 Africa 2012 23 

2576 Seale et al. (2016) K56615 Africa 2012 17 

2577 Seale et al. (2016) K56614 Africa 2012 182 
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2578 Seale et al. (2016) K56613 Africa 2012 28 

2579 Seale et al. (2016) K56612 Africa 2012 498 

2580 Seale et al. (2016) K56611 Africa 2012 486 

2581 Seale et al. (2016) K56610 Africa 2012 23 

2582 Seale et al. (2016) K56586 Africa 2012 10 

2583 Seale et al. (2016) K56585 Africa 2012 10 

2584 Seale et al. (2016) K56583 Africa 2012 24 

2585 Seale et al. (2016) K56581 Africa 2012 24 

2586 Seale et al. (2016) K56570 Africa 2012 23 

2587 Seale et al. (2016) K56555 Africa 2012 23 

2588 Seale et al. (2016) K56545 Africa 2012 28 

2589 Seale et al. (2016) K56509 Africa 2012 28 

2590 Seale et al. (2016) K56508 Africa 2012 17 

2591 Seale et al. (2016) K56507 Africa 2012 23 

2592 Seale et al. (2016) K56506 Africa 2012 19 

2593 Seale et al. (2016) K56494 Africa 2012 23 

2594 Seale et al. (2016) K56493 Africa 2012 10 

2595 Seale et al. (2016) K56492 Africa 2012 1 

2596 Seale et al. (2016) K56487 Africa 2012 1 

2597 Seale et al. (2016) K56486 Africa 2012 23 

2598 Seale et al. (2016) K56484 Africa 2012 498 

2599 Seale et al. (2016) K56483 Africa 2012 10 

2600 Seale et al. (2016) K56482 Africa 2012 182 

2601 Seale et al. (2016) K56479 Africa 2012 8 

2602 Seale et al. (2016) K56477 Africa 2012 23 

2603 Seale et al. (2016) K56463 Africa 2012 182 
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2604 Seale et al. (2016) K56453 Africa 2012 196 

2605 Seale et al. (2016) K56442 Africa 2012 23 

2606 Seale et al. (2016) K56436 Africa 2012 23 

2607 Seale et al. (2016) K56435 Africa 2012 23 

2608 Seale et al. (2016) K56432 Africa 2012 23 

2609 Seale et al. (2016) K56431 Africa 2012 23 

2610 Seale et al. (2016) K56419 Africa 2012 23 

2611 Seale et al. (2016) K56418 Africa 2012 23 

2612 Seale et al. (2016) K56377 Africa 2012 23 

2613 Seale et al. (2016) K56374 Africa 2012 196 

2614 Seale et al. (2016) K56373 Africa 2012 182 

2615 Seale et al. (2016) K56372 Africa 2012 792 

2616 Seale et al. (2016) K56371 Africa 2012 17 

2617 Seale et al. (2016) K56370 Africa 2012 1 

2618 Seale et al. (2016) K56369 Africa 2012 17 

2619 Seale et al. (2016) K56367 Africa 2012 327 

2620 Seale et al. (2016) K56366 Africa 2012 1 

2621 Seale et al. (2016) K56341 Africa 2012 8 

2622 Seale et al. (2016) K56333 Africa 2012 327 

2623 Seale et al. (2016) K56278 Africa 2012 8 

2624 Seale et al. (2016) K56264 Africa 2012 19 

2625 Seale et al. (2016) K56263 Africa 2012 1 

2626 Seale et al. (2016) K56261 Africa 2012 19 

2627 Seale et al. (2016) K56247 Africa 2012 23 

2628 Seale et al. (2016) K56246 Africa 2012 17 

2629 Seale et al. (2016) K56245 Africa 2012 17 
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2630 Seale et al. (2016) K56244 Africa 2012 1 

2631 Seale et al. (2016) K56235 Africa 2012 788 

2632 Seale et al. (2016) K56234 Africa 2012 23 

2633 Seale et al. (2016) K56233 Africa 2012 23 

2634 Seale et al. (2016) K56232 Africa 2012 23 

2635 Seale et al. (2016) K56231 Africa 2012 17 

2636 Seale et al. (2016) K56228 Africa 2012 17 

2637 Seale et al. (2016) K56218 Africa 2012 17 

2638 Seale et al. (2016) K56217 Africa 2012 23 

2639 Seale et al. (2016) K56198 Africa 2012 23 

2640 Seale et al. (2016) K56197 Africa 2012 19 

2641 Seale et al. (2016) K56196 Africa 2012 10 

2642 Seale et al. (2016) K56195 Africa 2012 801 

2643 Seale et al. (2016) K56194 Africa 2012 182 

2644 Seale et al. (2016) K56193 Africa 2012 28 

2645 Seale et al. (2016) K56186 Africa 2012 498 

2646 Seale et al. (2016) K56185 Africa 2012 17 

2647 Seale et al. (2016) K56184 Africa 2012 182 

2648 Seale et al. (2016) K56183 Africa 2012 17 

2649 Seale et al. (2016) K56159 Africa 2012 1 

2650 Seale et al. (2016) K56114 Africa 2012 1 

2651 Seale et al. (2016) K56113 Africa 2012 23 

2652 Seale et al. (2016) K56076 Africa 2012 10 

2653 Seale et al. (2016) K56074 Africa 2012 182 

2654 Seale et al. (2016) K56073 Africa 2012 182 

2655 Seale et al. (2016) K56071 Africa 2012 484 
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2656 Seale et al. (2016) K56070 Africa 2012 10 

2657 Seale et al. (2016) K56069 Africa 2012 23 

2658 Seale et al. (2016) K56064 Africa 2012 484 

2659 Seale et al. (2016) K56062 Africa 2012 17 

2660 Seale et al. (2016) K56061 Africa 2012 484 

2661 Seale et al. (2016) K56046 Africa 2012 182 

2662 Seale et al. (2016) K56031 Africa 2012 484 

2663 Seale et al. (2016) K55997 Africa 2012 23 

2664 Seale et al. (2016) K55996 Africa 2012 8 

2665 Seale et al. (2016) K55980 Africa 2012 23 

2666 Seale et al. (2016) K55979 Africa 2012 23 

2667 Seale et al. (2016) K55960 Africa 2012 327 

2668 Seale et al. (2016) K55959 Africa 2012 182 

2669 Seale et al. (2016) K55958 Africa 2012 28 

2670 Seale et al. (2016) K55896 Africa 2012 23 

2671 Seale et al. (2016) K55895 Africa 2012 182 

2672 Seale et al. (2016) K55881 Africa 2012 484 

2673 Seale et al. (2016) K55880 Africa 2012 23 

2674 Seale et al. (2016) K55761 Africa 2012 23 

2675 Seale et al. (2016) K55711 Africa 2012 796 

2676 Seale et al. (2016) K55655 Africa 2012 801 

2677 Seale et al. (2016) K55631 Africa 2012 17 

2678 Seale et al. (2016) K55630 Africa 2012 10 

2679 Seale et al. (2016) K55603 Africa 2012 17 

2680 Seale et al. (2016) K55594 Africa 2012 484 

2681 Seale et al. (2016) K55593 Africa 2012 17 
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2682 Seale et al. (2016) K55547 Africa 2012 17 

2683 Seale et al. (2016) K55532 Africa 2012 23 

2684 Seale et al. (2016) K55531 Africa 2012 10 

2685 Seale et al. (2016) K55530 Africa 2012 328 

2686 Seale et al. (2016) K55529 Africa 2012 10 

2687 Seale et al. (2016) K55513 Africa 2012 328 

2688 Seale et al. (2016) K55494 Africa 2012 785 

2689 Seale et al. (2016) K55493 Africa 2012 17 

2690 Seale et al. (2016) K55454 Africa 2012 8 

2691 Seale et al. (2016) K55453 Africa 2012 1 

2692 Seale et al. (2016) K55452 Africa 2012 24 

2693 Seale et al. (2016) K55442 Africa 2012 23 

2694 Seale et al. (2016) K55441 Africa 2012 23 

2695 Seale et al. (2016) K55427 Africa 2012 328 

2696 Seale et al. (2016) K55425 Africa 2012 10 

2697 Seale et al. (2016) K55416 Africa 2012 17 

2698 Seale et al. (2016) K55398 Africa 2012 327 

2699 Seale et al. (2016) K55357 Africa 2012 23 

2700 Seale et al. (2016) K55356 Africa 2012 327 

2701 Seale et al. (2016) K55320 Africa 2012 17 

2702 Seale et al. (2016) K55292 Africa 2012 17 

2703 Seale et al. (2016) K55286 Africa 2012 291 

2704 Seale et al. (2016) K55280 Africa 2012 23 

2705 Seale et al. (2016) K55234 Africa 2012 10 

2706 Seale et al. (2016) K55219 Africa 2012 196 

2707 Seale et al. (2016) K55218 Africa 2012 8 
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2708 Seale et al. (2016) K52864 Africa 2012 23 

