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Abstract 

Group B Streptococcus (GBS) is a species of gram positive bacteria representing a significant human 

pathogen; namely, as the most prolific cause of neonatal disease and mortality globally, but also 

increasingly reported in adult disease (especially among the elderly and those with compromised 

immune systems). The first chapter of this thesis reviews the extensive literature covering GBS; with 

a focus on classification and disease. Selected virulence factors are also discussed. In chapter 2, eight 

strains of GBS were selected for whole genome sequencing by Third Generation, Pacific Biosystems 

(PacBio) sequencing technology. A protocol was optimised to provide sufficient, high quality 

genomic preparations from multiple strains of GBS – suitable for the PacBio technology. Using a 

sequenced strain of GBS from chapter 2, an infection model was optimised in chapter 3 for the 

purpose of providing quality RNA for co-transcript analysis. U937 human monocytes were infected 

with GBS (strain 874391) and the host/pathogen RNA prepared from the same reaction (monocytes 

with internalised GBS) – with an emphasis on yielding sufficient pathogen RNA; which can sometime 

be an impediment for co-transcript studies. Pathogen RNA derived from the optimised infection 

protocol was demonstrated to amplify with RT-qPCR for 12 tested GBS genes (cylE, 1010, rib, czcD, 

pil2B, cpsE, scpB, htp, cfb, copA, hvgA and maeA). In chapter 4, RT-qPCR was used to analyse 

differential gene expression from the mixed, host/pathogen RNA. Twelve human genes and 12 GBS 

genes were assessed for differential gene expression. Seven of the tested human genes (IL8, IL1A, 

IL1B, IL10, TNF, LMO2 and MCP-1) and 6 of the tested GBS genes (scpB, 1010, rib, czcD, htp, hvgA) 

were significantly upregulated in RNA derived from the infection samples. Of the GBS genes tested, 

htp was the most upregulated. An htp knockout mutant of GBS strain 874391 (Δhtp) was constructed 

for chapter 5 of this thesis to assess the impact of htp transcription on GBS survival in an infection 

context. The infection assays optimised in chapter 3 were performed with the Δhtp GBS construct. 

Contrary to expectation, the Δhtp GBS construct survived the internalised environment of the 

monocytes in significantly higher numbers than the wild-type over 48 hours of infection. 
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CHAPTER 1: Introduction and Literature Review 

1.1 Introduction 

Streptococcus agalactiae (that is, Group B Streptococci or GBS) is a common bacterial colonizer (i.e. 

normal flora) of the human gastro-intestinal and genitourinary tracts (Bliss et al., 2002, Easmon, 

1986). Originally discovered as a veterinary pathogen (Keefe, 1997, Plastridge, 1958, Lancefield, 

1934), S. agalactiae is now considered a significant pathogenic agent of various human diseases. S. 

agalactiae is most notably implicated in neonatal sepsis and meningitis (Dermer et al., 2004), but is 

also increasingly associated with adult disease – especially in the elderly and immunocompromised 

(Eickhoff et al., 1964, Harper, 1971, Farley et al., 1993, Verghese et al., 1986).  Infection by S. 

agalactiae is facilitated by a broad range of virulence factors ranging from adhesins/invasins, to 

toxins, as well as strategies to circumvent host immunity (Rajagopal, 2009). Continued advances in 

genetic sequencing technologies, including the ability to reveal whole genomes and transcriptomes, 

have significantly contributed to our knowledge of bacterial infectious mechanisms (Edwards & Holt, 

2013, Loman et al., 2012). Therefore the knowledge base available for research into medical 

treatments and vaccines has greatly benefited from the contributions of these new technologies. 

Streptococcus  

Streptococcus (from the Greek Streptos - meaning chain, and coccos - meaning berry) is a genus of 

bacteria named for their ellipsoid (elongated spheroid) cells arranged in pairs or chain-like 

structures. The first use of the term “Streptococcus” is commonly attributed to Theodor Billroth 

(Billroth, 1874) following his microscope observations of chain-forming cocci (Ferretti & Kohler, 

2016, Wilson, 1987). However, Buchanan (Buchanan, 1917) argues that Rosenbach (Rosenbach, 

1884) should be the designated author of Streptococcus; as the first author to record using the term 

specifically for the genus. The two-dimensional chains of Streptococcal bacteria result from the 
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tendency of their ovoid cells to divide repeatedly along a single, parallel plane, along the shortest 

circumferential axis of the ellipsoid cell, which is in contrast to truly spherical cocci (such as 

Staphylococcus) which can divide along multiple planes; permitting tetrad motifs and/or three-

dimensional clusters of cells (Zapun et al., 2008).  

Bacterial chain length in streptococci has the potential to influence virulence; depending on the host 

environment (Evans et al., 2014). Several studies have reported a relationship between capsular 

synthesis and streptococcal chain lengths. Miller et al. (Miller & Neely, 2005) reported variable chain 

lengths associated with capsular mutants of Streptococcus iniae. Hanson et al. (Hanson et al., 2012) 

found that interrupting the expression of the capsule synthesis gene, cpsA, in S. agalactiae resulted 

in longer chains. Pneumococcal studies have found that the expression of a polysaccharide capsule, 

whilst essential for virulence, inhibits the alibility of the bacteria to adhere to host cells (Cundell et 

al., 1995, Hammerschmidt et al., 2005, Weiser et al., 2003, Talbot et al., 1996, Adamou et al., 1998). 

Increased chain length may provide bacteria a measure to overcome the adhesion inefficiency 

resulting from the presence of a capsule (Rodriguez et al., 2012). However, smaller chain lengths 

may reduce the capacity of the host immune system to mark bacterial cells for phagocytosis through 

complement evasion (Dalia & Weiser, 2011).  

The methods of cell division and separation (i.e. determining the structure of cell aggregation and 

chain length) are better studied in rod-shaped bacteria than in cocci (Pinho et al., 2013). A diverse 

range of murein hydrolases (a class of enzyme which breaks down the peptidoglycan walls of 

bacteria, thereby facilitating cell division and separation) have been described; predominantly from 

Escherichia coli and the genus Bacillis (Vollmer et al., 2008, Smith et al., 2000, Shockman et al., 1996, 

Holtje & Tuomanen, 1991). In Streptococcal species, the murein hydrolase designated PcsB (for 

Protein Cell-wall Separator in group B streptococcus) has been implicated as an integral component 

in the regulation of both cell division and cell separation (Bartual et al., 2014, Caliot et al., 2012, 

Barendt et al., 2009, Vollmer et al., 2008, Ng et al., 2004, Ng et al., 2003, Reinscheid et al., 2001, 
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Chia et al., 2001); with atypical expression of PcsB leading to irregularities in cell morphology, cell-

division regime and chain length. Caliot et al. (Caliot et al., 2012) discovered that deleting the gene 

for the capsular carbohydrate of S. agalactiae (GBC – gbc0) disrupts the normal distribution of PcsB 

leading to irregularities in cell division and separation. Utilizing a variety of Streptococcus sanguinus 

mutant strains, Evans et al. (Evans et al., 2014) detected correlations between cellular chain length, 

and a variety of designated ‘clusters of orthologous gene’ function groups (COGS – (Tatusov et al., 

2001)); suggesting that the length of cellular chains in Streptococcus is dependent upon a complex 

interplay between a variety of functionally diverse genes. 

Classification 

Almost all Streptococcus are gram-positive, catalase-negative, non-motile, mesophilic, facultative or 

obligate anaerobes; individual cells are approximately 1µm in size (Patterson, 1996). Belonging to 

the Streptococcaceae family, Streptococcus are classified in the Order Lactobacillales (lactic acid 

bacteria or LAB) for their capacity to tolerate lower pH environments; facilitating their survival in the 

presence of organic acids (Sonomoto & Yokota, 2011). Streptococci are further classified into the 

Class Bacilli, and in the Phylum Firmicutes (Latin for strong skin or shell); owing to their robust, gram-

positive cell wall (Vos et al., 2011). Streptococcus can be broadly categorised according to their 

haemolytic activities as evident on blood agar (Brown, 1919). Gamma-haemolytic streptococci grow 

colonies on blood agar but are not haemolytic, whereas Alpha-haemolytic strains oxidise the iron in 

haemoglobin molecules; leading to a greenish colour around colonies on blood agar. Many 

streptococcal strains are Beta-haemolytic; completely rupturing red blood cells, resulting in an 

observable clearing of these red cells around the colonies on blood agar. Haemolytic streptococci are 

further commonly differentiated into Lancefield serotypes (Groups) based on the precipitation 

reaction between serologically-specific bacterial-surface carbohydrates (C substance) and Group-

specific anti-C sera (Lancefield, 1928, Lancefield, 1933); with each Group designated by an uppercase 

letter (Lancefield, 1933, Lancefield, 1934). Lancefield groupings were initially correlated to the 
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isolation source of the bacteria (i.e. Group A streptococci were isolated primarily from humans, 

Group B from cows, Group C from other animals, Group D from cheese and Group E from “certified” 

milk) (Lancefield, 1933). However, over time, pathogenic streptococci from multiple Lancefield 

groups have become increasingly implicated in human infections (Skoff et al., 2009, Phares et al., 

2008, Dermer et al., 2004). 

Streptococcus agalactiae (Group B Streptococcus) 

Capsular Serotype 

Wild-type strains of S. agalactiae express a polysaccharide capsule (Cieslewicz et al., 2005). 

Individual strains of S. agalactiae are commonly sub-classified according to capsular serotype. 

Polysaccharide-based serotypes are designated by Roman numerals to distinguish them from 

protein-based antigens (Henrichsen et al., 1984). Paralleling pneumococcal nomenclature, Lancefield 

(Lancefield, 1934) identified three serotypes of GBS based on capsular polysaccharide molecules; 

serotypes I, II and III (Lancefield et al., 1975, Lancefield, 1934). Some unexpected, overlapping 

serological reactions can prompt cross-precipitation however, and resulted in the further distinction 

between serotypes Ia and Ib (Lancefield, 1938). Furthermore, some strains of GBS are considered 

nontypeable; lacking any known, type-specific, polysaccharide or protein-based antigenic identifier 

(Wilkinson, 1977, Pattison et al., 1955a, Kong et al., 2008). It should be noted that these capsular 

substances are distinct from the C substance used to distinguish the major Groups of streptococcal 

species, which are identical throughout all GBS, originate on the cell-wall surface of streptococcal 

cells as opposed to the capsule surface and, according to Wilkinson (Wilkinson, 1977), have a distinct 

precipitation response time compared to the capsular antigens used to characterise GBS serotypes. 

Improvements in molecular techniques have increasingly led to the characterisation of many isolates 

previously designated nontypeable and presumed to express capsules at low levels (Kong et al., 

2008, Poyart et al., 2007, Ulett et al., 2009). Some GBS isolates do not express capsule (Creti et al., 
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2012). The absence of capsule in GBS is often attributed to a mutation in the cspE capsule gene 

(Rosini et al., 2015, Ramaswamy et al., 2006). Creti et al. (Creti et al., 2012) described a GBS strain 

lacking the capsular operon.  

Currently, there are ten capsular serotypes described for GBS (i.e. serotypes Ia & Ib and serotypes II 

to IX); with identification of each serotype based on the antigenic properties of GBS capsules (Afshar 

et al., 2011, Slotved et al., 2007, Sheppard et al., 2016). Importantly, in the context of pathogenesis, 

there are several GBS capsular serotypes that are disproportionately associated with disease in 

humans. Serotypes Ia, Ib, II, III & V account for the overwhelming majority of GBS disease in humans 

(Skoff et al., 2009, Edmond et al., 2012, Edwards & Baker, 2005, Hickman et al., 1999); for example, 

in one study, up to 96% of clinical isolates were represented by these serotypes (Phares et al., 2008). 

Expression of serotype III capsules, in particular, has been positively correlated with increased 

virulence (Rubens et al., 1987). Serotype III is the most common serotype associated with both early 

and late onset neonatal disease and meningitis (Baker & Barrett, 1974, Hauge et al., 1996, Baker, 

1980, Edwards et al., 2011). GBS Serotype III is also in adult GBS disease (Tyrrell et al., 2000), 

however serotype V is the most common etiological agent causing disease in non-pregnant adults 

(Blumberg et al., 1996, Phares et al., 2008, Farley, 2001, Flores et al., 2015). 

Differences in molecular structures of the capsule are defined by genes in the cps locus (Cieslewicz et 

al., 2005); with cpsA playing a primary transcriptional role in the expression of this locus (Cieslewicz 

et al., 2001).  

Serotype III GBS isolates have been further classified into three primary lineages based on the 

restriction digest patterns (RDP) of HindIII digestion of chromosomal DNA from 62 serotype III strains 

of GBS; designated serotypes III-1, III-2 and III-3 (Takahashi et al., 1998). The majority of invasive 

disease-causing isolates in this study were GBS serotype III-3. Serotype III-3 GBS have larger capsules 

with higher sialic acid content compared to serotype III-1 and III-2 isolates – sialic acids are believed 
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to contribute to virulence by a) mimicking antigens that are present on human cells (Hayrinen et al., 

1989), and b) inhibiting phagocytosis by interfering with host complement proteins (Edwards et al., 

1982, Marques et al., 1992). However, whilst serotype III GBS are disproportionately 

overrepresented in human disease, research by Jones et al. (Jones et al., 2006) suggests that factors 

apart from the capsule are largely responsible for the increased virulence of serotype III strains. 

The GBS capsular polysaccharides are prominent vaccine targets (Edwards, 2008). However, Bellais 

et al. (Bellais et al., 2012) reported the capacity of a pathogenic isolate to switch its serotype from III 

to IV via the exchange of a 35.5kb segment of chromosomal DNA containing the cps gene. The 

potential for GBS to switch serotypes represents a potential method to evade serotype-targeted 

vaccines (Bellais et al., 2012). 

Multilocus Sequence Type (MLST) 

Jones et al. (Jones et al., 2003) reported an alternative profiling method to distinguish between 

lineages of GBS; Multilocus Sequence Typing (MLST) or Sequence Type (ST). This widely used method 

characterises seven housekeeping genes (adhP, atr, glcK, glnA, pheS, sdhA, and tkt) in order to 

generate a reference profile for each isolate. ST characterisation does not necessarily correlate to 

capsular serotype (Jones et al., 2003). Several of these ST genotypes have been characterised as 

hypervirulent; with ST-17 (serotype RDP III-3) in particular associated with more serious 

manifestations of invasive disease in both human infection and mouse models (Seifert et al., 2006, 

Lamy et al., 2006, Bellais et al., 2012, Bisharat et al., 2004, Davies et al., 2004, Tazi et al., 2012, 

Dramsi et al., 2012, Poyart et al., 2008). ST-17 is frequently associated with neonatal disease (Jones 

et al., 2003) and is possibly a more precise determinant of virulence in serotype III isolates than the 

serotype III capsular antigens (Jones et al., 2006). Bisherat et al. (Bisharat et al., 2004) found that, 

unlike other ST lineages of GBS isolates of human origin, ST-17 isolates cluster more closely with 

strains of bovine origin; indicating that ST-17 may have recently arisen in human populations from a 
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bovine strain of GBS. This hypothesis is supported by a genome sequencing study that showed 

introduction of tetracycline antibiotics in the 1940s prompted the movement of bovine GBS into 

humans (Da Cunha et al., 2014), to be discussed subsequently. 

Jones et al. (Jones et al., 2003) further grouped GBS ST lineages into clonal complexes (CC) on the 

basis of genetic identity over at least six of the seven loci (Jones et al., 2006). Clonal complex 17 

(CC17), which contains ST-17, is also strongly associated with hypervirulence (Teatero et al., 2016, 

Sorensen et al., 2010). As characterised by ST-17, CC17 strains isolated from humans express two of 

the three pili identified in GBS, the HvgA protein and a unique protein adhesin (Srr-2), however 

these strains lack the adhesins Srr-1 and FbsC found in other CC strains (Tazi et al., 2012, Buscetta et 

al., 2014, Seifert et al., 2006). The function, structure and relevance of these, and other, virulence 

factors are addressed in detail in the subsequent chapter “Selected Virulence Factors”. CC1 (mostly 

serotype V) GBS are more frquently implicated in adult disease (Flores et al., 2015, Blumberg et al., 

1996, Phares et al., 2008). Several recent Canadian studies have reported large proportions of adult 

invasive disease associated with CC17, serotype III strains, along with an increase in the incidence of 

CC1, serotype IV GBS associated infections in adults (Teatero et al., 2015, Teatero et al., 2014). Using 

whole genome analysis, Teatero et al. (Teatero et al., 2016) found the core genome of CC17 to be 

highly conserved and clustered independently of etiological manifestation (i.e. regardless of whether 

isolated from child or adult disease), suggesting that any variation within CC17 is the result of 

horizontal gene transfer (including by mobile genetic elements) between the members of a single 

population expanding from a single clone pool. Campisi et al. (Campisi et al., 2016) reported that an 

emerging GBS serotype IV, CC23 pathogen (ST-452) has a genome comprised of two sections, each 

demonstrating near identical homology with two strains from separate clonal complexes, CC23 ST-

24 and CC17 ST-291; indicating that ST-452 arose from a massive recombination event between 

these two other strains. 
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GBS classification based on MLST is further complicated by horizontal gene transfer. Some of the 

MLST profiles designated in Jones et al. (Jones et al., 2003) represented multiple capsular serotypes. 

This raises the question as to whether either capsular serotyping or MLST can be reliably considered 

indicative of relatedness – which has broad implications for epidemiological and phenotypical 

studies of GBS. The capacity for large-scale genetic recombination from horizontal gene transfer has 

been previously described for GBS (Campisi et al., 2016, Brochet et al., 2008). With regards to 

capsular serotype, it has been reported that horizontal exchange of a single gene is enough to alter 

the serotype of GBS (Chaffin et al., 2000, Bellais et al., 2012). Luan et al. (Luan et al., 2005) found 

CC17 to be exclusively represented by serotype III however, serotype variation was found to be 

common throughout all other GBS CCs – indicating frequent recombinations of genes encoding 

capsular serotypes. In a study comparing the fully sequenced genomes of 8 strains of GBS, Tettelin et 

al. (Tettelin et al., 2005) reported that the most conserved genomes in the study were between GBS 

strains of disparate serotypes and MLSTs. Brochet et al. (Brochet et al., 2008) demonstrated the 

capacity of GBS to exchange chromosomal segments as large as 334kb – thereby distorting the 

picture of GBS phylogenetic relationships. Da Cunha et al. (Da Cunha et al., 2014) reported 

exchanges of genomic fragments within clonal complexes involving as much as 47% of the genome.  

Whilst investigating the distinction between serotypes Ia and Ib, as early as 1938, Lancefield 

(Lancefield, 1938) noted that similarity of chemical reactivity cannot necessarily be assumed to 

inform phylogenetic relatedness. Jones et al. (Jones et al., 2003) suggests that phylogenetic 

ambiguity may be resolved as DNA sequencing technologies progress, however, in the context of an 

open genome incorporating horizontal gene transfer (Tettelin et al., 2005), caution is recommended 

when inferring phylogenetic relationships between GBS strains. 
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1.2 Disease & Epidemiology 

Overview  

Historical Perspective 

Originally characterised as a veterinarian pathogen, namely implicated in bovine mastitis 

(Stableforth, 1938, Keefe, 1997, Plastridge, 1958, Lancefield, 1934), GBS is now recognised as a 

major cause of human disease. GBS is also a common commensal microbe found in the human gut 

(Easmon, 1986). Asymptomatic GBS colonisations are frequently reported in the human 

genitourinary (GU) tract; with carriage in pregnant women having serious implications for neonatal 

infections that can arise as a result of vertical transmission of GBS (Easmon, 1986, Finch et al., 1976). 

GBS has been cultured from the bowels of surgical patients, is more frequently recovered from 

anorectal than genitourinary sites in the same patients and is disproportionally prevalent in female 

infection (Anthony et al., 1983, Dillon et al., 1982, Badri et al., 1977, Barnham, 1983). Based on these 

lines of evidence, the lower gastrointestinal tract is broadly considered to be the primary site of GBS 

colonisation in humans. 

GBS disease is common in both humans and cattle, and despite the frequent human contact with 

cattle and/or dairy products, molecular analysis indicates that bovine lineages of GBS are overtly 

distinct from human strains. It is therefore unlikely that either cohort serves as a major disease 

reservoir for the other (Bohnsack et al., 2004, Finch & Martin, 1984). This is supported by the 

increase in incidence of GBS disease in the western world coinciding with near-ubiquitous milk 

pasteurisation practices and a decline in direct public contact with cattle (Edwards et al., 2011). El 

Ghoroury (El Ghoroury, 1950) noted a clear distinction between human and bovine GBS when it 

comes to their capacity to ferment lactose, salicin and glycerol, as well as their respective ability to 

reduce methylene blue in milk. Pattison et al. (Pattison et al., 1955b) identified a distinction between 
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serotype patterns represented by bovine and human isolates. Finch and Martin (Finch & Martin, 

1984) further identified biochemical markers distinguishing bovine from human strains of GBS, 

including bacitracin susceptibility, haemolytic activity, pigment production and lactose utilisation. All 

human isolates of GBS appear to harbour the scpb-lmb transposon locus, whereas this locus seems 

to be lacking in most bovine strains (Franken et al., 2001). The majority of GBS strains isolated from 

humans can be grouped within five clonal complexes (CC1, CC9/10/12, CC17, CC19 and CC23) – with 

an additional clonal complex (CC26) more commonly reported in Africa (Brochet et al., 2009, 

Sorensen et al., 2010, Luan et al., 2005). However no human isolates have been reported for the 

predominant bovine clonal complex 67 (CC67) (Sorensen et al., 2010). Differences between human 

and bovine strains have also been described for surface proteins, including surface protein X that is 

associated with virulence in bovine mastitis but is rarely expressed in human strains (Wibawan & 

Lammler, 1990). An allelic analysis of RDP III-1 to 4 strains proposed evidence for an ancestral 

lineage between human and bovine strains, but ultimately concluded the lineages to be “largely 

unrelated” (Bohnsack et al., 2004). More recent genomic insights have offered alternative views of 

the relationship between human and bovine GBS (Da Cunha et al., 2014). 

Da Cunha et al. (Da Cunha et al., 2014) has proposed, based on genome analysis of 229 GBS strains, 

collected from 4 continents over 58 years, that the rise in human disease may be related to human 

use of the broad-spectrum antibiotic tetracycline since 1948 (Nelson & Levy, 2011). Genomic 

analysis indicates that tetracycline usage may have created a genetic bottleneck leading to the 

replacement of the previously diverse human strains of GBS with tetracycline resistant, pathogenic 

strains – and in particular, the hypervirulent CC17 complex that plays such a large role in neonatal 

disease (Da Cunha et al., 2014). Tetracycline resistance (TcR) was first reported in Shigella in Japan in 

1953 (Watanabe, 1963). The increasing prevalence of TcR in Enterobacteriaceae, Staphylococcus, 

bacteroides and streptococcal species was evident by the late 1960s (Nelson & Levy, 2011, Sabath, 

1969). TcR in GBS was reported in 1964 (Eickhoff et al., 1964). In contrast to other CCs, no CC17 
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strain has been found to lack in TcR-conferring, integrative and conjugative elements (ICEs) which, 

when correlated to the low incidence of GBS human disease reported prior to the use of 

tetracycline, indicates that CC17 was a rarer complex before the broad-scale usage of tetracycline in 

human health (Da Cunha et al., 2014). A reduction in antibiotic use would typically be reflected in a 

decline in resistance due to a lessening of the selective pressure and increased cost associated with 

maintaining resistance (Lipsitch, 2001), however TcR appears to be fixed and maintained in human 

strains of GBS, despite a decline in the use of tetracycline to treat human diseases (Da Cunha et al., 

2014). 

GBS Disease in Neonates, Children and Non-pregnant Adults 

Since the first report of GBS as a human pathogen by Fry in 1938 (Fry, 1938), GBS has revealed itself 

to be the most significant cause of potentially fatal neonatal disease worldwide (Baker, 1977, Gotoff, 

1977, Anthony & Okada, 1977). Franciosi et al. (Franciosi et al., 1973) and Baker & Barret (Baker & 

Barrett, 1973) recognised two distinct syndromes of GBS neonatal disease; acute/early and 

delayed/late onset. Early Onset neonatal Disease (EOD) describes a manifestation of GBS pathology 

within the first seven days after birth and is often associated with sepsis, meningitis, respiratory and 

pulmonary distress (Anthony & Okada, 1977, Wu et al., 2004). Subsequent manifestation of GBS 

disease, up to 90 days, is classified as Late Onset Disease (LOD) and is more commonly associated 

with bacteraemia and a significantly higher incidence of meningitis than EOD (Anthony & Okada, 

1977, Wu et al., 2004). In 2008, the European Commission Seventh Framework (EC FP7) instigated 

the DEVANI (Design of a Vaccine Against Neonatal Infection - http://www.devaniproject.org) 

program for the purpose of developing strategies to specifically combat GBS in neonatal disease 

across Europe (Afshar et al., 2011). 

GBS infection/disease in children beyond early infancy is more likely to be associated with an 

underlying medical condition. Urinary tract infections (UTIs) and tonsillitis are more commonly 

http://www.devaniproject.org/
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reported in older children in contrast to sepsis and meningitis that are more commonly observed in 

younger infants with EOD or LOD (Wu et al., 2004). Symptoms in these older children can be less 

pathognomonic than disease in their younger counterparts (including meningitis sequelae - (Visintin 

et al., 2010)), however GBS disease is less likely to be fatal in older children (Bonadio et al., 1992). 

The increase in incidence of GBS disease in non-pregnant adults in developed countries in the past 

two decades is a cause for concern for the health care sector (Skoff et al., 2009, Farley et al., 1993, 

Edwards & Baker, 2005). A two year surveillance study conducted in Atlanta (Georgia, US) reported 

that GBS in non-pregnant adults accounted for almost a third of all GBS disease; with a 21% 

mortality rate in non-pregnant adults representing 67% of the overall mortality rate from all GBS 

disease reported during the study period (Farley et al., 1993). This study identified both advancing 

age and immunocompromisation from other co-morbidities (e.g. diabetes, cancer, Human 

Immunodeficiency Virus (HIV) and infections from additional organisms) as the primary risk factor 

for GBS disease in this cohort. This finding is consistent with Munoz et al. (Munoz et al., 1992) who 

reported an association between GBS UTIs in adults and other, underlying medical conditions. Farley 

et al. (Farley et al., 1993) found ethnicity to be a factor associated with GBS disease, with the 

prevalence of GBS invasive disease more than twice as high in black adults than in white adults; the 

discrepancy between blacks and whites becoming more significant with advancing age. However 

Farley et al. (Farley et al., 1993) recognised the possibility of this ethnic disparity being an artefact of 

health and socioeconomic factors. In adults, GBS causes a diverse range of diseases, including of the 

soft tissues, respiratory system, circulatory system, skin, bone, abdomen, central nervous systems 

(CNS) and urinary tract (Farley et al., 1993, Munoz et al., 1992, Skoff et al., 2009). Farley et al. (Farley 

et al., 1993) estimated 17% of the invasive GBS in the studied adult cohort were nosocomially 

acquired. 

The recent appearance and increasing incidence of previously unreported serotypes of GBS in 

human disease is of further concern. Until the characterisation of serotypes IV and V in the mid-
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1980s, only serotypes Ia, Ib, II and III were commonly isolated from disease cases (Jelinkova & 

Motlova, 1985); with serotypes Ia and III, in particular, consistently overrepresented (Edwards et al., 

2011). However, as early as 1990, a multistate US study reported a growing proportion of other GBS 

serotypes contributing to the overall disease burden in the US (Wenger et al., 1990). Serotypes IV 

and V are now recognised as major contributors to the global disease burden of GBS (Blumberg et 

al., 1996, Campisi et al., 2016, Skoff et al., 2009, Bergseng et al., 2008, Meehan et al., 2014, Teatero 

et al., 2014, Teatero et al., 2015, Ferrieri et al., 2013, Palmeiro et al., 2010, Dutra et al., 2014). 

Consistent with the increased reporting of serotype IV GBS disease, Diedrick et.al. (Diedrick et al., 

2010) reported an increasing incidence of colonizing serotype IV GBS in a US survey; including the 

characterisation of a new MLST 452. 

Clinical Presentations of GBS Disease 

Meningitis and Meningitis Sequelae 

In the US alone, an estimated 4100 cases of bacterial meningitis, including 500 deaths, were 

reported per annum between 2003 and 2007 (Thigpen et al., 2011). There is a broad range of 

potential sequelae associated with neonatal bacterial meningitis (Visintin et al., 2010, Edmond et al., 

2010). Many studies have reported associations between infant meningitis and conditions extending 

beyond infancy, including impairments to hearing and vision, delays in speech and language 

development, poor educational outcomes, psychosocial and behavioural problems, hydrocephalus, 

skin, bone and joint damage, pain and joint stiffness, renal compromise, seizure disorders such as 

epilepsy, cerebral palsy and other neuro-motor disabilities (Visintin et al., 2010, Halket et al., 2003, 

Stevens et al., 2003, de Louvois et al., 2007, de Louvois et al., 2005, Fortnum, 1992, Fortnum & 

Davis, 1993, Ramakrishnan et al., 2009, Wellman et al., 2003). The UK’s National Institute for Health 

and Care Excellence Clinical Guidelines 102 (CG102), Chapter 7, further identifies, reviews and 

analyses more than 20 such studies from Europe, Australia and North America, between 1995 and 
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2010, investigating the negative, long-term outcomes of bacterial meningitis throughout childhood 

and up to the age of 16. Ramakrishnan et al. (Ramakrishnan et al., 2009) reviewed an analysed 37 

articles relating to meningitis sequelae covering 21 African nations and children up to the age of 15. 

Where these studies investigated the etiological agents of the meningitis, GBS consistently rated 

highly in terms of the severity of the meningitis sequelae (CG102). Neonatal meningitis studies 

therefore tend to focus on GBS and Escherichia coli pathogenic sources of disease (Carter et al., 

2003).  

A global meta-data analysis in 2010 covering 132 papers found that low-income nations suffered the 

greatest burden of long-term disabling bacterial meningitis sequelae; with the risk of major sequelae 

in African and Asian regions being more than twice that of the represented European regions 

(Edmond et al., 2010). However, the majority of studies of infant meningitis sequelae focus on 

wealthy countries; where there is greater access to medical information for researchers, better 

quality healthcare for patients, and a lower overall risk of infection (Carter et al., 2003, Victora et al., 

2003, Caudron et al., 2008). The mechanisms by which bacterial pathogens, including GBS, penetrate 

the blood-brain barrier to cause meningitis are reviewed elsewhere (Dando et al., 2014). 

Bacteraemia and Sepsis 

Bacteraemia describes the presence of viable bacteria in circulatory blood and is clinically defined by 

a positive blood culture (Bone, 1991). Sepsis defines the host’s systemic and dysregulated response 

to microbial invasion, namely of the bloodstream, and often leads to organ failure and death (Ayres, 

1985, Singer et al., 2016). Circulatory manifestations of sepsis include hypotension, hypocapnia, 

elevated or reduced white blood cell counts, decreased platelet counts, vasodilation, increased 

vascular capacity and cardiac output (Ayres, 1985). A study of invasive GBS disease in men found 

that GBS can gain access to the blood via the respiratory tract, urinary tract, through the skin and 

intravenous delivery sites (Verghese et al., 1986).  
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The mammalian blood stream provides the host with a raft of defensive mechanisms conferring host 

defence against many pathogens. However there are some pathogens, including GBS, with a 

demonstrated capacity to enter and survive the blood stream. This ability provides the bacteria with 

access to potential sites of infection throughout the host’s body. Proliferation within the blood 

stream itself can result in systemic and septic infections. GBS has several virulence factors that 

promote its survival in blood, including factors that mediate molecular mimicry, and evasion of 

soluble and cellular defence mechanisms in the blood. 

Sialic acid represents a family of 9-carbon, monosaccharide molecules linked to the outer glycan 

chains of all vertebrate cells (Varki, 2008). Sialic acid is also highly expressed in the capsule of GBS – 

allowing GBS to mimic host cells, camouflaging the bacteria from host defences (Carlin et al., 2009). 

For example, these capsular residues can bind to neutrophil Siglec-9, dampening the antibacterial 

activity of neutrophils (Carlin et al., 2009). Sialic acids also hinder the attachment of Complement 3 

proteins to the bacterial surface, impairing the functional activity of phagocytes as well as the 

downstream, cytolytic activity of the complement cascade (Marques et al., 1992). 

Complement Protein 5a (C5a) recruits neutrophils to an infection site, inducing opsonophagocytic 

destruction of invading microbes (Manthey et al., 2009). GBS expresses the protease designated 

ScpB (discussed in more detail below) which has a demonstrated capacity to preferentially cleave 

human C5a, thereby dampening neutrophil recruitment (Takahashi et al., 1995, Bohnsack et al., 

1997). 

Neutrophils, as short-lived, blood-based phagocytic cells, are the most abundant leucocytes in 

mammalian circulatory systems, and are considered the primary responders to a site of 

inflammation (Kolaczkowska & Kubes, 2013, de Oliveira et al., 2016). Of interest is their capacity to 

release fibres of DNA into the extracellular environment forming neutrophil extracellular traps 

(NETs); adhesive fibrous structures that localise and concentrate pathogenic cells and molecules for 
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degradation and phagocytosis (Brinkmann et al., 2004). DNases/nucleases are enzymes that degrade 

nucleic acids, such as those comprising NETs, by cleaving nucleotide chains at their phosphodiester 

bonds (Yang, 2011). Ferrieri et al. (Ferrieri et al., 1980) first reported these enzymes in GBS in 1980. 