2709 Seale et al. (2016) K52862 Africa 2012 17 

2710 Seale et al. (2016) K52817 Africa 2012 327 

2711 Seale et al. (2016) K52808 Africa 2012 28 

2712 Seale et al. (2016) K52792 Africa 2012 10 

2713 Seale et al. (2016) K52781 Africa 2012 1 

2714 Seale et al. (2016) K52780 Africa 2012 182 

2715 Seale et al. (2016) K52779 Africa 2012 327 

2716 Seale et al. (2016) K52774 Africa 2012 23 

2717 Seale et al. (2016) K52773 Africa 2012 17 

2718 Seale et al. (2016) K52692 Africa 2012 23 

2719 Seale et al. (2016) K52674 Africa 2012 10 

2720 Seale et al. (2016) K52662 Africa 2012 10 

2721 Seale et al. (2016) K52647 Africa 2012 17 

2722 Seale et al. (2016) K52646 Africa 2012 17 

2723 Seale et al. (2016) K52623 Africa 2012 17 

2724 Seale et al. (2016) K52615 Africa 2012 182 

2725 Seale et al. (2016) K52539 Africa 2012 23 

2726 Seale et al. (2016) K52487 Africa 2012 1 

2727 Seale et al. (2016) K52486 Africa 2012 17 

2728 Seale et al. (2016) K52459 Africa 2012 10 

2729 Seale et al. (2016) K52458 Africa 2012 196 

2730 Seale et al. (2016) K52454 Africa 2012 327 

2731 Seale et al. (2016) K52452 Africa 2012 24 

2732 Seale et al. (2016) K52433 Africa 2012 1 

2733 Seale et al. (2016) K52432 Africa 2012 10 
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2734 Seale et al. (2016) K52396 Africa 2012 182 

2735 Seale et al. (2016) K52368 Africa 2012 1 

2736 Seale et al. (2016) K52367 Africa 2012 17 

2737 Seale et al. (2016) K52346 Africa 2012 17 

2738 Seale et al. (2016) K52345 Africa 2012 19 

2739 Seale et al. (2016) K52318 Africa 2012 1 

2740 Seale et al. (2016) K52315 Africa 2012 17 

2741 Seale et al. (2016) K52314 Africa 2012 8 

2742 Seale et al. (2016) K52274 Africa 2012 1 

2743 Seale et al. (2016) K52157 Africa 2012 328 

2744 Seale et al. (2016) K52086 Africa 2012 787 

2745 Seale et al. (2016) K52085 Africa 2012 182 

2746 Seale et al. (2016) K52084 Africa 2012 23 

2747 Seale et al. (2016) K52083 Africa 2012 1 

2748 Seale et al. (2016) K52082 Africa 2012 28 

2749 Seale et al. (2016) K52067 Africa 2012 28 

2750 Seale et al. (2016) K52065 Africa 2012 801 

2751 Seale et al. (2016) K52064 Africa 2012 10 

2752 Seale et al. (2016) K52050 Africa 2012 1 

2753 Seale et al. (2016) K52049 Africa 2012 17 

2754 Seale et al. (2016) K52048 Africa 2012 28 

2755 Seale et al. (2016) K51965 Africa 2012 327 

2756 Seale et al. (2016) K51887 Africa 2011 327 

2757 Seale et al. (2016) K51855 Africa 2011 28 

2758 Seale et al. (2016) K51818 Africa 2011 17 

2759 Seale et al. (2016) K51792 Africa 2011 10 
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2760 Seale et al. (2016) K51745 Africa 2011 17 

2761 Seale et al. (2016) K51742 Africa 2011 17 

2762 Seale et al. (2016) K51738 Africa 2011 17 

2763 Seale et al. (2016) K51705 Africa 2011 19 

2764 Seale et al. (2016) K51704 Africa 2011   

2765 Seale et al. (2016) K51698 Africa 2011 1 

2766 Seale et al. (2016) K51617 Africa 2011 17 

2767 Seale et al. (2016) K51608 Africa 2011 17 

2768 Seale et al. (2016) K51590 Africa 2011 484 

2769 Seale et al. (2016) K51578 Africa 2011 17 

2770 Seale et al. (2016) K51572 Africa 2011 484 

2771 Seale et al. (2016) K51527 Africa 2011 182 

2772 Seale et al. (2016) K51526 Africa 2011 1 

2773 Seale et al. (2016) K51525 Africa 2011 28 

2774 Seale et al. (2016) K51478 Africa 2011 23 

2775 Seale et al. (2016) K51463 Africa 2011 8 

2776 Seale et al. (2016) K51420 Africa 2011 796 

2777 Seale et al. (2016) K51361 Africa 2011 10 

2778 Seale et al. (2016) K51349 Africa 2011 196 

2779 Seale et al. (2016) K51348 Africa 2011 484 

2780 Seale et al. (2016) K51329 Africa 2011 23 

2781 Seale et al. (2016) K51319 Africa 2011 196 

2782 Seale et al. (2016) K51318 Africa 2011 2 

2783 Seale et al. (2016) K51280 Africa 2011 28 

2784 Seale et al. (2016) K51261 Africa 2011 8 

2785 Seale et al. (2016) K51260 Africa 2011 17 



283 

 

2786 Seale et al. (2016) K51258 Africa 2011 1 

2787 Seale et al. (2016) K51257 Africa 2011 23 

2788 Seale et al. (2016) K51256 Africa 2011 182 

2789 Seale et al. (2016) K51255 Africa 2011 802 

2790 Seale et al. (2016) K51230 Africa 2011 10 

2791 Seale et al. (2016) K51216 Africa 2011 28 

2792 Seale et al. (2016) K51201 Africa 2011 17 

2793 Seale et al. (2016) K51175 Africa 2011 23 

2794 Seale et al. (2016) K51157 Africa 2011 182 

2795 Seale et al. (2016) K51139 Africa 2011 8 

2796 Seale et al. (2016) K51133 Africa 2011 327 

2797 Seale et al. (2016) K51118 Africa 2011 182 

2798 Seale et al. (2016) K51091 Africa 2011 17 

2799 Seale et al. (2016) K50972 Africa 2011 17 

2800 Seale et al. (2016) K50939 Africa 2011 182 

2801 Seale et al. (2016) K50938 Africa 2011 23 

2802 Seale et al. (2016) K50909 Africa 2011 10 

2803 Seale et al. (2016) K50877 Africa 2011 784 

2804 Seale et al. (2016) K50864 Africa 2011 10 

2805 Seale et al. (2016) K50827 Africa 2011 28 

2806 Seale et al. (2016) K50826 Africa 2011 28 

2807 Seale et al. (2016) K50792 Africa 2011 17 

2808 Seale et al. (2016) K50791 Africa 2011 17 

2809 Seale et al. (2016) K50790 Africa 2011 23 

2810 Seale et al. (2016) K50725 Africa 2011 23 

2811 Seale et al. (2016) K50724 Africa 2011 17 
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2812 Seale et al. (2016) K50709 Africa 2011 484 

2813 Seale et al. (2016) K50708 Africa 2011 23 

2814 Seale et al. (2016) K50669 Africa 2011 196 

2815 Seale et al. (2016) K50525 Africa 2011 8 

2816 Seale et al. (2016) K50492 Africa 2011 23 

2817 Seale et al. (2016) K50466 Africa 2011 788 

2818 Seale et al. (2016) K50442 Africa 2011 8 

2819 Seale et al. (2016) K50441 Africa 2011 17 

2820 Seale et al. (2016) K50426 Africa 2011 182 

2821 Seale et al. (2016) K50415 Africa 2011 1 

2822 Seale et al. (2016) K50414 Africa 2011 17 

2823 Seale et al. (2016) K50387 Africa 2011 10 

2824 Seale et al. (2016) K50365 Africa 2011 8 

2825 Seale et al. (2016) K50364 Africa 2011 327 

2826 Seale et al. (2016) K50342 Africa 2011 23 

2827 Seale et al. (2016) K50227 Africa 2011 796 

2828 Seale et al. (2016) K50223 Africa 2011 17 

2829 Seale et al. (2016) K50222 Africa 2011 182 

2830 Seale et al. (2016) K50167 Africa 2011 182 

2831 Seale et al. (2016) K50146 Africa 2011 484 

2832 Seale et al. (2016) K50145 Africa 2011 23 

2833 Seale et al. (2016) K50144 Africa 2011 8 

2834 Seale et al. (2016) K50143 Africa 2011 182 

2835 Seale et al. (2016) K50142 Africa 2011 484 

2836 Seale et al. (2016) K50140 Africa 2011 17 

2837 Seale et al. (2016) K50057 Africa 2011 484 
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2838 Seale et al. (2016) K50009 Africa 2011 327 