Derre-Bobillot et al. (Derre-Bobillot et al., 2013) first demonstrated the use of a GBS nuclease 

(Nuclease A or NucA) in the degradation and evasion of NETs; confirming the role of NucA in the 

persistence of GBS infection and severity of disease. Bonsor et al. (Bonsor et al., 2008) has further 

proposed as a means of virulence, the possibility of nucleases entering cells to degrade intra-cellular 

nucleic acids such as RNA and DNA.  

The pore-forming exotoxin β-hemolysin/cytolysin (β-h/c) that is responsible for β–haemolysis is 

another, highly recognised and multifunctional virulence factor expressed by GBS (discussed in detail 

below). The β-h/c genes have been mapped to the cyl operon (Spellerberg et al., 1999a). Carey et al. 

(Carey et al., 2014) reports neutrophils as the primary responders to the presence of β-h/c in a 

murine model, and further reports that NETs may be induced by β-h/c to facilitate the destruction of 

neutrophils. Comparing wild-type and cylE mutant strains of GBS in both macrophage and neutrophil 

killing assays, Lui et al. (Liu et al., 2004) found that strains lacking β-h/c were more readily cleared by 

the immune cells, than the wild-type strains expressing β-h/c. Rajagapol et al. (Rajagopal et al., 

2006) found that a serine/threonine kinase (Stk1) promoted survival of GBS in blood through the 

positive regulation of β-h/c. Hensler et al. (Hensler et al., 2008) demonstrated the potential of β-h/c 

to interfere with cardiac function through undermining the viability of cardiomyocytes. 

Group B Streptococcus immunogenic bacterial adhesin (BibA) is another cell surface protein that is 

highly conserved throughout GBS (Santi et al., 2007). A study comparing wild-type GBS with bibA-

knockout mutants demonstrated that BibA is essential for attachment to human cervical and lung 

epithelial cells, as well as conferring resistance to opsonisation and neutrophil phagocytosis (Santi et 

al., 2007). 
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Monocytes are another type of phagocytic white blood cell and are a precursor cell to tissue-based 

macrophages (Volkman & Gowans, 1965, Ebert & Florey, 1939, Gordon & Taylor, 2005). Besides 

phagocytosis, monocytes are also recruited around the site of infection due to their capacity to 

release cytotoxic substances such as Reactive Oxygen Species (ROS) and Nitric Oxide (NO) (Mangan 

et al., 1993). Peotta et al. (Peotta et al., 2001) investigated the inflammatory response of monocytes 

and macrophages in response to GBS challenge; finding that certain inflammatory markers (CD16 

and CD68) were significantly more highly expressed in the mature differentiated cells than in the 

monocytes; indicating a potentially lower efficiency of bacterial clearing in the undifferentiated, less 

mature, monocytes. 

Interleukin 6 (IL-6) is a cytokine which acts in a predominantly pro-inflammatory manner to drive 

immune activity (i.e. recruitment of neutrophils and monocytes to the site of infection) in response 

to the identification of infectious stimuli (Gabay, 2006, Scheller et al., 2011). Heumann et al. 

(Heumann et al., 1994) observed in gram-positive bacteria, the capacity to induce the secretion of IL-

6 by human monocytes. Vallejo et al. (Vallejo et al., 1996) demonstrated this capacity for GBS in 

human neonatal monocytes; determining that the Group B antigen plays a more significant role in IL-

6 stimulation than the presence of a capsule, or its associated serotype III polysaccharide. Currie et 

al. (Currie et al., 2011) compared the immune responses to GBS challenge in whole blood from 

healthy adults, preterm and term neonates finding that the IL-6 and monocyte responses were 

roughly on par between the healthy adults and term babies, however the secretion of both IL-6 and 

Tumour Necrosis Factor (TNF) by monocytes in preterm neonates were significantly diminished by 

comparison. This is consistent with the findings of a similar previous study reporting defective 

production of IL-6 in preterm infants versus term infants and adults (Yachie et al., 1992). 

Tumor necrosis factor-Related Apoptosis-Inducing Ligand (TRAIL) is a ligand functioning to induce 

the apoptosis cascade in a diverse range of human cell types (Wiley et al., 1995). Halaas et al. 



39 
 

(Halaas et al., 2004) reported that GBS can stimulate TRAIL in monocytes -triggering apoptosis and 

thereby undermining the effectiveness of bacterial clearing from the blood by monocytes.  

The ability to survive the intracellular environments of phagocytes adds another dimension to the 

survival capacity of GBS. Valenti-Weigand et al. (Valenti-Weigand et al., 1996) described entry of GBS 

into mouse-macrophage-like cells within 5 minutes of infection, remaining fully viable for at least 

eight hours and surviving in the cells for 24 hours. Cornacchione et al. (Cornacchione et al., 1998) 

reported a group III strain of GBS persisting in murine macrophages for 48 hours; attributing this 

survival to the ability of GBS to impair protein kinase C (PKC), a component in the activation pathway 

of interferon-γ (INF-γ). These findings are consistent with those of subsequent studies that 

demonstrated prolonged survival of GBS inside macrophages (Ulett et al., 2003, Ulett & Adderson, 

2005). Whilst β-h/c is necessary to induce cytoskeleton alterations disrupting macrophage activity 

(Fettucciari et al., 2011), Sagar et al. (Sagar et al., 2013) found that non-haemolytic, mutant strains 

of GBS survived in human THP-1 macrophage-like cells more readily than their haemolytic wild-type 

strains through reduced stimulation of TNF-α; indicating the need for GBS to regulate β-h/c 

expression to promote survival in the intracellular environment. Cumley et al. (Cumley et al., 2012) 

demonstrated that acidification of the phagosome is necessary for GBS survival in phagocytes, and 

that this acidification is regulated by GBS’s CovR/S two-component system. 

Early Onset Neonatal Disease (EOD) 

EOD describes neonatal GBS disease which most commonly manifests within the first 48 hours 

postpartum, however the same clinical syndrome can arise in the neonate for the following 5 days 

(Gibbs et al., 2004). Early reports of EOD recorded mortality rates as high as 90% for neonates with 

very low (≤1kg) birth weights (Boyer et al., 1983a).  

EOD is thought to result primarily from maternal transfer of the bacteria; either by aspiration during 

birth, or earlier through carriage-ascending amniotic infections (Boyer et al., 1983b, Eickhoff et al., 
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1964, Harper, 1971, Baker & Barrett, 1973, Doran & Nizet, 2004, Edwards et al., 2011). This is 

supported by studies revealing identical serotypes and/or genotypes of GBS being isolated from both 

mother and child (Boyer et al., 1983b, Harper, 1971, Helmig et al., 1993, Melchers et al., 2003). A 

positive GBS culture during pregnancy predicts a 16% to 73% GBS transmission rate between mother 

and neonate; correlated to the weight of maternal GBS carriage (Ancona et al., 1980, Boyer et al., 

1983b). Prenatal maternal colonisation presents a roughly 25-fold higher risk of EOD presenting in 

the neonate (Boyer & Gotoff, 1985).   

Frequently infecting the lungs as the portal of entry, GBS is a common cause of neonatal pneumonia 

(Tseng & Kandall, 1974, Vollman et al., 1976). Infant respiratory distress characterised by 

tachypnoea (rapid breathing) and cyanosis (skin discolouration due to lack of oxygen), are often the 

first symptoms of EOD (Jacob et al., 1980, Payne et al., 1988, Hemming et al., 1976). Hemming et al. 

(Hemming et al., 1976) found GBS bronchopneumonia in the autopsy results of all tested samples 

from neonates succumbing to EOD. From the lungs, the bacteria can gain access to the bloodstream. 

It is the capacity of GBS to enter and survive the blood which has systemic implications for GBS 

infection. Untreated bacteraemia permitting GBS to proliferate in the blood can lead to septicaemia 

and sepsis. Through the blood, GBS can disseminate throughout the body causing disease in various 

locations. GBS crossing the BBB is a common cause of neonatal meningitis (Dando et al., 2014). 

Edwards et al. (Edwards et al., 2011) lists a range of less-common GBS ailments for both EOD and 

LOD across many sites of infection including various infections of the abdomen, brain, skin and soft 

tissue, cardiovascular system, eyes, ears, sinuses, respiratory system and urinary tract. 

Intuitively, the heavier the maternal carriage of GBS, the more likely the transfer of GBS to the 

neonate. Boyer et al. (Boyer et al., 1983b) reported a 65% transmission rate when the maternal 

carriage was “high density” (+++), in contrast to low density carriage (+) with a vertical transmission 

rate of just 17%. Ancona et al. (Ancona et al., 1980) reports a total transmission rate of 67% 

associated with heavy (3+) maternal carriage against a combined 36% for moderate (2+) to light (1+) 
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maternal carriage. The detection at birth of vertical GBS acquisition was 48% for heavy maternal 

carriage, 24% for moderate carriage and 4% for light carriage; with 72% of those infants with 

positive cultures at discharge being born to 3+ mothers, in contrast to only 12% born to 2+ and 1+ 

mothers combined (Ancona et al., 1980). Furthermore, infections at neonatal mucosal sites were 

found to be more frequent when the maternal GBS carriage was heavy (Ancona et al., 1980). 

Beyond maternal carriage, several maternal and neonatal risk factors have been identified for EOD. 

Premature delivery is commonly associated with EOD; as is prolonged membrane rupture and 

varying indicators of maternal infection (Schuchat et al., 2000, Dillon et al., 1987, Seaward et al., 

1998, Benitz et al., 1999, Malek et al., 2005). In addition to preterm labour and heavy maternal 

colonisation, low birth weight, chorioamnionitis (inflammation of foetal membranes) and maternal 

bacteriuria are also reportedly risk factors for EOD (Benitz et al., 1999, Boyer et al., 1983a, Malek et 

al., 2005). However, between 6% and 40% of EOD can arise in the absence of these perinatal 

complications (Boyer et al., 1983a, Malek et al., 2005), suggesting additional, unknown risk factors. 

Whilst the overwhelming majority of EOD is considered to stem from maternal transmission, there 

are reports of nosocomial and community acquisition, although less frequent. Paredes et al. 

(Paredes et al., 1977) interpreted the increase in neonatal colonisation between the first 20 hours 

and nursery discharge (22.5% to 65.4%), in contrast to changes in maternal carriage (27.7% to 

31.1%) between admission and discharge, to be highly indicative of nosocomial, rather than 

maternal, transmission. Easmon et, al. (Easmon et al., 1981) found that one-third of the GBS-

infected babies in a post-natal care ward had been born to mothers who were culture-negative 

throughout pregnancy and labour – leading to the discovery of non-maternal sources of GBS 

transfer; including contamination by other mothers in the same ward and a colonised staff member. 

Studies show an increased prevalence of GBS EOD disproportionally affects neonates of African 

descent (including Caribbean and African-American) when compared against disease rates in other 
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ethnic populations (Schuchat & Wenger, 1994, Zangwill et al., 1992). This is consistent with higher 

rates of GBS colonisation reported in black women (Hickman et al., 1999, Katz et al., 1994, Newton 

et al., 1996). In one US (Houston) study, carriage rates in black women were 40.6%, compared to 

20.3% in whites and 26.9% in Hispanics (Hickman et al., 1999). This is reflected in another US 

(Alabama) study finding carriage rates in pregnant black women were 35.71%; significantly higher 

than the 19.84% carriage rate for pregnant non-black women – concluding race to be a significant 

predictor of GBS colonisation (Taylor et al., 2002). A meta-analysis of literature from developing 

nations spanning from 1975 to 1996 found Mid-East/Nth African and Sub-Saharan African GBS 

carriage rates to be 22% and 19% respectively  - in comparison to the 12% and 14% carriage rates 

found in Pakistan/India and the Americas respectively (Stoll & Schuchat, 1998). Schuchat (Schuchat, 

1998) suggests that other risk factors, such as low birth rates and prematurity, which are also more 

common in births to black mothers, may further contribute to the increased prevalence of GBS EOD 

in black neonates. Newton (Newton et al., 1996) proposes the possibility that differences in mucosal 

surface receptors between races, or that some other race-specific physiology may account for the 

colonisation disparity observed between differing ethnicities; as opposed to the hypothesis of race-

associated socio-economic differences or behaviours such as sexual activity. 

The introduction of intrapartum antibiotic prophylaxis in the early 1990s and antenatal/perinatal 

culture screening as standard practice during the late 1990s has resulted in a substantial decrease in 

early onset neonatal disease. National strategic guidelines for the prevention of GBS EOD were first 

issued for the United States in 1996 (Schuchat et al., 1996). Utilising Centers for Disease Control and 

Prevention (CDC) records, Jordan et al. (Jordan et al., 2008) estimates a drop in EOD incidence in the 

United States approaching 80% (from ~1.7/1000 down to ~0.4/1000 cases per live births) between 

1990 and 2003. A global meta-analysis revealed that the application of antibiotic prophylaxis 

reduced the incidence of EOD by roughly 70% (from 0.75/1000 live births down to 0.23/1000 live 
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births) (Edmond et al., 2010). Unfortunately, the incidence of LOD in neonates has remained 

unaffected by the implementation of these guidelines (Jordan et al., 2008). 

Late Onset Neonatal Disease 

Late onset GBS disease is generally characterised by the appearance of symptoms between seven 

days and three months (Franciosi et al., 1973, Baker & Barrett, 1973). Recent reports of LOD 

symptoms manifesting after 90 days have generated the designation ultra-late onset disease (ULOD) 

(Guilbert et al., 2010). 

GBS serotype III is overwhelmingly the most frequent serotype reported in LOD cases. Using 

compiled data from several studies, Edwards et al. (Edwards et al., 2011) estimates the incidence of 

serotype III in LOD to be 64%; compared to 31% to 36% for other cohorts (with the exception of non-

pregnant adults at 16%).  

Whilst EOD is commonly associated with a variety of obstetrical complications, these are not 

generally implicated as factors in the development of LOD, with the exception of premature delivery 

- commonly reported as the prevailing risk factor for LOD (Fluegge et al., 2006, Lin et al., 2003). 

Ferrieri et al. (Ferrieri et al., 2013) reported LOD to be at least two times more likely to be associated 

with preterm delivery than EOD; with roughly 75% of infants diagnosed with EOD being born full 

term. A six year French study found that a lower gestational age contributed more significantly to 

ULOD, than to LOD; concluding LOD and ULOD are likely the same clinical syndrome - with 

gestational age representing the only significant distinction between the two cohorts (Guilbert et al., 

2010). 

Despite having a lower natural base incidence rate than EOD, LOD incidence has not paralleled the 

significant reduction in EOD stemming from the introduction of screening and antibiotic therapy 

guidelines (Jordan et al., 2008, Poyart et al., 2008). Aber et al. (Aber et al., 1976) observed that 41% 
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of infants colonised with GBS were born to culture-negative mothers, and that babies born to GBS 

culture-negative mothers tended to acquire GBS later than those born to culture-positive mothers – 

indicating a likely nosocomial source of infection rather than maternal. A six month study of a special 

care baby unit and two postnatal wards identified hospital staff and mothers sharing the same ward 

as likely sources of LOD (Easmon et al., 1981). Several studies have found similar patterns in nursery 

settings suggesting non-maternal sources of infection (Anthony et al., 1979, Boyer et al., 1980, 

Paredes et al., 1977, Steere et al., 1975, MacFarquhar et al., 2010, Al-Maani et al., 2014). In finding 

clinical strains of GBS on a patient monitor, Al-Maani et al. (Al-Maani et al., 2014) confirmed the 

health care environment as a potential reservoir of GBS infections in neonates. Community 

acquisition of GBS is also reported for neonates, albeit rarely (Gardner et al., 1980). In many cases 

however, intrapartum and post-partum transferal of GBS from mother to infant can still be regarded 

as a likely source of LOD (Weems Jr et al., 1986), including GBS acquisition through breastfeeding 

(Godambe et al., 2005, Lanari et al., 2007, Christiansen & Leth, 2011, Widger et al., 2010). 

Carriage and Disease in Adults 

GBS genital carriage in non-pregnant adults has been associated with several risk factors including; 

being young and female, increased sexual experience and intercourse frequency; especially leading 

up to the collection date, multiple sexual partners, number of pregnancies, the first half of the 

menstrual cycle, African American ethnicity, use of tampons and intrauterine contraceptive devices, 

diabetes, decreased hand washing and the consumption of milk and fish (Meyn et al., 2002, Manning 

et al., 2004, Bliss et al., 2002, Baker et al., 1977, Foxman et al., 2007, Christensen et al., 1984). In a 

study investigating the association between colonisation factors and GBS capsular serotypes, 

Foxman et al. (Foxman et al., 2007) was one of the first to quantify a link between vaginal acquisition 

of GBS (serotypes Ia and Ib) and fish consumption; as well as associating serotype V GBS colonisation 

with increased sexual activity. Global studies have reported the prevalence of GBS maternal 

colonisation to range from 12% to 26% with diverse proportions of carriage readily associated with 
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geographic study regions; and as high as 37% in black women when ethnicity is accounted for 

(Campbell et al., 2000, Stoll & Schuchat, 1998). A Europe-wide meta-study reported the range of 

colonisation in pregnant women between 6.5% and 36% (Barcaite et al., 2008). Pharyngeal carriage 

rates reported for adult cohorts tend to be lower; between 4% and 12% (Chretien et al., 1979, 

Ferrieri & Blair, 1977).  

GBS disease in adults is identified in a broad range of syndromes and symptoms and has recently 

been reported to account for over 90% of the GBS disease burden in the United States; over 18s 

accounting for 2602 of 2886 cases (CDC, 2014).  As in childhood GBS disease, bacteraemia, 

pneumonia and meningitis are frequently reported in adult GBS disease (Schuchat, 1998, Jackson et 

al., 1995).  Skin and soft tissue infections (such as cellulitis, osteomyelitis, septic arthritis, UTIs, ulcer 

and wound infections) are also commonly reported for GBS; as are endocarditis, peritonitis and 

empyema (Jackson et al., 1995, Schwartz et al., 1991, Farley et al., 1993, Farley, 2001, Kaseman et 

al., 2013). 

GBS disease in non-pregnant adults is usually associated with increasing age and/or the presence of 

an underlying medical condition. A one year Boston City Hospital survey study was one of the first to 

report a link between GBS disease in elderly adults with diseases such as diabetes and pyelonephritis 

(Eickhoff et al., 1964, Harper, 1971). Farley et al. (Farley, 2001) added cirrhosis and neurological 

impairment to the risk factors associated with GBS invasive disease in adults. In a later study, Farley 

et al. (Farley et al., 1993) noted that GBS disease was commonly associated with infections from 

varying microbial organisms, as well as immune-compromise from conditions such as cancer and 

HIV. Verghese et al. (Verghese et al., 1986) found that 43% of bacteraemia cases in their study were 

polymicrobial, and that 70% were nosocomially acquired. 
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Selected Virulence Factors 

Serine-Rich Repeat Proteins 

Serine-rich repeat (Srr) proteins represent a family of surface molecules expressed in several species 

of gram-positive bacteria (reviewed in (Lizcano et al., 2012). See also Table 1 in (Takamatsu et al., 

2005)). The ability of these proteins to adhere to host cell surfaces was first identified in oral 

streptococci Streptococcus gordonii and Streptococcus sanguis  (Wu et al., 1998, Takamatsu et al., 

2005). Having purified the protein from growth media, Wu et al. (Wu et al., 1998) characterised a 

heavily glycosylated adhesin (designated fimbriae-associated protein 1 – Fap1) in Streptococcus 

sanguis (formerly parasanguis); each with two distinct regions containing large amounts of 

threonine and serine. Stephenson et al. (Stephenson et al., 2002) confirmed that Fap1 is essential for 

S. sanguis adhesion to host cells in vitro. S. gordonii was found to express two homologous serine-

rich adhesins (HAS and GspB) which mediate specific binding to human platelets (Takamatsu et al., 

2005). As platelets are abundant in blood, the capacity to bind to platelets has serious implications 

for systematic infections. A homologous serine-rich surface protein in Staphylococcus aureus (SraP) 

has also been found to mediate binding to human platelets (Siboo et al., 2005). As a protein of 

unknown function, the Srr protein in GBS was originally designated Gbs1529 (Glaser et al., 2002). 

This surface molecule was subsequently identified as belonging to the serine-rich adhesin protein 

family and redesignated Srr-1 (Seifert et al., 2006).  

GBS Srr proteins can vary in size but are typically characterised around the 1100-1300 amino-acid 

range – which is significantly shorter than Srr proteins found in other streptococcal species such as 

HSA (2178 aa) and GspB (3072 aa) in S. gordonii, Fap1 (2570 aa) in S. sanguis and PsrP (4776 aa) in 

Streptococcus pneumoniae (Seifert et al., 2006, Lizcano et al., 2012). Starting at the N-terminal end, 

this protein consists of a short signalling peptide (~50-90 aa) followed by two non-repeat sequences 

straddling the first serine-rich region in which the proportion of Ser/Thr exceeds 40% (Chaze et al., 

2014, Seifert et al., 2006). The specific binding domain (to extracellular substances) lies roughly 
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between amino-acids 300 and 650, followed by a long (>700 residue) serine rich region (>70% 

Ser/Thr including 140 repetitions) and attached to a membrane-spanning region via the LPxTG motif 

(Fischetti et al., 1990). It is thought that the enzyme Sortase A uses the LPxTG motif to covalently 

distribute proteins onto the peptidoglycan (Bierne & Dramsi, 2012, Dramsi & Bierne, 2016). Within 

the Binding domain there exists a 13 amino-acid sequence demonstrated to lock fibrinogen into 

place during adhesion to brain microvascular endothelial cells, thereby facilitating the persistence of 

GBS in meningitis (Ponnuraj et al., 2003, Seo et al., 2013, Seo et al., 2012). Wang et al. (Wang et al., 

2014) showed that the absence of this “latch” domain decreased the capacity of GBS binding to both 

cervical and vaginal epithelial cells. 

Two serine-rich repeat proteins have been identified in GBS; Srr-1 and Srr-2 (Seifert et al., 2006). 

These two proteins, whilst structurally similar, share less than 20% overall genetic identity; and less 

than 36% identity from the signalling peptide to the binding region - whereas Srr-1 proteins isolated 

from different strains of GBS share more than 89% identity across the same region (Seifert et al., 

2006). Six et al. (Six et al., 2015) found less than 20% amino-acid identity between Srr-1 and Srr-2 

across the short serine-rich region of the proteins, and less than 15% identity across the long serine-

rich region (<30% homology across both regions). To date, Srr-2 is only found in serotype III, ST-17 

strains of GBS and has been implicated in the hypervirulence of many these strains (Seifert et al., 

2006). By contrast, Srr-1 is commonly isolated from multiple GBS serotypes (Samen et al., 2007, 

Wang et al., 2014, van Sorge et al., 2009). Both Srr-1 and Srr-2 operons encode glycosytranferases 

and membrane translocation genes downstream of the srr loci however, importantly, Srr-1 also 

encodes a regulatory gene (rga) upstream of this loci which is not present in the Srr-2 operon (Six et 

al., 2015). This lack of specific regulation likely accounts for the excess expression of Srr-2 observed 

on the surface of ST-17 cells when compared to Srr-1 .Using surface plasmon resonance 

spectrometry, Seo et al. (Seo et al., 2013) demonstrated a 10-fold higher affinity for Srr-2 to 

fibrinogen in-vitro compared to Srr-1. Six et al. (Six et al., 2015) found that Srr-2 is expressed on 
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more cells (>90%), and in significantly higher amounts on the surface of ST-17 cells (Median Mean 

Fluorescence Intensity (MFI) = 10.1), than Srr-1 is expressed on the cells of non-ST-17 strains (>30% 

of cells with a median MFI of 4). A single serotype V, ST-26 strain (NCTC 10/84) in this study proved 

the exception, expressing copious amounts of Srr-1 on its cell surface (MFI = 17.6); much more than 

its other non-ST-17 counterparts. This strain has been previously recognised as hypervirulent due to 

its overproduction of β-hemolysin/cytolysin and its observed virulence in animal models; and is 

considered atypical of non-ST-17 strains (Hooven et al., 2014, Dramsi et al., 2012). 

Keratins are the most abundant structural proteins found in epithelial cells; primarily acting as 

cytoplasmic scaffolds supporting the cells from both mechanical and non-mechanical stresses 

(Coulombe & Omary, 2002). Several studies have described pathogenic bacteria utilising keratin for 

binding, colonization and invasion of epithelial cells (Batchelor et al., 2004, Carlson et al., 2002, 

O'Brien et al., 2002, Sajjan et al., 2000, Sojar et al., 2002, Tamura & Nittayajarn, 2000, Viswanathan 

et al., 2004, Walsh et al., 2004). The capacity of bacteria to interact with keratin has implications for 

the potential infection of highly keratinized epithelial sites such as respiratory and vaginal epithelia 

(Tamura & Nittayajarn, 2000). Using a lung-derived epithelial cell line (A549), Tamura & Nittayajarn 

(Tamura & Nittayajarn, 2000) reported gram-positive streptococci (including GBS) binding to two 

forms of cytokeratin 8 (CK8), not through capsular binding, but rather via cell surface proteins. 

Samen et al. (Samen et al., 2007) characterised a 157 amino-acid binding region of Srr-1 to a 255 

amino-acid region of human keratin 4 (K4). Samen et al. (Samen et al., 2007) further reported the 

participation of GBS Srr-1 in keratin binding to larynx epithelial (HEp-2) cells. 

More recently, a fibrinogen-binding region was also identified in Srr proteins (Seo et al., 2013, Seo et 

al., 2012). Further investigation across multiple GBS serotypes found that corresponding Srr-1 

mutant strains exhibited a significant decrease in their capacity to bind to fibrinogen as well as a 50% 

reduction in adhesion to cervical and vaginal epithelial cells compared to the parental wild-type 

strains (Wang et al., 2014); i.e. implicating Srr-1 in vaginal colonisation. Srr-1 has been further 
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implicated in both attachment to and invasion of brain endothelial tissue; thereby facilitating 

meningitis (van Sorge et al., 2009, Seo et al., 2012). Both Srr-1 and Srr-2 proteins have a 

demonstrated binding affinity to fibrinogen however Srr-2 binds to fibrinogen with significantly 

greater affinity (Seo et al., 2013). It is therefore likely that the expression of Srr-2 contributes to the 

increased virulence of ST-17 strains of GBS; resulting from elevated levels of fibrinogen binding 

observed when compared against the fibrinogen-binding affinity of their non-ST-17, Srr-1 expressing, 

counterparts (Dramsi et al., 2012, Seo et al., 2013). 

Srr-2 has also been found to bind to plasminogen, a zymogen (biologically inactive precursor) of 

plasmin which is found abundantly in blood and the extracellular environment (Six et al., 2015). The 

primary role of plasmin is to degrade fibrin, thereby regulating blood clots by breaking fibrin down 

into soluble fragments. However the involvement of plasmin has also been described in a variety of 

other biological functions; including the facilitation of cell migration, degradation of the extra-

cellular matrix, degradation of laminin, degradation of fibronectin, and may also play an activation 

role in the degradation of collagen (Aisina & Mukhametova, 2014, Stoppelli, 2013). Plasminogen 

binding has been previously reported for GBS and the proteolytic activity of activated plasmin 

proposed as a means by which GBS cross the blood-brain-barrier; causing meningitis (Six et al., 2015, 

Boone et al., 2011, Boone & Tyrrell, 2012, Magalhaes et al., 2013, Magalhaes et al., 2007, Wiles et 

al., 2010). In contrast to Srr-2, Six et.al. (Six et al., 2015) found that Srr-1 does not have any specific 

binding affinity to plasminogen. Notably, previous studies reported plasminogen binding in non-ST-

17 GBS strains; serotype V strain NCS13 (Boone et al., 2011, Boone & Tyrrell, 2012), serotype V strain 

2603V/R (Wiles et al., 2010) and serotype III (ST-23) strain NEM316 (Magalhaes et al., 2013). Boone 

et al. (Boone et al., 2011, Boone & Tyrrell, 2012) attributed the plasminogen binding activity of strain 

NCS13 to a surface enzyme phosphoglycerate kinase (PGK). Wiles et al. (Wiles et al., 2010) 

characterised a GBS surface-bound plasminogen binding protein called “Skizzle”. Plasminogen 

binding activity in GBS is therefore not exclusive to Srr-2, however the unregulated activity of Srr-2 in 
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plasminogen binding likely contributes to the hypervirulence of ST-17 strains; especially regarding 

their propensity to cause meningitis. Notably, when compared to the clearance rates of an Srr-1 

mutant, van Sorge et al. (van Sorge et al., 2009) reported that Srr-1 does not play a role in GBS 

survival in human blood. 

β-hemolysin/cytolysin (β-h/c) 

Originally reported in the 1930s (Todd, 1934), β-h/c remained largely ignored until the rise of GBS 

disease in humans (Liu & Nizet, 2006). β-h/c is a surface-associated toxin that is implicated in a 

variety of virulence pathways between host and pathogen; including intracellular invasion, 

neutrophil recruitment, phagocyte resistance, triggering the sepsis cascade, cell damage and 

apoptosis (Liu & Nizet, 2004, Liu et al., 2004, Nizet, 2002). The function of β-h/c is usually activated 

through direct interaction between GBS and host cells (Platt, 1995).  

Through inducing pore-formation, the cytolytic activity of β-h/c has been reported for a variety of 

cell types ranging from red blood cells (erythrocytes) and fibroblasts to lung epithelial and 

endothelial cells to brain endothelial cells and including neutrophils and macrophages (Tapsall & 

Phillips, 1991, Nizet et al., 1996, Gibson et al., 1999, Nizet et al., 1997, Liu et al., 2004, Doran et al., 

2002, Ring et al., 2000). It is the destruction of red blood cells which produces characteristic halos of 

clearance around GBS colonies on blood agar (Brown, 1919). Partially purified β-h/c was shown to 

lyse 80% of erythrocytes (1% concentration in suspension) in as little as 3 minutes at 37oC 

(Marchlewicz & Duncan, 1981). Pores generated by β-h/c are considered relatively large, inducing 

the rapid release of rubidium ions and haemoglobin from the red blood cells (Marchlewicz & 

Duncan, 1981). Inoue et al. (Inoue et al., 1976) estimated that lysing a single sheep erythrocyte 

requires the activity of 5 β-h/c molecules. Flux of water and macromolecules across cell membranes 

resulting from β-h/c pore damage have also been reported (Nizet et al., 1996, Gibson et al., 1999). 
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In recognition of its cytolytic activity, the operon transcribing β-h/c was designated cyl (Spellerberg 

et al., 1999a). This operon accounts for several cyl genes however only the cylE gene has been found 

to be essential for β-h/c expression (Pritzlaff et al., 2001). Lamy et al. (Lamy et al., 2004) found 

covS/R to be a negative regulator of β-h/c through noting that knockout covS/R mutants had 

significantly reduced β-h/c activity, and that covR demonstrated a binding affinity with the cyl 

operon. The repression of cylE by covR induces activation of another pore-forming toxin, designated 

CAMP factor (Lamy et al., 2004, Jiang et al., 2005, Rajagopal et al., 2006). CovS strengthens β-h/c 

expression through phosphorylating covR at an aspartate residue (Lamy et al., 2004, Jiang et al., 

2008, Lin et al., 2009). The serine/threonine kinase Stk1 has also been shown to phosphorylate covR, 

but at a serine residue; undermining aspartate phosphorylation - thereby reducing both covR activity 

and CAMP activation (Lin et al., 2009). 

Synthesis of β-h/c has been frequently associated with the production of a polyene pigment co-

expressed on the surface of haemolytic GBS cells (Rosa-Fraile et al., 2014, Liu & Nizet, 2004) 

(Spellerberg et al., 2000, Tapsall, 1986). This pigment is reported to contribute to immune evasion 

through promoting biochemical resistance to reactive oxygen species (ROS) produced by host 

phagocytes (Liu & Nizet, 2004, Liu et al., 2004, Fang, 2004). Hyper-haemolytic strains of GBS 

characteristically display increased pigmentation whereas non-haemolytic strains of GBS tend to lack 

pigmentation altogether (Spellerberg et al., 1999a, Nizet et al., 1996, Pritzlaff et al., 2001). 

Streptococcal Group B, C5a-Peptidase (scpB) 

The complement system represents an early innate host response to the presence of foreign cells 

(Colten, 1986, Kerr, 1981). Through a series of protein-cell interactions, the complement cascade 

mediates a variety of rapid host reactions to the challenge of a foreign cell. Complement performs 

two primary functions; 1) Opsonisation of the foreign cell and 2) destruction of the cell through lysis 

(Esser, 1994, Kinoshita, 1991). Complement protein 3b (C3b) mediates phagocytosis through 
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opsonisation (attachment of phagocytic-recognised antigens to the cell membrane) of the invading 

cell (Ehlenberger & Nussenzweig, 1977). Further along the complement cascade, the complement 5 

protein (C5) is cleaved into complement components 5b and 5a (C5b and C5a respectively). C5b 

adheres to the membrane of foreign cells; initiating the membrane attack complex (MAC); a complex 

of proteins forming transmembrane pores in the invading cell; causing ion flux between intracellular 

and extracellular environments, cell lysis and cell death (Serna et al., 2016, Hadders et al., 2012, 

Morgan, 1999, Podack, 1984). 

Pathogenic bacteria employ a large variety of both active and passive counter-complement 

strategies to circumvent the anti-microbial action of the complement cascade; often by mimicking, 

interacting with or lysing complement proteins; including complement activation regulators, and 

complement cascade protein degraders, recruiters and inhibitors (reviewed in (Sarma & Ward, 2011, 

Lambris et al., 2008, Rooijakkers & van Strijp, 2007, Zipfel et al., 2007)). The thick peptidoglycan 

surface of gram positive bacteria has also been demonstrated to passively inhibit perforation by 

complement MAC (Joiner et al., 1983).  