2839 Seale et al. (2016) K50008 Africa 2011 28 

2840 Seale et al. (2016) K50007 Africa 2011 19 

2841 Seale et al. (2016) K50006 Africa 2011 28 

2842 Seale et al. (2016) K49986 Africa 2011 19 

2843 Seale et al. (2016) K49981 Africa 2011 17 

2844 Seale et al. (2016) K49970 Africa 2011 17 

2845 Seale et al. (2016) K49969 Africa 2011 1 

2846 Seale et al. (2016) K49965 Africa 2011 17 

2847 Seale et al. (2016) K49933 Africa 2011 484 

2848 Seale et al. (2016) K49931 Africa 2011 23 

2849 Seale et al. (2016) K49917 Africa 2011 23 

2850 Seale et al. (2016) K49870 Africa 2011 10 

2851 Seale et al. (2016) K49839 Africa 2011 19 

2852 Seale et al. (2016) K49831 Africa 2011 484 

2853 Seale et al. (2016) K49793 Africa 2011 23 

2854 Seale et al. (2016) K49791 Africa 2011 23 

2855 Seale et al. (2016) K49768 Africa 2011 28 

2856 Seale et al. (2016) K49740 Africa 2011 17 

2857 Seale et al. (2016) K49739 Africa 2011 8 

2858 Seale et al. (2016) K49738 Africa 2011 484 

2859 Seale et al. (2016) K23965 Africa 2007 17 

2860 Seale et al. (2016) K23286 Africa 2007 23 

2861 Seale et al. (2016) K20349 Africa 2006 17 

2862 Seale et al. (2016) K20332 Africa 2006 17 

2863 Seale et al. (2016) K20251 Africa   804 
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2864 Seale et al. (2016) K20230 Africa 2006 8 

2865 Seale et al. (2016) K20019 Africa 2006 17 

2866 Seale et al. (2016) K19924 Africa 2006 484 

2867 Seale et al. (2016) K19244 Africa 2006 17 

2868 Seale et al. (2016) K19212 Africa 2006 17 

2869 Seale et al. (2016) K19170 Africa 2006 803 

2870 Seale et al. (2016) K18723 Africa 2006 484 

2871 Seale et al. (2016) K17900 Africa 2006 17 

2872 Seale et al. (2016) K17897 Africa 2006 147 

2873 Seale et al. (2016) K17389 Africa 2005 17 

2874 Seale et al. (2016) K17308 Africa 2005 17 

2875 Seale et al. (2016) K17224 Africa 2005 196 

2876 Seale et al. (2016) K17110 Africa 2005 17 

2877 Seale et al. (2016) K16827 Africa 2005 10 

2878 Seale et al. (2016) K16755 Africa 2005 17 

2879 Seale et al. (2016) K16534 Africa 2005 17 

2880 Seale et al. (2016) K14206 Africa 2005 17 

2881 Seale et al. (2016) K13758 Africa 2004 17 

2882 Seale et al. (2016) K11385 Africa 2003 17 

2883 Seale et al. (2016) K59563 Africa 2012 17 

2884 Seale et al. (2016) K57810 Africa 2012 17 

2885 Seale et al. (2016) K57085 Africa 2012 17 

2886 Seale et al. (2016) K57018 Africa 2012 2 

2887 Seale et al. (2016) K10268 Africa 2003 17 

2888 Seale et al. (2016) K56640 Africa 2012 17 

2889 Seale et al. (2016) K55826 Africa 2012 17 
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2890 Seale et al. (2016) K55813 Africa 2012 17 

2891 Seale et al. (2016) K9182 Africa 2002 17 

2892 Seale et al. (2016) K52758 Africa 2012 23 

2893 Seale et al. (2016) K8568 Africa 2002 23 

2894 Seale et al. (2016) K8555 Africa 2002 17 

2895 Seale et al. (2016) K8309 Africa 2002 17 

2896 Seale et al. (2016) K50468 Africa   792 

2897 Seale et al. (2016) K7834 Africa 2001 10 

2898 Seale et al. (2016) K48612 Africa 2011 484 

2899 Seale et al. (2016) K7453 Africa 2001 19 

2900 Seale et al. (2016) K48051 Africa 2011 17 

2901 Seale et al. (2016) K7229 Africa 2001 17 

2902 Seale et al. (2016) K47340 Africa 2011 484 

2903 Seale et al. (2016) K7129 Africa 2001 23 

2904 Seale et al. (2016) K6781 Africa 2001 23 

2905 Seale et al. (2016) K45678 Africa 2010 17 

2906 Seale et al. (2016) K6666 Africa 2000 484 

2907 Seale et al. (2016) K6625 Africa 2000 17 

2908 Seale et al. (2016) K6245 Africa 2000 17 

2909 Seale et al. (2016) K6234 Africa 2000 17 

2910 Seale et al. (2016) K6229 Africa 2000 17 

2911 Seale et al. (2016) K6209 Africa 2000 23 

2912 Seale et al. (2016) K5666 Africa 2000 23 

2913 Seale et al. (2016) K5136 Africa 1999 17 

2914 Seale et al. (2016) K4958 Africa 1999 17 

2915 Seale et al. (2016) K39258 Africa 2009 484 
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2916 Seale et al. (2016) K38783 Africa 2009 17 

2917 Seale et al. (2016) K36829 Africa 2009 484 

2918 Seale et al. (2016) K4436 Africa 1999 23 

2919 Seale et al. (2016) K4340 Africa 1999 17 

2920 Seale et al. (2016) K36235 Africa 2009 182 

2921 Seale et al. (2016) K36205 Africa 2009 182 

2922 Seale et al. (2016) K35752 Africa 2008 8 

2923 Seale et al. (2016) K3931 Africa 1998 23 

2924 Seale et al. (2016) K33921 Africa 2008 17 

2925 Seale et al. (2016) K3605 Africa 1998 17 

2926 Seale et al. (2016) K33534 Africa 2008 17 

2927 Seale et al. (2016) K31176 Africa 2008 17 

2928 Seale et al. (2016) K28931 Africa 2008 17 

2929 Seale et al. (2016) K28764 Africa 2008 23 

2930 Seale et al. (2016) K25271 Africa 2007 182 

3303 SAMEA4027127 ERR1624805 Europe   19 

3325 SAMEA4027162 ERR1624839 Europe   148 

3335 SAMEA4027176 ERR1624853 Europe   9 

3337 SAMEA4027178 ERR1624855 Europe   109 

3352 SAMEA4027196 ERR1624872 Europe   41 

3372 SAMEA4027220 ERR1624896 Europe   328 

3382 SAMEA4027230 ERR1624906 Europe   109 

3398 SAMEA4027248 ERR1624923 Europe   164 

3452 SAMEA4027312 ERR1624986 Europe   547 

3453 SAMEA4027313 ERR1624987 Europe   9 

3454 SAMEA4027314 ERR1624988 Europe     
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3462 SAMEA4027327 ERR1625000 Europe   6 

3475 SAMEA4027341 ERR1625014 Europe   107 

3480 SAMEA4027347 ERR1625020 Europe   6 

3497 SAMEA4027370 ERR1625043 Europe   550 

3499 SAMEA4027373 ERR1625046 Europe   6 

3505 SAMEA4027380 ERR1625053 Europe   148 

3508 SAMEA4027383 ERR1625056 Europe   148 

3524 SAMEA4027403 ERR1625076 Europe   26 

3542 SAMEA4027428 ERR1625101 Europe   167 

3559 SAMEA4027451 ERR1625124 Europe   933 

3588 SAMEA4027486 ERR1625159 Europe   4 

3601 SAMEA4027503 ERR1625176 Europe   110 

3607 SAMEA4027511 ERR1625184 Europe   291 

3617 SAMEA4027525 ERR1625198 Europe   148 

3635 SAMEA4027546 ERR1625219 Europe   536 

3652 SAMEA4027563 ERR1625236 Europe   144 

3659 SAMEA4027572 ERR1625245 Europe   2 

3663 SAMEA4027576 ERR1625249 Europe   110 

3683 SAMEA4027599 ERR1625272 Europe   22 

3685 SAMEA4027602 ERR1625275 Europe   10 

3690 SAMEA4027609 ERR1625282 Europe   459 

3694 SAMEA4027614 ERR1625287 Europe   328 

3703 SAMEA4027624 ERR1625297 Europe   148 

3705 SAMEA4027626 ERR1625299 Europe   6 

3721 SAMEA4027644 ERR1625317 Europe   18 

3735 SAMEA4027663 ERR1625336 Europe   751 
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3749 SAMEA4027690 ERR1625363 Europe   1 

3758 SAMEA4027705 ERR1625378 Europe   1004 

3792 SAMEA4027749 ERR1625422 Europe   148 

3799 SAMEA4027764 ERR1625437 Europe   2 

3821 SAMEA4027792 ERR1625465 Europe   1 

3822 SAMEA4027794 ERR1625467 Europe   7 

3829 SAMEA4027802 ERR1625475 Europe   327 

3850 SAMEA4043903 ERR1659692 Europe   287 

3854 SAMEA4043907 ERR1659696 Europe   148 

3857 SAMEA4043910 ERR1659699 Europe   144 

3861 SAMEA4043915 ERR1659704 Europe   144 

3884 SAMEA4043942 ERR1659731 Europe   144 

3906 SAMEA4043967 ERR1659756 Europe   1 

3933 SAMEA4043998 ERR1659787 Europe   110 

3939 SAMEA4044007 ERR1659796 Europe   144 

3940 SAMEA4044008 ERR1659797 Europe   88 

3946 SAMEA4044015 ERR1659804 Europe   287 

3952 SAMEA4044022 ERR1659811 Europe   1 

3960 SAMEA4044031 ERR1659820 Europe   1189 

3961 SAMEA4044032 ERR1659821 Europe   144 

3970 SAMEA4044042 ERR1659831 Europe   22 

3982 SAMEA4044058 ERR1659847 Europe   103 

3987 SAMEA4044063 ERR1659852 Europe   148 

3991 SAMEA4044069 ERR1659858 Europe   255 

3996 SAMEA4043326 ERR1672372 Europe   144 

4023 SAMEA4043357 ERR1672403 Europe   144 
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4086 SAMEA4043435 ERR1672481 Europe   2 

4096 SAMEA4043449 ERR1672495 Europe   144 

4115 SAMEA4043468 ERR1672514 Europe   1 

4121 SAMEA4043474 ERR1672520 Europe   144 

4125 SAMEA4043478 ERR1672524 Europe   515 

4137 SAMEA4043490 ERR1672536 Europe   645 

4139 SAMEA4043493 ERR1672539 Europe   4 

4142 SAMEA4043496 ERR1672542 Europe   1 

4173 SAMEA4043535 ERR1672581 Europe   1 

4194 SAMEA4043559 ERR1672605 Europe   19 

4205 SAMEA4043573 ERR1672619 Europe   167 

4208 SAMEA4043577 ERR1672623 Europe   233 

4213 SAMEA4043582 ERR1672628 Europe   144 

4237 SAMEA4043609 ERR1672655 Europe   144 

4243 SAMEA4043616 ERR1672662 Europe   148 

4244 SAMEA4043617 ERR1672663 Europe   291 

4249 SAMEA4043623 ERR1672669 Europe   22 

4255 SAMEA4043629 ERR1672675 Europe   280 

4275 SAMEA4043653 ERR1672699 Europe   4 

4282 SAMEA4043664 ERR1672710 Europe   22 

4288 SAMEA4043672 ERR1672718 Europe   148 

4294 SAMEA4043678 ERR1672724 Europe   148 

4296 SAMEA4043680 ERR1672726 Europe   26 

4298 SAMEA4043682 ERR1672728 Europe   110 

4299 SAMEA4043683 ERR1672729 Europe   515 

4310 SAMEA4043695 ERR1672741 Europe   147 
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4315 SAMEA4043701 ERR1672747 Europe   26 

4338 SAMEA4043732 ERR1672778 Europe   144 

4340 SAMEA4043734 ERR1672780 Europe   4 

4343 SAMEA4043737 ERR1672783 Europe   4 

4344 SAMEA4043738 ERR1672784 Europe   144 

4347 SAMEA4043742 ERR1672788 Europe   4 

4353 SAMEA4043749 ERR1672795 Europe   110 

4379 SAMEA4043782 ERR1672828 Europe   153 

4381 SAMEA4043784 ERR1672830 Europe   498 

4385 SAMEA4043789 ERR1672835 Europe   147 

4386 SAMEA4043790 ERR1672836 Europe   144 

4388 SAMEA4043793 ERR1672839 Europe   110 

4411 SAMEA4043819 ERR1672865 Europe   144 

4417 SAMEA4043825 ERR1672871 Europe   109 

4423 SAMEA4043831 ERR1672877 Europe   144 

4424 SAMEA4043833 ERR1672879 Europe   144 

4429 SAMEA4043839 ERR1672885 Europe   144 

4432 SAMEA4043842 ERR1672888 Europe   751 

4437 SAMEA4043850 ERR1672896 Europe   148 

4453 SAMEA4043870 ERR1672916 Europe   95 

4462 SAMEA4043880 ERR1672926 Europe   335 

4466 SAMEA4043884 ERR1672930 Europe   335 

4645 GCA_003160735.1 SBVN Asia 2016 7 

4646 GCA_003160745.1 3896VN Asia 2016 7 

4666 Sender: Pattanapon Kayansamruaj JP9 Asia 2012 7 

4667 Sender: Pattanapon Kayansamruaj JP17 Asia 2012 283 

https://www.ebi.ac.uk/ena/data/view/GCA_003160735.1
https://www.ebi.ac.uk/ena/data/view/GCA_003160745.1
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4668 GCA_001729925.1 WC1535 Asia 2015 7 

4693 Sender: Pattanapon Kayansamruaj CBI142 Asia 2013 283 

4694 GCA_002930695.1 UTI114 Asia 2013 283 

4695 GCA_002937095.1 PPM3 Asia 2015 283 

4696 GCA_001584745.1 PR10 Asia 2016 283 

4697 GCA_002930685.1 UBN6 Asia 2012 283 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

https://www.ebi.ac.uk/ena/data/view/GCA_001729925.1
https://www.ebi.ac.uk/ena/data/view/GCA_002930695.1
https://www.ebi.ac.uk/ena/data/view/GCA_002937095.1
https://www.ebi.ac.uk/ena/data/view/GCA_001584745.1
https://www.ebi.ac.uk/ena/data/view/GCA_002930685.1
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APPENDIX O – SUPPLEMENTARY TABLE 7.3. 

 
Supplementary Table 7.3. Summary of 151 clinical Streptococcus agalactiae isolate characteristics including study and PubMLST identification 
numbers (ND, not detected). 
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4532 II-133_V 1 1 V ND + ND + + ND ND ND ND + ND 1/2a + + + + + + + + + + + ND 

4540 II-196_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + ND 

4574 II-36_V 1 1 V ND + ND + + ND ND ND ND + ND 1/2a + + + + + + + + + + + ND 

4555 II-251_V 1 1 V ND ND + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4493 259_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4486 218_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4528 II-108_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4500 273_R 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4550 II-236_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4635 Neo_2 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + +  + + + + + 
4577 II-40_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4596 II-490_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4531 II-13_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4522 54_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4603 II-54_R 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4496 263_R 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4497 263_V 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4551 II-239_V 1 1 V ND  + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4557 II-263_R 1 1 V ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4561 II-282_V 1 1 V ND  + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
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4638 Neo_5 1 1 Ib ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4508 375_V 1 1 II ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4579 II-403_V 1 1 II ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4525 II-1_R 1 1 II ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4526 II-1_V 1 1 II ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4499 268_V 1 1 II ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4560 II-281_V 1 1 II ND + + + + ND ND ND ND + ND 1/2a + + + + + + + + + + + + 
4488 23_V 1 196 IV ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4548 II-23_V 1 196 IV ND ND + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4563 II-284_V 1 196 IV ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4633 Neo_1 1 196 IV ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4591 II-454_R 1 2 VIII + + + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4510 422_V 1 4 Ia ND + + + + ND ND + ND ND ND 1/2b + + + + + + + + + + + + 
4490 238_R 1 414 IV ND + + + + ND ND ND ND + ND 2a + + + + + + + + + + + + 
4585 II-433_V 1 1 VI ND + + + + ND + ND ND ND ND 1/2a + + + + + + + + + + + + 
4608 II-8_V 1 1 VI ND + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + + 
4492 254_V 1 1 VI ND + + + + ND + ND ND ND ND 1/2a + + + + + + + + + + + + 
4520 496_R 1 1 VI ND + + + + ND + ND ND ND ND 1/2a + + + + + + + + + + + + 
4610 II-9_R 1 1 VI ND + + + + ND + ND ND ND ND 1/2a + + + + + + + + + + + + 
4549 II-230_R 1 1 VI ND + + + + ND + ND ND ND ND 1/2a + + + + + + + + + + + + 
4634 Neo_10 1 1 VI ND + + + + ND + ND ND ND ND 1/2a + + + + + + + + + + + + 
4539 II-185_V 19 19 II + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + + 
4513 462_V 19 28 II + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + + 
4537 II-176_V 19 28 II + ND + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + + 
4601 II-512_V 19 19 V ND ND + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4484 198_R 19 19 V ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4502 287_V 19 19 V ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4535 II-162_V 19 19 V ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4494 26_R 19 19 V ND ND + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4495 26_V 19 19 V ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4556 II-26_V 19 19 V ND + + + + ND ND + ND ND ND 1/2a + + + + + + + + + + + + 
4481 137_V 19 529 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4597 II-493_V 19 27 III + + + + + ND ND ND ND ND ND 2a + + + +  + + + + +  ND 

4636 Neo_3 19 19 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 
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4599 II-507_V 19 19 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4552 II-243_R 19 19 III + ND + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4533 II-155_V 19 335 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4554 II-248_V 19 335 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4475 107_V 19 335 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4504 333_V 19 335 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4512 456_V 19 335 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4501 277_V 19 19 III + ND + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4505 340_V 19 19 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4523 90_V 19 19 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4611 II-90_R 19 19 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4569 II-302_V 19 1167 III + + + + + ND ND ND ND ND ND 1/2a + + + + + +   + + + ND 