Human C5a, a 74 amino-acid glycoprotein derivative of C5, is involved in a variety of host-defence 

responses (Manthey et al., 2009, Monk et al., 2007, Guo & Ward, 2005) including; as an 

anaphylatoxin – stimulating a rapid inflammatory response including the release of histamine from 

mast cells (el-Lati et al., 1994, Lagunoff et al., 1983), and as a primary chemoattractant in the 

recruitment of inflammatory cells such as macrophages, monocytes and neutrophils (Soruri et al., 

2003, Bohnsack et al., 1997, Marder et al., 1985, Snyderman et al., 1975). Due to its pleiotropic 

nature, C5a has also been implicated in vasodilation (Schumacher et al., 1991), differentiation of 

monocytes into dendritic cells (Soruri et al., 2003), neutrophil activation and granular release (Hu et 

al., 2015), the stimulation of leukotrienes in lung tissue (Stimler et al., 1982), the induction of tissue-

remodelling molecules (Takafuji et al., 2003), regulatory interactions with the coagulation system 

(Amara et al., 2008) and adaptive immune system (Hawlisch et al., 2004)and is suspected to be a 
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factor in in a broad range of peptide interactions; including some leading to pathological conditions 

(Guo & Ward, 2005). 

GBS expresses a surface protease that inactivates, and thereby undermines the defensive role C5a 

plays in the host response to pathogenic challenge (Bohnsack et al., 1997). Group B Streptococcal 

C5a-Peptidase (ScpB or C5a-ase) inhibits C5a-mediated neutrophil recruitment to the site of 

infection by cleaving the C5a protein (Bohnsack et al., 1991, Hill et al., 1988). ScpB has also been 

implicated as an important adhesin and invasin (Cheng et al., 2002). By anchoring to absorbed 

fibronectin (Hull et al., 2008, Tamura et al., 2006, Beckmann et al., 2002), ScpB facilitates adhesion 

and infiltration of host cells, as well as mitigating the natural opsonisation activity of fibronectin 

(Hosein & Bianco, 1985, Bevilacqua et al., 1981). 

Polysaccharide Capsule 

Most wild-type strains of GBS are encapsulated. The capsule is recognised as an important virulence 

factor, contributing significantly to the survival and prevalence of GBS in the host environment 

(Kasper, 1986). GBS that do not express a capsule have a significant deficiency in their capacity to 

infect and produce disease in the host (Rubens et al., 1987, Wessels et al., 1989, Martin et al., 1992, 

Wessels et al., 1992). Baker and Kasper (Baker & Kasper, 1976) demonstrated that antibodies 

specific to GBS capsule acquired through placental transfer can confer vital protection to the 

neonate against GBS disease. GBS capsules are therefore considered important candidates for GBS 

vaccines (Johri et al., 2006, Paoletti & Kasper, 2003, Marques et al., 1994). 

As previously discussed, the outer residue on the GBS capsule includes sialic acid, mimicking the host 

cells and thereby contributing to immune evasion (Carlin et al., 2009).  Capsular mutants of GBS 

have been shown to elicit a stronger immune response (i.e. cytokine release) than capsular-

expressing strains (Doran et al., 2003). Multiple acapsular GBS mutants were reported to be more 

susceptible to opsonisation and phagocytosis by human leukocytes than the parent, wild-type strain 
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(Marques et al., 1992). An increase in the size and density of the capsule has been correlated to 

inhibition of C3 deposition (Marques et al., 1992). Studies comparing parent and acapsular mutant 

strains of GBS in murine models have demonstrated that the acapsular strains are cleared more 

readily from lung tissue, more heavily associated with macrophages, contribute less to bacteraemia, 

and have an at-least 100-fold greater median lethal dose (LD50), than the capsular parental strains 

(Martin et al., 1992, Wessels et al., 1992). 

Regulation of capsular expression appears to be strain specific. RogB has been identified as a 

negative regulator of the GBS capsular operon (cps), however the gene for RogB is not found in all 

strains of GBS (Gutekunst et al., 2003, Rajagopal, 2009); including being absent in some pathogenic 

GBS strains (Tettelin et al., 2005). When present in the GBS genome, RogB contributes to virulence 

as a positive regulator of fbsA (a GBS adhesion), as well as promoting adherence and resistance to 

antimicrobial peptides by promoting pili expression (Dramsi et al., 2006). CovR/S has been identified 

as a potential activator of the capsular operon, but this activity is not observed consistently across 

strains (Lamy et al., 2004). It has also been revealed that GBS capsular expression can be amended 

by O-acetylation (Lewis et al., 2004), which has been previously shown to modify immune responses 

in other bacteria such as Neisseria meningitidis and Streptococcus pneumoniae (Berry et al., 2002, 

McNeely et al., 1998). A mutation in the neuA gene has been found to increase O-acetylation of the 

GBS capsule (Lewis et al., 2007). 

Some studies have reported that the presence of a capsule can inhibit the adherence and invasion of 

GBS to various host cells (Hulse et al., 1993, Tamura et al., 1994, Nizet et al., 1997), which lends 

weight to the proposal that GBS capsule expression is regulated as a response to the extracellular 

environment (Rajagopal, 2009). 
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Pili 

Despite the research emphasis on GBS over the past half century, pili were not recognised in GBS 

until 2005 (Lauer et al., 2005). Pili are hairlike structures that promote GBS adhesion and invasion of 

host pulmonary cells, and epithelial cells including lung, cervical and brain microvascular epithelial 

cells (Sharma et al., 2013, Maisey et al., 2007, Pezzicoli et al., 2008, Krishnan et al., 2007). In GBS, pili 

are also reported to play a role in the formation of bacterial aggregations and biofilms (Konto-

Ghiorghi et al., 2009).  

The GBS pilus is anchored to the cell wall by Sortase A (SrtA) via an LPxTG domain (Konto-Ghiorghi et 

al., 2009). Three structural subunits encode the GBS pilus; one major pilin, PilB (GBS1477), is the 

structural backbone of the pilus, and the two minor pilins, PilA (GBS1478) and PilC (GBS1474) 

(Dramsi et al., 2006). PilA aligns along the PilB backbone and serves as the major adherent element 

of the pilus (Konto-Ghiorghi et al., 2009). Whilst PilB is the major structural element of the pilus, it is 

not required for adhesion, whereas both PilA and PilC were indispensable for this function (Konto-

Ghiorghi et al., 2009, Krishnan et al., 2007, Dramsi et al., 2006). However, PilB was demonstrated to 

provide resistance to phagocytic clearing as well as promoting bloodstream survival in the mouse 

model (Maisey et al., 2008). PilC was found to be unnecessary in the process of biofilm formation 

(Konto-Ghiorghi et al., 2009). Banjeree et al. (Banerjee et al., 2011) reported a further potential role 

for PilA, inducing neutrophil recruitment - which increases the permeability of the blood-brain-

barrier (BBB) creating an opportunity for GBS invasion. 

The genes encoding GBS pili are found in two disparate loci known as pili-islands 1 (PI-1) and 2 (PI-2) 

– with PI-2 divided into two variants PI-2a and PI-2b (Rosini et al., 2006). RogB and Rga have been 

found to positively regulate expression of PI-2a, but not the other pili-islands (Dramsi et al., 2006, 

Samen et al., 2011). The expression of RogB has been shown to be regulated by RovS; a well-

characterised global regulator of virulence genes in GBS (Samen et al., 2006). Jiang et al. (Jiang et al., 
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2012) found that PI-1 is regulated by several factors; including, an AraC-type regulator, Ape1, the 

two-component CsrRS system, as well as environmental pH. 

Metal Ion Transport Systems 

Transition metal ions (such as manganese, iron, cobalt, nickel, copper and zinc) perform a range of 

structural, chemical and metabolic functions necessary for cell viability and proliferation (Hood & 

Skaar, 2012). Zinc, for example, was early recognised as “indispensable” for biological function; now 

recognised to be involved in a vast variety of cellular activities including cell-cycle and DNA synthesis 

roles, as a protein co-factor in thousands of proteins, and as playing a role in transcript regulation 

(Maret, 2013, Beyersmann, 2002).  The ability to maintain optimal concentrations of essential metal 

ions (metal homeostasis) is therefore crucial to bacterial survival and virulence (Ma et al., 2009, 

Chandrangsu et al., 2017). During infections, host immune cells have been reported to either 

saturate the bacteria with excess/toxic concentrations of metals (Djoko et al., 2015), or alternatively, 

starve the bacteria of access to these biologically essential resources (Hood & Skaar, 2012). Complex 

mechanisms are employed by bacteria to maintain an optimal balance of metal ions within the cell, 

including; efflux systems to pump excess ions out of the cell to mitigate cytotoxic concentrations, 

and uptake systems to acquire metal ions during periods of scarcity (Porcheron et al., 2013, Waldron 

& Robinson, 2009). Examples of streptococcal metal ion transport systems include the zinc 

transporters cobalt-zinc-cadmium resistance proteins (CzcD) and histidine triad proteins (Htp), the 

copper export system (cop operon), and ATP Binding Cassette (ABC) ion transporters (Ong et al., 

2014b, Loisel et al., 2011, Neubert et al., 2017, Klein & Lewinson, 2011). 
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1.3 Genetics 

The GBS Genome 

Sequencing technologies have progressed exponentially since the first full bacterial genome was 

reported in 1995 (Loman & Pallen, 2015, Loman et al., 2012, Fleischmann et al., 1995). The advent of 

next generation sequencing in the mid-2000s has seen a rapid increase in the amount of completed 

genomes reported in scientific literature; owing largely to the reduced sequencing cost (per base), 

and the increased efficiency of the higher throughput technologies (Caboche et al., 2014, Mardis, 

2013). This rise in genomic sequencing is particularly evident in the reporting of bacterial genomes 

(Loman & Pallen, 2015, Loman et al., 2012). The National Center for Biotechnology Information 

(NCBI) database currently (Apr, 2019) holds 13,994 fully resolved prokaryote genomes including 108 

belonging to strains of GBS (https://www.ncbi.nlm.nih.gov/genome/genomes/186).  

Sanger sequencing, developed in the 1970s, is a highly accurate, but costly, laborious and time-

inefficient method of genome construction when compared against newer, Next (i.e. second and 

third) Generation sequencing technologies (Mardis, 2013). Second generation sequencing 

technologies, such as Illumina’s HiSeq, permit de novo assemblies of genomes by contributing 

copious short reads (e.g. 4 billion, 125-base reads output for a HiSeq 2500) to the analysis (Mardis, 

2013). However, the short-read restraint of second generation sequencing can limit the capacity to 

fully resolve genomes containing long repeat regions; especially when the repeated regions are 

larger than the maximum sequenced read length (Koren et al., 2013, Goodwin et al., 2016, Rhoads & 

Au, 2015). Third generation sequencing technologies, such as PacBio’s (RSII) Single Molecule Real 

Time (SMRT) sequencers, overcome this limitation by sequencing native, large fragment lengths of 

genomic DNA; with median fragments ≥10kb and some fragments reported larger than 60kb 

(Buermans & den Dunnen, 2014). Third generation sequencing is therefore more appropriate for 

https://www.ncbi.nlm.nih.gov/genome/genomes/186
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GBS genomes as GBS is known to carry large repeat regions in its genome, including those genes 

encoding the serine rich repeat proteins discussed earlier (Rhoads & Au, 2015). 

GBS genomes vary in size, but tend to straddle the 2 mega-base pair (Mbp) range 

(https://www.ncbi.nlm.nih.gov/genome/genomes/186). Using shotgun Sanger sequencing, Glaser et 

al. (Glaser et al., 2002) characterised the genome of a septicaemia, fatality-causing GBS strain 

(NEM316 serotype III), finding a 2.2Mb circular genome with 2118 protein-coding genes and known 

virulence factors located almost exclusively in one of the 14 reported gene islands. As serotype V is 

increasingly implicated in invasive disease in non-pregnant adults, Tettelin et al. (Tettelin et al., 

2002) characterised the genome of a serotype V GBS strain (2603V/R), finding a 2.16Mb circular 

genome and, by genetic comparison to multiple strains, significant heterogeneity across GBS, even 

within the same serotype. In seeking to clarify the role of serotype III in LOD, Herbert et al. (Herbert 

et al., 2005) compared the whole genome sequences of these two strains (NEM316 and 2603V/R), 

noting that the main regions of heterogeneity are located in both the capsular genes and genetic 

islands; concluding that the genes contained in these regions are the most likely to contribute to 

virulence in LOD. 

In adding the genomes of six newly sequenced pathogenic strains to the two, already characterised 

strains of pathogenic GBS, Tettelin et al. (Tettelin et al., 2005) elucidated the concepts of core, 

dispensable and pan genomes. The core genome represents those genes which are found in every 

sequenced strain of the bacteria, whereas the dispensable genome describes those genes which are 

lacking in at least one of the sequenced strains – but also include those which may be present in only 

one strain; and the pan genome a combination of the two – i.e. constituting all genes present in all 

strains (Tettelin et al., 2005). From the eight strains analysed, Tettelin et al. (Tettelin et al., 2005) 

found a core genome for GBS of around 1806 genes (approximately 80% of each genome) comprised 

mainly of housekeeping, cell envelope, regulatory, transport and protein-binding genes. The 

remaining dispensable genome is largely uncharacterised, but contains a relative abundance of 

https://www.ncbi.nlm.nih.gov/genome/genomes/186
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mobile and extrachromosomal elements. Tettelin et al. (Tettelin et al., 2005)  concluded that GBS 

has a continually increasing, open genome; predicting an additional 33 genes will be added to the 

GBS pan genome for every new sequence – as genes are constantly being acquired by GBS through 

horizontal gene transfer. 

Adding strain A909 (serotype Ia) to the existing, available genomes (NEM316 and 2603VR), Brochet 

et al. (Brochet et al., 2006) found that differing serotypes of GBS have a heterogeneous genomic 

backbone – especially in regions pertaining to capsule synthesis and cell surface proteins. In a later 

study they demonstrated the ability of GBS to transfer and integrate large (334kb) chromosome 

fragments through conjugation; concluding that the GBS chromosome is a mosaic derived from 

various disparate ancestors (Brochet et al., 2008). 

Sheppard et al. (Sheppard et al., 2016) compared the efficiency of whole genome sequencing (WGS) 

with the standard latex agglutination method of serotyping for all ten known serotypes of GBS; 

finding WGS to be highly accurate. The cost of serotyping GBS from a single clinical sample using 

WGS renders the method currently impracticable, however as the costs of WGS fall, it may 

eventually be possible to replace the standard methods with fast and accurate genomic serotyping 

(Sheppard et al., 2016). 

The increased accessibility to whole bacterial genomes has contributed to target vaccination 

research for several pathogens (De Groot & Rappuoli, 2004, Kaushik & Sehgal, 2008, Bambini & 

Rappuoli, 2009). In exposing the heterogeneous nature of the GBS dispensable genome, Tettelin et 

al. (Tettelin et al., 2005) demonstrated one of the main challenges facing GBS vaccine research; 

given the diversity of the GBS genome (Tettelin et al., 2006), vaccines based on the limited 

knowledge of too few genomes may be broadly ineffective against persisting strains of GBS in the 

longer term. Tettelin et al. (Tettelin et al., 2006) noted that current US vaccine research only 

targeted the GBS serotypes that account for most US infections, but not those identified from other 
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regions. Targets from the core genome would be ideal for a universal vaccine, but only a small 

amount of targets have been identified in the core genome of GBS (Tettelin et al., 2006). 

Bacterial Transcriptomes and RNA-seq 

Whilst the power of genomic analysis lies in elucidating the repertoire of genes available to each 

organism, quantifying the transcriptome (transcribed RNA) can illuminate which strategies are being 

employed by the organism in response to specific environmental conditions (Wang et al., 2009, 

Adams, 2008, Morozova & Marra, 2008). Powerful high-throughput Next Generation sequencing 

technologies, such as RNA-seq, have provided opportunities for the analysis of bacterial 

transcriptomes (Croucher & Thomson, 2010).  

RNA-seq has a particular advantage over microarray technology in that RNA-seq provides absolute 

transcript numbers, providing a more accurate references of gene-expression scale, magnitude and 

resolution (t Hoen et al., 2008, Llorens et al., 2011, Schultze et al., 2015). In the process of RNA-seq, 

once mRNAs and sRNAs have been extracted from the sample and enriched from processed RNA 

such as ribosomal and transfer RNAs (Giannoukos et al., 2012, Sharma et al., 2010), it is reverse-

transcribed into a cDNA library for sequencing (Croucher & Thomson, 2010). When the sample of 

interest is compared to controls, it can be determined which genes have been transcriptionally up or 

down regulated by the organism in response to the experimental context (Wang et al., 2009). As 

well as revealing what annotated virulence strategies a pathogen is employing against its host, 

examining the transcriptome may also unveil novel regulators of virulence (Raghavan et al., 2011a, 

Raghavan et al., 2011b). It is possible, though computationally challenging, to construct a 

transcriptome de novo using RNA-seq, however utilising a reference-based strategy is preferred if a 

reference genome is available (Tjaden, 2015, Martin & Wang, 2011). Whilst the current method 

involves converting the extracted RNA into a cDNA library for sequencing, future technologies may 

permit the direct sequencing of RNA molecules (Goodwin et al., 2016). 
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Small RNAs (sRNAs) in bacteria are commonly understood to act as post-transcriptional regulators of 

gene expression (Gottesman & Storz, 2011). Combining strand-specific RNA-seq with differential 

RNA-seq (dRNA-seq) across varying growth conditions, Rosinski-Chupin et al. (Rosinski-Chupin et al., 

2015) identified 120 novel small RNAs in GBS strain NEM316. Rosinski-Chupin et al. (Rosinski-Chupin 

et al., 2015) further demonstrated the pervasiveness of reiterative transcription in this strain – 

suggesting a novel regulatory strategy. Flores et al. (Flores et al., 2015) incorporated RNA-seq into 

their study, demonstrating the differential expression of genes across mutant strains of GBS when 

compared against a wild-type strain. Whilst RNA-seq is now commonly used to characterise bacterial 

transcriptomes (Sharma & Vogel, 2014), few other studies were found utilising RNA-seq in GBS. 

Richards et al. (Richards et al., 2013) used RNA-seq to compare the transcriptomes of human and 

bovine strains of GBS, revealing the upregulation of lactose metabolism in bovine strains; thereby 

indicating the importance of lactose metabolism in GBS adaptation to the bovine host environment. 

Wang et al. (Wang et al., 2016) used RNA-seq on fish (tilapia) to examine the potential impact of 

climate change on fish health; finding that the fish’s immune response became compromised in 

warmer water, rendering them more susceptible to GBS infections. 

Host-Pathogen Co-transcriptomes 

Until recently, transcriptomic analyses of host and pathogen could only be accomplished in separate 

host and pathogen experiments (e.g. (Ordas et al., 2011, Xiang et al., 2010, Xiu et al., 2015)), 

however the power of RNA-seq has now been adapted to investigate host-pathogen interactions 

simultaneously. Co-transcriptome (or dual transcriptome) protocols have been developed allowing 

characterising the transcriptomes of both host and pathogenic cells in a context of direct antagonism 

(i.e. infection of host cells with pathogenic cells) (Ravasi et al., 2016, Avraham et al., 2016). This new 

measure provides us with the opportunity to quantify the reaction of each cell type in response to 

the specific challenges associated with the presence of the antagonist.  
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To overcome the challenge of host RNA saturation in the infection sample, Bent et al. (Bent et al., 

2013) reported a protocol for enriching pathogen RNA in the sample. Mouse macrophage-like P388 

cells were infected separately with bacterial and viral pathogens. Unlike commercially available 

pathogen enrichment kits which probed sequences for known genes, the authors of this study claim 

their technique to be unbiased. They reported a roughly 20-fold enrichment for the viral RNA and 

the elucidation of several hundred extra bacterial genes for transcriptomic analysis. In attempting to 

further enrich bacterial RNA from the host-pathogen sample, Ferreira-Machado et al. (Ferreira-

Machado et al., 2015) tried ultrasonics, centrifugation and a combination of both. The study 

reported increasing the sequencing depth rather than using these methods; reporting that the 

methods yielding the highest bacterial RNA degraded the RNA quality beyond usefulness. 

The following is a brief review of the use of dual RNA-seq reported for host (plant, human, mouse 

cells) pathogen (parasite, viral, bacterial, fungal) interactions. Starting with the plant hosts, 

Kawahara et al. (Kawahara et al., 2012) was an early implementer of the dual transcriptome 

technique, utilizing RNA-seq to analyse the mixed-transcriptome of rice (Oryza sativa) and a fungal 

pathogen (Magnaporthe oryzae) to investigate the mechanisms of fungal attack and rice defence. 

More recently, Zhou et al. (Zhou et al., 2016) used this dual RNA-seq method to characterise the co-

transcriptome of maize challenged with the pathogenic Rice black-streaked dwarf virus (RBSDV) to 

unveil the viral pathways of disease.  

In challenging mouse macrophages with the pathogenic fungus, Candida albicans, Tierney et al. 

(Tierney et al., 2012) was able to elucidate a complex network of host-pathogen interactions 

resulting from host-pathogen contact; including the characterisation of previously unknown 

molecular pathways. A dual RNA-seq study challenging the human HeLa cell line with Salmonella 

showed the importance of pathogenic sRNAs (especially PinT) in altering the capacity of the host to 

respond to intracellular infection (Westermann et al., 2012). Humphrys et al. (Humphrys et al., 2013) 

proposed a method to enrich the bacterial and host RNAs from each other; challenging human 
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epithelial (HEp-2) cells with the human pathogenic bacteria Chlamydia trachomatis. The study 

characterized the poorly understood mechanisms of early Chlamydial infection (i.e. 1hr post 

infection), noting the initial priority of C. trachomatis for nutrient recruitment, and the dampening of 

immune response in the host transcript.  

Mavromatis et al. (Mavromatis et al., 2015) infected mouse macrophages with two strains of 

uropathogenic Escherichia coli (UPEC); strain 83972 which is highly susceptible to macrophage 

killing, and strain UTI89 which has been shown to be resistant to macrophage killing (Bokil et al., 

2011). The macrophages responded similarly to both UPEC strains, differentially expressing 603 

common genes for both UPEC strains; in general, upregulating immune signalling pathways and 

downregulating cell-cycle functionality (Mavromatis et al., 2015). Strain UTI89 differentially 

regulated 124 genes not characterised in the 83972 transcriptome – speaking to a unique 

transcriptional program in UTI89 adapted to survive the intracellular environments of macrophages. 

In contrast to the macrophage transcriptome, few transcripts in either UPEC strain were 

downregulated. 

Enriched dual RNA-seq was used to characterise the co-transcriptome profile of the human 

macrophage-like THP-1 cell line infected with a tuberculosis surrogate pathogen, Mycobacterium 

bovis (Rienksma et al., 2015). Notably, the THP-1 cells upregulated cholesterol biosynthesis 

presumably to compensate for the reported upregulation of cholesterol degrading pathways in the 

M. bovis transcriptome. 

Baddal et al. (Baddal et al., 2015) challenged well-differentiated normal human bronchial epithelial 

(WD-NHBE) cells with the bacterial pathogen, nontypeable Haemophilus influenza (NTHi) which 

causes a wide range of human diseases. The study found differential regulation of genes related to 

virulence, biosynthetic pathways, transport and stress response in the bacteria, and in genes related 

to pathogen recognition, cytoskeleton synthesis and maintenance, junctional complexes, 
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extracellular matrix proteins and inflammatory response in the host cells; characterising an intricate 

‘conversation’ entailing host-pathogen responses and counter-responses. 

Concurrent RNA-seq was also performed on a mixed RNA sample to characterise the host-pathogen 

interactions of mouse macrophages challenged by the parasitic pathogen Leishmania major (Dillon 

et al., 2015). The macrophages differentially expressed 6897 genes at 4 hours post-infection, ranging 

from 29-fold downregulated to 56-fold upregulated – 93% of which were unique to this time point. 

This study also reported significant differential regulation of almost 3000 genes across different 

stages of the parasitic life cycle. Fernandes et al. (Fernandes et al., 2016) profiled the dual 

transcriptome of Leishmania in human macrophages, noting an aggressive early response of the 

macrophages to initial challenge, which is later tempered as the parasite finds a niche inside the 

phagocytic cells. 

To demonstrate the viability and sensitivity of the software package RNA CoMPASS in the analysis of 

dual transcriptomes, Xu et al. (Xu et al., 2014) analysed the co-transcriptome of lymphoblastoid cell 

lines (LCLs) generated through infection of naïve B-cells with Epstein Barr virus (EBV), with B-cells 

from Burkitt’s lymphomas (BL).  The software was sensitive enough to differentiate between the 

LCLs and BL cells; including the identification of EBV in all LCLs. Even though EBV is also implicated in 

BL tumorigenesis, the gene expression profile of EBV in BL were found to be distinct from EBV in 

LCLs. The multifunctional regulator MYC was found to be one of the most highly active pathways in 

BL, relative to LCLs. 

Heath et al. (Heath et al., 2015) infected human pleural mesothelial cells (PMC) with Streptococcus 

pneumoniae (Spn) to profile the co-transcriptome. The study found that upon infection, Spn 

upregulates genes related to adherence and metabolism. PMC upregulates genes related to stress 

responses and cell survival, but interestingly, did not upregulate genes related to the innate immune 

system. Aprianto et al. (Aprianto et al., 2016) utilised a dual RNA-Seq approach to characterise the 
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co-transcriptome of early pneumococcal infections of epithelial cells; reporting that adherent (but 

not soluble) bacteria repress both the expression of the host immune response and the synthesis of 

antimicrobial peptides, as well as stimulating the acquisition of non-glucose sugars from epithelial 

mucus. More recently, Aprianto et al. (Aprianto et al., 2018) generated a co-expression matrix of 

pneumococcal infections by applying RNA-Seq to 22 distinct, infection-relavent conditions. To date, 

no dual RNA-seq profiles are reported for GBS challenge to any model cell type. 
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CHAPTER 2: Genome Sequencing of 
Streptococcus agalactiae 874391 

2.1 Introduction 

Streptococcus agalactiae (Group B Streptococcus or GBS) is a common etiological agent responsible 

for a variety of human infections and diseases, including infections of the human genitourinary (GU) 

tract (Dermer et al., 2004, Eickhoff et al., 1964, Harper, 1971, Farley et al., 1993, Verghese et al., 

1986). Urinary tract infections (UTIs) have been shown to disproportionally affect females over 

males (Foxman & Brown, 2003, Foxman, 2010) and an increasing number are ascribed to GBS 

(Stamm, 2002). GBS GU infections in pregnant mothers are considered the primary route of 

transmission for neonatal sepsis and meningitis – the leading cause of neonatal death globally 

(Baker, 1977, Gotoff, 1977, Anthony & Okada, 1977).  

GBS is a highly diverse species of bacteria. This diversity promotes their survival and proliferation 

GBS in a broad range of host environments; including described infections for a variety of mammals, 

reptiles, amphibians and fish (Delannoy et al., 2013, Eisenberg et al., 2017). This bacteria can 

interact with the host as commensal, asymptomatic or pathogenic infections (Bliss et al., 2002, 

Easmon, 1986, Finch et al., 1976). There are three primary methods of classifying GBS; 1) Capsular 

Serotyping – 10 serotypes (Ia, Ib and II to IX) are currently described based on an antigenic response 

of capsular polysaccharides (Lancefield et al., 1975, Lancefield, 1934, Afshar et al., 2011, Slotved et 

al., 2007, Sheppard et al., 2016), 2) Restriction Digest Patterns – a sub classification of serotype III 

based on differences in where the HindIII enzyme cuts the GBS chromosome (Nagano et al., 1991), 

and 3) Multilocus Sequence Typing (MLST or ST) – creates a profile for GBS based on a seven gene 

backbone of housekeeping genes (Jones et al., 2003). This includes the hypervirulent ST-17 

sequence type (Teatero et al., 2016, Sorensen et al., 2010). GBS can be further grouped into clonal 
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complexes based on close genetic identity between 6 of the 7 genes used in MLST (Jones et al., 

2006). Analysis has shown capsular serotype to be unrelated to MLST (Tettelin et al., 2005). 

The genome of GBS reflects its phenotypic diversity. This has been attributed to several factors 

including; 1) GBS having an open genome permitting horizontal gene transfer (Tettelin et al., 2005) 

and 2) the demonstrated ability of GBS to exchange large fragments of its genome. Tettelin (Tettelin 

et al., 2005) described the concept of the GBS pan genome; predicting that 33 genes would be 

added to GBS every time a new genome was annotated. One study showed that GBS could exchange 

genomic fragments larger than 300kb (Brochet et al., 2008). Within clonal complexes, GBS was 

shown to be able to exchange up to 47% of its genome (Da Cunha et al., 2014). This inherent 

genomic flexibility resulted in a bacterial species with a highly diverse phenotype. 

Sanger sequencing was the mainstay sequencing protocol from the 1970s to the mid-2000s (Rocha 

et al., 2013). Few whole genomes were generated over this period because the method was 

expensive (per bp) and time inefficient (Mardis, 2011, Metzker, 2010, Shendure & Ji, 2008). Second 

generation sequencing, with its time-efficient preparations and relatively inexpensive cost (per bp) 

has made whole genome sequencing an increasingly realistic prospect for research. As such, over 

the past 15 years, sequencing of bacterial genomes has become commonplace (Land et al., 2015). At 

the time of writing, GenBank contains 1076 partially assembled genomes for GBS alone (Source: 

Genome Assembly and Annotation report, Downloaded November 9th, 2018). However, many such 

assemblies are considered incomplete (Land et al., 2015), and according to the GenBank Genome 

Assembly and Annotation report for GBS (Downloaded November 9th, 2018), only 102 of the 1076 

genome assemblies for GBS are complete (9.5%). 

One of the main limitations for second generation sequencing is that genome assemblies must be 

generated from short reads (<300bp per read). This is only a problem when the genome contains 

long repeat motifs – as it can be difficult (or impossible) to determine the correct assembly location 

for a read when that sequence is shorter than the repeat (Koren et al., 2013, Goodwin et al., 2016, 
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Rhoads & Au, 2015). As such, assemblies based entirely on second generation sequencing 

technologies of organisms with long repeats cannot be considered complete. GBS is known to have 

several long repeat motifs in its genome – including the Serine-Rich Repeat which translates a well-

defined virulence factor in GBS.  

Pacific Biosciences (RSII) Sequencing (PacBio or third generation sequencing) overcomes the 

aforementioned limitation by recording movies of the sequencing process (Levene et al., 2003, 

Lundquist et al., 2008); in contrast to the parallel digital image-capture methods used by second 

generation technologies. Basing each sequence on the individual movies removes the read-size 

limitation undermining confidence in genomes based exclusively on second generation sequencing 

methods. Thus, PacBio sequencing is the preferred modern method of bacterial genome sequencing 

(often used in combination with sequence data previously derived from second generation 

sequencing methods). 

Given the extensive diversity of bacteria, there are several factors to consider when attempting to 

extract a high quality, high yields of genomic DNA from bacterial cells. Intuitively, to maximise the 

DNA yield, more bacterial cells should be submitted to the extraction process. The highest number 

of cells will be available from bacteria in the stationary phase of growth (Kolter et al., 1993). 

However, in the stationary phase, there is high competition for nutrients, cell death, toxic waste and 

degrading enzymes – all of which can undermine the quality of the DNA (Kolter et al., 1993, 

Jaishankar & Srivastava, 2017). A potential solution is to extract the DNA from the cells prior to them 

reaching stationary phase; likely reducing the amount of cells (and thereby the amount of DNA) 

available for extraction. Bacterial cells have a range of surface protection (e.g. capsules, cell-wall 

structure etc.) inhibiting access to the intracellular genetic material (Salton & Kim, 1996). 

Researchers can utilise a range of physical/mechanical and/or chemical/enzymatic means to break 

down these external barriers (Gill et al., 2016). Researchers also have to decide on the appropriate 

DNA extraction methods. Some methods that yield high concentrations of DNA (e.g. Guanidinium 
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Thiocyanate-Phenol-Chloroform methods) can retain chemical contaminants in the DNA (Tan & Yiap, 

2009). Spin-column extraction methods are generally considered to be cleaner, less labour-intensive, 

more reproducible methods of DNA extraction; though still generally a more expensive solution (Tan 

& Yiap, 2009). 

Aims of this study 

GBS represents a highly diverse species of bacteria with a highly diverse genome. The first aim of this 

Chapter was to establish a protocol to generate high quality genomic DNA from diverse strains of 

GBS - that would produce genomic preparations suitable for Pacific Bio sequencing (considering the 

expenditure on Pacific Bio sequencing, and the requirement for 20µg of high integrity, high purity 

genomic DNA). This requires optimising a protocol to identify the optimal genomic DNA extraction 

method for whole genome sequencing. A high quality GBS genome is desired to provide scaffold 

information; facilitating the co-transcript analysis GBS-infected monocytes performed in Chapter 4 

of this thesis. A second aim of this Chapter was to analyse the sequenced data and assemble 

completed a genome for a ST-17 GBS strain 874391.  
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2.2 Materials and Methods 

For simplicity and readability of this thesis, a decision was taken to include Structured Sections of 

General Procedures and subheadings that describe experiment-specific Procedures, Observations, 

and Interpretations; with experiments described sequentially. For the same reasons, it was further 

decided to include tables within chapters.  

2.2.1 General Procedures 

TABLE 2.01: GBS (S. agalactiae) Strains used in this study; including uropathogenic S. agalactiae 
(UPSA), asymptomatic S. agalactiae and asymptomatic bacteriuria- causing (ABSA) strains. 
NT designates isolates which have no associated serotype and are currently considered non-typable. 