4514 469_V 19 1167 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + +  ND 

4529 II-110_V 19 1167 III +  + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4565 II-292_V 19 861 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4567 II-295_V 19 861 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4576 II-376_V 19 861 III + + + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + ND 

4637 Neo_4 12 509 Ia ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4491 250_V 12 12 II ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4570 II-315_V 12 12 II ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4503 291_V 12 41 V + + + + + + ND ND ND ND ND 1/2a ND ND ND N

D 
ND ND ND ND ND ND ND ND 

4564 II-291_V 12 41 V + + + + + + ND ND ND ND ND 1/2a ND ND ND N
D 

ND ND ND ND ND ND ND ND 

4642 Neo_9 12 585 V + + + + + + ND ND ND ND ND 1/2a ND ND ND N
D 

ND ND ND ND ND ND ND ND 

4485 202_V 12 41 V + + + + + + ND ND ND ND ND 1/2a ND ND ND N
D 

ND ND ND ND ND ND ND ND 

4543 II-202_V 12 41 V + + + + + + ND ND ND ND ND 1/2a ND ND ND N
D 

ND ND ND ND ND ND ND ND 

4587 II-435_V 12 569 II ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4584 II-431_V 12 12 II ND + + + + + + ND ND ND ND 2a  + + + + + + + + + + + 
4598 II-494_V 12 12 II ND + + + + + + ND ND ND ND 2a + + + + + + + + + + + + 
4483 160_V 12 12 II ND + + + + + + ND ND ND ND 2a + + + + + + + + + + + + 
4534 II-160_V 12 12 II ND ND + + + + + ND ND ND ND 2a + + + + + + + + + + + + 
4530 II-12_V 12 12 II ND ND + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
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4538 II-183_V 12 10 Ib ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4593 II-458_R 12 12 Ib ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4578 II-400_V 12 8 Ib ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4639 Neo_6 12 8 Ib ND + + + + + + ND ND ND ND 1/2a +  + + + + + + + + + + 
4595 II-482_V 12 8 Ib ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4562 II-283_V 12 8 Ib ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4600 II-510_V 12 8 Ib ND + + + + + + ND ND ND ND 1/2a + + + + + + + + + + + + 
4473 104_V 12 15 Ib ND ND + + + + + ND ND ND ND 2a + + + + + + + + + + + + 
4592 II-455_V 12 130 I ND ND + + + + + ND ND ND ND 2a + + + + + + + + + + + ND 

4519 495_R S 248 Ia ND ND + ND ND ND ND + ND ND ND 2b + + + + + + + + + + + + 
4586 II-434_V 17 291 IV + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4609 II-84_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4480 132_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4573 II-350_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4640 Neo_7 17 17 III + ND + + + ND ND ND ND ND ND 2b + + + + + + + + + + + + 
4524 92_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4498 266_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4541 II-198_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4487 22_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4544 II-22_V 17 17 III + ND + + + ND ND ND ND ND ND 1/2b + + + + + + + + + + + + 
4474 105_R S 22 II ND ND + + + ND + ND ND ND ND 2a ND ND ND N

D 
ND ND ND ND ND ND ND + 

4518 481_V S 22 II ND ND ND + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4521 499_V S 22 II ND ND + + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4546 II-226_V S 22 II ND ND + + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4580 II-407_V S 22 II ND ND + + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4482 152_V 23 NEW Ia ND ND + ND ND ND ND ND + ND ND 1/2a + ND + + + + + + ND + + ND 

4547 II-227_R 23 23 III + ND + + + ND ND ND ND ND ND 1/2a + + + + + + + + + + + + 
4559 II-279_V 23 88 Ia ND ND + + + ND ND ND + ND ND 1/2a + + + + + + + + + + + + 
4517 480_V 23 890 V ND ND + + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4509 408_V 23 24 V ND ND + + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4590 II-451_V 23 24 V ND ND + + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4536 II-175_V 23 144 Ia + ND + + + ND ND ND ND ND ND 2a + + + + + + + + + + + + 
4582 II-415_V 23 144 Ia + ND + + + ND ND ND ND ND ND 2a + + + + + + + + + + + + 
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4571 II-320_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4612 II-97_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4575 II-373_R 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4515 47_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4558 II-263_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4583 II-423_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4568 II-297_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4604 II-60_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4607 II-69_V 23 24 Ia ND ND + + + ND + ND ND ND ND 2a + + + + + + + + + + + + 
4594 II-459_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4553 II-245_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4506 344_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4602 II-53_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4545 II-221_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4566 II-294_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4489 231_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4511 437_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4641 Neo_8 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4581 II-409_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4606 II-64_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4507 35_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4476 112_R 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4477 112_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4572 II-332_V 23 23 VI ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4542 II-200_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4643 200_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4527 II-10_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4478 121_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4479 123_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4605 II-63_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4589 II-446_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
4516 48_V 23 23 Ia ND ND + + + ND ND  ND ND ND 2a + + + + + + + + + + + + 
4588 II-444_V 23 23 Ia ND ND + + + ND ND + ND ND ND 2a + + + + + + + + + + + + 
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APPENDIX P – SUPPLEMENTARY TABLE 9.1. 

 
Supplementary Table 9.1. Genome annotations of S. agalactiae phages LF1 – LF4. 
 
ORF Min Max Length 

(bp) 
Direction Transferred 

from 
Transferred similarity Product 

Geneious (BLASTN) RASTtk 

LF1 Phage 

ORF1 269 1138 870 Forward CP000114 99.77% Conserved hypothetical protein Phage protein 

ORF2 1158 1439 282 Forward CP000114 99.29% Conserved hypothetical protein  

1182 1439 258 Forward    Phage protein 

ORF3 1518 1637 120 Forward    Phage protein 

ORF4 1798 2037 240 Forward LT714196 99.58% Hypothetical protein Phage protein (ACLAME 173) 

ORF5 2068 2232 165 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF6 2229 2498 270 Forward LT714196, 
LT714196 

99.26% – 92.22% Hypothetical protein Phage protein 

ORF7 2502 2645 144 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF8 2642 3154 513 Forward LT714196, 
LT714196 

99.81% – 84.21% Hypothetical protein Phage protein 

ORF9 3175 3474 300 Forward LT714196 99.67% Hypothetical protein Phage protein 

ORF10 3492 3665 174 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF11 3662 3856 195 Forward LT714196 98.46% Hypothetical protein Hypothetical protein 

ORF12 3853 4119 267 Forward LT714196, 
LT714196, 
AP012335 

98.50% – 94.76% Hypothetical protein; phage protein Hypothetical protein 

ORF13 4507 4935 429 Forward CP000114 99.77% Conserved hypothetical protein  

4510 4935 426 Forward    Phage protein 

ORF14 5241 5468 228 Reverse    Hypothetical protein 
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ORF15 5507 5881 375 Forward CP000114 100.00% Prophage LambdaSa03, HNH 
endonuclease family protein 

Phage-associated HNH homing 
endonuclease 

ORF16 6032 6388 357 Forward AP012335, 
NC_004586 

87.68% Hypothetical protein; phage protein FIG018599: Phage-associated protein 

ORF17 6385 7653 1269 Forward AP012335, 
NC_004586 

81.40% – 81.32% Putative structural protein - phage 
associated; putative structural protein 

Phage portal protein; Phage capsid 
and scaffold 

ORF18 7646 8866 1221 Forward CP000114 99.92% Conserved hypothetical protein  

7646 8863 1218     Phage protein 

ORF19 8866 9054 189 Forward CP000114 99.47% Hypothetical protein Hypothetical protein 

ORF20 9162 10577 1416 Forward AP012335, 
NC_004586 

85.73% Phage terminase; putative terminase Phage terminase 

ORF21 10658 11122 465 Forward CP000114 100.00% Conserved hypothetical protein Phage capsid and scaffold 

ORF22 11125 12027 903 Forward CP000114 99.78% Prophage LambdaSa03, structural protein, 
putative 

Phage major capsid protein 

ORF23 12024 12239 216 Forward CP000114 100.00% Conserved hypothetical protein FIG021300: Phage-associated protein 

ORF24 12253 12684 432 Forward LT714196 81.48% Phage protein Gp19/Gp15/Gp42 FIG017897: Phage protein 

ORF25 12635 12973 339 Forward CP000114 100.00% Conserved hypothetical protein FIG018632: Phage-associated protein 

ORF26 12933 13202 270 Forward NC_004586 98.52% Hypothetical protein  

12966 13202 237 Forward    FIG020717: Phage-associated protein 

ORF27 13203 13538 336 Forward AP012335, 
NC_004586 

98.81% Hypothetical protein; phage protein FIG018217: Phage-associated protein 

ORF28 13548 14105 558 Forward LT714196 83.33% Prophage LambdaSa1, structural protein Phage major tail protein 