Strain Source Pathology Serotype  MLST (Clonal 

Complex) 

References 

UPSA 

0058 

Urine UTI Ia 23 (23) Ipe et al. (2016) Infection & Immunity, 

Vol. 84, p. 308. 

UPSA 

0247 

Urine UTI - cystitis III unknown Tan et al. (2012) Infection & Immunity, 

Vol. 80, pp. 3145-3160. 

UPSA 

0714 

Urine UTI III 17 (17) Ipe et al. (2016) Infection & Immunity, 

Vol. 84, p. 308. 

ABSA 

0729 

Urine asymptomatic NT 452 (24) Ipe et al. (2016) Infection & Immunity, 

Vol. 84, p. 308. 

UPSA 

0807 

Urine UTI - cystitis V 1 (1) Ipe et al. (2016) Infection & Immunity, 

Vol. 84, p. 308. 

ABSA 

0834 

Urine asymptomatic III 182(19) Ipe et al. (2016) Infection & Immunity, 

Vol. 84, p. 308. 

ABSA 

1014 

Urine asymptomatic II 28 (19) Ipe et al. (2016) Infection & Immunity, 

Vol. 84, p. 308. 

874391 Vaginal 

isolate 

asymptomatic III 17 (17) Takahashi et al. (1993) J. Med. 

Microbiology, Vol. 38, pp. 191-196. 

Seifert et al. (2006) Microbiology, Vol. 

152, pp. 1029-1040. 
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2.2.1.1 Preparation of Tryptone-soya, horse-blood agar plates 

Using a Supernova magnetic stirrer, 30g/L Triptone-Soya Broth powder (OXOID) was dissolved into 

R0 water in a glass bottle until homogenous. While stirring, 15g/L Bacteriological agar was added. 

The liquid mix was then autoclaved for 30 minutes at 121oC. The autoclaved liquid was returned to 

the stirrer and cooled while stirring to 49oC. At 49oC, 50ml/L horse blood was added to the mix and 

immediately poured into petri dishes (20-25ml per dish). Agar was allowed to set and dry open for 

90 minutes. Plates were wrapped in cling wrap and stored at 4oC until use.  

2.2.1.2 Preparation of Todd-Hewitt Broth with Yeast (THY) bacterial growth media 

Using a Supernova magnetic stirrer, 36.4g/L Todd-Hewitt Broth powder (OXOID) and 5g/L Yeast 

Extract powder (OXOID) were stirred into a glass bottle or flask until homogenous. The liquid was 

autoclaved for 30 minutes at 121oC and stored at room temperature. 

2.2.1.3 Propagation of GBS on TSA-blood agar plates 

With a sterilized inoculation loop, freezer stock of a single bacterial strain was streaked over the 

TSA-blood agar plate and incubated at 37oC overnight. Beta-haemolytic blood clearing around GBS 

colonies was observed to confirm GBS. Plates were stored at 4oC until use (to allay bacterial growth). 

2.2.1.4 Bacterial growth in THY 

Using a sterilized inoculation loop, a single bacterial colony from a TSA-blood agar plate containing 

GBS colonies was inoculated into THY growth media (10ml THY in a 50ml tube or 100ml THY in a 

500ml conical flask). The inoculum was incubated at 37oC for 16-17 hours while shaking (200rpm). 

2.2.1.5 Serial Dilutions of bacterial cultures and bacterial colony counts 

Ten-fold serial dilutions of bacterial cultures were performed in PBS to a dilution factor 1:1E7. 

Pipette 5µl of dilutions Droplets of 5µl for each dilution between 1:1E3 and 1:1E7 was pipetted, in 
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triplicate, onto TSA-blood agar plates and incubated at 37oC overnight. Triplicates at the lowest 

dilution factor (i.e. highest bacterial concentration) which were countable, were counted and 

averaged across the triplicates. Averages were multiplied to colony forming units per ml (CFU/ml). 

2.2.1.6 Gel Electrophoresis for DNA and RNA 

Desired percentage (w/v) of Agarose gel powder was added to TAE (Tris, Acetic acid, EDTA) buffer 

and microwaved until homogeneous. For every 10ml TAE, 1µl SYBRsafe (Invitrogen) red stain was 

added and hand mixed thoroughly before being poured into the mould, covered and allowed to set 

for at least 15 minutes. The set gel was placed in gel dock, the samples and 1kb Plus Ladder (New 

England Biolabs) loaded into the appropriate wells and electrophoresis performed for desired time 

at desired voltage. Gels were viewed and imaged on a Gel Dock EZ Imager (Bio-Rad). 

2.2.1.7 Spectrophotometric and Fluorescence Assessment of Nucleic Acid Quality and 

Quantity 

Quantity by elution concentration was determined initially by spectral absorbance measured on a 

Nanodrop Spectrophotometer or Eppendorf Biospectrometer. Subsequently, Qubit fluorescence 

reagents were used to determine genomic DNA (gDNA) quantity more accurately using the 

Biospectrometer. Absorbance measures also provided data pertaining to protein, salt and nucleotide 

(non-DNA) contamination present in the DNA. The structural integrity of the prepared gDNA was 

observed using gel electrophoresis. 

2.2.1.8 Sequence Analysis and Bioinformatics 

FASTA files were assembled using multiple iterations of the SMRT 2.0 software package which was 

performed on the Gowonda HPC core cluster (Griffith University). After each iteration, the 

assembled genome was examined for sequence crossover using Gepard 1.40 and the assembled 

FASTA file altered using artemis software. Then the file was returned to SMRT 2.0 for reassembly. 
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This was repeated until there was no sequence crossover evident and zero variants returned by the 

SMRT software. 

 

Results 2.3 

2.3.1 Genomic Preparations 

Extensive optimisations were performed to generate high yield, high quality genomic DNA 

preparations from eight strains of GBS for PacBio sequencing. The experimental details of these 

optimisations are located in Appendix 1. 

2.3.2 Genomic preparations of GBS – Final protocol for PacBio 

sequencing 

Pellet collections 

Two conical flasks of 50ml THY (pre-warmed at 37oC) were each inoculated with 50µl of a 10ml 

overnight culture. The new, diluted culture was incubated at 37oC, shaking. Samples were tested 

every hour on a Thermo-Scientific Spectronic 200 – aiming for a reading OD600 between 0.4 and 0.8. 

The culture (100ml) was divided into ten 10ml aliquots (15ml tubes) and centrifuged for 10 minutes 

at 7,197g. After discarding supernatant, pellets were resuspended in 10ml PBS to wash the cells 

from the THY media and re-centrifuged. All-but 0.5ml of the supernatant was discarded, and the 

remaining PBS used to resuspend the pellets. Cells were transferred to clean 1.5ml tubes and 

centrifuged at 15,000g for 1 minute. Supernatants were removed by pipette and the pellets stored 

at -20oC. 
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gDNA Preparations 

The UltraClean Microbial DNA Isolation Kit instructions were generally followed to extract gDNA 

from GBS cell pellets using the following methods. Three pellets were processed through each 

column.  

Bacterial pellets were thawed on ice. Lysosyme (15mg/ml) was added to the Microbead Solution 

prior to use in order to assist bacterial cell wall digestion. 300µl of the Lysosyme/Microbead Solution 

was used to resuspend 3 thawed pellets into a single reaction. The resuspended cells were then 

mixed gently by vortex (10 seconds). 10µl of Mutanolysin (100 units @ 10units/µl) and 40mg (2µl 

from 20mg/ml) RNaseA was added to each digest and the mix vortexed for 5 seconds. The mixes 

were then incubated for 90 minutes at 37oC before being transferred to the Microbead Tubes where 

50µl of Solution MD1 (pre-heated to 65oC) were added to each tube. The mixes were then 

horizontally bead-beaten for 1 minute at 30 beats per second using a TissueLyser II. 

The lysates were then centrifuged for 30 seconds at 10,000g. After carefully transferring the 

supernatants to 2ml collection tubes, 100µl of Solution MD2 was added to each supernatant, and 

the mix vortexed for 5 seconds before incubating in ice for 5 minutes. Following a further 1 minute 

centrifuge at 10,000g, the supernatants were transferred to clean 2ml collection tubes and 900µl of 

Solution MD3 added to each supernatant and vortexed for 5 seconds. 

700µl of each supernatant was aliquoted into the spin filter and centrifuged for 30 seconds at 

10,000g. After discarding the flowthrough, the remaining supernatant mix was loaded (700µl or less 

at a time) into the spin filter and centrifuged as above. 300µl of Solution MD4 was then loaded into 

each membrane and centrifuged for 30 seconds at 10,000g. After discarding the flowthrough, the 

tubes were re-centrifuged for 1 minute at 10,000g to remove residual MD4 Solution from the tube. 

50µl of nuclease-free Ultrapure Distilled Water (Invitrogen) was added to each membrane and 

incubated at room temperature for 2-5 minutes. DNA was eluted by centrifuge for 60 seconds at 

10,000g. If required, multiple genomic DNA preparations were pooled. Elutes were stored at 4oC 
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overnight or -20oC for longer periods. 20µg was sent to the Doherty Institute (Melbourne University) 

for PacBio sequencing. 

2.3.3 gDNA Preparation Data 

TABLE 2.02: Final gDNA preparations of 8 GBS strains sent for PacBio sequencing. 

Strain Absorbance 

gDNA ng/µl 

A260/280 A260/230 Fluorescence 

gDNA ng/µl 

Total µg 

GBS 0058 202.1 1.84 2.33 187.1 56.1 

GBS 0247 231.6 1.82 2.37 236.6 47.3 

GBS 0714 124.3 1.92 1.39 98.8 29.6 

GBS 0729 203.0 1.82 2.36 187.1 37.4 

GBS 0807 103.8 1.85 1.79 79.2 23.8 

GBS 0834 157.4 1.83 2.32 138.3 27.7 

GBS 1014 195.1 1.83 2.35 148.7 29.7 

GBS 874391 252.3 1.83 2.33 242.4 48.5 

Note: Total µg calculated on eluted volumes multiplied by fluorescence readings.  

 
FIGURE 2.01: Agarose gel showing genomic integrity of 1µg gDNA final preparations (absorbance 
quantified) from 8 GBS strains. 
The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated in kilobases (kb). 

 

There is minor smearing evident for all 8 preparations, however, the preparations otherwise exhibit 

high integrity gDNA. Due to a contamination event, GBS 0058 was re-prepared (FIGURE 2.02). 
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FIGURE 2.02: Agarose gel showing genomic integrity of 1µg re-prepared GBS 0058. 

2.3.4 Genome Assembly 

Sequence read data was provided by The Doherty Institute (The University of Melbourne). After 5 

passes through SMRT 2.0 software, a 2,053,346 base-pair genome was assembled for GBS 0058. The 

mean read length for the PacBio sequencing was reported to be 16,256 bases. The average regional 

depth of coverage was reported to be 465.68. The majority of coverage was for reads between 

around 5kb to 20kb – with most reads within that size range hovering around the 250-fold coverage 

mark. Some reads for the GBS 0058 assembly were reported to be in excess of 80kb in length 

(FIGURE 2.08).  

 
FIGURE 2.03: Histogram of mapped read lengths used by the SMRT software to generate an 
assembled genome for GBS 0058. 
Reads contributing to the genome assembly of GBS 0058 - generated by PacBio sequencing.  
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FIGURE 2.04: Coverage plot for the assembled genome of GBS 0058 generated by the SMRT 
software. 
The blue line indicates how much each region of the final assembly was repeated in the PacBio sequence 

dataset. Note that the y-axis begins at 250-fold coverage. 

 

The fold coverage exceeded 250-fold for all of the regions of this assembly. The highest coverage 

was over 600-fold. Only the region around the putative origin point fell below 350-fold coverage. 

The seven remaining GBS sequences were assembled by Dr Matthew Sullivan (Menzies Health 

Institute – Griffith University), Dr Brian Forde and A/Prof Scott Beatson (School of Chemistry and 

Molecular Biosciences – University of Queensland). 
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2.4 Discussion 

GBS is a genomically diverse species with an open genome facilitating the acquisition of new genes 

and the exchange of large genomic fragments (Tettelin et al., 2005, Brochet et al., 2008, Da Cunha et 

al., 2014). Unique strains of GBS are therefore expected respond uniquely to external stimuli; 

including genomic extraction protocols - resulting in varying efficiencies of genomic preparations 

between strains. This study developed a protocol that could be used to generate high purity, high 

integrity genomic preparations for different strains of infectious GBS previously isolated from the 

genitourinary tract.  

GBS cells were initially collected during the stationary phase, but subsequently, the mid-log phase of 

cellular growth; which was shown to be necessary to mitigate any influence of degrading enzymes 

present at the stationary growth phase. The UltraClean Microbial DNA Isolation Kit (MO BIO 

Laboratories) was effective, but required several modifications; Lysosyme, Mutanolysin and RNase 

were necessary to the digest the bacterial cell wall and the bead-beating was reduced from 10 

minutes to 1 minute to avoid nucleic acid degradation. Elutions were performed twice through each 

membrane with Ultrapure Distilled Water (Invitrogen) (instead of the kit-provided elution buffer) 

and centrifuged for 60 seconds (instead of the kit-recommended 30 seconds) to improve yield. 

These many modifications enabled the preparation of highly pure, good yields of GBS gDNA, suitable 

for PacBio sequencing. 

Focussing on GBS 0058, the average read lengths for the PacBio sequencing ranged between 10 and 

20kb; with some of the reads exceeding 80kb. Utilizing the freely available software packages 

Gepard 1.4 and artemis on a Windows desktop and SMRT 2.0 on Griffith University’s High 

Performance Computing Facility (Gowanda), complete GBS assemblies were attained from the 

PacBio sequences. 
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Illumina (2nd generation) sequencing is considered robust due to the copious amounts of data 

generated. However, this method is limited to short reads, which can fail to account for long repeats 

in the sequenced genome. PacBio sequencing overcomes this limitation by generating much longer 

sequence reads. It is becoming increasingly common to complete genomes by combining the robust 

data from the Illumina method with the long-read PacBio data. The PacBio sequence assembly data 

from this study was combined with pre-existing Illumina assemblies – leading to the announcement 

of a complete genome for GBS 874391 (Sullivan et al., 2017a). The genome characteristics of GBS 

874391 are consistent with the reports of other pathogenic strains of GBS; characterised by a 

circular genome around 2Mbp in length, a GC content around 35%, and around 2000 coding 

sequences (CDS) (Sullivan et al., 2017a, Liu et al., 2012, de Aguiar et al., 2016, Glaser et al., 2002); 

including the key virulence factors common to pathogenic strains of GBS and a clustered regularly 

interspaced short palindromic repeat (CRISPR) array (Sullivan et al., 2017a). 
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CHAPTER 3: Optimisation of an in vitro infection 
model of human monocytes with Streptococcus 
agalactiae for co-transcript analyisis 

3.1 Introduction 

3.1.1 Background 

GBS has a large assortment of virulence factors that promote survival and proliferation of the 

bacteria in blood. These include; β-hemolysin/cytolysin (β-h/c) – a haemolytic toxin that breaks 

down red blood cells, ScpB – a peptidase that specifically targets Complement protein 5a (C5a) for 

inactivation, sialic acid expression that promotes host mimicry and immune evasion, Nuclease A that 

provides a defence against neutrophil extracellular traps, and TRAIL stimulation that induces 

apoptosis in monocytes (Rajagopal, 2009). GBS may gain access to mammalian blood streams via 

respiratory tracts, urinary tracts, through the skin, as well as through sites of intravenous entry 

(Verghese et al., 1986). Neonatal aspiration of GBS during birth is considered a primary route of 

infection leads to bacteraemia and subsequent early onset neonatal disease (Boyer et al., 1983b, 

Eickhoff et al., 1964, Doran & Nizet, 2004, Baker & Barrett, 1973). Survival in the blood gives GBS 

systemic access to infect a range of tissue sites, however, GBS can also survive and proliferate in the 

blood stream, causing bacteraemia and sepsis (Edwards et al., 2016). Furthermore, GBS exhibits a 

capacity to survive the intracellular environment of immune cells (Valenti-Weigand et al., 1996, 

Cornacchione et al., 1998, Sagar et al., 2013, Cumley et al., 2012). 

The mammalian blood stream has a raft of host defence strategies to clear pathogenic agents 

(Medzhitov & Janeway, 2000). Phagocytes (principally, polymorphonuclear leukocytes) are key 

innate immune cells that detect and eliminate foreign materials from sites of infection (Dale et al., 

2008). The primary mechanism of phagocytic bacterial clearing (phagocytosis) involves the 
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phagocyte engulfing the foreign material (e.g. bacterial cells), then destroying the engulfed material 

with Reactive Oxygen Species (ROS) (Kolaczkowska & Kubes, 2013, Dupre-Crochet et al., 2013, 

Badwey & Karnovsky, 1980). Neutrophils are the phagocytes which are most abundant in human 

blood and are considered the initial immune responders to sites of infection (Kolaczkowska & Kubes, 

2013). Monocytes are another type of blood-borne phagocyte recruited to sites of infection (Yona & 

Jung, 2010, Hawiger, 2001). Monocytes can differentiate into macrophages following diapedesis and 

translocation from the blood to other tissues to clear foreign materials (Yona & Jung, 2010). 

A commonly used human monocyte cell line, U937, is useful for host-pathogen interaction studies 

due to this cell line sharing phenotypic properties with monocytes; including the secretion of specific 

cytokines and chemokines (Lehmann, 1998, Anderson & Abraham, 1980). The U937 cell line was 

originally isolated from a 37-year-old male histiocytic lymphoma patient in 1974 (Sundstrom & 

Nilsson, 1976). It is considered generally more mature and robust than the comparable THP-1 cell 

line (Chanput et al., 2015).  In vitro, U937 cells can be differentiated into macrophage-like cells (Hass 

et al., 1989, Minta & Pambrun, 1985, Olsson et al., 1983). 

Methodological and technological advances in DNA sequencing in recent years have permitted 

simultaneous characterisation of host-pathogen transcripts derived from single reactions (Ravasi et 

al., 2016, Avraham et al., 2016). Prior to these advances, transcript studies were generally limited to 

analysing the response of the host and the pathogen independently (e.g. (Ordas et al., 2011, Xiang et 

al., 2010, Xiu et al., 2015)). The ability to characterise co-transcripts in single reactions allows the 

study of mechanisms of cell interactions in the context of direct antagonism (Ravasi et al., 2016, 

Avraham et al., 2016). Through elucidating transcriptional factors used by host and pathogen cells in 

co-culture, targets for medical intervention and novel aspects of host-pathogen interactions may be 

revealed. However the major challenge of co-transcript studies has been saturation of the sample 

with host RNA. Co-transcript studies therefore require extensive protocol optimisation to ensure 

sufficient quality and quantity of pathogen RNA is available for downstream analysis. 
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3.1.2 Aims of this study 

This study aimed to develop a monocyte/GBS intracellular infection model capable of generating 

enough pathogen and human RNA for downstream transcript analysis either by RT-qPCR or RNAseq. 

Within this Aim, this study sought to characterise the optimal infection environment, incubation 

conditions (time, media, scale), cell collection and RNA extraction methods.  

3.2 Materials and Methods 

3.2.1 General Procedures 

3.2.1.1 Cell Culture Media (500ml) 

U937 cells were cultured in a 10% FBS Complete Roswell Park Memorial Institute 1640 (cRPMI). 

cRPMI was prepared by adding the following supplements in the following order to 417.5ml basal 

RPMI (bRPMI) (without L-Glutamine) (Gibco); 1mM Sodium Pyruvate (Gibco), 1X Minimum Essential 

Medium non-essential Amino Acids (MEM NEAA)(Gibco), 1X GlutaMAX (Gibco), 1X Pen/Strep 

antibiotics (Gibco), 12.5ml 1M HEPES (Gibco), 50ml Heat Inactivated Fetal Bovine Serum (FBS)(Gibco) 

and 25µM Beta-Mercaptoethanol (Gibco). The media was mixed gently and stored at 4oC until use. 

3.2.1.2 Revival and Propagation of U937 Monocyte Cells 

To revive U937 monocytes from frozen stocks, 10ml of cRPMI was equalised in a 25cm2 Cell Culture 

Flask (Corning) at 37oC in 5% CO2 for 30 minutes. 500µl of cells were thawed at 37oC (quick thawing 

to mitigate crystal ice damage). 9.5ml of cRPMI (pre-warmed at 37oC) was transferred to a 50ml 

tube. From that tube, 1ml of cRPMI was slowly added to the 500µl monocytes (media added to cells 

to mitigate osmotic shock). The mix was gently mixed with a 5ml serological pipette and added to 

the tube containing 8.5ml cRPMI. The cell mix was centrifuged for 5 minutes at 300g and the 
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supernatant carefully decanted. The cell pellet was resuspended in 10ml equalised cRPMI and 

transferred to a clean 25cm2 Cell Culture Flask. After briefly mixing, 5ml of the cell mix was 

transferred to a new 25cm2 Cell Culture Flask. Both flasks were incubated for 3 days at 37oC in 5% 

CO2 prior to passaging. 

3.2.1.3 Passaging U937 Monocyte Cells 

. Cells were observed for media colour (yellow media indicating nutrient depletion), clarity (clear 

media indicating that the cells are free of bacterial contamination), and cell proliferation prior to 

passage. For passaging, cRPMI media was incubated at 37oC for at least 40 minutes prior to use. 

Cells from the same passage were combined into a single 50ml tube and roughly 500µl of cells were 

aliquoted into a 1.5ml tube for counting. The cell mix was then centrifuged for 5 minutes at 300g. 

After decanting the supernatant, the cell pellet was resuspended in pre-warmed cRPMI (to the 

original volume). The split ratio was determined based on cell concentration and the greater volume 

of pre-warmed cRPMI media was added to a single Cell Culture Flask of appropriate size. The lessor 

volume of resuspended cells was mixed into the same flask. After gently mixing, half the culture 

volume was moved to a second flask. Both flasks were incubated for 2-5 days at 37oC in 5% CO2 until 

re-passaging (Freshney, 2000). Monocytes were counted using a NucleoCounter NC-200 

(Chemometec), or haemocytometer. Total cells and viable cells were recorded. New passages were 

seeded from cultures with monocyte concentrations greater than 5E5 cells/ml.  

3.2.1.4 Statistics 

All statistics were performed using Graphpad Prism version 7.02. Central tendency bars and error 

bars in figures represent the Mean and Standard Error of the Mean (SEM), as the discreet figures 

represent means of replicated data points (technical replicates) over repeated experiments, unless 

otherwise stated. 
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3.2.2 Experimental Procedures 

A general overarching consideration was that an identical method was required to work for three 

treatment conditions; the infection treatment, the monocyte control and the bacterial control. As 

host RNA generally saturates the RNA infection preparation, the optimisations focussed on attaining 

sufficient bacterial RNA for downstream analysis. Full details of the optimisation process, including 

experimental procedures, observations and interpretations for individual experiments, can be found 

in Appendix 2. The fully optimised protocol, from initial cell cultures through to RT-qPCR, is in the 

Results, section 3.3.1. 

3.3 Results 

3.3.1 Infection Model – Optimised Protocol for RT-qPCR 

Preparing GBS and U937  

GBS and U937 monocytes are prepared to achieve an MOI between 80 and 200. 

Prepare GBS 874391 overnight culture in 10ml THY in accordance with the General Procedures 

(Bacterial growth in THY - CHAPTER 2, section 2.2.1.4). Wash GBS from the overnight culture media 

in PBS and resuspended in bRPMI for the infection challenge. Specifically, centrifuge the overnight 

culture for 15 minutes at 7197g, resuspend the pellet in 10ml PBS, and centrifuge again for 10 

minutes at 7197g. Resuspend the resulting pellet a second time in 10ml PBS centrifuged for another 

10 minutes at 7197g. Resuspend the pellet in 30ml bRPMI (to get between 3 and 3.5E9 CFU/ml). 

Retain 20µl of washed GBS for processing in accordance with the General Procedures (Serial 

Dilutions of bacterial cultures and bacterial colony counts – CHAPTER 2, section 2.2.1.5). Store the 

rest on ice prior to the infection.  
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Prepare cultured U937 monocytes between passage 3 and 25. Wash resuspended monocytes from 

the passage in PBS before being resuspended in sRPMI with 1%FBS (to a concentration between 3 

and 3.5E6 cells/ml). Specifically, monocytes in cRPMI are centrifuged for 5 minutes at 500g and the 

pellet resuspended in 20ml of PBS. Repeat centrifuge and PBS resuspension. After another 

centrifuge, resuspend the pellet for the desired infection volume of cells - in sRPMI with 1%FBS and 

store on ice until the infection. 

Infection and Collection 

GBS-only: (to collect >1E7 GBS CFU/ml in ~7ml)  

Into a 50ml tube, prepare 10ml per replicate of sRPMI media with 1%FBS. After removing 10µl of the 

media, inoculate with 10µl of washed GBS (to a final concentration between 3 and 3.5E6 CFU/ml). 

Centrifuge at room temperature for 5 minutes at 500g. Invert-mix the tube and aliquot 4ml of 

inoculum each into 2 wells of a 6-well cell culture plate. Incubate for 6 hours at 37oC in 5%CO2. 

Combine the contents of both wells into a 15ml tube and, after gently mixing, separate into 4, 2ml 

tubes containing 1.7ml each (use the remaining for GBS serial dilutions and colony counts). 

Centrifuge the 4 tubes at 13,000g for 10 minutes. Resuspend first pellet in 700µl PBS and use this 

first resuspension to resuspend the remaining 3 pellets (i.e move resuspensions to subsequent 

pellets). Centrifuge at 13,000g for 2 minutes and remove the supernatant. Quick-freeze the pellet in 

dry ice for 30 minutes and transfer to a -80oC freezer until RNA isolation. 

Monocyte-only  

Into a 50ml tube, prepare 3-3.5E6 monocytes in 10ml of sRPMI media with 1%FBS. After removing 

1ml of the media, inoculate with 1ml of bRPMI. Centrifuge at room temperature for 5 minutes at 

500g. Invert-mix the tube and aliquot 4ml of inoculum each into 2 wells of a 6-well cell culture plate. 

Incubate at 37oC in 5%CO2 for 1 hour before adding 50µg/ml Gentamicin and 2.5X Pen/Strep. Return 

to the incubator for another 5 hours at 37oC in 5%CO2. Aliquot the contents of the two wells into a 

15ml tube. After gently mixing, take 500µl into a 1.5ml tube for monocyte counts. Centrifuge the 
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remaining ~7.5ml for 5 minutes at 500g. Resuspend pellet in 1ml PBS and centrifuge for 5 minutes at 

500g. Quick-freeze pellet in dry ice for 30 minutes and transfer to -80oC freezer until RNA isolation. 

Infection  

Into a 50ml tube, prepare 3-3.5E6 monocytes in 30ml of sRPMI media with 1%FBS. After removing 

3ml of the monocytes, inoculate with 3ml of washed GBS (to a final concentration of GBS between 3 

and 3.5E8 CFU/ml). Centrifuge at room temperature for 5 minutes at 500g. Invert-mix the tube and 

aliquot 4ml of inoculum each into 6 wells of a 6-well cell culture plate (24ml total). Incubate at 37oC 

in 5%CO2 for 1 hour before adding 50µg/ml Gentamicin and 2.5X Pen/Strep. Return to the incubator 

for another 5 hours at 37oC in 5%CO2. Aliquot the contents of all 6 wells into a 50ml tube and mix 

gently. Take 1ml for GBS serial dilutions and colony counts and a further 500µl for monocyte counts. 

Centrifuge remaining ~22.5ml for 5 minutes at 500g. Resuspend pellet in 1ml PBS and centrifuge for 

5 minutes at 500g. Quick-freeze pellet in dry ice for 30 minutes and transfer to -80oC freezer until 

RNA isolation. 

Column RNA Isolation 

The Promega SV Total RNA Isolation System kit was used to column extract the GBS RNA. This kit 

incorporates and on-column DNase treatment. The cell pellet was thawed in ice before resuspension 

in 100µl RNase-free TE Buffer containing 30mg/ml Lysozyme followed by 100U Mutanolysin. The rest 

of the protocol followed the manufacturer’s instructions. Elutions were performed with 100µl 

nuclease-free Ultrapure Distilled Water. 

Testing and Resolving Bacterial DNA Contamination 

Bacterial DNA contamination was tested by standard PCR generating an amplicon for the spb1 gene. 

The PCR was performed using the Phusion High-Fidelity DNA polymerase (Thermo-Scientific) 

following the manufacture’s protocol. The spb1 primers used in this PCR were; 

Forward 5’-ATTGCGACATGGGCTAAATC (Designation: 1279 F1) 
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Reverse 5’-TGAAGCTTTTGTGGAACCATG (Designation: 1279 R1) 

- generating an amplicon of ~762bp for the spb1 gene specific to ST17 strains of GBS. 

The Turbo DNAfree Kit from Ambion (Life Technologies) was utilised according to the manufactures 

instructions to DNase-treat each sample where bacterial DNA contamination was detected. PCR was 

subsequently re-performed on the DNase-treated samples. Amplification was analysed by gel 

electrophoresis. 

 

 

Any sample of RNA derived from monocytes was assumed to be contaminated with human DNA. 

PCR was therefore only performed on these samples after the Turbo DNase treatment. The GAPDH 

primers used in this PCR were; 

Forward 5’-GGAAATGAGCTTGACAAAGTGG (Designation: Human_GAPDH-DWP-F7) 

Reverse 5’-GAGCACAGGGTACTTTATTGATGG (Designation: Human_GAPDH-DWP-R7a) 

- generating an amplicon of ~171bp for the human GAPDH gene. 

 

cDNA Synthesis 

cDNA synthesis is performed on all RNA samples using the SuperScript III Reverse Transcriptase kit 

(Invitrogen) in accordance with the manufacturer’s instructions. 

RT-qPCR 

RT-qPCR was performed in 96-well plates on a Lightcycler 480 II (Roche) in 20µl reactions (in 

triplicate) using the SensiFAST SYBR No-ROX kit (BIOLINE) in accordance with the manufacturer’s 

instructions. The cDNA templates are diluted 1:60 before use. 
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3.3.2 Summary results of optimisation experiments 

Pre-incubation, centrifugation of infections 

In an attempt to increase bacterial RNA yields from infected monocytes, a centrifugation stage was 

tested between the initial infection, and the incubation. Increasing the proximity between host and 

pathogen cells in the bottom of the tubes was expected to increase contact, and thereby GBS 

adhesion and invasion of the monocytes. Experiments were performed to determine whether or not 

a centrifugation step increases intracellular GBS yield from the monocytes, and to determine the 

optimal centrifugation time for preserving GBS yield, monocyte yield and monocyte viability. Details 

of centrifugation experiments are available in Appendix 2, Experiments 2, 3, 4, 8 and 10. 

Adding a five minute centrifugation of the infection prior to incubating significantly increased 

intracellular GBS yield from the monocytes. However increasing the centrifugation time beyond five 

minutes (up to 50 minutes) did not significantly increase intracellular GBS yield from the monocytes. 

Across the treatments, no significant difference was found in either monocyte counts or monocyte 

viability (possibly due to the large spread of data for the 50-minute-centrifuge treatment), however 

the 5-minute-centrifuge treatment yielded significantly higher numbers of viable monocytes 

(P=0.0061) and higher viability (P=0.012) than the non-centrifuged treatment. 

 
FIGURE 3.01: The effect of varying pre-incubation centrifuging times on the GBS CFU/ml recovered 
from monocytes after 5hrs antibiotic treatments.  
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Data represents values derived from three independent infections. Lines are Mean and SEM. Based on the t-test 
analysis, GBS counts for the non-Centrifuged treatment were significantly lower than for both the 5 minute 
centrifuge treatment (p=0.0144) and the 50 minute centrifuge treatment (p=0.0194). No statistical significance 
is reported for GBS counts between the 5 minute and 50 minute centrifuge treatments. 

 
FIGURE 3.02: The effect of varying pre-incubation centrifuging times on monocyte survival 
(cells/ml) and viability (%) after 5hrs antibiotic treatments.  
Data represents values derived from three independent infections. Data in blue represents the viable monocyte 
counts (Mean and SEM). Red bars represents the viable monocytes as a percentage of the total monocytes 
(cells/ml). T6 = 6 hours of infection (5 hours of ABX). Notably, the 5 minute centrifuge treatment was 
significantly higher than the non-centrifuge in both monocyte counts (p= 0.0061) and percentage viability (p= 
0.012). No statistical significance was reported between the 50 minute centrifuge treatment and either of the 
other treatments. 

 

Effectiveness of Antibiotics (ABX) against GBS 874391 

Previous optimisation results (see Appendix 2, Experiment 4) raised the possibility of extracellular 

GBS survival during the infection period. Therefore, a series of antibiotic time-kill experiments were 

performed to assess the ability of the antibiotics to clear GBS 874391 from the extracellular 

environment. Antibiotics, previously prescribed for complete GBS clearing, were found to allow low 

levels of survival in GBS 874391. For comprehensive experimental details see Appendix 2, 

Experiments 5, 6 and 7. GBS survival was found to stabilise after three hours of ABX treatment, 

however only at numbers around 0.01% of those recovered from the intracellular environments of 

the monocytes from the experimental infections. At such comparatively low numbers, these 

surviving extracellular GBS are not expected to influence downstream applications (such as RT-



90 
 

qPCR); especially considering that the infected monocytes are isolated from the media prior to RNA 

preparations. 

A  B  
FIGURE 3.03: GBS Time Kill – Six Hour Assays. 
Around 1E9 CFU/ml of GBS were exposed to a cocktail of Gentamycin and Pen/Step antibiotics for 6 hours. 

Surviving bacteria were enumerated by CFU/ml counts every hour. The lines show means of 3 technical 

replicates. 