ORF29 14105 14350 246 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF30 14365 14736 372 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF31 14736 16748 2013 Forward CP000114 99.85% Prophage LambdaSa03, pblA protein, 
internal deletion 

Phage minor tail protein 

ORF32 16742 18274 1533 Forward LT714196 84.87% Prophage LambdaSa03, tail component Putative minor structural protein 

ORF33 18275 22396 4122 Forward CP000114 99.98% Prophage LambdaSa03, minor structural 
protein, putative 

Phage tail fibers 

ORF34 22397 24409 2013 Forward LT714196 97.47% Prophage LambdaSa03, minor structural Structural protein 
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protein 

ORF35 24421 24813 393 Forward LT714196 93.89% Hypothetical protein Hypothetical protein 

ORF36 24836 24964 129 Forward CP000114 100.00% Conserved hypothetical protein  

24764 24964 201 Forward    Hypothetical protein 

ORF37 24973 25275 303 Forward LT714196 99.34% Phage protein Phage protein (ACLAME 358) 

ORF38 25268 25495 228 Forward LT714196, 
NC_004589, 
DQ864624, 
NC_004584, 
NC_009819, 
NC_004585, 
AP012335 

92.98% – 88.16% prophage LambdaSa03, holin; putative 
holin; holin 

Phage holin 

ORF39 25504 25620 117 Forward JX409894, 
LT714196, 
JX409895 

99.15% – 94.02% Hypothetical protein Hypothetical protein 

ORF40 25621 26952 1332 Forward LT714196, 
JX409895, 
JX409894 

98.65% – 93.84% Phage lysin, N-acetylmuramoyl-L-alanine 
amidase; putative lysin 

Phage lysin, N-acetylmuramoyl-L-
alanine amidase 

ORF41 27214 27384 171 Reverse CP021869, 
LT714196 

100.00% Hypothetical protein FIG01116037: hypothetical protein 

ORF42 27482 27766 285 Forward    Hypothetical protein 

ORF43 27803 27982 180 Forward CP021869, 
LT714196 

100.00% Paratox Paratox 

ORF44 28279 29421 1143 Reverse CP021869, 
LT714196 

96.33% Prophage LambdaSa03, site-specific 
recombinase phage integrase; site-specific 
integrase 

Phage integrase 

ORF45 29549 29758 210 Reverse CP000114 100.00% Conserved hypothetical protein  

ORF46 29810 30190 381 Reverse JX409894, 
LT714196 

99.74% – 95.80% Putative CI-like repressor; hypothetical 
protein 

Phage protein 

ORF47 30177 30536 360 Reverse CP000114 99.44% Prophage LambdaSa03, transcriptional 
regulator, Cro/CI family 

Phage cI repressor (ACLAME 5) 

ORF48 30728 30946 219 Forward KT388093, 80.82% Cro-like transcriptional regulator; cro Transcriptional regulator 
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KY349816, 
NC_004588, 
NC_028697 

family anti-repressor; putative Cro-like 
repressor 

ORF49 31044 31376 333 Forward JX409895, 
LF4 Phage - 
Complete 

99.70% Hypothetical protein Phage protein 

ORF50 31481 31816 336 Reverse LT714196 98.21% Hypothetical protein Hypothetical protein 

ORF51 31962 32147 186 Forward JX409895, 
JX409894 

98.39% – 95.70% Putative DNA-binding phage protein Putative DNA-binding phage protein 

ORF52 32226 32537 312 Forward CP021869, 
LT714196 

94.23% Excisionase; putative excisionase Phage excisionase 

ORF53 32542 32691 150 Forward LT714196, 
LT714196 

99.33% – 83.33% Hypothetical protein  

ORF54 32685 32774 90 Forward    Hypothetical protein 

ORF55 32767 32967 201 Forward JX409895 100.00% Hypothetical protein Hypothetical protein 

ORF56 32964 33254 291 Forward CP000114 100.00% Conserved hypothetical protein Hypothetical phage protein 

ORF57 33241 33924 684 Forward CP000114 99.85% Conserved hypothetical protein 
TIGR01618 

ORF46 

ORF58 33999 35363 1365 Forward CP000114 100.00% Prophage LambdaSa03, helicase, putative Putative helicase 

ORF59 35368 35850 483 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF60 35868 37421 1554 Forward CP000114 99.74% Conserved hypothetical 
protein/bacteriophage resistance protein 

Phage protein 

LF2 Phage 

ORF1 2 82 81 Forward    Hypothetical protein 

ORF2 88 423 336 Reverse LT714196 100.00% HNH endonuclease Phage endonuclease 

ORF3 524 709 186 Forward LT714196 100.00% YcfA-like protein Phage protein 

ORF4 762 1139 378 Forward LT714196 100.00% Phage protein Phage protein 

ORF5 1193 1321 129 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

RNA1 1633 1711 79 Reverse    tRNA-Tyr-ATA 

ORF6 1877 2311 435 Reverse LT714196 100.00% FIG01114733: hypothetical protein Phage protein 
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ORF7 2700 2966 267 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF8 2963 3157 195 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF9 3154 3327 174 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF10 3345 3644 300 Reverse LT714196 99.67% Hypothetical protein Hypothetical protein 

ORF11 3665 4177 513 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF12 4174 4317 144 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF13 4321 4590 270 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF14 4587 4751 165 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF15 4782 5021 240 Reverse LT714196 100.00% Hypothetical protein Phage protein (ACLAME 173) 

ORF16 5005 5301 297 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF17 5313 5465 153 Reverse    Hypothetical protein 

ORF18 5650 6126 477 Reverse LT714196 99.58% Phage Holliday junction resolvase  

5722 6126 405 Reverse    Phage Holliday junction resolvase 

ORF19 6116 6313 198 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF20 6475 7272 798 Reverse LT714196 100.00% Hypothetical protein phage associated Phage protein 

ORF21 7269 8231 963 Reverse LT714196, 
JX409894 

99.79% – 94.08% Putative recombinase-phage associated; 
putative RecT protein 

Recombinational DNA repair protein 
RecT (prophage associated) 

ORF22 8234 8563 330 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF23 8565 8726 162 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF24 8729 8983 255 Reverse LT714196 100.00% FIG01116817: hypothetical protein Phage protein 

ORF25 8970 9245 276 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF26 9235 9381 147 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF27 9381 10223 843 Reverse LT714196 100.00% Prophage LambdaSa2, DNA replication 
protein DnaC 

DNA replication protein DnaC 

ORF28 10233 11135 903 Reverse LT714196 100.00% DNA replication protein dnaD DNA replication protein DnaC 

ORF29 11136 11258 123 Reverse    Hypothetical protein 

ORF30 11251 11694 444 Reverse LT714196 100.00% Hypothetical protein Phage protein 
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ORF31 11750 12130 381 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF32 12120 12392 273 Reverse LT714196 99.63% Hypothetical protein Hypothetical protein 

ORF33 12573 12743 171 Reverse LT714196 99.42% Prophage Sa05, CopG family 
transcriptional regulator 

Hypothetical protein 

ORF34 12880 13011 132 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF35 13041 13298 258 Reverse LT714196 100.00% FIG01116860: hypothetical protein Phage protein 

ORF36 13377 13574 198 Reverse    Conserved hypothetical protein - 
phage associated 

ORF37 13668 13844 177 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF38 13872 14063 192 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF39 14082 14603 522 Reverse LT714196 100.00% Hypothetical protein Phage antirepressor protein 

ORF40 14596 15555 960 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF41 15609 15815 207 Reverse LT714196 100.00% DNA-binding protein Transcriptional regulator, Cro/CI 
family 

ORF42 15891 16226 336 Forward LT714196 99.70% Hypothetical protein Hypothetical protein 

ORF43 16443 17084 642 Forward JX409895, 
LT714196 

100.00% Hypothetical protein Hypothetical protein 

ORF44 17182 17340 159 Reverse LT714196 100.00% FIG01115240: hypothetical protein FIG01115240: hypothetical protein 

ORF45 17399 17611 213 Forward JX409895, 
LT714196 

100.00% Hypothetical protein Hypothetical protein 

ORF46 18110 18889 780 Forward LT714196 99.74% Putative repressor-phage associated Predicted transcriptional regulator 

ORF47 19021 19635 615 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF48 19808 20905 1098 Forward LT714196, 
AP012335 

99.82% – 95.26% Mobile element protein; DNA 
integration/recombination/inversion 
protein 

Integrase 

ORF49 21175 21357 183 Reverse LT714196 100.00% Paratox Paratox 

ORF50 21469 21666 198 Reverse LT714196 100.00% CsbD-like superfamily protein Hypothetical protein 

ORF51 22013 23356 1344 Reverse LT714196 99.93% Phage lysin, N-acetylmuramoyl-L-alanine 
amidase 