 

Infection Media Formulation, Cell Collections, RNA Extraction, RT-qPCR 

A media formulation was required to be used in the infections, as well as provide appropriate 

survival conditions in the monocyte-only and GBS-only control treatments. The experiments initially 

focussed on the GBS-only control treatment as the infections were likely to produce limited numbers 

of GBS for RNA extraction (and comparison to the GBS-only control). Various cell collection and RNA 

extraction methods were also trialled throughout this optimisation process, and new primers 

designed to test the RNA for human (monocyte) DNA contamination. For comprehensive 

experimental details see Appendix 2, Experiments 12 to 23. 

From ten tested GAPDH primers generated to test for human DNA contamination of extracted RNA, 

primer set 7a demonstrated specific banding and high sensitivity – detecting DNA contamination in 

0.01µg of mixed RNA (RNA derived from GBS-infected monocytes). 
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FIGURE 3.04: Agarose gels testing the sensitivity of the GAPDH primer set 7a to detect human DNA 
contamination in RNA samples. 
Mixed gDNA (isolated from GBS-infected monocytes) was used as the positive control in both gels. The 14 RNA 

samples tested were also isolated from GBS-infected monocytes. Primer set 7a is expected to produce an 

amplicon 171bp in size. Gel shows the PCR results using primer set 7a on 0.01µg of RNA. The ladder used in 

both gels was the 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

 

After extensive optimisation, a media formulation was developed containing complete RPMI media 

(cRPMI) with no L-Glutamine or ABX, and with the addition of 0.1%FBS (designated sRPMI). Lower 

concentrations of FBS were found to inhibit RNA yield; regardless of the number of GBS cells utilised 

in the preparation. Dilutions of cDNA from 12 GBS-only samples and 1 mixed sample (M266) 

generated amplification curves for 12 tested GBS genes in under 35 cycles. 
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FIGURE 3.05: RT-qPCR performed on GBS-only cDNA samples.  
RT-qPCR performed on Lightcycler 480. Each data point represents the mean of 3 technical replicates. Samples: 
n=12 for cylE and n=3 for the remaining genes. Graph shows mean and SEM. See Appendix 2, Figure AP2.71 for 
images of amplification curves. 

 

 

 
FIGURE 3.06: RT-qPCR performed on a single sample of mixed cDNA amplifying GBS housekeeping 
genes.  
RT-qPCR performed on Lightcycler. Each data point represents the mean of 3 technical replicates. Samples: n=3 
for both genes. Graph shows mean and SEM. See Appendix 2, Figure AP2.72 for images of amplification curves. 
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3.4 Discussion 

A common difficulty for co-transcript studies has been the saturation of host RNA derived from the 

sample and the ability to recover sufficient usable pathogen RNA information to make the studies 

meaningful. The protocol has to be optimised for setting up the infection, for the infection 

conditions, cell collection, RNA isolation and quality testing – all in a single protocol that can be 

utilised consistent across the infection treatment, as well as the two control treatments. And this all 

has to be accomplished in an inherently antagonistic (phagocyte versus pathogen) context while 

preserving both sufficient bacterial numbers and minimising stress on the host cells. 

A previous study found that centrifuging the infection prior to incubation could increase the 

association between the two cell types (Virok et al., 2003). The current study found that the 45 

minute centrifuge proposed by Virok increased the GBS recovery from intracellular bacteria, but 

caused significant stress to the monocytes – resulting in lower monocyte viability at the end of the 

infection period. Reducing the centrifuge to 5 minutes was found to preserve monocyte viability 

throughout the infection. It is notable that the MOI in this study ranged from 35 to 1308 and had to 

be iteratively optimised for consistency. Keeping the MOI under 200 was found to further contribute 

to monocyte stability. 

It was unexpected to find that GBS 874391 survived the application of antibiotics since previous 

studies have found this mixture of Gentamicin and Pen/Strep to effectively clear GBS (Leclercq et al., 

2016) (Sullivan et al., 2017b). Bacterial time-kill assays were performed demonstrating the efficiency 

of the ABX mix on the GBS. The time it took for the GBS numbers to stabilize in the ABX informed the 

optimal infection time to minimise stress on the challenges monocytes. GBS numbers (CFU) 

remaining in the ABX media was roughly 4log10 lower than GBS recovered from the monocytes after 

six hours of infection (i.e. 0.01%) – and was therefore considered insufficient to influence the co-

transcript data. Contrasting the healthy GBS colonies after five hours ABX to the stressed colonies 
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observed from only one hour of ABX incubation could be indicative of a repeatable, adaptive 

mutation (e.g. movement of a transposable unit) occurring in the GBS. 

The spb1 primers used to test RNA for bacterial DNA contamination successfully amplified the spb1 

gene for both GBS-only and infection samples. Despite several studies reporting the use of specific 

primers for the PCR amplification of β-actin (Castelruiz et al., 1999, Sarobe et al., 2002, Kethiri et al., 

2017, Bas et al., 2004, Zhang et al., 2012, Armakolas et al., 2016), the two separate β-actin primer 

sets could not be optimised to reliably reveal eukaryotic DNA contamination. We are unable to 

explain the discordance between the non-specific binding in our PCR results using previously 

published β-actin primers. GAPDH is another eukaryotic housekeeping gene involved in a variety of 

cellular functions (Suzuki et al., 2000, Tristan et al., 2011). Ten GAPDH primer pairs were developed 

and tested. Two of these (GAPDH 4 and 7a) were considered viable. GAPDH 7a was determined to be 

the more sensitive of the two. 

Studies have suggested that post infection centrifuges may have an impact the final transcripts 

(Chan et al., 2007, Xue et al., 2018). Since this study is focussing on blood infections, soluble (non-

adherent) monocytes are the host cell. Therefore, post infection centrifuges are necessary to isolate 

the cells from the infection media. This potential influence must therefore be considered in the final 

transcript analysis. 

A low nutrient media formulation was initially developed to provide a suitable pathogen control 

treatment, however, this media formulation limited the available GBS transcript – regardless of how 

many GBS contributed to the analysis. The concentration of FBS in the media had to be increased to 

allow sufficient, reliable transcription – yielding enough trustworthy RNA for the downstream 

applications.  

Using the infection conditions optimised in this study an appropriate GBS-only control protocol was 

developed producing enough quality cDNA to be consistently amplified using RT-qPCR. All of the GBS 

genes used in this study demonstrated amplification by RT-qPCR. The subsequent study will assess 
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the viability of using this protocol to derive host and pathogen cDNA for a co-transcript analysis of 

GBS 874391-infected U937 monocytes. 
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CHAPTER 4: Co-transcriptional analysis of GBS-
infected U937 monocytes using RT-qPCR 

4.1 Introduction 

According to the Central Dogma of Molecular Biology, proteins that form the fundamental units of 

organic life are encoded by information contained in nucleic acids (Crick, 1958, Crick, 1970). 

Watson's simplified, unidirectional version of this model proposed that the template of 

deoxyribonucleic acid (DNA) is first transcribed/copied into ribonucleic acid (RNA), before the 

information contained in the RNA is translated into proteins (Watson, 1965). Over time, refinements 

to our knowledge of molecular interactions have found Watson's version to be overly simplistic 

(Shapiro, 2009, Morange, 2008). Nevertheless, the fundamental premise that proteins are coded by 

an intermediate RNA molecule holds true for almost all protein coding genes (Koonin, 2012). RNA 

expression can therefore provide vital insights into cellular activity – revealing those factors which 

are important to the cell in a given context. This information can in-turn be used to refine the 

direction of subsequent research into therapeutic solutions. 

Streptococcus agalactiae (Group B Streptococcus or GBS) is a bacterial species containing strains 

which are commonly pathogenic to humans; most significantly to the immunocompromised 

(neonates, the elderly, and others with pre-existing pathologies such as HIV and diabetes) (Dermer 

et al., 2004, Eickhoff et al., 1964, Farley, 2001). GBS is well known to harbour a vast variety of 

virulence factors including the capsule, proteinases, immune evasion mechanisms, cytotoxins, 

adhesins, nutrient acquisition and efflux regulators etc. (see Selected Virulence Factors, Chapter 1, 

for and overview of some of the better described virulence factors). The U937 cell line is a human 

cell culture line that has been regularly employed as a phagocyte research model due to its capacity 

to closely mimic the activities of human monocytes and macrophages (Lehmann, 1998, Anderson & 

Abraham, 1980, Sundstrom & Nilsson, 1976).  
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Many RNA studies focus on analysing the transcripts of either host or pathogen independently. For 

example, Mereghetti et al. (Mereghetti et al., 2008) characterised the rapid response of the GBS 

(NEM316) transcript as the result of contact with whole human blood; notably finding that the GBS 

transcript adapts to human blood in a temperature dependant manner. Stitkiewicz and Musser 

(Sitkiewicz & Musser, 2009) investigated the transcript of GBS in a variety of growth medium 

conditions; elucidating that the GBS transriptome is highly adaptable to changing environments. 

Stitkiewicz et al. (Sitkiewicz et al., 2009) further profiled the transcript response of GBS to human 

amniotic fluid; revealing significant changes to the expressions of multiple virulence factors. Bryan et 

al. (Bryan et al., 2008) profiled multiple strains of GBS in varying concentrations of methionine; 

describing MtaR as having a global influence over GBS gene expression. Transcript studies provide 

valuable information to the research community, however it is also desirable to analyse the RNA 

transcripts of both host and pathogen from the same (i.e. infected) samples; i.e. co-transcript studies 

(Westermann et al., 2012, Ravasi et al., 2016, Avraham et al., 2016). Such studies face challenges; 

including dealing with the problem of host RNA saturation in the infected sample. 

In Chapter 3, an infection model was rigorously optimised to permit the RNA extraction from a 

hypervirulent ST17 strain of GBS bacteria (GBS 874391) in sufficient quantities and qualities to be 

amplified consistently in RT-qPCR - from an amount of bacterial cells expected to be retrieved from 

GBS-infected U937 monocytes. Here that model is expanded and utilised to examine the 

transcription profiles of both the infected monocytes and intracellular bacteria based on the analysis 

of differential gene expression for 12 human genes and 12 bacterial genes. A study previously 

analysed the co-transcript of Streptococcus pneumoniae and Human Pleural Mesothelial Cells (Heath 

et al., 2015). To our knowledge, this is the first attempt to characterise a co-transcript of Group B 

Streptococcus with human monocytes. 
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4.1.1 Aims of this study 

The primary aim of this study was to confirm the viability of the model optimised in Chapter 3 for 

use in Real-Time, Reverse-Transcriptase qPCR. It was especially important to ensure that bacterial 

RNA of sufficient quality and quantity could be generated from the in vitro infections in amounts 

that would amplify in RT-qPCR and enable robust differential gene expression analysis. In light of this 

goal, a secondary aim was to pre-emptively refine the optimised protocol to include a minimal 

impact, monocyte lysis step - providing the RNA isolation method with better access to the bacterial 

cells. A third aim was to compare the gene expression profile of GBS and monocytes in the infection 

model compared to the non-infection (separate) control conditions for twelve selected genes that 

relate to virulence and immune defence against bacterial infection.   
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4.2 Materials and Methods 

4.2.1 Cell Collection, RNA preparations, DNA Contamination Testing 

and cDNA synthesis 

Six of the GBS-only controls attained in Chapter 3 contributed to the analysis of this Chapter. Using 

the SV Total RNA Isolation Kit (Promega) for RNA extractions, the protocol developed in Chapter 3 

was generally followed to the point of cDNA synthesis for four infection samples and six monocyte-

only control samples. The following modifications were required to account for the larger cell pellets 

in the treatments containing monocytes. The bead-beating was added to provide the Mutanolysin 

access to the bacterial cells. 

The initial RNA digest (in TE buffer with 30mg/ml lysozyme) was scaled up five-fold (from 100µl to 

500µl). Pellet resuspensions were progressively performed 100µl at-a-time, each time moving 100µl 

the resuspension into a 2ml nuclease-free, cap-lock tube containing 50mg acid-washed glass beads 

(see section 4.2.1). Then, after a 10 second bead-beat (section 4.3.1), 50µl (500U) of Mutanolysin 

was added to the digest before the 90 minute incubation at 37oC. After the incubation, the digest 

was moved to a 15ml tube and Lysis buffer added at 175µl for every 5E6 viable monocytes in the 

collected pellet. The Lysis mix was them passed through a 20 gauge needle ten times to shear 

genomic DNA. Twice the amount of Dilution buffer as Lysis buffer was added and mixed by inversion 

before dividing the mix into four 2ml RNase-free tubes for the 3 minute, 70oC incubation. After 

centrifuging for 10 minutes at 13,000g in 4oC, the supernatants were combined into a 15ml tube 

where 200µl of cold Ethanol was added for every 500µl of supernatant. The supernatant was then 

divided into ten spin columns before proceeding with the rest of the protocol according to 

Promega’s instructions (and the CHAPTER 3 protocol, section 3.3.1). 

Due to the large number of monocytes contributing to both infection samples and monocyte-only 

samples, they were assumed to have retained some DNA contamination. DNase treatments were 
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therefore routinely performed on these samples using the Turbo DNAfree kit from Ambion and 

following the manufacturer’s instructions.  The positive bacterial control was 8ng of genomic DNA 

from GBS 874391. The positive human control was 28ng of infection/Mixed genomic DNA. 

The cDNA synthesis was performed on 5µg of RNA from each of the infection and monocyte-only 

samples using the SuperScript III Reverse Transcriptase kit in accordance with the manufacturer’s 

instructions. 

4.2.2 Mycoplasma Test of U937 Monocytes 

If Mycoplasma are present in a cultured cell line, they may interact with the cells in a manner that 

undermines the reliability of any experimental outcomes. The absence of Mycoplasma from the cell 

line therefore needs to be confirmed for any study using cultured cell lines. Standard PCR was 

performed on post-passage supernatants from the U937 monocyte lineage used in this study 

(passage 17). The positive control was 2.3ng/µl of a Mycoplasma fermentans plasmid (pUC57 mini) 

provided by Dr Matthew Sullivan. The negative control was cRPMI. 

TABLE 4.01: Primers used for Mycoplasma testing by standard PCR. 

Organism Primer Name Primer 5’ to 3’ Source 

Mycoplasma 
(various 
species) 

MCGp1_F1 ACACCATGGGAGCTGGTAAT 
Mycoplasma Detection 
Kit (Takara) 

MCGp1_R1 CTTCATCGACTTTCAGACCCAAGGCAT 
Mycoplasma Detection 
Kit (Takara) 

MycDeg1_F1 AMACCATGGGAGYTGGTAAT Dr Matthew Sullivan 

MycDeg1_F2 CTTCWTCGVCTTYCAGACCCAAGGCAT Dr Matthew Sullivan 

 

Each 20µl reaction was comprised of the following; 4µl (1X) 5X HF Phusion Buffer (New England 

Biolabs), 0.4µl (200µM) 10mM dNTPs (Sigma), 1µl each (0.5µM) of both 10µM forward and reverse 

primers, 0.2µl (0.4 units) of Phusion DNA Polymerase (New England Biolabs), 1µl of template and the 

remaining 12.4µl of nuclease-free Ultrapure Distilled Water (Invitrogen).  
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PCR Program: 98oC for 30 seconds, then 35 cycles of [98oc for 10 seconds, 58oC for 30 seconds, 72oC 

for 30 seconds], followed by 10 minutes at 72oC, then 10oC until collected. Amplicons were resolved 

on a 2% gel over 50 minutes at 100V. 

4.2.3 Testing cDNA Dilutions in RT-qPCR for Amplification of GBS and 

U937 Monocyte Gene Targets 

To see how far the volume of cDNA could be stretched at the concentrations attained, three 

independent RT-qPCRs were performed using varying dilutions of the cDNA from the infection 

samples. The first RT-qPCR tested 1:10, 1:20:1:40 and 1:80 dilutions of infection cDNA on the 

bacterial housekeeping gene dnaN. The second RT-qPCR tested the same dilutions on the non-

housekeeping gene cylE. The final RT-qPCR tested 1:10, 1:40, 1:160 and 1:320 dilutions of infection 

cDNA on the bacterial housekeeping gene rpoB. 

To test the various dilutions, RT-qPCR was performed in 96-well, semi-skirted PCR plates (4titude) on 

a QuantStudio 6-Flex Real-Time PCR system. 20µl reactions were performed in triplicate for each 

condition (sample and dilution). Each 20µl reaction consisted of 10µl (1X) 2X SensiFAST SYBR No-Rox 

Mix (BIOLINE), 0.4µl (400nM) each of 20µM forward and reverse primers, 1µl of template, and the 

remaining made up with 8.2µl of nuclease-free Ultrapure Distilled Water. After sealing the plate, the 

plate was shaken for 15 seconds on a Platform Shaker (Ratek) and centrifuged at 800g for 2 minutes 

in 4oC. Amplification was performed using the 2-step cycling program - namely; 1 cycle at 95oC for 2 

minutes, then 40 cycles alternating between 95oC for 5 seconds and 60oC for 30 seconds. Data 

analysis was performed using the QuantStudio Real-Time PCR Software (version 1.1). 

4.2.4 RT-qPCR Gene Expression Analysis 

Utilising 1:160 dilutions of all cDNA samples, six RT-qPCRs were performed to analyse the gene 

expression patterns of GBS 874391 using 12 bacterial genes (plus 2 housekeeping genes) and RT-

qPCRs were performed to analyse the expression patterns of U937 monocytes using 12 human 
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genes (plus 2 housekeeping genes). The gene expression of four infection samples was compared 

that of four relevant control samples (GBS-only for the bacterial genes and monocyte-only for the 

human genes). The bacterial primers used in this study are the same as those used in Chapter 3 (see 

Appendix 2, TABLE AP2.03). 

TABLE 4.02: Human primers used in this study. 

Gene Primer 
Name 

Primers 5’ to 3’ Function Source 

Beta-actin 027-ACTB_F TCCTCCCTGGAGAAGAGCTA Cytoskeleton 
(Houdekeeping) 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956  028-ACTB_R CGTGGATGCCACAGGACT 

Glyceraldehyde 3-
phosphate 
dehydrogenase 

029-GAPDH_F AGCCACATCGCTCAGACAC Energy synthesis 
(Housekeeping) 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 030-GAPDH_R GCCCAATACGACCAAATCC 

Interleukin 1α 031-IL1A_F CAAAAGGCGAAGAAGACTGAC Pro-inflammatory 
cytokine 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 

032-IL1A_R GGAACTTTGGCCATCTTGAC 

Interleukin 1β 033-IL1B_F AGCTGATGGCCCTAAACAGA Pro-inflammatory 
cytokine 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 

034-IL1B_R TCGGAGATTCGTAGCTGGAT 

Interleukin 6 035-IL6_F GGAGACTTGCCTGGTGAAAA Pro-inflammatory 
cytokine 

Stoner etal 2015. PLoS 
ONE V10 Iss6 
e0128431 036-IL6_R CAGGGGTGGTTATTGCATCT 

Interleukin 8 037-IL8_F AGCTCTGTGTGAAGGTGCAG Pro-inflammatory 
chemokine 

Stoner etal 2015. PLoS 
ONE V10 Iss6 
e0128431 

038-IL8_R AATTTCTGTGTTGGCGCAGT 

Interleukin 10 Human IL-10 
Forward 

GGAGAACCTGAAGACCCTCA Anti-inflammatory 
cytokine 

Forsberg etal 2002. 
Gastroenterology 123: 
pp667-678 Human IL-10 

Reverse 
TGCTCTTGTTTTCACAGGGA 

Interleukin 12α 039-IL12A_F CACTCCCAAAACCTGCTGAG Pro-inflammatory 
cytokine 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 040-IL12A_R TCTCTTCAGAAGTGCAAGGGTA 

Interleukin 12β 041-IL12B_F AGATGGAATTTGGTCCACTGA Pro-inflammatory 
cytokine 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 042-IL12B_R GCAGGTGAAACGTCCAGAAT 

Interleukin 17α 043-IL17A_F CCACCTCACCTTGGAATCTC Pro-inflammatory 
cytokine 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 044-IL17A_R GGTAGTCCACGTTCCCATCA 

Tumor necrosis 
factor 

045-TNF CGGTGCTTGTTCCTCAGC Pro-inflammatory 
cytokine 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 046-TNF GCCAGAGGGCTGATTAGAGA 

CXC chemokine 
ligand 1 

047-CXCL1_F TCCTGCATCCCCCATAGTTA Pro-inflammatory 
chemokine 

Dando etal 2016. 
Infection & Immunity 
V84 No7 pp1941-1956 048-CXCL1_R CTTCAGGAACAGCCACCAGT 

LIM domain only 
2 

049-LMO2_F GATGGTAGACCTTTATTGGG Erythroid differentiation 
(oncogene) 

Virok etal 2003. 
Infectious Diseases 
V188 Issu9 pp 1310–
1321 

050-LMO2_R GCACATCTCTAGTTCGCA 

Monocyte 
chemoattractant 
protein 1 

051-MCP-1_F AACACTCACTCCACAACC Leukocyte chemokine Virok etal 2003. 
Infectious Diseases 
V188 Issu9 pp 1310–
1321 

052-MCP-1_R TCCCCAAGTCTCTGTATCTA 



103 
 

 

For gene expression analysis, RT-qPCR was performed in 384-well, semi-skirted PCR plates (4titude) 

on a QuantStudio 6-Flex Real-Time PCR system. 10µl reactions were performed in quadruplicate for 

each condition (sample and gene). Each 10µl reaction consisted of 5µl (1X) 2X SensiFAST SYBR No-

Rox Mix (BIOLINE), 0.2µl (400nM) each of 20µM forward and reverse primers, 1µl of template, and 

the remaining made up with 3.6µl of nuclease-free Ultrapure Distilled Water. After sealing the plate, 

the plate was shaken for 15 seconds on a Platform Shaker (Ratek) and centrifuged at 800g for 2 

minutes in 4oC. Amplification was performed using the 2-step cycling program - namely; 1 cycle at 

95oC for 2 minutes, then 40 cycles alternating between 95oC for 5 seconds and 60oC for 30 seconds.  

Preliminary data analysis was performed using the QuantStudio Real-Time PCR Software (version 

1.1). Non-amplifying outlier wells were excluded unless otherwise stated. Amplifying outlier wells 

were excluded on the basis of amplification separation from other like-replicates; confirmed by 

Grubb’s Outlier statistical Test. Expression-fold change was calculated on the basis of comparing the 

replicate Ct means of four infection samples against four control samples (for 12 bacterial and 12 

human genes). Preliminary expression analysis was performed on a Microsoft Excel spreadsheet 

template where the fold-change expression ratio was calculated on the basis of the following 

formula (which factors in any efficiency variations between the samples); 

𝑅𝑎𝑡𝑖𝑜 =
(𝑇𝑎𝑟𝑔𝑒𝑡 𝐺𝑒𝑛𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)∆𝐶𝑡 𝑇𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 (𝑀𝑒𝑎𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐶𝑡−𝑀𝑒𝑎𝑛 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐶𝑡)

(𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐺𝑒𝑛𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)∆𝐶𝑡 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒 (𝑀𝑒𝑎𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐶𝑡−𝑀𝑒𝑎𝑛 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐶𝑡)
 

(Pfaffl, 2001) 

Ratios greater than 1 were considered to directly reflect a fold increase in gene expression. Ratios 

less than 1 were considered to reflect a fold decrease in gene expression (i.e. 0.5 indicated a two-

fold decrease, 0.25 a three-fold decrease etc.). A column statistics t-test (against a hypothetical 

value of 1) was performed on the four fold-change values derived for each gene (Graphpad Prism 

version 7.02). 
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4.3 Results 

4.3.1 Cell Collection, RNA preparations, DNA Contamination Testing 

and cDNA synthesis 

Summary table of all sample data (infection and controls can be found in Appendix 3, TABLES D and 

E. RNA was extracted from 4 mixed (host/pathogen infection) samples (designated M266, M286, 

M296 and M306), 6 U937-only (host monocyte control) samples (designated U237A1, U237A2, 

U237A3, U247B1, U247B2 and U247B3), and 12 GBS-only (bacterial pathogen control) samples 

(designated G175A, G175B, G185A, G185B, G195A, G195B, G195C, G195D, G225A, G225B, G225C 

and G225D). 

DNA contamination testing results for GBS-only controls can be found in Appendix 2 (FIGURES 

AP2.68 and AP2.69). 

 
FIGURE 4.01: Agarose gel showing PCR results for a single Infection/Mixed RNA sample 266 
(M266) tested for bacterial and human DNA contamination (spb1 and GAPDH respectively).  
The expected amplicon size for the spb1 primer set is 762bp. The expected amplicon size for the GAPDH primer 
set is 171bp. GBS 874391 gDNA served as the positive control for spb1. gDNA isolated from an infection sample 
served as the positive control for GAPDH. Gel shows samples both before and after DNase treatments. The 
ladder used in both gels was the 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 
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FIGURE 4.02: Agarose gel showing PCR results for 3 Infection/Mixed RNA samples (M286, M296 
and M306) - tested for bacterial and human DNA contamination (spb1 and GAPDH respectively).  
The expected amplicon size for the spb1 primer set is 762bp. The expected amplicon size for the GAPDH primer 
set is 171bp. GBS 874391 gDNA served as the positive control for spb1. gDNA isolated from an infection sample 
served as the positive control for GAPDH. Gel shows samples both before and after DNase treatments. The 
ladder used in both gels was the 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

 
FIGURE 4.03: Agarose gel showing PCR results for 6 Monocyte/U937-only samples (U237A1, 
U237A2, U237A3, U247A1, U247A2 and U247A3) - tested for human DNA contamination (GAPDH).  
The expected amplicon size for the GAPDH primer set is 171bp. gDNA isolated from an infection sample served 
as the positive control for GAPDH. Gel shows samples both before and after DNase treatments. The ladder used 
in both gels was the 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

Human DNA contamination was detected in all but one sample (U237A3). Bacterial DNA 

contamination was only overtly detected in sample M306. All DNA contamination was resolved by 

the DNAse treatment. 
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4.3.2 Mycoplasma Test of U937 Monocytes 

 
FIGURE 4.04: Agarose gel showing PCR results for Mycoplasma testing of the U937 monocytes 
used for the infection assays in this study. 
Two primer sets (MCGp1 and MycDeg) used in PCR to detect any putative Mycoplasma in the supernatant of 

cultured U937 monocytes (3 technical replicates). Expected amplicon sizes vary depending on the species of 

Mycoplasma detected. A plasmid derived from Mycoplasma fermentans served as the positive control for both 

primer sets. The expected amplicon size for this species is 491bp. The ladder used in both gels was the 1kb Plus 

DNA ladder (Invitrogen) with relevant sizes as indicated. 

 

Mycoplasma was only detected in the positive controls. No Mycoplasma contamination was 

detected in the monocytes contributing to this study. 

4.3.3 Testing cDNA Dilutions in RT-qPCR 

The Results Summary generated by Quantstudio Real-Time PCR Software for dnaN amplification in 4 

infection samples can be found in Appendix 3, TABLE F. The Results Summary generated by 

Quantstudio Real-Time PCR Software for cylE amplification in 4 infection samples and 2 GBS-only 

controls can be found in Appendix 3, TABLE G. 
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TABLE 4.03: Amplification plots generated by Quantstudio Real-Time PCR Software for four 
dilutions of cDNA on dnaN for 4 mixed (Infection) samples. 

Infection Sample Amplification of cDNA dilutions of 1:10, 1:20, 1:40 and 1:80 

M266  

 
M286  

 
M296  

 
M306  

 
 

The highest mean Ct for three replicates of the 1:80 dilutions was 25.167 (sample M286). This is well 

under the detection limit of RT-qPCR. However, this is for a housekeeping gene (dnaN) which is 

putatively consistently expressed. The experiment was therefore repeated with the non-

housekeeping gene cylE to ensure that detection is possible for genes expressed at lower levels 

(TABLE 4.04). 
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TABLE 4.04: Amplification plots generated by Quantstudio Real-Time PCR Software for four 
dilutions of cDNA on cylE for 4 Mixed (infection) samples and 2 GBS-only samples. 

Sample Amplification of cDNA dilutions of 1:10, 1:20, 1:40 and 1:80 

M266 (Infection) 

 
M286 (Infection) 

 
M296 (Infection) 

 
M306 (Infection) 

 
G175A (GBS-only control) 

 
G175B (GBS-only control) 
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For the 1:80 cDNA dilutions, RT-qPCR amplification of cylE in the Mixed samples was detected at 

around 25 cycles, whereas the GBS-only samples amplified cylE at around 27 cycles – giving a 

preliminary indication of 2log2 less cylE in the GBS-only samples. As robust amplification was 

detected in well-under 45 cycles, 1:160 and 1:320 cDNA dilutions were tested against the bacterial 

housekeeping gene rpoB. 

The next analysis tested various dilutions (1:10, 1:40, 1:160 and 1:320) of cDNA derived from 4 

mixed RNA samples (M266, M286, M296 and M306) and 2 GBS-only RNA samples (G175A and 

G175B) (TABLE 4.05) using primers for cylE. 
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TABLE 4.05: Amplification plots generated by Quantstudio Real-Time PCR Software for four 
dilutions of cDNA on cylE.  
Four Mixed (infection) samples and two GBS-only samples. 

Sample Amplification of cDNA dilutions of 1:10, 1:40, 1:160 and 1:320 

M266 (Infection) 

 
M286 (Infection) 

 
M296 (Infection) 

 
M306 (Infection) 

 
G175A (GBS-only control) 

 
G175B (GBS-only control) 
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Even at 1:320 dilutions of cDNA, ropB was detected in under 31 RT-qPCR cycles for all samples. A 

decision was made to use 1:160 dilutions of cDNA instead of 1:320 in the subsequent gene 

expression study – to mitigate the possibility of excluding rarely expressed genes from detection and 

analysis. 

4.3.4 RT-qPCR Gene Expression Analysis 

4.3.4.1 Human Genes 

The Results Summary generated by Quantstudio Real-Time PCR Software showing the amplification 

data for all human genes and all monocyte-derived samples can be found in Appendix 3, TABLE H. 

For the human genes, over two independent attempts, 4 of the 12 genes tested (IL1B, IL6, IL17A and 

CXCL1) did not generate enough amplification data to contribute to the analysis. For IL1A, 4 of the 16 

monocyte-only control wells failed to demonstrate amplification and for the purpose of analysis, 

were assumed to be amplifying after 45 cycles. Based on the differing absolute numbers, the 

reference genes appear to be amplifying inconsistently with each other (most starkly evidenced in 

IL8), though the overall expression pattern is reproduced for both reference genes.  
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TABLE 4.06: Statistical summary of gene expression change of infected U937 monocytes against 
the baseline control of uninfected U937 monocytes using the GAPDH housekeeping gene as the 
reference.  

Reference Gene: GAPDH 

Gene IL8 IL1A IL1B TNF LMO2 MCP-1 IL10 IL12A 

Number of values 4 4 4 4 4 4 4 4 

Mean Fold-change 924.1 16.5 4.274 4.951 2.382 3.341 2.207 0.5974 

Std. Error of Mean 92.11 3.942 0.4853 0.3985 0.3925 0.3765 0.2796 0.2112 

t-test 

Significant? Yes Yes Yes Yes Yes Yes Yes No 

Summary ** * ** ** * ** * ns 

Adjusted P Value 0.0021 0.0295 0.0067 0.0022 0.0389 0.0084 0.0229 0.1527 

 

 
FIGURE 4.05: Fold gene expression change of the infected U937 monocytes against the baseline 
transcript control of uninfected U937 monocytes - with GAPDH as the reference gene.  
Gene expression data generated by RT-qPCR using primers for 8 human genes on cDNA derived from infections 
– quantified against cDNA derived from the monocyte-only controls. Data based on 2 independent RT-qPCR 
runs per gene; 4 mixed and 4 control samples per RT-qPCR run; 4 technical replicates per sample. Human 
reference gene is GAPDH. Increases to gene expression over 2-fold were considered nominally significant 
(dotted line). Lines are SEM. 
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TABLE 4.07: Statistical summary of gene expression change of infected U937 monocytes against 
the baseline control of uninfected U937 monocytes using the ACTB housekeeping gene as the 
reference. 

Reference Gene: ACTB 

Gene IL8 IL1A IL1B TNF LMO2 MCP-1 IL10 IL12A 

Number of values 4 4 4 4 4 4 4 4 

Mean Fold-change 4569 17.38 5.135 4.984 2.392 3.557 2.416 0.6916 

Std. Error of Mean 314.6 4.442 0.7905 0.2045 0.3248 0.7247 0.2615 0.294 

t-test 

Significant? Yes Yes Yes Yes Yes Yes Yes No 

Summary *** * * *** * * * ns 

P Value 0.0007 0.0346 0.0136 0.0003 0.0233 0.0387 0.0124 0.3713 

 

 
FIGURE 4.06: Fold gene expression change of the infected U937 monocytes against the baseline 
transcript control of uninfected U937 monocytes - with ACTB as the reference gene.  
Gene expression data generated by RT-qPCR using primers for 8 human genes on cDNA derived from infections 
– quantified against cDNA derived from the monocyte-only controls. Data based on 2 independent RT-qPCR 
runs per gene; 4 mixed and 4 control samples per RT-qPCR run; 4 technical replicates per sample. Human 
reference gene is ACTB. Increases to gene expression over 2-fold were considered nominally significant (dotted 
line). Lines are SEM. 

All reported increases in gene-fold expression were over two-fold, and statistically significant 

(α=0.05). IL12A demonstrated a two-fold decrease in expression against the GAPDH reference, but 

not against the ACTB reference, and neither was statistically significant (α=0.05). The increase in IL8 

expression in the infection samples is 2 to 3 orders of magnitude higher than reported for the other 

genes with increased expression. 
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4.3.4.2 Bacterial Genes 

The Results Summary generated by Quantstudio Real-Time PCR Software showing the amplification 

data for all bacterial genes and all GBS-derived samples can be found in Appendix 3, TABLE I. 