Phage lysin, N-acetylmuramoyl-L-
alanine amidase 

ORF52 23357 23473 117 Reverse LT714196 100.00% Hypothetical protein Hypothetical protein 



305 

 

ORF53 23482 23736 255 Reverse JX409894, 
JX409895, 
LT714196 

100.00% Holin; putative holin Phage holin 

ORF54 23738 24025 288 Reverse LT714196 100.00% Phage protein Phage protein 

ORF55 24044 24202 159 Reverse    Hypothetical protein 

ORF56 24231 24557 327 Reverse JX409894, 
LT714196, 
JX409895 

99.69% – 99.08% Hypothetical protein Hypothetical protein 

ORF57 24571 26562 1992 Reverse LT714196 100.00% Prophage LambdaSa03, minor structural 
protein 

Structural protein 

ORF58 26776 30702 3927 Reverse    Phage tail fibers 

ORF59 30693 30815 123 Reverse    Putative minor structural protein 

ORF60 30872 32203 1332 Reverse    Putative minor structural protein 

ORF61 32200 36141 3942 Reverse LT714196, 
JX409894, 
JX409895 

99.95% – 90.36% Chromosome partition protein Smc; 
putative phage tape measure protein; 
putative tail tape measure protein 

Phage tail length tape-measure 
protein 

ORF62 36154 36267 114 Reverse    Phage protein 

ORF63 36351 36671 321 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF64 36725 37348 624 Reverse LT714196 100.00% Phage major tail protein Phage major tail protein 

ORF65 37364 37801 438 Reverse    Phage protein 

ORF66 37798 38163 366 Reverse    Phage capsid and scaffold (ACLAME 
58) 

ORF67 38160 38507 348 Reverse LT714196 100.00% Phage head-tail joining protein Phage protein 

ORF68 38504 38806 303 Reverse JX409894, 
JX409895, 
LT714196 

100.00% Putative head-tail connector protein; 
unknown phage protein 

Phage DNA packaging protein 
(ACLAME 138) 

ORF69 38809 38970 162 Reverse JX409894, 
JX409895 

100.00% Hypothetical protein Putative capsid protein (ACLAME 
311) 

ORF70 38984 40168 1185 Reverse LT714196 99.92% Phage capsid family protein Phage capsid protein 

ORF71 40192 40857 666 Reverse LT714196 99.85% ATP-dependent Clp protease protease 
subunit 

Prophage Clp protease-like protein 
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ORF72 40835 42055 1221 Reverse LT714196 100.00% Phage portal protein Phage portal protein 

ORF73 42086 42289 204 Reverse LT714196 100.00% Phage protein Phage protein 

ORF74 42282 42449 168 Reverse LT714196 100.00% Hypothetical protein Phage protein 

ORF75 42449 44203 1755 Reverse LT714196 99.89% Phage terminase large subunit Phage terminase, large subunit 

ORF76 44218 44685 468 Reverse    Phage terminase, small subunit 

LF3 Phage 

ORF1 57 536 480 Forward    FIG01116616: hypothetical protein 

ORF2 529 2241 1713 Forward CP021869, 
KY363359, 
KY065484, 
KM882824, 
NC_027396, 
KY065449, 
KY065482, 
KT337370, 
KY065481, 
KY065483, 
KY065489, 
NC_030946 

92.35% – 88.32% Terminase; terminase large subunit Phage terminase, large subunit 

ORF3 2250 3386 1137 Forward KY363359, 
CP021869 

96.24% – 96.15% Portal protein; phage portal protein FIG01118414: hypothetical protein 

ORF4 3438 3980 543 Forward KY363359, 
CP021869, 
KY065484, 
KY065449, 
KM882824, 
KT337370, 
KY065489, 
NC_027396, 
NC_030946, 
KY065481, 
KY065482, 

97.97% – 87.29% Prohead protease; peptidase U35; 
protease; prohead maturation protease 

Prophage LambdaSa2, protease, 
putative 
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KY065483 

ORF5 3991 5253 1263 Forward CP021869, 
KY363359 

96.99% – 96.83% Phage major capsid protein; major capsid 
protein 

 

3991 5250 1260 Forward    Conserved domain protein 

ORF6 5273 5608 336 Forward CP021869, 
KY363359 

98.21% – 97.92% Hypothetical protein Glycerate kinase (EC 2.7.1.31) 

ORF7 5605 5910 306 Forward CP021869, 
KY363359, 
KM882824, 
NC_027396, 
KY065449, 
KY065481, 
KY065482, 
KY065483, 
KY065484, 
KY065489, 
KT337370, 
NC_030946 

98.37% – 79.41% Phage head-tail adapter protein; head-tail 
adapter protein; head-tail adaptor; 
hypothetical protein 

FIG01114606: hypothetical protein 

ORF8 5910 6257 348 Forward KY363359, 
CP021869, 
KM882824, 
KY065484, 
NC_027396, 
KT337370, 
KY065449, 
KY065481, 
KY065482, 
KY065483, 
KY065489, 
NC_030946 

96.84% – 82.47% Hypothetical protein  

ORF9 6244 6588 345 Forward CP021869, 
KY363359 

96.52% – 95.07% Hypothetical protein; putative tail-
component 

FIG01116328: hypothetical protein 

ORF10 6603 7286 684 Forward CP021869, 97.95% Phage tail protein; tail protein FIG01118296: hypothetical protein 
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KY363359 

ORF11 7286 7759 474 Forward KY363359, 
CP021869, 
KY065484, 
KM882824, 
NC_027396, 
KT337370, 
KY065449, 
KY065481, 
KY065482, 
KY065483, 
NC_030946 

87.84% – 86.58% Hypothetical protein FIG01114006: hypothetical protein 

ORF12 7801 7929 129 Forward CP021869, 
KM882824, 
NC_027396 

94.57% – 78.29% Hypothetical protein FIG01115934: hypothetical protein 

ORF13 7948 10669 2722 Forward CP021869, 
KY363359 

79.69% – 79.63% Phage tail tape measure protein; tail tape-
measure protein 

 

7948 10497 2550 Forward    Phage tail length tape-measure 
protein 

ORF14 10494 11216 723 Forward CP021869, 
KY363359 

96.40% – 95.57% Phage tail protein; tail protein FIG01115816: hypothetical protein 

ORF15 11217 14891 3675 Forward CP021869, 
KY363359 

97.61% – 97.03% Hypothetical protein; tail endopeptidase Phage hyaluronidase 

ORF16 14908 15138 231 Forward KY363359, 
CP021869 

99.57% – 98.70% Hypothetical protein Conserved domain protein 

ORF17 15141 15479 339 Forward CP021869, 
KY363359 

93.22% Hypothetical protein Phage protein 

ORF18 15513 15923 411 Forward CP021869, 
KY363359 

96.59% Hypothetical protein Hypothetical protein 

ORF19 15927 16256 330 Forward CP021869, 
KY363359 

93.03% – 92.73% Phage holin; holin Phage holin 

ORF20 16260 17699 1440 Forward KT388093, 
KY349816, 

78.35% N-acetylmuramoyl-L-alanine amidase; 
Lysin 

Phage lysin, N-acetylmuramoyl-L-
alanine amidase (EC 3.5.1.28) 
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NC_028697 

ORF21 17907 18092 186 Forward KY363359 100.00% Toxin Hypothetical protein 

ORF22 18153 18557 405 Forward KY363359, 
CP021869, 
KC348604 

98.52% – 88.89% Antitoxin; HicB family protein; toxin-
antitoxin system, antitoxin component, 
HicB family 

Phage-related protein 

ORF23 18842 19909 1068 Reverse CP021869 100.00% Site-specific integrase Integrase 

ORF24 20033 20437 405 Reverse CP021869 100.00% Hypothetical protein Phage protein 

ORF25 20459 21205 747 Reverse CP021869 100.00% Hypothetical protein Hypothetical protein 

ORF26 21214 21594 381 Reverse CP021869 100.00% Transcriptional regulator Transcriptional regulator 

ORF27 22029 22499 471 Reverse CP021869 100.00% Hypothetical protein Hypothetical protein 

ORF28 22560 22772 213 Forward KY363359 100.00% Transcriptional regulator Phage protein (ACLAME 752) 

ORF29 22772 23113 342 Forward KY363359 100.00% Hypothetical protein Hypothetical protein 

ORF30 23160 23690 531 Forward KY363359 100.00% HNH homing endonuclease HNH homing endonuclease 

ORF31 23690 23974 285 Forward KY363359 100.00% Hypothetical protein Phage protein 

ORF32 23998 24216 219 Forward KY363359 100.00% Hypothetical protein Hypothetical protein 

ORF33 24225 25556 1332 Forward CP021869 100.00% Replicative DNA helicase Replicative DNA helicase (DnaB) (EC 
3.6.4.12) 

ORF34 25558 26160 603 Forward KY363359 100.00% Hypothetical protein Phage protein 

ORF35 26138 26884 747 Forward KY363359 100.00% DNA replication protein Phage replication initiation protein 