The differential expression patterns are generally repeated for both reference genes (FIGURES 4.09 

and 4.10). Three of the 12 genes tested (pil2B, cfb and copA) did not demonstrate more than two-

fold differential expression in the intracellular bacteria, when compared to the bacteria-only control 

samples. CopA approached a two-fold expression increase when using rpoB as the reference, but 

was not statistically significant for either reference (α=0.05). MaeE demonstrated a greater than 

two-fold, statistically significant increase in expression when using the rpoB as a reference, but 

differential expression was less than two-fold and not significant when using dnaN as the reference 

gene. CpsE reported a statistically significant, two-fold, decrease in expression using the dnaN 

reference gene, but not for the rpoB reference gene. In comparing the intracellular bacteria to the 

bacterial controls, htp revealed the most differential expression; followed by czcD, scpB and hvgA 

respectively. 
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TABLE 4.08: Statistical summary of gene expression change intracellular GBS 874391 against the 
baseline control of non-infection GBS 874391 using the rpoB gene as the reference.  

Reference Gene: rpoB 

Gene rib czcD cylE pil2B cpsE scpB 1010 htp cfb copA hvgA maeE 

Number of values 8 8 8 8 8 8 8 8 8 8 8 8 

Mean Fold-change 3.505 7.272 2.509 1.779 0.8874 5.22 3.351 10.82 1.538 1.935 4.885 2.507 

Std. Error of Mean 0.6491 1.231 0.4921 0.2248 0.09508 0.4223 0.2232 1.05 0.2008 0.4181 0.7306 0.4507 

t-test 

Significant? Yes Yes Yes Yes No Yes Yes Yes Yes No Yes Yes 

Summary ** ** * * ns **** **** **** * ns ** * 

P Value 0.0062 0.0014 0.0181 0.0105 0.275 <0.0001 <0.0001 <0.0001 0.0315 0.0604 0.0011 0.0123 

 

 

 
FIGURE 4.07: Fold change of bacterial genes in the GBS-infected U937 monocyte group compared 
to control GBS incubations without monocytes, using rpoB as the reference gene. 
Gene expression data generated by RT-qPCR using primers for 12 GBS genes on cDNA derived from infections – 
quantified against cDNA derived from the GBS-only controls. Data based on 2 independent RT-qPCR runs per 
gene; 4 mixed and 4 control samples per RT-qPCR run; 4 technical replicates per sample. GBS reference gene 
was rpoB. Increases to gene expression over 2-fold were considered nominally significant (dotted line). Lines 
are SEM. 
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TABLE 4.09: Statistical summary of gene expression change intracellular GBS 874391 against the 
baseline control of non-infection GBS 874391 using the dnaN gene as the reference.  

Reference Gene: dnaN 

Gene rib czcD cylE pil2B cpsE scpB 1010 htp cfb copA hvgA maeE 

Number of values 8 8 8 8 8 8 8 8 8 8 8 8 

Mean Fold-change 2.569 5.351 2.323 1.815 0.596 3.556 2.28 7.523 0.9639 1.252 3.057 1.585 
Std. Error of Mean 0.4019 0.5753 0.8884 0.5432 0.05182 0.2894 0.1578 0.9443 0.1746 0.3425 0.5957 0.3625 

t-test 

Significant? Yes Yes No No Yes Yes Yes Yes No No Yes No 

Summary ** **** ns ns **** **** **** *** ns ns * ns 
P Value 0.0059 0.0001 0.1802 0.1773 0.0001 <0.0001 <0.0001 0.0002 0.8419 0.4856 0.0106 0.1504 

 

 

 

FIGURE 4.08: Fold change of bacterial genes in the GBS-infected U937 monocyte group compared 
to control GBS incubations without monocytes, using dnaN as the reference gene. 
Gene expression data generated by RT-qPCR using primers for 12 GBS genes on cDNA derived from infections – 
quantified against cDNA derived from the GBS-only controls. Data based on 2 independent RT-qPCR runs per 
gene; 4 mixed and 4 control samples per RT-qPCR run; 4 technical replicates per sample. GBS reference gene 
was dnaN. Increases to gene expression over 2-fold were considered nominally significant (dotted line). Lines 
are SEM. 
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4.4 Discussion 

In Chapter 3, an infection model was optimised to deliver an appropriate bacterial control condition 

yielding quality RNA at sufficient yields to be used in RT-qPCR. In this chapter, the protocol 

underwent minor refinements to ensure the bacterial RNA could be isolated from intracellular 

bacteria. Gene expression analysis by RT-qPCR was subsequently, successfully performed on 12 

human genes and 12 bacterial genes. 7 of the 12 tested human genes were upregulated in the 

infected monocytes by more than two-fold (IL8, IL1A, IL1B, IL10, TNF, LMO2 and MCP-1). The 

remaining 4 human genes (IL6, IL12B, IL17, CXCL1) did not produce enough amplification data to 

contribute to the analysis. Since this result was repeated over independent RT-qPCRs, it is likely that 

these genes were simply being expressed at very low levels. 7 of the 12 bacterial genes tested were 

found to be upregulated in GBS by more than two-fold. Of those 7, cylE was only statistically 

significant against the rpoB reference (p=0.0181), but not against the dnaN reference (p=0.1802). 

The maeE gene was both upregulated more than two-fold and significant against the rpoB reference 

gene (p=0.0123), but upregulated less than two-fold and not significant for the dnaN reference 

(p=0.1504). All bacterial genes tested produced enough amplification data to contribute to the 

analysis. None of the genes tested for either humans or bacteria were downregulated more than 

two-fold. 

Gene expression data was calculated independently against two reference genes for each condition 

to increase the robustness of the results. There were differences in the gene-expression data 

between fold-change calculated using the reference gene GAPDH and fold-change calculated using 

the reference gene ACTB. This distinction was observed across independent RT-qPCR runs – 

indicating that these constituent genes are expressed at different levels. As demonstrated with IL8, 

the differences between these two housekeeping genes was amplified with the magnitude of 

expression change. Nevertheless, the overall patterns of differential expression were repeated for 

both reference genes. 
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In this study, interleukin 8 (IL8) was by far the most upregulated gene in the infected monocytes; 

reporting between 924-fold and 4570-fold upregulation (against references GAPDH and ACTB 

respectively). IL8 belongs to the CXC family of chemokines, and is primarily recognised for its role in 

the recruitment of neutrophils (Harada et al., 1994). The C-X-C motif appears to be almost-

exclusively specific to neutrophils (Kunkel et al., 1995, Baggiolini et al., 1994). IL8 was originally 

called monocyte-derived neutrophil chemotactic factor (MDNCF) in recognition of its abundant 

monocytic source and distinction from the previously characterised IL1 and TNF (Yoshimura et al., 

1987). Matsushima et al. (Matsushima et al., 1988) showed that IL8 is induced by IL1 and TNF. Given 

the primary role of IL8 to chemoattract neutrophils to sites if infection, and given that in this study, 

both IL1 genes as well as TNF were upregulated, it is unsurprising that IL8 was so highly upregulated 

in U937 monocytes as a response to extended contact with GBS 874391 bacteria. 

Interleukin 1 alpha (IL1A) was upregulated in the infected monocytes around 17-fold. IL1A is a pro-

inflammatory cytokine from the interleukin 1 family containing 11 cytokines and 10 receptors (Di 

Paolo & Shayakhmetov, 2016, Dinarello, 2018). Isolated in 1974 from monocytes and neutrophils 

(Dinarello et al., 1974), IL1A has since been found to be expressed in a wide variety of hematopoietic 

and non-hematopoieteic cell types (Bersudsky et al., 2014, Cohen et al., 2010).  Both IL1A and 

Interleukin 1 beta (IL1B) are synthesised into large structures (precursors or pro-forms) before being 

cleaved into mature forms (Giri et al., 1985). Unlike IL1B, which is only functional in its mature form, 

both the precursor and mature forms of IL1A are biologically active (Kim et al., 2013). In most cell 

types, the IL1A remains constituently in the larger, pro-form state, and is therefore rarely secreted 

from the cells, however monocytes and macrophages only synthesise IL1A in response to stimuli 

(Cohen et al., 2010). While isolating IL1A and IL1B, Dinarello et al. (Dinarello et al., 1974) found that 

monocytes released nearly 20 times more interleukin 1 pyrogens than neutrophils when stimulated 

by heat-inactivated staphylococcal bacteria. Ulett et al. (Ulett et al., 2010) reported GBS inducing 

IL1A in bladder epithelial cells. The current study adds support to the claim that IL1A is induced by 
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GBS; reporting a 16 to 18-fold upregulation of IL1A expression in U937 monocytes after a five hour 

incubation with internalised GBS 874391.  

Interleukin 1 beta (IL1B) was also significantly upregulated in the infected monocytes, though IL1A 

was upregulated more than 3-fold more than IL1B; reporting 4.274 and 5.135-fold upregulation for 

IL1B (against references GAPDH and ACTB respectively). IL1B is more specifically associated with 

monocytes than IL1A (Hsi & Remick, 1995). The majority of IL1 secreted in humans is the beta form 

(Demczuk et al., 1987, Lonnemann et al., 1989). Unlike IL1A, the precursor molecular of IL1B does 

not to bind to IL1 receptors (Mosley et al., 1987); though Jobling et al. (Jobling et al., 1988) noted 

some biological activity for the IL1B precursor at high concentrations. In terms of pro-inflammatory 

activity, the Tumour Necrosis Factor (TNF) cytokine is considered largely indistinct from IL1 

(Oppenheim et al., 1989). The GBS cytotoxin β-hemolysin has been reported to induce TNF in the 

THP-1 cell line (Sagar et al., 2013). In the current study, TNF was upregulated around 5-fold, roughly 

the same levels as IL1B. 

Interleukin 10 (IL10) has been previously reported to be induced by GBS in mouse models 

(Cusumano et al., 1996). IL10 is an anti-inflammatory, immuno-regulating, Type II cytokine (Pestka et 

al., 2004, Commins et al., 2008). IL10 was initially characterised as cytokine synthesis inhibitory 

factor (CSIF) for its observed capacity to mitigate the activity of several cytokines (Fiorentino et al., 

1989). Leukocytes appear to the major source if IL10 synthesis (Wolk et al., 2002). The predominant 

function of IL10 is to mitigate the pro-inflammatory response by cells which can, in excess, cause 

tissue damage (Mege et al., 2006, de Vries, 1995). IL10 has also been reported to ameliorate 

synthesis of IL1, IL8 and TNF (Fiorentino et al., 1991, de Waal Malefyt et al., 1991, Nicod et al., 1995). 

Diminished IL10 has been associated with inflammatory diseases such as asthma (Lim et al., 1998). In 

the current study IL10 was upregulated just over two-fold. This may have been a response to 

increasing IL1, IL8 and TNF levels. Conversely, pathogens have been reported to exploit IL10 to 

mitigate the host defence response (Duell et al., 2012, Sing et al., 2002, Ghalib et al., 1993). 
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LIM Domain Only Protein 2 (LMO2) is an oncogene that codes for the cysteine-rich, two LIM domain, 

rhombotin-like proteins that have been found to be a vital component of erythroid differentiation 

(Warren et al., 1994, Bach, 2000). Aberrant expression of LMO2 has been linked to leukaemia (Van 

Vlierberghe et al., 2006, McCormack et al., 2010); having been originally cloned from lymphoblastic 

leukaemia patient sample (Royer-Pokora et al., 1991, Boehm et al., 1991). In the current study, 

LMO2 was upregulated in infected monocytes a little over 2-fold. Monocyte Chemoattractant 

Protein-1 (MCP-1), also known as C-C Motif Ligand Chemokine 2 (CCL2) was upregulated in infected 

monocytes more than 3-fold. MCP-1 recruits monocytes, T lymphocytes and dendritic cells to sites of 

inflammation (Sozzani et al., 1991, Carr et al., 1994, Xu et al., 1996). Given the antagonistic nature of 

infection, it is unsurprising that the infected monocytes would upregulate MCP-1 in an attempt to 

recruit more leukocytes to the site of infection.   

The increased expression of pro-inflammatory cytokines in this study from the host cells, in response 

to GBS infection, is consistent with the literature; with the exception of IL6 – which was not 

expressed at detectable levels in our study in either uninfected or infected monocytes). In vitro, 

peripheral blood mononuclear cells have demonstrated a rapid pro-inflammatory response to 

contact with GBS; including the increased generation of IL1, IL6, IL8 and TNF (Berner et al., 2002, 

Williams et al., 1993, Levy et al., 2003). Aksu and Yanilmaz (Burak Aksu 2019) found a significant 

increase in IL8 production in Human cervical epithelial cancer cells (HeLa) when treated with heat-

killed GBS (encapsulated COH1 and unencapsulated COH1-13 hypervirulent ST-17 strains); further 

finding that the GBS capsule itself did not significantly contribute to the IL-8 response in the host. 

This is consistent with an earlier study using cylE mutants of the above-mentioned strains (COH1 and 

COH1-13) to demonstrate that the GBS β-hemolysin/cytoysin (β-h/c) plays a more significant role in 

inducing an IL8 response in the A549 Lung epithelial cell line, than the GBS capsule (Doran et al., 

2002). Sagar et al. (Sagar et al., 2013) used cylE mutations of GBS (strain BSU-6) to infect THP-1 

macrophage-like cells, reporting that TNF is also highly upregulated in response to β-h/c; along with 

IL8. Stoner et al. (Stoner et al., 2015) found that human foetal astrocyte cells (SVG-A) significantly 
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upregulated the expression of IL1, IL6 and IL8 in response to GBS COH1 infection; hypothesising that 

neutrophil recruitment (especially by IL8) and the release of other cytokines might compromise the 

integrity of the blood-brain-barrier - promoting the progression of GBS meningitis. 

Mikamo et al. (Mikamo et al., 2004) found that serotypes III strains of GBS (prevalent in disease in 

the US) induces a stronger TNF and IL10 response in A549 cells, than serotype VIII strains (commonly 

isolated from pregnant women in Japan); though the serotype VIII strains demonstrated a greater 

capacity for invasion. As an immunosuppressive cytokine, IL10 has been implicated as a regulator of 

the host inflammatory response (Moore et al., 2001). IL10-deficient mice pups have demonstrated 

an increased survival capacity against GBS infection due to the uninhibited recruitment of 

neutrophils to the sites of infection (Madureira et al., 2011). Madureira et al. (Madureira et al., 

2007) had previously found that GBS uses a bacterial GAPDH to stimulate IL10 production in the 

host, to subvert the host inflammatory response. 

Of the bacterial genes tested in this study, Histidine Triad Protein (htp) was the most substantially 

upregulated from the infections; 10.82 and 7.523-fold against rpoB and dnaN references 

respectively. Sometimes referred to as Pneumococcal histidine triad (Pht), Htp is a cell surface-

exposed protein, found in at least three species of human pathogenic streptococci, belonging to a 

family of proteins characterised by histidine triad motifs, and whose activities are still being explored 

(Adamou et al., 2001, Shao et al., 2013). The htp protein has been associated with zinc binding and 

complement opsonisation evasion in pneumococcus and GBS (Riboldi-Tunnicliffe et al., 2005, Loisel 

et al., 2011, Maruvada et al., 2009, Ogunniyi et al., 2009). The Cobalt-zinc-cadmium resistance 

protein (czcD) was also highly upregulated in the infected samples; 7.272 and 5.351-fold against 

rpoB and dnaN references respectively. In the CzcD-SczA system (which is highly conserved in 

streptococcal species), SczA regulates czcD expression, to either repress or induce czcD by binding to 

differing sites on the czcD promoter; dependant on the presence of absence of environmental zinc 

ions (Kloosterman et al., 2007). Ong et al. (Ong et al., 2014a, Ong et al., 2015) has demonstrated that 
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deleting czcD in streptococcal pathogens reduces virulence and increases susceptibility to leukocyte 

destruction. Martin et al. (Martin et al., 2017) showed that deleting either czcD or sczA inhibits the 

growth of S. pneumoniae in the presence of high concentrations of zinc. Since czcD is characterised 

as a zinc exporter (Ong et al., 2014b, Anton et al., 1999), the upregulation of both czcD with htp 

indicates the importance of zinc regulation to GBS survival in the context of infection. The 

CHF17_01108 iron ABC transporter permease (labelled 1010) is another membrane transport 

protein that was upregulated between 2 and 4-fold; 2.28 and 3.351-fold against dnaN and rpoB 

respectively.  

The cell surface, hypervirulent GBS adhesin (HvgA), which is a GBS ST17-specific virulence factor 

considered critical to GBS adhesion (Tazi et al., 2010) was also upregulated in the infection between 

3 and 5-fold. Teatero et al. (Teatero et al., 2014) recently described an hvgA-carrying strain of GBS 

that did not belong to the CC17 clonal complex characteristic of ST17 strains – highlighting the 

importance of horizontal gene transfer in pathogenesis. The Rib protein (resistance to proteases, 

immunity, group B) is a large cell surface-anchored protein consisting of 12 identical tandem repeats 

(each 79 residues in length) – and is found predominantly in invasive serotype III strains of GBS 

(Stalhammar-Carlemalm et al., 1993, Wastfelt et al., 1996). Rib confers GBS with protease resistance 

(Stalhammar-Carlemalm et al., 1993). In the current study, rib was upregulated in the infection 

bacteria 2.569 and 3.505-fold against dnaN and rpoB respectively. 

Streptococcal C5a-Peptidase, Group B (scpB) was the third-most differentially regulated bacterial 

gene in the current study; with a 3.556 and 5.22-fold increase against dnaN and rpoB respectively. 

This protease cleaves the C5a compliment component involved in the chemotactic recruitment of 

neutrophils (Bohnsack et al., 1991, Hill et al., 1988). Studies have also demonstrated scpB to play an 

important role in adhesion and invasion of host cells (Hull et al., 2008, Cheng et al., 2002, Tamura et 

al., 2006). 
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The current study confirmed that RNA samples derived from the dual-transcript model optimised in 

Chapter 3 could be used in downstream, RT-qPCR. In particular, we were able to successfully 

overcome the challenge, common to co-transcript studies, of generating sufficient quantity and 

quality bacterial RNA from the infection samples. All bacterial genes tested in this study yielded 

enough consistent amplification data, over independent RT-qPCRs, to contribute to expression 

analysis. Conversely, only 8 of the human genes tested yielded enough consistent amplification data 

to contribute to gene expression analysis. Since these results were confirmed over multiple RT-

qPCRs, it is likely that these genes are transcribed at very low levels. As a neutrophil recruitment 

chemokine, IL8 was predictably the highest differentially expressed human gene in the infected 

monocytes. Interestingly, IL1A, which has been previously described as being induced by GBS in 

human cells (Ulett et al., 2010), was also significantly upregulated. The two highest differentially 

regulated bacterial gene in the infected samples were htp and czcD which have both been associated 

with zinc regulation. Genes for iron transport (1010), proteases (scpB and rib), and an adhesion gene 

(hvgA) were also upregulated in the infection samples more than 2-fold. In the future, infection 

samples could be tested with RNAseq technology to characterise the co-transcriptome of the 

optimised infection model. Our lab has also developed a probe for staining GBS 874391 which could 

be used to examine the dynamics of intracellular bacteria through microscopy (Sullivan & Ulett, 

2018). Gene knockout assays could also be performed for those bacterial genes which were 

upregulated in the infections to assess their influence on GBS intracellular survival. 

 

 

 

 

 



124 
 

CHAPTER 5: The role of GBS Htp in intracellular 
survival in monocytes 

5.1 Introduction 

Histidine Triad Proteins (Htp) are a family of cell surface expressed proteins which are commonly 

found in pathogenic species of streptococcal bacteria (Ogunniyi et al., 2009, Maruvada et al., 2009, 

Kunitomo et al., 2008). Although their sequence identity is variable across species, this family of 

proteins is named for sharing characteristic, repeated histidine triad (i.e. His-x-x-His-x-His) motifs 

(Adamou et al., 2001). Htp were originally found in Streptococcus pneumoniae and named 

Pneumococcal Histidine Triads (Pht) (Adamou et al., 2001). They have been alternatively labelled 

Streptococcal Histidine Triad proteins (Sht) (Moulin et al., 2019), Pneumococcal Histidine Proteins 

(Php) (Zhang et al., 2001) and Pneumococcal BVH Proteins (Hamel et al., 2004). For simplicity, Htp or 

htp will be used henceforth. 

Htp genes were previously thought to be restricted to Streptococcus (Rioux et al., 2011).  Testing this 

hypothesis using a Blastp search on more than 1800 bacterial genomes, Shao et al. (Shao et al., 

2013) were surprised to find htp genes in 9 species of non-streptococcal bacteria; 7 in the class 

Bacilli (shared with Streptococcus), and 2 in the class Clostridia. Shao et al. (Shao et al., 2013) 

investigated 38 streptococcal genomes and found 25 containing htp genes. S. pneumoniae contained 

4 htp copies (plus 1 htp pseudogene). Another 5 streptococcal species carried 3 htp copies (including 

GBS). The htp gene was further delineated into two subfamilies, htp I and htp II, based on their 

sequence locations (Shao et al., 2013); both of these being present in strains of GBS. 

The functional activity of Htp is not well understood, though it has been implicated in several 

behaviours related to virulence (Plumptre et al., 2012). Proteins that fuse with leucine-rich-repeat 

(LRR) domains, such as Htp (Shao et al., 2013, Reid et al., 2003, Waldemarsson et al., 2006) have 

been shown to bind to human Type I Collagen (Bober et al., 2011); making chimeric Htp/LRR a 
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potential adhesion. Htp proteins are also suggested to play a role in host complement evasion 

through recruitment of complement factor H; thereby mitigating C3b deposition on bacterial cells 

(Maruvada et al., 2009, Ogunniyi et al., 2009). Moulin et al. (Moulin et al., 2019) also found that Htp 

in GBS has a binding affinity to complement factor H, but the results of a human blood assay 

challenged the conclusion that this affinity between Htp and complement factor H significantly 

inhibits complement-mediated clearing. 

Htp have an established affinity to the zinc cation (Zn2+). Having previously characterised the 

structure of Pneumococcal Htp using x-ray diffraction, Riboldi-Tunnecliffe et al. (Riboldi-Tunnicliffe 

et al., 2004, Riboldi-Tunnicliffe et al., 2005) later revealed a zinc-binding ion region in some of the 

histidine triad repeats. This affinity of Htp to zinc was independently confirmed using metal-binding 

assays (Kunitomo et al., 2008) and Induced Coupled Plasma – Mass Spectrography and Isothermal 

Titration Calorimetry (Loisel et al., 2011). Using Nuclear Magnetic Resonance (NMR) Spectroscopy 

Bersch et al. (Bersch et al., 2013) reported Htp proteins passing Zn2+ to transcription regulator (AdcR) 

proteins; namely AdcAII – a zinc-specific, homologue of the ATP Binding Cassette (ABC) transport 

system which is often encoded in the promoter region of htp (Panina et al., 2003, Loisel et al., 2008). 

Several studies have found that deleting the ABC zinc transporters associated with htp limit bacterial 

virulence and growth in various streptococcal species (Loo et al., 2003, Bayle et al., 2011, Tedde et 

al., 2016). 

In Streptococcal species, htp is also commonly found in the same operon, and downstream of the 

laminin binding protein (lmb) region; coding a cell-surface expressed adhesin (Zhang et al., 2014). 

Laminin is one of several extracellular matrix (ECM) proteins found in host tissues utilised by 

microbial pathogens; mediating adherence to, and invasion of, host cells (Singh et al., 2012). The 

Lmb protein was originally reported in S. agalactiae where it was found to bind to human laminin 

(Spellerberg et al., 1999b). A BLASTn search revealed that the lmb-htp operon is found 98.6% of 187 

searched human GBS isolates and 26.7% of 84 searched animal GBS isolates (Moulin et al., 2016). 
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Moulin et al. (Moulin et al., 2019, Moulin et al., 2016) recently reported that GBS Htp proteins work 

in conjunction with Lmb proteins (and an ABC transporter) for the efficient acquisition of zinc ions 

from zinc-poor environments.  

Using an intranasal infection model, Ogunniyi et al. reported that a single deletion Htp mutant 

significantly attenuates pneumococcal infection (Ogunniyi et al., 2009). Rioux et al. reported 

impaired growth in Htp mutants in the absence of zinc supplementation (Rioux et al., 2011). Htp 

have also been investigated as potential vaccine targets. Introducing Htp to mice has been shown to 

elicit humoral protection against Streptococcus pneumoniae and Streptococcus suis (Zhang et al., 

2001, Hamel et al., 2004, Shao et al., 2011). An Htp-based vaccine has been reported to confer 

protection to rhesus monkeys against pneumococcal disease – indicating a potential application of 

Htp vaccines for streptococcal protection in humans (Denoel et al., 2011).  

 

5.1.1 Aims of this study 

 RT-qPCR previously revealed that htp is highly upregulated in the GBS 874391 pathogen after being 

internalised in U937 monocytic host cells for at least 5 hours (CHAPTER 4). Since htp was the most 

highly upregulated GBS gene from the co-transcript study, and since the function of htp in GBS is yet 

to be well-characterised, htp was selected for further investigation as a potential gene of interest in 

GBS virulence. An htp knockout mutant of GBS 874391 was therefore constructed (FIGURE 5.01), and 

infection assays performed with both wild-type and mutant to determine if the upregulation of htp 

is reflected in differential survival of the internalised pathogen.  
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5.2 Materials and Methods 

5.2.1 General Procedures 

5.2.1.1 THY/Spec100 selective growth media 

 THY media was prepared in accordance with General Procedures 2.2.1.2. Shortly prior to use, a 

50ml tube containing 10ml of THY media was supplemented with 10µl of 100mg/ml spectinomycin 

(to a final spectinomycin concentration of 100µg/ml). 

5.2.1.2 THY/Spec100 selective growth agar gel plates 

THY media was prepared in accordance with General Procedures 2.2.1.2 with the following 

modifications. 15g/L of Bacteriological Agar was stirred into the media prior to autoclaving. After 

autoclaving, the media was cooled while stirring. At 49oC, 1ml of 100mg/ml spectinomycin (to a final 

spectinomycin concentration of 100µg/ml) was stirred into 1L of the media before hand-pouring the 

media into petri dishes. Gel plates were set for roughly 1 hour and stored at 4oC. 

5.2.1.3 THY/CM10 selective growth media 

THY media was prepared in accordance with General Procedures 2.2.1.2. A 50ml tube containing 

10ml of THY media was supplemented before use with 1.7µl of 60mg/ml chloramphenicol (to a final 

chloramphenicol concentration of 10µg/ml). 

5.2.1.4 THY/CM10 selective growth agar gel plates 

THY media was prepared in accordance with General Procedures 2.2.1.2 with the following 

modifications. 15g/L of Bacteriological Agar was stirred into the media prior to autoclaving. After 

autoclaving, the media was cooled while stirring. At 49oC, 167µl of 60mg/ml chloramphenicol (to a 

final chloramphenicol concentration of 10µg/ml) was stirred into 1L of the media before hand-
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pouring the media into petri dishes. Gel plates were set for < 1 hour (to mitigate the ABX 

concentrating) and stored at 4oC. 

5.2.2 Experimental Procedures 

TABLE 5.01: Bacterial strains and plasmids used in this study. 

Identifier Description Source 

GBS 874391 Wild-type Group B Streptococcus, Serotype III, ST 17 
hypervirulent strain, vaginal isolate 

(Takahashi et al., 
1993) 

E. coli DH5α Cloning host Bethesda Research 
Laboratories 

GU2812 E. coli DH5α + htp-::CmR::pHY304aad9 (pGU2812), CmR, SpecR, TS D Gosling 

GU2824 GBS 874391 + pGU2812, CmR, SpecR, TS D Gosling 

GU2830 GBS 874391 + pHY304aad9 (empty vector control) SpecR, TS Dr MJ Sullivan 

GU2842 GBS 874391 + pGU2812 (GV6_177), htp- mutant, CmR, SpecR, TS This study 

GU2843 GBS 874391 + pGU2812 (GV12_8), htp- mutant, CmR, SpecR, TS This study 

 

5.2.2.1 Plasmid Construct for mutating htp 

The Δhtp mutants of GBS 874391 were constructed by Dean Gosling (Research Assistant, Ulett Lab) 

up to the point of cross-over induction using a method described previously (Ipe et al., 2015). Briefly, 

~500bp regions upstream and downstream of the htp gene (locus tag CHF17_01323) of GBS 874391 

were amplified using primers that also carried ~20 bp homology to the chloramphenicol cassette of 

pLZ12, which was also amplified by PCR. The three PCR products were fused in a subsequent PCR 

overlapping extension reaction and cloned into the spectinomycin resistant pHY304aad9 vector, 

which carries a temperature-sensitive origin of replication that has permissive replication at < 32oC. 

The resultant recombinant plasmid was then transformed into competent GBS 874391 cells by 

electroporation, and transformants were used to mutate htp using allelic exchange by homologous 

recombination (See FIGURE 5.01). 
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FIGURE 5.01: GBS 874391 htp mutation. 
(A) In GBS 874391, htp is located downstream of lmb (for Laminin Binding Protein). (B) ~500bp upstream and 

downstream of htp was used to generate an htp mutant construct in pHY304aad9. (C) Following mutation by 

allelic exchange, ~98% of the coding sequence of htp was exchanged for the chloramphenicol resistance marker 

(CmR). Image constructed by Dr Matthew Sullivan. 

5.2.2.2 Cross-over induction to generate Δhtp mutants 

Five putative Δhtp transformants of GBS 874391 (designated GV, GVI, GVII, GVIII and GIX) and 1 

negative control (GBS 874391 carrying empty vector pHY304aad9) were each inoculated into 10ml 

THY/Spec100 media). Inoculated cultures were incubated overnight at 28oC (shaking at 200rpm). 

200µl of the overnight culture was inoculated into 10ml THY/Spec100 media (i.e. a 1:50 dilution) and 

incubated for 28oC for 2.5 hours (shaking at 200rpm), then incubated at 40oC for a further 2.5 hours 

(shaking at 200rpm). 

Cultures were 10-fold serially diluted, in 500µl volumes, and 100µl of dilutions from neat (100) to 1E-

3 were spread over THY/Spec100 gel plates (pre-warmed to 40oC); i.e. 4 THY/Spec100 plates per 

culture. Plates were incubated overnight at 40oC. This step induces integration of the 

htp::Cm::pHY304aad9 mutation construct into the GBS chromosome at either the upstream or 

downstream homologous regions to the target gene (htp). For controls to monitor success of 

integration, 5µl of dilutions from neat (100) to 1E-5 were aliquoted onto another THY/Spec100 plate 
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and incubated at 28oC to assess CFU/mL of Spec-resistant colonies at permissive temperature (28oC) 

versus CFU/mL Spec-resistant colonies arising at non-permissive temperature (40oC), to demonstrate 

loss of the plasmid upon selection using temperature. In addition, 5µl of dilutions from neat (100) to 

1E-5 were aliquoted to a non-selective, TSA Blood agar plate (pre-warmed to 40oC). Insertion ratios 

were calculated on the basis of colony counts, comparing CFU/mL of SpecR colonies at 40oC divided 

by CFU/mL of SpecR colonies at 28oC to give the frequency of integration. Single cross-over mutants 

were passaged by streaking 6 separate colonies from the THY/Spec100 overnight plates grown at 

40oC onto new THY/Spec100 plates and incubated overnight at 40oC. To induce a double-cross over 

mutation, and deletion of htp by allelic exchange with the Cm-resistance cassette, 1ml of THY media 

(without ABX) was inoculated with a single colony from each of the streaked samples and incubated 

at 28oC for 16 hours (shaking at 200rpm). 50µl of each culture was inoculated into 1ml of fresh THY 

media (without ABX) and incubated at 28oC for 6 hours (shaking at 200rpm), then at 40oC for a 

further 6 hours (shaking at 200rpm).  

1:10 serial dilutions were performed on each transformant from 1E-1 to 1E-5; i.e. 20µl of culture into 

180µl of PBS, pre-warmed to 40oC in 96-well plates. 100µl of each dilution from 1E-3 to 1E-5 was 

spread over THY/CM10 gel plates (pre-warmed to 40oC). 5µl of each dilution from 1E-1 to 1E-5 was 

aliquoted in triplicate onto THY/CM10 gel plates (pre-warmed to 40oC). All plates were incubated 

overnight at 40oC. After performing colony counts, 800 single colonies were selected and individually 

streaked, first onto THY/Spec100 agar, then (without returning to the colony) onto THY/CM10 agar. 

This was done to identify Cm-resistant, Spec-sensitive colonies that had lost the Spec-resistance 

marker encoded on pHY304aad9, and therefore likely underwent a double-cross over mutation. 

Patched plates were incubated overnight at 37oC. Of 800 colonies picked in this manner, some ~300 

exhibited spectinomycin sensitivity and chloramphenicol resistance. Twelve independent single 

colony isolates were chosen for further analyses, by streaking to new agar plates (THY/CM10) and 

culturing in 10 mL THY/CM10 for genomic DNA isolation and subsequent PCR analysis. 
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5.2.2.3 Genomic Preparations of transformants 

In 50ml tubes, 10ml of THY/CM10 media was inoculated with selected patches (X10) from the 

THY/CM10 plates (of those exhibiting both spectinomycin sensitivity and chloramphenicol 

resistance) and incubated overnight at 37oC. Each overnight culture was centrifuged at 7197g for 10 

minutes, the pellet resuspended in 395µl Lysostaphin buffer (50mM Tris-HCL, 0.145M NaCl, pH 7.5) 

and transferred to a 1.5ml tube. 10µl of 10U/µl Mutanolysin was added before incubating at 37oC for 

90 minutes. To each preparation, 154µl of Lysostaphin buffer, 30µl of 10% SDS, 6µl of 20mg/ml 

Proteinase K, and 10µl of RNase A was added before gently mixing then incubating at 37oC for 1 

hour. 