ORF36 26885 27706 822 Forward KY363359, 
CP021869 

99.88% – 95.13% DNA replication protein Phage DNA helicase loader (ACLAME 
19) 

ORF37 27706 27954 249 Forward KY363359 100.00% Hypothetical protein Hypothetical protein 

ORF38 27947 28441 495 Forward KY363359 100.00% Nucleoside triphosphate 
pyrophosphohydrolase 

Phage DNA binding protein 

ORF39 28438 28767 330 Forward KY363359 100.00% Hypothetical protein Phage protein (ACLAME 481) 

ORF40 28767 29186 420 Forward KY363359 100.00% Hypothetical protein Phage protein 

ORF41 29183 29389 207 Forward KY363359 100.00% Hypothetical protein Hypothetical protein 

ORF42 29379 29795 417 Forward KY363359 100.00% Single-stranded DNA-binding protein Single-stranded DNA-binding protein 
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ORF43 29805 30065 261 Forward KY363359 100.00% Hypothetical protein Phage protein 

ORF44 30062 30409 348 Forward KY363359 100.00% Cro/CI family transcriptional regulator Prophage LambdaSa2, transcriptional 
regulator, Cro/CI family 

ORF45 30406 30870 465 Forward KY363359 100.00% Hypothetical protein Hypothetical protein 

ORF46 30980 31522 543 Forward KY363359 100.00% Site-specific recombinase Prophage LambdaSa2, site-specific 
recombinase, phage integrase family 

ORF47 32020 32205 186 Reverse    Hypothetical protein 

LF4 Phage 

ORF1 269 1138 870 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF2 1158 1439 282 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF3 1518 1814 297 Forward LT714196 100.00% Hypothetical protein Phage protein 

ORF4 1798 2037 240 Forward LT714196 100.00% Hypothetical protein Phage protein (ACLAME 173) 

ORF5 2068 2232 165 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF6 2229 2498 270 Forward LT714196 100.00% Hypothetical protein Phage protein 

ORF7 2502 2645 144 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF8 2642 3154 513 Forward LT714196 100.00% Hypothetical protein Phage protein 

ORF9 3175 3474 300 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF10 3492 3665 174 Forward LT714196 100.00% Hypothetical protein Hypothetical protein 

ORF11 3662 3856 195 Forward LT714196 98.46% Hypothetical protein Hypothetical protein 

ORF12 3853 4119 267 Forward LT714196, 
LT714196, 
AP012335 

98.50% – 94.76% Hypothetical protein; phage protein Hypothetical protein 

ORF13 4507 4935 429 Forward CP000114 100.00% Conserved hypothetical protein  

4510 4935 426 Forward    Phage protein 

ORF14 5241 5468 228 Reverse    Hypothetical protein 

ORF15 5507 5881 375 Forward CP000114 100.00% Prophage LambdaSa03, HNH 
endonuclease family protein 

Phage-associated HNH homing 
endonuclease 

ORF16 6032 6388 357 Forward AP012335, 
NC_004586 

87.96% Hypothetical protein; phage protein FIG018599: Phage-associated protein 
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ORF17 6385 7653 1269 Forward AP012335, 
NC_004586 

81.40% – 81.32% Putative structural protein - phage 
associated; putative structural protein 

Phage portal protein; Phage capsid 
and scaffold 

ORF18 7646 8866 1221 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF19 8866 9054 189 Forward CP000114 100.00% Hypothetical protein Hypothetical protein 

ORF20 9162 10577 1416 Forward AP012335, 
NC_004586 

85.81% Phage terminase; putative terminase Phage terminase 

ORF21 10658 11122 465 Forward CP000114 100.00% Conserved hypothetical protein Phage capsid and scaffold 

ORF22 11125 12027 903 Forward CP000114 100.00% Prophage LambdaSa03, structural protein, 
putative 

Phage major capsid protein 

ORF23 12024 12239 216 Forward CP000114 100.00% Conserved hypothetical protein FIG021300: Phage-associated protein 

ORF24 12253 12684 432 Forward LT714196 81.71% Phage protein Gp19/Gp15/Gp42 FIG017897: Phage protein 

ORF25 12635 12973 339 Forward CP000114 100.00% Conserved hypothetical protein FIG018632: Phage-associated protein 

ORF26 12966 13202 237 Forward AP012335 98.31% Phage protein FIG020717: Phage-associated protein 

ORF27 13203 13538 336 Forward AP012335, 
NC_004586 

98.81% Hypothetical protein; phage protein FIG018217: Phage-associated protein 

ORF28 13548 14105 558 Forward LT714196 83.33% Prophage LambdaSa1, structural protein Phage major tail protein 

ORF29 14105 14350 246 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF30 14365 14736 372 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF31 14736 16748 2013 Forward CP000114 100.00% Prophage LambdaSa03, pblA protein, 
internal deletion 

Phage minor tail protein 

ORF32 16742 18274 1533 Forward LT714196 84.87% Prophage LambdaSa03, tail component Putative minor structural protein 

ORF33 18275 22396 4122 Forward CP000114 100.00% Prophage LambdaSa03, minor structural 
protein, putative 

Phage tail fibers 

ORF34 22397 24409 2013 Forward LT714196 97.47% Prophage LambdaSa03, minor structural 
protein 

Structural protein 

ORF35 24421 24813 393 Forward LT714196 93.89% Hypothetical protein Hypothetical protein 

ORF36 24836 24964 129 Forward CP000114 100.00% Conserved hypothetical protein  

24764 24964 201 Forward    Hypothetical protein 

ORF37 24973 25275 303 Forward LT714196 100.00% Phage protein Phage protein (ACLAME 358) 
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ORF38 25268 25495 228 Forward LT714196, 
NC_004589, 
DQ864624, 
NC_004584, 
NC_009819, 
NC_004585, 
AP012335 

92.98% – 88.16% Prophage LambdaSa03, holin; putative 
holin; holin 

Phage holin 

ORF39 25504 25620 117 Forward JX409894, 
LT714196, 
JX409895 

99.15% – 94.02% Hypothetical protein Hypothetical protein 

ORF40 25621 26952 1332 Forward LT714196, 
JX409895, 
JX409894 

99.02% – 94.22% Phage lysin, N-acetylmuramoyl-L-alanine 
amidase; putative lysin 

Phage lysin, N-acetylmuramoyl-L-
alanine amidase 

ORF41 27214 27384 171 Reverse CP021869, 
LT714196 

100.00% Hypothetical protein FIG01116037: hypothetical protein 

ORF42 27482 27766 285 Forward    Hypothetical protein 

ORF43 27803 27982 180 Forward CP021869, 
LT714196 

100.00% Paratox Paratox 

ORF44 28279 29421 1143 Reverse CP021869, 
LT714196 

96.68% Prophage LambdaSa03, site-specific 
recombinase phage integrase; site-specific 
integrase 

Phage integrase 

ORF45 29549 29758 210 Reverse CP000114 100.00% Conserved hypothetical protein  

ORF46 29810 30190 381 Reverse JX409894, 
LT714196 

99.74% – 95.80% Putative CI-like repressor; hypothetical 
protein 

Phage protein 

ORF47 30177 30536 360 Reverse CP000114 100.00% Prophage LambdaSa03, transcriptional 
regulator, Cro/CI family 

Phage cI repressor (ACLAME 5) 

ORF48 30728 30946 219 Forward KT388093, 
KY349816, 
NC_004588, 
NC_028697 

81.28% Cro-like transcriptional regulator; cro 
family anti-repressor; putative Cro-like 
repressor 

Transcriptional regulator 

ORF49 31044 31376 333 Forward JX409895 100.00% Hypothetical protein Phage protein 

ORF50 31481 31816 336 Reverse LT714196 98.21% Hypothetical protein Hypothetical protein 
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ORF51 31962 32147 186 Forward JX409895, 
JX409894 

98.39% – 95.70% Putative DNA-binding phage protein Putative DNA-binding phage protein 

ORF52 32226 32537 312 Forward CP021869, 
LT714196 

94.23% Excisionase; putative excisionase Phage excisionase 

ORF53 32542 32691 150 Forward LT714196, 
LT714196 

99.33% – 83.33% Hypothetical protein  

ORF54 32685 32774 90 Forward    Hypothetical protein 

ORF55 32767 32967 201 Forward JX409895 100.00% Hypothetical protein Hypothetical protein 

ORF56 32964 33254 291 Forward CP000114 100.00% Conserved hypothetical protein Hypothetical phage protein 

ORF57 33241 33924 684 Forward CP000114 100.00% Conserved hypothetical protein 
TIGR01618 

ORF46 

ORF58 33999 35363 1365 Forward CP000114 100.00% Prophage LambdaSa03, helicase, putative Putative helicase 

ORF59 35368 35850 483 Forward CP000114 100.00% Conserved hypothetical protein Phage protein 

ORF60 35868 37421 1554 Forward CP000114 100.00% Conserved hypothetical 
protein/bacteriophage resistance protein 

Phage protein 
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