100µl of 5M NaCl was added to each preparation and pipette-mixed vigorously for 3 minutes. Then 

80µl of CTAB/NaCl was added to each preparation and pipette-mixed vigorously for 3 minutes 

before incubating at 65oC for 10 minutes. 650µl of the digest was transferred to a pre-pelleted, 

Maxtract High Density 1.5ml Tube (QIAGEN). 650µl of Chloroform-isoamyl was added to the digest 

and pipette-mixed thoroughly before centrifuging at 15,000g for 5 minutes in 4oC. The upper 

aqueous phase (~600µl) was transferred to a new pre-pelleted Maxtract High Density 1.5ml Tube. 

600µl of Phenol-Chloroform-isoamyl was thoroughly pipette-mixed into the sample before 

centrifuging at 15,000g for 5 minutes in 4oC. After transferring the aqueous phase to a new 1.5ml 

tube, 0.6 volumes of isopropanol were added to precipitate the DNA. And centrifuged at 15,000g for 

5 minutes in 4oC. After removing the supernatant with a p200 pipette, the pellet was resuspended in 

500µl of 70% Ethanol and centrifuged at 15,000g for 5 minutes in 4oC. After removing all 

supernatant with a p20 pipette, the pellet was re-centrifuged at 15,000g for 5 minutes in 4oC and the 

remaining supernatant removed with a p20 pipette. The pellet was air-dried at room temperature 

for 5 minutes before manually dissolving (with a pipette tip) in 200µl of nuclease-free Ultrapure 

Distilled Water. After resting the DNA for 5 minutes at room temperature, DNA quantification was 

performed on the Eppendorf Biospectrometer. 
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5.2.2.4 PCR confirmation of the Δhtp mutant 

Standard PCR was performed using the Phusion High-Fidelity DNA polymerase (Thermo-Scientific) 

and following the manufacture’s protocol. PCRs were performed on 10 putative transformants of 

GBS 874391, the GBS 874391 wild-type, and the DNA from 2 previous failed transformant attempts 

as additional positive controls. 

The htp primers used in this PCR were; 

Forward 5’-TTGCCTAAATAAAGGAGCAATC (Designation: htp_CHK_F1) 

Reverse 5’-AAGCTTGGGCAAGGGATCTA (Designation: htp_CHK_R1) 

- generating an amplicon of ~3740bp for the wild-type and ~2142bp for the htp mutant strain. 

5.2.2.5 Gel Extraction for DNA sequencing 

From the gel of the above-mentioned PCR, 2 mutant samples and the wild-type were selected for 

sequencing with AGRF. The QIAquick Gel Extraction Kit was used in accordance with the 

manufacturer’s protocol to isolate the DNA from the agarose gel. Final elutions were performed in 

55µl nuclease-free Ultrapure Distilled Water. DNA quantification was performed on the Eppendorf 

Biospectrometer. Between 70 and 80ng of the amplicon was sent to AGRF for both forward and 

reverse primer reactions for all three samples. The samples were sequenced using 2 primer sets 

amplifying either side of the htp region. The first primer set used was the htp_CHK primers used in 

the previous PCR (section 5.2.2.4). The second primer set was; 

Forward 5’-GATCCCGGGATTATCCGCTCAATGTCTCGAA (Designation: 22up-1) 

Reverse 5’-GATCTCGAGACTTTATGACCCACATACCTGGAC (Designation Lmb 1-6) 

5.2.2.6 GBS Growth Assay 

Wild-type and mutant GBS were tested for differential growth at stationary phase. 10ml of THY 

(50ml tube) was inoculated with a single colony of each strain and incubated at 37oC, shaking at 
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200rpm for 17 hours. 3 independent replicates were inoculated for each strain. Each sample was 

serially diluted 10-fold and plated in triplicate onto TSA-blood agar plates. Colony counts were 

performed and CFU/ml calculated from the plates after they had been incubated overnight at 37oC. 

5.2.2.7 Infection Assays 

The infection protocol optimised in Chapter 3 (section 3.3.1) was followed with the following 

modifications; 

- To maintain a consistent MOI between 80 and 200, washed GBS cultures had to be resuspended in 

varying amounts of media to account for the variable growth rates between the wild-type and the 

mutant strain. 

- The infection was scaled down to 4 technical replicates, each 1ml reactions, aliquoted into 24-well 

plates. 

- The internalised bacteria were processed at 6, 12, 24 and 48 hour time-points post-infection. 

5.2.2.8 Statistical Analysis 

All statistical analysis was performed using Graphpad Prism version 7.02. Central tendency bars and 

error bars in figures represent the Mean and Standard Error of the Mean (SEM) unless otherwise 

stated. The means of 4 technical replicates for each treatment (WT and mutant for each time-point) 

across 4 independent infection assays were pooled. A two-tailed, unpaired t-test was performed on 

the calculated Area Under the Curve (AUC) to compare mutant against wild-type survival in 

monocytes from 6 to 48 hours of infection. 
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5.3 Results 

5.3.1 Confirmation of htp mutant construct 

Comparing GBS growth of the putative mutants on THY/Spec100 plates against growth on TSA Blood 

agar plates revealed the single crossover insertion ratio for each of the 5 putative mutant strains 

(TABLE 5.02). There were no insertions detected in the negative control (GBS 874391 with an empty 

vector pHY304aad9) as the Spectinomycin resistance carrying plasmid is lost after several replication 

generations at 40oC. 

TABLE 5.02: Chloramphenicol cassette Insertion ratio for each putative mutant strain of GBS. 

Strain of putative 
htp mutant 

Growth on TSA-
blood  

Growth on 
THY/Spec100 

Insertion Ratio 

GV 2.3E8 8E2 3.5E-6 

GVI 3.3E8 8E2 2.4E-6 

GVII 4.2E8 7E2 1.7E-6 

GVIII 5.0E8 1E2 2.0E-7 

GVIX 6.0E8 4E2 6.7E-7 

GU2830 5.2E8 0 0 

 

After confirming the single-crossover mutants for spectinomycin resistance, further incubations, 

without selection, were performed to promote double-crossover events (i.e. ejecting the 

spectinomycin resistance from the chromosome), and plated onto THY/CM10 plates. 800 colonies 

from these plates were each consecutively patched onto both THY/Spec100 and THY/CM10 plates. 

An estimated 60-70% of the patched colonies exhibited spectinomycin sensitivity and 

chloramphenicol resistance – indicating double crossover events. 16 patches from the GV strain 

were selected for further confirmation, and 10 were found to have retained their spectinomycin 

sensitivity and chloramphenicol resistance. Genomic preparations were performed on each strain 

yielding high quantity, good quality DNA for all 10 strains. PCR confirmed that at least 7 of the 

putative mutants contained the 2142bp amplicon for the inserted htp knockout cassette; with the 

three positive controls (including the wild-type) carrying the 3740bp htp gene (FIGURE 5.02). 
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TABLE 5.03: Eppendorf Biospectrometer (1mm) absorbance readings of DNA isolations from 10 
putative htp mutants. 

 GBS Strain ng/µl A260/280 A260/230 Total µg (200 µl) 

1 GV_1_1 580.5 2.06 2.42 116.1 

2 GV_3_1 482.8 2.08 2.32 96.4 

3 GV_4_1 214.5 2.06 2.12 42.9 

4 GV_5_1 335.3 1.99 2.15 67.1 

5 GV_5_152 446.0 2.05 2.28 89.2 

6 GV_6_1 248.5 2.04 2.27 49.7 

7 GV_6_104 485.6 2.06 2.33 97.1 

8 GV_6_177 248.5 2.06 2.21 49.7 

9 GV_12_8 433.6 2.04 2.21 86.7 

10 GV_12_80 257.1 2.05 2.21 51.4 

 

 
FIGURE 5.02: Agarose gel showing the PCR-generated amplicons of 10 putative mutants using the 
htp_CHK primers. 
Templates were DNA isolations from 10 putative htp mutant strains of GBS. Templates for the positive controls 
were a single DNA isolation from the GBS 874391 wild-type (WT), and 2 DNA isolations from previously failed 
transformation attempts (431 and 433). Using the htp-CHK primers (section 5.2.2.4), the expected amplicon 
size is 2124bp for the transformants and 3740bp for non-transformants. 

The amplicons from colony 6 - patch 177, colony 12 - patch 8 (both mutant strain GV), and the wild-

type were gel extracted for sequencing. Assemblies based on the returned sequences, performed in 

Sequencher 5.3, generated single contigs for all 3 assemblies (see Appendix 3, TABLES J, K and L). 

Two primer sets confirmed that both sequenced mutants contained the chloramphenicol cassette 

(pLZ12), and the wild-type contained htp (CHF17_01323) (FIGURES 5.03, 5.04 and 5.05). 
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FIGURE 5.03: Sequence Assemblies generated using of 2 primer sets on the Δhtp strain GV_6_177 
against the chloramphenicol cassette (pLZ12).  
Figure generated in Sequencher 5.3. Arrow colours (red and green) and direction indicate the direction of 
sequences. 

 

 
FIGURE 5.04: Sequence Assemblies generated using of 2 primer sets on the Δhtp strain GV_12_8 
against the chloramphenicol cassette (pLZ12).  
Figure generated in Sequencher 5.3. Arrow colours (red and green) and direction indicate the direction of 
sequences. 

 

 

FIGURE 5.05: Sequence Assemblies generated using of 2 primer sets on the wild-type GBS 874391 
against the htp gene (CHF17_01323).  
Figure generated in Sequencher 5.3. Arrow colours (red and green) and direction indicate the direction of 
sequences. 
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5.3.2 Infection Assays 

The 2 sequenced mutant strains were subjected to preliminary, overnight culturing experiments 

which revealed that the CFU/ml at stationary phase (after 17 hours incubation at 37oC) was reduced 

in both mutant strains compared to the wild-type (TABLE 5.04). Based on these results, Δhtp strain 

GV_12_8 was selected as the mutant strain to be used in the infection assays as the observed 

CFU/ml numbers were closer to the wild-type. In order to secure a comparable MOI between wild-

type and mutant for the infection assays, final, post-wash resuspensions of GBS in bRPMI were 

adjusted – so that the same CFU for both WT and mutant strains were used in the infections. 

TABLE 5.04: Comparative stationary-phase growth of GBS mutant and wild-type strains in THY 
after 17 hours of incubation. 

GBS Strain Replicate 1 
CFU/ml 

Replicate 2 
CFU/ml 

Replicate 3 
CFU/ml 

Average 
CFU/ml 

Proportion of 
Wild-type (%) 

Wild-type 1.53E9 1.33E9 1.73E9 1.53E9 100.0 

GV_6_177 6.66E8 5.34E8 5.34E8 5.78E8 37.8 

GV_12_8 1.00E9 8.66E8 6.66E8 8.44E8 55.1 

 

Infection assay experiments were carried out in accordance with the protocol optimised in chapter 3 

(section 3.3.1) with the modifications described above (section 5.2.2.7). Briefly, monocytes were 

infected with GBS (either WT or mutant strain) aiming for an MOI between 80 and 200, then 

incubated in 5% CO2 at 37oC for 48 hours; ABX added after 1 hour of incubation. Internalised GBS 

were processed for counting at 6 hours, 12 hours, 24 hours and 48 hours. 

TABLE 5.05: MOI calculations for each of the 4 independent infection assays. 

Infection 
Assay 

U937 monocytes 
cells/ml 

GBS CFU/ml Strain MOI 

1 1.21E6 
1.87E8 Wild-type 154 

2.20E8 GV_12_8 181 

2 2.06E6 
2.68E8 Wild-type 130 

2.05E8 GV_12_8 100 

3 2.28E6 
1.74E8 Wild-type 76 

2.00E8 GV_12_8 88 

4 2.30E6 
2.62E8 Wild-type 117 

2.62E8 GV_12_8 117 
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With the single exception of the 6 hour time-point in Assay 1, there were significantly higher 

numbers of the htp mutant GBS recovered from the intracellular environment of monocytes than 

the wild-type GBS. In assay 1 (FIGURE 5.06A), the internalised htp mutant recovered to higher 

numbers than the wildtype subsequent to the 6 hour processing point – despite the lower initial 

numbers. In Assays 2 to 4 (FIGURES 5.06B, C and D), the survival differential between the 2 GBS 

strains was as high as 2log10 – which was maintained throughout the infection; representing a major 

difference between the WT and Δhtp GBS. 

A   B    

C    D  
FIGURE 5.06: Four independent infection assays comparing monocyte-internalised GBS (both wild-
type and Δhtp) over 48 hours of infection.  
Figures compare GBS counts (mutant vs wild-type - CFU/ml) internalised in monocytes over the period of 
infection. Time 0 = time after infection and a 5 minute centrifuge. Error lines based on Mean and SEM (n=4 
technical replicates). 
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The mean GBS CFU/ml recovered from 4 technical replicates at each time point over 4 independent 

assays were pooled into a single, time series data set (FIGURE 5.07). A t-test was performed on the 

Area Under the Curves (from 6 to 48 hours of infection) to reveal that the Δhtp GBS were recovered 

from the intracellular monocyte environment at significantly higher rates than the WT GBS 

(p=0.0005). 

 
FIGURE 5.07: Pooled means from 4 independent infection assays comparing monocyte-internalised 
GBS (both wild-type and Δhtp) over 48 hours of infection.  
Mean data from 4 infection assays (FIGURE 5.05). Area Under the Curve analysis from hours 6 to 48 infection 
were significant (p= 0.0005). Each point represents the pooled means from 4 independent assays. Error bars 
represent SEM. 
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5.4 Discussion 

In chapter 3, a protocol was optimised to attain sufficient amounts of high quality host and pathogen 

RNA from a single reaction for co-transcription analysis. RT-qPCR performed on the RNA revealed 

that GBS 874391 which has been internalised in U937 monocytes upregulates the expression of htp 

7 to 11-fold after 6 hours of infection. Here we constructed an htp knockout strain of GBS 874391 

(Δhtp), which was subsequently used in assays to determine if Htp has any influence on growth and 

survival of internalised GBS in monocytes. The infection model optimised in chapter 3 was utilised; 

extending the infection time from 6 to 48 hours. 

Given that htp was so highly upregulated in the pathogen after 5 to 6 hours inside the monocyte, it 

was assumed that Htp provided some protection against monocyte destruction. It was therefore 

expected that the htp knockout mutant strain would struggle to survive the internal environment of 

the monocyte more than the wild-type strain. Contrary to expectation, the htp knockout strain 

survived the internal environment of the monocytes at significantly higher numbers than the wild-

type strain. This stark distinction between mutant and wild-type remained consistent throughout the 

48 hours of infection. This counter-intuitive result indicates that the production of Htp hinders the 

survival capacity of internalised GBS. Whatever the perceived benefit of upregulating htp, this 

benefit is outweighed by some, as yet, unknown cost – which inhibits survival. It may simply be a 

matter that the energy cost associated with Htp production deprives other survival mechanisms of 

their required energy. 

While the function of the Htp family of proteins is still being investigated, the potential role of these 

proteins in zinc acquisition has been recently elucidated (Bersch et al., 2013). It has been estimated 

that around 5% of the bacterial proteome (across the bacterial domain) is comprised of zinc-binding 

proteins (Andreini et al., 2006). Zinc is one of the most abundant transition metals in biological 

systems; functioning as transcription factors and serving proteins as structural cofactors, as well as in 
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other structural and catalytic roles (Hantke, 2005, Maret, 2013, Andreini & Bertini, 2012). Zinc is the 

most abundant, non-redox, transition metal found in enzymes (Andreini et al., 2008).  

Given the biological importance of zinc, it makes sense that both host and pathogen cells have a 

range of strategies allowing them to compete for, and regulate, this resource in the context of 

infection. There are 2 main zinc-based strategies employed by host cells to undermine pathogen 

proliferation; 1) host cells can recruit excess concentrations of zinc to levels which are toxic to the 

invading pathogen, or 2) host cells can starve the pathogenic cells of this biologically crucial 

micronutrient (Djoko et al., 2015). In various streptococcal species, excess zinc has been reported to 

competitively bind to several cellular sites (including some which do not normally engage with metal 

ions) - limiting the uptake of other vital nutrients and inhibiting the functions of important enzymes 

(Eijkelkamp et al., 2014, McDevitt et al., 2011, Scheie & Pearce, 1994, Ong et al., 2015). Human 

neutrophils infected with Group A Streptococcus were found to trigger the release of zinc as an 

antimicrobial strategy (Ong et al., 2014b). Excess zinc was also recently reported to induce copper 

starvation in the gram-negative bacteria, Acinetobacter baumannii (Hassan et al., 2017). Botella etal. 

(Botella et al., 2011) reported that zinc is transferred to the phagosomes of macrophages with 

internalised Mycobacterium tuberculosis; facilitating zinc poisoning of the bacteria – along with the 

bacterial mechanisms of zinc export. Bacterial pathogens commonly employ metal efflux systems 

(such as the streptococcal CzcD zinc efflux system) to counter the effects of heavy metal toxicity 

(Nies, 2003, Ong et al., 2014b). 

The converse host strategy of depriving the pathogen of zinc is also reported. The calprotectin 

protein, for example, is abundant in neutrophils, and contains 2 high affinity zinc binding sites; 

chelating the zinc, thereby restricting access to the zinc by internalised bacteria (Gebhardt et al., 

2006, Corbin et al., 2008, Kehl-Fie & Skaar, 2010). The Natural Resistance-Associated Macrophage 

Proteins (NRAMP) have a strong affinity for metal cations (including zinc), and after being recruited 

to phagosomal membranes where it is proposed they pump these metal cations out of the 
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phagosome; thus depriving the internalised pathogens of these essential nutrients (Gruenheid et al., 

1997, Jabado et al., 2000). Pathogens counter this nutrient-deprivation strategy using high affinity 

zinc transporters to sequester zinc from low concentration environments. Examples of these zinc 

transport systems include the ZnuABC system found in Escherichia coli (with homologues of this 

system found in both gram positive and negative bacteria) (Hantke, 2005), MntA found in Neisseria 

meningitides (Lim et al., 2008), and TroABC transports system found in Treponema pallidum (Lee et 

al., 2002). Htp is also a putative family of high zinc-affinity transporters, conserved in Streptococcal 

bacteria, proposed to play a role in a zinc acquisition ABC transport system (Shao et al., 2013, Bersch 

et al., 2013). 

This study focussed on survival of the GBS after being internalised by the monocytes. An alternative 

interpretation of the data is that the htp knockout mutant was compromised to the point that they 

succumbed to phagocytosis in larger numbers than the htp-expressing wild-type. So it is possible 

that upregulation of htp mitigates phagocytosis. The initial phagocytosis efficiency does not address 

the upregulation of htp by the internalised GBS 6 hours post infection (CHAPTER 4 - section 4.3.5.2 

Bacterial Genes). That is, it would not explain why, after 6 hours of infection, the internalised GBS 

upregulate a gene that belies its own survival in that environment.  

Future experiments may be designed to test for differential phagocytosis efficiency of the 

monocytes between the wildtype and htp mutant strains of GBS. Using the optimised protocol, RNA 

could be collected from the assays leading up to the 6 hour period and RT-qPCR performed to 

determine the progression of htp upregulation from the time of infection. The next step in the 

research progression is to construct a complemented strain of GBS by reinserting htp into the 

mutant, then repeating the assays to confirm that htp is the principle factor influencing the results. It 

would also be interesting to compare the wild-type and mutant responses to zinc survival/growth 

assays to further test the hypothesis that Htp plays a significant role in zinc acquisition.  
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Similar studies (infection assays with wild-type and complement strains, as well as the above-

mentioned time-series experiments) should also be performed for both the upregulated host and 

GBS genes reported in Chapter 4. Generating mutant strains for the more complex, eukaryotic host 

cells may require using recently developed CRISPR gene-editing technology (Komor et al., 2017). It 

would be particularly interesting to investigate the upregulation of the czcD gene with htp over time 

– given that htp is associated with zinc acquisition, and czcD is characterised as a zinc efflux protein. 

With the optimised protocol, it should also be possible to examine the transcript and survival of a 

variety of GBS strains (both pathogenic and non-pathogenic strains from different sites of infection) 

and a variety of phagocytic host cells (e.g. neutrophils and macrophages instead of monocytes). It 

would also be interesting to perform further co-transcript studies using the mutant strains. 

The data in this study reveals that GBS 874391 upregulates htp in a manner that mitigates its own 

survival inside of the infected monocytes. A preliminary conclusion might therefore be that the 

monocytes are stimulating htp expression in the GBS (possibly via zinc deprivation) as a strategy to 

limit the survival and proliferation of the internalised pathogen. The functional mechanisms of this 

strategy are yet to be investigated. 
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CHAPTER 6: Conclusion 

In the war against microbial disease, the development and discovery of medical treatments requires 

the identification of molecular targets against the pathogenic agents and/or knowledge of the 

immune response of host cells to each unique pathogen (Furman & Davis, 2015). To this end, 

transcript studies have been frequently employed for the purpose of revealing the pathogen’s 

reaction to specific environmental conditions (e.g. (Ordas et al., 2011, Xiang et al., 2010, Xiu et al., 

2015)). However, this piecemeal approach fails to account for the complexity of a pathogen with 

multiple virulence factors interacting with the full immune response of the host (Furman & Davis, 

2015). Increasingly, co-transcript methods are being employed to gauge the host/pathogen response 

to the broader context of infection (Ravasi et al., 2016, Avraham et al., 2016). That is, co-transcript 

studies allow us to analyse the pathogen’s acute response to the presence of the host. Co-transcript 

studies also permit the analysis of the host’s response to the pathogen. Co-transcript studies 

therefore provide the potential opportunity to reveal mechanisms to undermine pathogenic 

virulence and/or enhance host resistance to disease. A common limitation encountered by co-

transcript projects is the scarcity of pathogenic RNA yield in the mixed RNA preparation. Infection 

models therefore have to be optimised to ensure sufficient host RNA is available for reliable 

downstream analysis.  

Though GBS is reported in animal disease (Keefe, 1997, Plastridge, 1958, Lancefield, 1934), it is a 

significant, and increasingly reported, human pathogen (Dermer et al., 2004, Eickhoff et al., 1964, 

Harper, 1971, Farley et al., 1993, Verghese et al., 1986). The first chapter of this project reviewed the 

literature regarding the classification, virulence and disease outcomes associated with GBS 

infections. GBS are gram-positive, encapsulated, chain-forming, cocci-shaped bacteria that are 

responsible for the majority of globally reported neonatal disease and mortality (Dermer et al., 

2004). The DEVANI Europe project was instigated in 2008 for the purpose of generating solutions to 

specifically combat the rise in neonatal disease stemming from GBS infections (Afshar et al., 2011). 



145 
 

Two distinct syndromes are recognised in GBS neonatal disease; 1) early onset disease – 

characterised by the appearance of GBS-associated pathology with 7 days of birth, and 2) late onset 

disease – characterised by the appearance of GBS disease between 7 and 90 post-birth (Anthony & 

Okada, 1977, Wu et al., 2004). Over recent decades, GBS has also been increasingly reported as a 

significant adult pathogen; especially for the elderly and otherwise immunocompromised (Eickhoff 

et al., 1964, Harper, 1971, Farley et al., 1993, Verghese et al., 1986). The rise in GBS disease has 

been attributed to the use of tetracycline in humans (Da Cunha et al., 2014). It is proposed that prior 

to the use of tetracycline in humans, non-pathogenic GBS strains offered sufficient competition to 

pathogenic strains – such that GBS disease was rare in humans. Since many pathogenic GBS carry 

tetracycline-resistance, the use of this antibiotic eliminated the competition – leaving the pathogenic 

strains to thrive. Finding a solution to GBS disease is further complicated by the highly diverse nature 

of the GBS genome across the species; a problem which is amplified by the demonstrated capacity of 

GBS to acquire new genes via horizontal gene transfer (Teatero et al., 2016, Campisi et al., 2016, 

Brochet et al., 2008). It is estimated that the roughly 20% of the genome of each GBS strain lies 

outside of the core GBS genome (Tettelin et al., 2005). It was further predicted by Tettelin et al. 

(Tettelin et al., 2005) that each strain of GBS adds more than 30 unique genes to the GBS pan 

genome. This genomic diversity complicates discovery of a universal vaccine against GBS infection. 

GBS is being increasingly reported as the etiological agent of genitourinary tract infections (Dermer 

et al., 2004, Eickhoff et al., 1964, Harper, 1971, Farley et al., 1993, Verghese et al., 1986). In Chapter 

2 of this project, the genomes of 8 diverse human GU isolates of GBS were prepared for PacBio 

sequencing. Due to the generation of longer read lengths, PacBio sequencing is the preferred 

sequencing method of bacterial genomes – as longer read lengths better account for the long repeat 

motifs often found in bacterial genomes. To gain high quality genomic preparations for all 8 strains 

of GBS, the DNA-extraction protocol required some optimisation. Sequencing was performed at the 

Doherty Institute (Melbourne University); returning high quality data permitting the complete 

assemblies of all 8 submitted strains. A Genome Announcement was reported for the pathogenic, 
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hypervirulent (ST17) GBS 874391 strain (Sullivan et al., 2017a). This strain is a vaginal isolate used in 

several previous studies (Takahashi et al., 1993, Seifert et al., 2006). GBS 874391 was selected to be 

used throughout the subsequent chapters of this project. 

As a causative agent of bacteraemia and sepsis, GBS has a demonstrated capacity to thrive in the 

human blood stream – giving the pathogen access to a variety of tissues throughout the body 

(Verghese et al., 1986, Edwards et al., 2016). Phagocytic cells (i.e. neutrophils and monocytes) 

represent the primary humoral defence mechanism against foreign agents in the blood (Dale et al., 

2008). Originally isolated from a histiocytic lymphoma patient, the U937 cell line is a common in 

vitro human monocyte/macrophage model (Sundstrom & Nilsson, 1976). Chapter 3 of this study 

developed a blood-infection model for the pathogen, GBS 874391, internalised in U937 monocytes. 

Given that co-transcript reactions are usually saturated with host RNA, the focus of this study was to 

generate a model producing enough high quality pathogen RNA from the single, infection reaction - 

for use in downstream co-transcript analysis. Extensive optimisation was required to generate a 

model that preserved both host and pathogen viability throughout the infection period. A 45 minute 

post-infection centrifuge suggested by the literature was found to increase bacterial yield, but 

reduce monocyte viability. Reducing the centrifuge to 5 minutes did not have a significant impact on 

the pathogen numbers, but increased host cell viability. An MOI above 200 was also found to 

weaken the host cells, resulting in likely cell rupture and pathogen release during the wash process. 

An infection media formulation was developed based on the growth-rate of the pathogen. The 

media promoted no detectable growth or stress in the non-infection, pathogen control. However, 

this media was too restrictive to yield enough RNA from the pathogen; regardless of how many cells 

contributed to the RNA preparation. In order to produce a viable pathogen transcript control, it was 

necessary to add nutrients to the optimised media – permitting the stimulation of sufficient 

pathogen transcription. Even though the antibiotics used in this study had been previously 

demonstrated effective against this strain of GBS, time-kill assays revealed that the pathogen 

survived and stabilized at low levels in the formulated media at the prescribed antibiotic 
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concentrations. Given the high internalised pathogen cell numbers (CFU/ml) derived from the host 

cells, the numbers of pathogenic cells surviving in the media (i.e. outside of the host cells) were 

considered so low as to have no significant impact on any transcript analysis – more-so since the 

host cells were pelleted and the media removed before extracting the RNA. Varying methods of cell 

collection and RNA extractions were tested. Mixed cells (host cells with internalised pathogen) were 

pelleted, quick frozen on dry ice and stored at -80oC. Column extractions were found to be the most 

reliably consistent method of RNA extraction. New GAPDH primers were developed to test the 

mixed RNA preparations for eukaryotic genomic DNA contamination. After generating cDNA from 

the mixed RNA, RT-qPCR successfully amplified all 12 tested pathogenic genes from 1 in 60 dilutions 

of the cDNA. The optimised infection model is therefore viable for producing sufficient, high quality 

RNA for analysis by RT-qPCR. 

For Chapter 4 of this study RT-qPCR was performed on RNA derived from the infection mix for 12 

host and 12 pathogen genes. The co-transcript based on these 24 genes revealed that, after 6 hours 

of infection, 7 of the 12 host genes and 6 of the 12 pathogen genes were significantly upregulated 

more than 2-fold. Differential gene expression was calculated using a published formula that 

accounts for variations in amplification efficiencies (Pfaffl, 2001). Using β-actin as the host 

reference/housekeeping gene, the pro-inflammatory IL8 was upregulated more than 4000-fold. A 

second pro-inflammatory gene (IL1A) was also significantly upregulated (>17-fold). Two other pro-

inflammatory cytokines (IL1B and TNF) were upregulated around 5-fold. The oncogene (LIM2) and a 

monocyte chemokine (MCP-1) were upregulated around 2 to 3-fold. And IL10 (which has anti-

inflammatory properties) was upregulated a little over 2-fold. Of the pathogen genes tested, htp was 

the most significantly upregulated (>10-fold against the reference/housekeeping gene rpoB). Htp is 

reported to have various cellular functions, but is most thoroughly described as having a role in zinc 

acquisition. The second highest pathogen gene to be upregulated from the infection was czcD, which 

translates to a cellular, heavy metal (including zinc) exporter protein. This contrast between zinc 

acquisition and export point to the importance of zinc regulation in the pathogen cells – in the 
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context of survival inside phagocytes. The iron transporter 1010 was also upregulated 2 to 4-fold. 

Three virulence factors were also upregulated in the pathogen between 2 and 5-fold; hvgA (an 

adhesion), scpB (a protease) and rib (conferring protease resistance). 

Histidine Triad Proteins (Htp) and their homologues have been reported across the Streptococcal 

genus (Ogunniyi et al., 2009, Maruvada et al., 2009, Kunitomo et al., 2008). These proteins have 

been described in a variety of functions including adhesion (Bober et al., 2011), immune evasion 

(Moulin et al., 2019) and zinc acquisition (Riboldi-Tunnicliffe et al., 2004, Riboldi-Tunnicliffe et al., 

2005). Since htp was so highly upregulated in the monocyte-internalised GBS, an htp-knockout 

mutant (Δhtp) was constructed, and comparative infection survival assays performed for the 5th 

Chapter of this study. Contrary to expectation, the Δhtp strain survived the internal environment of 

the monocyte in much higher numbers over a period of 6 to 48 hours of infection. The expression of 

htp therefore appears to provide a disadvantage to the survival of the internalised pathogen. The 

monocytes may be employing zinc starvation strategy against the pathogen in order to limit their 

survival. Alternatively, the expression of htp in the wild-type may be limiting the phagocytosis 

efficiency of the monocytes; with much fewer Δhtp cells being internalised during the infection. 

Several studies have identified Htp as a potential vaccine target; including one study in monkeys – 

with the associated implications for humans (Denoel et al., 2011). 

The findings of this study suggest a key role for metal ion (namely zinc) transport for GBS 

intracellular survival. Host cells may try to starve an intracellular pathogens of these essential 

nutrients, or alternatively flood the pathogen with toxic concentrations of these metals (Hood & 

Skaar, 2012, Djoko et al., 2015). Pathogenic microbes have therefore accumulated a range of 

measures to acquire these trace nutrients during periods of starvation (often incorporating complex 

interactions between metal-binding proteins and trans-membrane transport proteins), or efflux 

systems to export excess nutrients out of the cell (Porcheron et al., 2013, Waldron & Robinson, 

2009). In gram-negative bacteria, many substrate-binding proteins are soluble; localised in the 
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periplasm, whereas in gram positive bacteria, these binding proteins tend to be tethered to the cell 

membrane (Gilson et al., 1988, Tam & Saier, 1993, Sutcliffe & Russell, 1995). Andreini et al. (Andreini 

et al., 2006) estimates that up to 6% of prokaryote proteomes consist of zinc-binding proteins (80% 

of which are enzymes); emphasising the importance of the cell’s ability to acquire zinc from the 

environment. Zinc-binding transport systems, including the Adc transport system associated with 

htp, have been described for several streptococci species (Dintilhac et al., 1997, Panina et al., 2003). 

To our knowledge, this study was the first to demonstrate the viability of optimising a 

host/pathogen infection model for internalised GBS in monocytes. The differential survival between 

the internalised Δhtp and wild-type strains of GBS is to be confirmed in the future using a 

complement strain. The remaining monocyte and GBS genes which were upregulated (Chapter 4) 

may also be investigated through infection assays with complement strains; possibly including time-

series transcript assays to assess how and when each gene changes over the infection period.  It 

would further be interesting to examine the co-transcript of monocytes and GBS using the mutant 

strains. Due to the high quality of the RNA from the infections, the RNA may also be submitted for 

full co-transcriptome sequencing on a next generation platform such as RNAseq. This has the 

potential to reveal many more potential vaccine targets against pathogenic GBS. It would also be 

interesting to consider more complex co-infection models incorporating multiple pathogen and/or 

multiple host cells to more closely mimic the complexity of these in vivo interactions. This study 

provides a scaffold by which future co-transcript models may be optimised for a range of host 

phagocytic cells against GBS infection, as well as for different pathogenic strains of GBS. 
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Appendix 1 – Genomic Preparation 
Optimisations 

Each of the experiments in this methodological optimisation unit (along with Appendix 2) are 

delineated into 4 sections; 1) a preamble (defining the reason and purpose of each experiment), 2) a 

description of the experiment performed, 3) an “Observations” section displaying the experimental 

outcomes, and 4) an “Interpretation” section discussing the implications of the observations. 

Experiment 1: Quantify bacterial growth from overnight THY cultures of GBS 

Each bacterial strain used in this study was cultured and bacterial counts performed to ensure their 

viability for the study. An overnight incubation in nutrient rich broth is expected to promote GBS 

growth to stationary phase; i.e. yielding at least 1E8 CFU/ml GBS. The initial goal was to generate 

quality, high yields of genomic DNA from eight strains of GBS for PacBio sequencing. The sequence 

of one of these strains was intended for use as the scaffold in later transcript research. Strains were 

selected for their variety of pathology, epidemiological sources, availability, and appearance in the 

literature (see TABLE 2.01). This number and variety was intended to provide a measure of 

redundancy in case of poor sequence outcomes. 

Bacterial Culture 

To mitigate the possibility of cross contamination between bacterial strains, genomic preparations 

were performed separately for each strain. 10ml THY in a 50ml tube was inoculated with a single 

bacterial colony growing on a TSA blood agar plate. This was replicated for all 8 strains being used in 

this study and repeated for each strain (i.e. a total of 20ml inoculate per strain). All samples were 

incubated at 37oC for 16 hours.  

The two 10ml samples for each strain were pooled into a single, 50ml tube. 200µl from each strain 

was taken for serial dilutions and bacterial counts. Then each strain was divided into eight 2ml tubes, 

each containing 1.8ml culture (discarding any remaining culture). All 64 samples were centrifuged 
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for 30 seconds at 10,000g. After carefully removing most of the supernatant, the centrifuge was 

repeated and the remaining supernatant discarded. Pellets were stored at -20oC. 

Observations 

GBS cell density in THY liquid cultures after 16 hours incubation in THY ranged from 3.6E8 CFU/ml 

(GBS 0247) to 2.6E9 CFU/ml (GBS 0729). At 3.6E8 CFU/ml, GBS 0247 yield was substantially lower 

than the next lowest of 1.4E9 CFU/ml (GBS 0714). Clear pellets were visible in all centrifuged tubes. 

Some of the post-centrifuge bacterial pellets were less dense, causing the possible loss of some cells 

with the discarded supernatants. 

TABLE AP1.01: CFU/ml of 8 GBS strains after 16 hours incubation at 37oC in THY media. 

GBS Strain CFU/ml 

GBS 0058 1.86E9 

GBS 0247 3.6E8 

GBS 0714 1.4E9 

GBS 0729 2.6E9 

GBS 0807 2.4E9 

GBS 0834 1.54E9 

GBS 1014 2.06E9 

GBS 874391 1.6E9 

 

Interpretation 

All selected GBS strains demonstrated sufficient growth in THY media to proceed to the DNA 

extraction experiments. However, the centrifuge stage should use a higher spin rate (i.e. > 10,000g) 

in order to improve pellet integrity. 

Experiment 2: Pilot DNA extraction from GBS strain 0058 

A gDNA extraction was attempted for GBS strain 058 to determine the quality and quantity of gDNA 

which could be prepared using a laboratory Standard Operating Procedure (SOP) combined with the 

UltraClean Microbial DNA Isolation Kit (MO BIO Laboratories). The approach was to perform gDNA 
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preparations on one bacterial strain at a time to mitigate the possibility of genomic cross-

contamination between strains. 

DNA Isolation 

The UltraClean Microbial DNA Isolation Kit instructions were generally followed to extract DNA from 

the eight pellets of GBS 0058 collected in experiment 1. Namely; 

Bacterial pellets were thawed on ice. 300µl of Microbead Solution was added to each thawed pellet 

and mixed gently by vortex (10 sec). 10µl of Mutanolysin (100 units @ 10units/µl) was added to each 

mix and vortexed for 5 seconds. The mixes were then incubated for 1hr at 37oC before being 

transferred to the Microbead Tubes where 50µl of Solution MD1 was added to each mix. The mixes 

were then horizontally bead-beat for 10 minutes at 30 beats per second using the TissueLyser II. 

The lysates were then centrifuged for 30 seconds at 10,000g. After carefully transferring the 

supernatants to 2ml collection tubes, 100µl of Solution MD2 was added to each supernatant, and 

the mix vortexed for 5 seconds before incubating in ice for 5 minutes. Following a further 1 minute 

centrifuge at 10,000g, the supernatants were transferred to clean 2ml collection tubes and 900µl of 

Solution MD3 added to each supernatant and vortexed for 5 seconds. 

700µl of each supernatant mix was aliquoted into the spin filter and centrifuged for 30 seconds at 

10,000g. After discarding the flowthrough, the remaining supernatant mix was loaded (700µl or less 

at a time) into the spin filter and centrifuged as above. 300µl of Solution MD4 was then loaded into 

each membrane and centrifuged for 30 seconds at 10,000g. After discarding the flowthrough, the 

tubes were re-centrifuged for 1 minute at 10,000g to remove residual MD4 Solution from the tube. 

50µl of nuclease-free Ultrapure Distilled Water (Invitrogen) was added to each membrane and 

rested at room temperature for 2-5 minutes. DNA was then eluted from the membrane by 

centrifuge for 30 seconds at 10,000g. Quantification was performed on a Nanodrop 

Spectrophotometer.  The genomic DNA preparations of GBS 0058 were then pooled, re-quantified, 

and the volume measured with a pipette before storing at -20oC. 
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Observations 

The gDNA concentrations of each preparation ranged from 22.1ng/µl to 62.9ng/µl; with an average 

concentration of 40.5ng/µl. The 260/280 absorbance ratios were within, or close to the ideal range 

(1.8-2.0); indicating low levels of protein contamination. However, the 260/230 absorbance ratio 

was inconsistent, and well above the ideal range (2.0-2.2); indicating higher than desired levels of 

residual contaminants from the purification reagents. 

TABLE AP1.02: Nanodrop absorbance quantification of each gDNA preparation from 8 pellets of 
GBS 0058. 

Pellet gDNA ng/µl gDNA ng per 50µl elution A260/280 A260/230  

1 32.2 1610 1.88 7.65 

2 62.9 3145 1.87 4.30 

3 22.1 1105 1.71 -21.09 

4 42.8 2140 1.87 5.23 

5 35.4 1770 1.79 6.64 

6 46.1 2305 1.89 2.48 

7 42.6 2130 1.91 5.83 

8 40.1 2005 1.66 9.38 

Total ng 16,210   

Total µg 16.2   

  

The 41.4ng/µl gDNA concentration of the pooled sample reflects the average of the individual 

preparations. The 260/230 absorbance ratio remains higher than desired. 

TABLE AP1.03: Nanodrop absorbance quantification of pooled gDNA from 8 preparations of GBS 
0058. 

Sample gDNA ng/µl gDNA ng in 345µl A260/280 A260/230  

Pooled 41.4 14,283 1.87 4.21 

Total µg 14.3   

 

Interpretation 

The procedure successfully extracts gDNA from the GBS cell pellets. However the gDNA 

concentrations are lower than desired and the 260/230 absorbance ratios are higher than desired. 

Refinements to the extraction method were therefore required for subsequent preparations to 

increase gDNA yield per preparation. 
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Experiment 3: DNA extraction from GBS strain 0247 

A gDNA extraction was performed on 8 pellets of GBS 0247 collected in experiment 1. The protocol 

was modified in an attempt to increase both yield and quality compared to the previous extraction 

experiment. 

DNA Isolation (ii) 

The procedure followed in experiment 2 was repeated with the following modifications; 

- 15mg/ml Lysosyme was added to the MIcrobead Solution prior to use in order to assist bacterial 

cell wall digestion. 

- Multiple (2-4) pellets were combined from the same strain into a single reaction; i.e. using the 

same 300µl of the Microbead/Lysosyme Solution across multiple pellets. This increased the cell 

count per genomic prep. 

- Microbead tubes were briefly vortexed inverted to dislodge the beads in the tube prior to use. 

- Elution centrifuge time was increased from 30 seconds to 1 minute. 

Observations 

The gDNA concentrations of each preparation ranged from 85ng/µl to 147ng/µl; with an average 

concentration of 104.45ng/µl. The 260/280 absorbance ratios were within, or close to the ideal 

range; indicating low levels of protein contamination. The 260/230 absorbance ratios were 

consistent; though slightly higher than ideal. 

TABLE AP1.04: Nanodrop absorbance quantification of 4 gDNA preparations from GBS 0247. 

Pellet gDNA ng/µl gDNA ng per 50µl elution A260/280 A260/230  

1 85.8 4290 2.01 3.75 

2 100.0 5000 1.98 3.16 

3 147.0 7350 1.96 3.19 

4 85.0 4250 1.97 2.97 

Total ng 20,890   

Total µg 20.9   
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Pooling the 4 samples resulted in an increased measured yield, and a better 260/230 absorbance 

ratio (possibly due to the pooled sample being more thoroughly mixed). 

TABLE AP1.05: Nanodrop absorbance quantification of pooled gDNA from 4 preparations of GBS 
0247. 

Sample gDNA ng/µl gDNA ng in 200µl A260/280 A260/230  

Pooled 111.1 22,220 1.91 2.22 

Total µg 22.22   

 

Interpretation 

The modified extraction protocol improved both quantity and quality of the gDNA preparations. The 

overall amount of gDNA in the preparation increased by over 50% compared against the original 

protocol. The improvement in the 260/230 absorbance ratio may be stem from user familiarity with 

the protocol, and/or be reflective of the increased gDNA yield. This extraction protocol was 

therefore determined to be suitable for use with the remaining GBS strains. 

Supplemental observations for all GBS strains 

TABLE AP1.06: Absorbance quantifications of pooled gDNA from multiple preparations of GBS. 

Strain gDNA ng/µl Total gDNA ng Total gDNA µg A260/280 A260/230  

GBS 0058 41.4 14,283 14.3 1.87 4.21 

GBS 0247 111.1 22.220 22.2 1.91 2.22 

GBS 0714 106.5 18,105 18.1 1.97 2.14 

GBS 0729 58.4 11,388 11.4 2.04 2.15 

GBS 0807 68.6 13,720 13.7 1.96 2.10 

GBS 0834 94.3 17,445.5 17.4 2.03 2.21 

GBS 1014* 158.2 15,815 15.8 1.93 1.93 

GBS 874391* 101.2 10,120 10.1 1.91 1.95 

* Average readings of 2 preparations (not pooled) – quantified on the Eppendorf Biospectrometer 
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Experiment 4: gDNA extractions from larger pellets of GBS strains 

Larger bacterial cell pellets were collected to test the efficiency of using more cells. It was 

anticipated that a higher yield of gDNA could be extracted from a larger pellet of cells. 

DNA Isolation (iii) 

Pellet collection 

Overnight cultures of GBS in 10ml of THY were prepared for each GBS strain used in this study. 1.5ml 

of the culture was aliquoted into three 1.5ml tubes per culture. Tubes were centrifuged at 15,000g 

for 2 minutes. After discarding the supernatant, a further 1.5ml was added to the existing pellets 

from the same culture and re-centrifuged. The large pellets (3 per strain) were stored at -20oC for 

later gDNA extraction. 

gDNA Prep 

The optimised protocol (Experiment 3) was performed using the 3 larger pellets. Preparations for 

each strain were pooled, absorbance quantified, and tested for genomic integrity by gel 

electrophoresis (i.e. 1µg of each preparation was run for 60 minutes at 100V on a 0.6% gel). 

Observations 

This approach yielded higher concentrations of good quality gDNA. However the overall yield of 

gDNA for most of the preparations was lower than the >20µg required for PacificBio sequencing. 

These preparations were therefore pooled with previous preparations for the same strains and 

quantified. 
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TABLE AP1.07: Averaged data for the gDNA extracted from 3 pellets of each GBS strain – 
quantified by absorption on the Eppendorf Biospectrometer. 

Strain gDNA ng/µl Total gDNA ng Total gDNA µg A260/280 A260/230  

GBS 0058 72.13 10,820 10.8 2.01 1.85 

GBS 0714 112.1 11,210 11.2 1.93 2.05 

GBS 0729 94.7 4,753 4.8 1.96 2.05 

GBS 0807 71.15 7,115 7.1 1.93 1.88 

GBS 0834 138.8 13,880 13.9 1.92 1.91 

GBS 1014 150.06 22,515 22.2 1.93 2.15 

GBS 874391 65.1 9,765 9.8 1.87 1.88 

Note: Since enough gDNA was extracted in the initial preparation, no subsequent preparation was performed 

for GBS 0247. 

After pooling, with the exception of 3 strains (GBS 0729, GBS 0807, GBS 874391) all preparations 

were greater than the required 20µg mark (TABLE 2.09). Further preparations for those strains were 

required.  

TABLE AP1.08: Pooled preparations of GBS strains (extracted from both original & large pellets) 
absorbance quantified on the Eppendorf Biospectrometer. 

Strain gDNA ng/µl A260/280 A260/230  Volume µl Total ng Total µg 

GBS 0058 52.9 1.91 1.96 480 25,392 25.4 

GBS 0247 111.1 1.84 1.84 200 22,220 22.2 

GBS 0714 109.8 1.91 2.09 250 27,450 27.4 

GBS 0729 56.1 1.95 1.99 280 15,708 15.7 

GBS 0807 68.8 1.89 1.97 290 19,952 20.0 

GBS 0834 111.6 1.93 2.09 270 30,132 30.1 

GBS 1014 151.2 1.92 1.96 240 36,288 36.3 

GBS 874391 78.6 1.87 1.89 240 18,864 18.9 
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1µg of the existing preparations were examined for genomic integrity by gel electrophoresis (FIGURE 

2.01). The genomic preparations for all strains (except GBS 0058) showed generally good integrity 

(>12kb).  

 
FIGURE AP1.01: Agarose gel showing 1µg gDNA from 8 GBS strains as indicated. 
The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated in kilobases (kb). 

Interpretation 

With the exception of GBS strain 0058, sufficient yield and good quality genomic preparations were 

attained using multiple applications of the optimised protocol. Nonetheless, additional modifications 

to the protocol were considered in order to improve genomic yield and quality. 

Experiment 5: Genomic preparations using bacterial cells isolated during the mid-log 

phase of growth 

Prior experiments utilised GBS cells at the stationary phase of growth. Collecting cells during the 

stationary phase can have deleterious effects on the quality of the genomic preparation because 

dead and dying cells will result in degraded DNA. It was therefore determined that genomic 

preparations should be performed using cells collected during the mid-log growth phase, rather than 

stationary phase. 
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DNA Isolation (iv) 

Two conical flasks of 50ml THY (pre-warmed at 37oC) were each inoculated with 50µl of a 10ml 

overnight culture. The new, diluted culture was incubated at 37oC, shaking. Samples were tested 

every hour on a Thermo-Scientific Spectronic 200 – aiming for a reading OD600 between 0.4 and 0.8. 

The two cultures were pooled and stored on ice until use (total 100ml). 

The culture was divided into 10ml aliquots (15ml tubes) and centrifuged for 10 minutes at 7,197g. 

After discarding supernatant, pellets were resuspended in 10ml PBS to wash the cells from the THY 

media and re-centrifuged. All-but 0.5ml of the supernatant was discarded, and the remaining PBS 

used to resuspend the pellets. Cells were transferred to clean 1.5ml tubes and centrifuged at 

15,000g for 1 minute. Supernatants were removed by pipette and the pellets stored at -20oC. 

The optimised protocol from Experiment 3 was used for the genomic preparations; with the 

following refinements; 

- 40mg (2µl from 20mg/ml) RNaseA was added to the digest prior to the incubation (after the 

Mutanolysin). 

- The digest incubation was increased from 1hour to 90 minutes. 

- A second elution was performed through the same column in an attempt to increase the gDNA 

yield from each column. 
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Observations 

The protocol produced good quality DNA preparations, but the concentrations were variable (TABLE 

2.10). Further preparations were required to increase the genomic DNA to >20µg.  

TABLE AP1.09: Genomic preparations of GBS using cells collected during the mid-log growth phase. 

Strain OD600 GBS 

CFU/ml 

Total cells in 100 

ml THY (10x10ml) 

gDNA 

ng/µl 

A260/280 A260/230 Total gDNA µg 

GBS 0058 0.444 1.86E7 1.86E8 119.5 1.84 2.17 12 

GBS 0247 0.564 1.74E6 1.74E8 227.0 1.83 1.98 11.4 

GBS 0714 0.535 2.40E6 2.40E7 152.3 1.86 2.06 15.2 

GBS 0729 0.475 3.46E7 3.46E8 53.3 1.87 1.86 5.3 

GBS 0807 0.464 1.66E7 1.66E8 135.2 1.86 2.22 13.5 

GBS 0834 0.769 2.54E7 2.54E8 229.3 1.82 2.26 22.9 

GBS 1014 1.118 3.92E7 3.92E8 673.4 1.82 2.37 33.7 

GBS 874391 0.456 4.72E7 4.72E8 254.1 1.83 2.31 25.4 

 

TABLE AP1.10: Pooled and Absorbance measured genomic preparations of GBS using mid-log 
growth cells. 

Strain Volume µl gDNA 

ng/µl 

Total ng A260/280 A260/230 Total gDNA µg 

GBS 0058 280 95.2 26656.0 1.85 2.16 26.7 

GBS 0247 133 166.1 22091.3 1.84 1.95 22.1 

GBS 0714 189 147.6 27896.4 1.84 2.16 27.9 

GBS 0729 190 162.2 30818.0 1.85 2.10 30.8 

GBS 0807 189 133.5 25231.5 1.86 2.21 25.2 

GBS 0834 95 232.2 22059.0 1.85 1.99 22.1 

GBS 1014 42 670.5 28161.0 1.82 2.34 28.1 

GBS 874391 85 256.2 21777.0 1.83 2.26 21.8 
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Once there was >20µg of pooled gDNA for each strain, 1µg of each was examined for genomic 

integrity by gel electrophoresis (FIGURE 2.02). 

 
FIGURE AP1.02: Agarose gel showing separation of 1µg gDNA from 8 GBS strains as indicated, 
isolated from cells in mid-exponential (mid-log) growth phase. 
The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated in kilobases (kb). 

 

Significant smearing was evident in all preparations except for GBS 0247. Genomic integrity >12kb 

was only evident in GBS 0058 and GBS 0247. To ensure this result wasn’t due to absorbance 

calculation imprecision, each preparation was re-quantified using Qubit Fluorescence reagents 

(Qubit dsDNA BR Assay Kit) on the Eppendorf Biospectrometer. 

TABLE AP1.11: Comparison of DNA quantity measurements using absorbance and fluorescence 
(Qubit) based methods, from experiment 5 (mid-exponential growth phase). 

Strain Absorbance 

gDNA ng/µl 

Fluorescence 

gDNA ng/µl 

GBS 0058 95.2 61.5 

GBS 0247 166.1 99.6 

GBS 0714 147.6 111.9 

GBS 0729 162.2 120.4 

GBS 0807 133.5 99.5 

GBS 0834 232.2 179.2 

GBS 1014 670.5 Too High 

GBS 874391 256.2 212.1 

Note: The measurement for GBS 1014 was more than 5% outside of the range of the range of the standard 

concentrations. 
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Fluorescence measurements were lower for all preparations than the absorbance measurements - 

indicating that the absorbance measurements may have been influenced by non-DNA molecules in 

the preparations. Based on the fluorescence readings, 1µg of each preparation was examined by gel 

electrophoresis (FIGURE 2.03). As GBS 1014 was outside the range of the fluorescence standards, the 

1µg was based on the next highest reading (i.e. GBS 874391 212.1ng/µl). 

 
FIGURE AP1.03: Agarose gel showing separation of 1µg gDNA (fluorescence quantified) from 8 GBS 
strains as indicated. 
The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated in kilobases (kb). 

 

Based on the relative intensity of the band and the previous absorbance measures, it was estimated 

that approximately 3µg of GBS 1014 was loaded. The rest of the gel mirrored the observations of the 

absorbance-quantified gel – i.e. quality genomic integrity for GBS 0058 and GBS 0247, but poor 

genomic integrity for the other strains. 

Interpretation 

Genomic preparations generated using the optimised protocol on GBS cells isolated during mid-log 

growth are less robust than the preparations from stationary phase cells. Whilst the DNA quality is 

generally good (i.e. contamination free when quantified by absorbance), the yields were low and the 

genomic integrity compromised. Further refinements to the protocol were therefore required to 

improve yield and genomic integrity. 
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Experiment 6: Protocol refinements for genomic preparations using bacterial cells isolated 

during the mid-log phase of growth 

Previous gDNA preparations from mid-log growth GBS cells demonstrated poor integrity – as 

evidenced by extensive genomic smearing in the gels. The UltraClean Microbial DNA Isolation Kit 

(MO BIO Laboratories) protocol suggested replacing the bead-beating step with a heat/vortex step 

to reduce genomic degradation. Reducing the bead-beating time was also tested. 

DNA Isolation (v) 

To examine the effect of replacing the bead-beating step with the heat/vortex method, gDNA 

preparations were made from pellets of two strains of GBS (0834 and 874391). For each strain, two 

treatments were applied. The first treatment followed the established protocol (including a 10 

minute bead-beating step). The alternative treatment for each strain replaced the bead-beating with 

a 10 minute incubation at 65oC interspersed with a pulse-vortex every 2 minutes.  

Using GBS strains 0807 and 1014, reducing the bead-beating time from 10 minutes, to 5 and 1 

minutes respectively was also tested. 

To test if DNA is released preferentially in differing amounts per elution, samples were eluted twice, 

each into separate tubes (50µl H2O per tube). 

Observations 

The heat/vortex method preserved better genomic integrity than the 10 minute bead beaten 

treatment, however the concentrations of gDNA derived from the heat/vortex treatment were too 

low to be useful. The 1 minute bead-beating method yielded lower concentrations of gDNA than the 

5 minute Bead-beaten treatment, but not so low as to be impractical. The gDNA concentrations from 

the second elutions were consistently lower than the initial elutions for all treatments however, in 

both 1 minute bead-beaten treatments, the second elution yielded several µg of gDNA. 
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TABLE AP1.12: BioSpec absorbance quantification of gDNA preparations for 4 GBS strains, 2 
treatments per strain, and 2 elutions per treatment. 

Strain Treatment Elution ng/µl  A260/280 A260/230 Total µg 

GBS 0834 10 min bead-beat 1 397.1 1.84 2.44 19.9 

2 167.2 1.85 2.44 8.4 

Heat/vortex 1 80.0 1.94 2.12 4.0 

2 58.2 1.83 2.42 2.9 

GBS 874391 10 min bead-beat 1 196.3 1.84 2.19 9.8 

2 54.1 1.84 2.20 2.7 

Heat/vortex 1 25.7 1.81 1.31 1.3 

2 22.0 1.79 1.41 1.1 

GBS 0807 5 min bead-beat 1 151.3 1.86 2.47 7.6 

2 39.7 1.88 2.28 2.0 

1 min bead-beat 1 137.4 1.85 2.41 6.9 

2 51.7 1.83 2.09 2.3 

GBS 1014 5 min bead-beat 1 391.0 1.83 2.37 19.6 

2 103.3 1.85 2.04 5.2 

1 min bead-beat 1 231.8 1.84 2.34 11.6 

2 87.8 1.85 1.99 4.4 

 

 
FIGURE AP1.04: Agarose gel showing separation of 1µg gDNA from GBS strains 874391 and 0834 
as indicated, isolated from cells in mid-exponential growth phase, comparing 2 elutions of 
preparations derived from heat/vortexing vs bead-beating methods. 
The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated in kilobases (kb). 
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FIGURE AP1.05: Agarose gel showing separation of 1µg gDNA from GBS strains 874391 and 0843 
as indicated, isolated from cells in mid-exponential growth phase, comparing 2 elutions of 
preparations derived from 1 minute vs 5 minutes bead-beating methods. 
The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated in kilobases (kb). 

 

Interpretation 

There is a gDNA smearing effect on the preparations which is contingent on the amount of bead-

beating time. Replacing bead-beating with a softer, heat/vortex protocol resulted in impractically 

low concentrations of gDNA. However, only 1 minute of bead-beating was required to produce 

usable concentrations of gDNA without any notable degradation to the preparation. Therefore, 

future preparations will use a 1 minute bead-beat rather than the prescribed 10 minute bead-beat. 

A second elution through the column can produce several µg of gDNA. Future preparations will 

therefore incorporate two 50µl elutions for each preparation. 
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Appendix 2 – Infection Assay Optimisations 

Experiment 1: Infection 1. Pilot Infection Experiment – Adhesion and Invasion assays 

To our knowledge, there have been no co-transcript studies to-date investigating GBS as the 

pathogen. A range of experiments are therefore required to optimise an infection protocol that will 

ultimately permit the extraction of high quality RNA from three distinct conditions; 1) The infection 

condition – i.e. U937 monocytes infected with GBS, 2) a GBS-only control used to compare against 

the transcripts of intracellular GBS, and 3) a monocyte-only control used to compare against the 

transcripts of infected monocytes. 

Initial experiments were designed to generate baseline information for GBS and U937 cell survival 

and viability, considering the requirement to extract sufficient host and pathogen RNA from a single 

reaction for use in downstream applications. It was estimated that the minimum useable bacterial 

yield would be 1E4 CFU/ml based on RNA requirements. Initial experiments were therefore 

performed on a small scale to quantify the capacity of GBS to survive inside the monocytes in the 

proposed model. The goal of this experiment was to determine the general suitability of the 

proposed approach. 

Adhesion and Uptake Assay 

GBS 874391 was cultured overnight in 10ml THY in accordance with the General Procedures 

(Bacterial growth in THY - CHAPTER 2, section 2.2.1.4). GBS were washed from the overnight culture 

media in PBS and resuspended in bRPMI for the infection challenge. Specifically, the overnight 

culture was centrifuged for 15 minutes at 7197g, the pellet resuspended in 10ml PBS and 

centrifuged at 7197g for 10 minutes, the resulting pellet was again resuspended in 10ml PBS and 

centrifuged at 7197g for 10 minutes before resuspending the pellet in 10ml bRPMI and storing in ice 

prior to the infection. 20µl of washed GBS was processed in accordance with the General Procedures 

(Serial Dilutions of bacterial cultures and bacterial colony counts – CHAPTER 2, section 2.2.1.5). 
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U937 monocytes between passage 3 and 25 were cultured to attain 25ml of cells in bRPMI at >1E5 

cells/ml. The monocytes were washed in PBS before being resuspended in bRPMI. Specifically, 25ml 

of cells were centrifuged for 5 minutes at 500g and the pellet resuspended in 25ml PBS. The 

centrifuge and PBS resuspension was repeated. After a third centrifuge, the cell pellet was 

resuspended in bRPMI and stored in ice until the infection. 

For the infectious challenge, 1:10 volume ratios of GBS to monocyte cultures were used for these 

infections. For the infection, 1.6ml washed GBS cells in bRPMI were added to 14.4ml of washed 

monocytes in bRPMI. For the monocyte control, 1.2ml bRPMI was added to 10.8ml washed 

monocytes in bRPMI. For the GBS control, 1.2ml washed GBS cells in bRPMI was added to 10.8ml 

bRPMI. For the first time-point (T=0), four infection replicates of 1ml each were transferred directly 

into 1.5ml tubes for immediate processing. For the remaining time-points, four technical replicates 

of 1ml for each condition were aliquoted into separate wells of 24-well plates. The treatment plates 

were then incubated at 37oC in 5% CO2 until collection and processing.  Processing entailed 

transferring the contents of each well to a 1.5ml tube and centrifuging for 5 minutes at 500g; 

repeated 5 times. The first 4 pellet resuspensions were in 1ml PBS. The final resuspension for each 

sample was in 900µl of PBS and 100µl of 1% Triton (i.e. final volume 0.1% Triton). Ten-fold serial 

dilutions in PBS were performed on each sample before plating in triplicates of 5µl on TSA-Blood 

Agar plates. Plates were incubated overnight at 37oC and colony counts recorded. 

Seven conditions were tested as follows - After a 1 hour incubation (T=1), GBS and monocytes, as 

well as the infection/adhesion treatments were collected for processing. At this time, antibiotics 

(ABX) (50µg/ml Gentamicin with 2.5X Pen/Strep) were added to the remaining treatments - except 

the GBS control. After a 2 hour incubation (T=2) (1 hour with ABX), the first infection/invasion 

treatment was collected and processed. After a 5 hour infection (T=5), GBS and monocyte controls 

as well as the infection/invasion treatments were collected for processing. 
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Observations 

For each experiment, the number of monocytes and GBS were determined to calculate the 

multiplicity of infection (MOI) ratio. The concentration of viable washed monocytes was 1.24E6 

cells/ml. 90% of these cells were used in the experiments (i.e. 1.12E6 cells/ml in each treatment). 

After overnight incubation and colony counts (TSA-Blood agar plates), the concentration of washed 

GBS prepared was determined to be 3.93E8 CFU/ml. 10% of this concentration was used for the 

experiment (i.e. 3.93E7 CFU/ml).  

Henceforth this information will be summarised according to the following format - Infection 1; 

Prepared monocytes: 1.24E6 cells/ml, Used monocytes: 1.12E6 cells/ml, Prepared GBS: 3.93E8 

CFU/ml, Used GBS: 3.93E7 CFU/ml. Therefore the MOI ratio was 35. 

At T=0, the GBS counts for the GBS-only control were similar to the counts from the infection 

treatment (5.46E7 and 6.95E7 CFU/ml respectively). At T=1, the GBS adhesion count was 4.46E7 

CFU/ml. At T=2, the GBS counts from the invasion assay (after 1 hour ABX) had dropped to 5.6E3 

CFU/ml - i.e. a roughly 99.99% (4log10) reduction in GBS numbers. The colonies on this plate ranged 

in size from large to pinpoint, but all displayed clear haemolysis; indicative of pure GBS colonies. The 

survival numbers of GBS in the infection treatment reduced by approximately ten-fold over the 

subsequent 3 hours.  
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FIGURE AP2.01: Infection 1 – U937 Monocytes infected with GBS 874391 at an MOI of 35.  
The monocyte control was comprised of bRPMI added to washed monocytes. The GBS control was comprised of 
washed GBS added to bRPMI. CFU/ml counts of GBS were performed at each time point after washing the cells 
with PBS and lysing the monocytes with Triton. Time 0 is the time of infection. ABX were added 1 hour after 
infection (after processing samples for that time point). Lines show mean and SEM from 4 technical replicates. 
The actual number of GBS in the monocyte control was zero throughout the assay. No CFU/ml data was 
available for time point 2 for the GBS control. 

Interpretation 

The numbers of GBS recovered from the invasion assay were higher than expected which may be 

due to the MOI (35), inefficient washing of the monocytes prior to processing, or damaged 

monocytes releasing intracellular GBS during the washing process. The latter two options cast some 

doubt on the reliability of the invasion assay. The post infection GBS counts were considered too low 

to yield a useful amount of RNA for downstream use. However, the experiment demonstrated 

theoretical suitability of a model of infection using U937 monocytes as the host cells and GBS 

874391 as the pathogen. 
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Experiment 2: Infection 2. Centrifugation to Enhance the Host-Pathogen Interaction 

A previous study utilised a pre-incubation centrifuge to more efficiently associate the chlamydial 

bacteria in their study to the U937 cells they were using as host cells (Virok et al., 2003). By forcing 

the different cell types to associate with each other, it was assumed that the likelihood of bacteria 

becoming internalised in the host cells increases. Given the assumption of intracellular bacterial 

survival, the addition of an initial centrifugation step was expected to increase the bacterial yield 

from infected monocytes. The goal of this experiment was to determine if adding a pre-incubation 

centrifuge to the infection would increase GBS numbers recovered from the monocytes. 

Infection with Centrifugation 

The protocol from Experiment 1 was generally followed with the following modifications; 

There were two primary treatments. The centrifuge treatment incorporated centrifuging the plated 

infection for 45 minutes at 600g at room temperature. The control infection treatment was 

incubated at 37oC in 5% CO2 while the first treatment was being centrifuged. T=0 was the time point 

after the initial centrifugation/incubation – at which time the ABX was added. Time points were 

processed at T=0, and 1, 3 and 5 hours post ABX (T=1, T=3 and T=5 respectively). 

Observations 

Infection 2; Prepared monocytes: 7.64E5 cells/ml, Used monocytes: 6.88E5 cells/ml, Prepared GBS: 

5.46E8 CFU/ml, Used GBS: 5.46E7 CFU/ml. Therefore the MOI ratio was 79.  

At T=0, GBS counts were equivalent from both non-centrifuged and centrifuged treatments (5.20E7 

and 5.16E7 CFU/ml respectively). Contrary to expectation, the non-centrifuged treatment yielded 

more intracellular GBS after 1 hour of ABX (3.94E4) than the centrifuged treatment (1.04E4). By T=3, 

the GBS yield from both treatments was equivalent (3.24E3 from the non-centrifuged treatment and 

2.98E3 from the centrifuged treatment). 
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FIGURE AP2.02: Infection 2 - GBS recovered from centrifuged vs non-centrifuged monocytes 
infected with GBS 874391 at an MOI of 79. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. Time 0 is post centrifuge/incubation (i.e. 45 minutes after the infection). ABX were also 

added at time 0 (after processing samples for that time point). Lines show mean and SEM from 4 technical 

replicates. 

Interpretation 

The centrifugation protocol, as applied in this experiment, does not increase the GBS yield from the 

infection model. The non-centrifuged control treatment may be biased by phagocytosis that may 

occur during the 45 minute incubation – representing additional time for internalising the GBS. It is 

possible that the 600g centrifuge speed was insufficient to bring the GBS to the monocytes. 

Increasing the centrifuge speed is likely to be detrimental to the monocytes. 

Experiment 3: Infection 3. Centrifugation to Enhance the Host-Pathogen Interaction (ii) 

In Experiment 2, phagocytosis during the 45 minutes of incubation of the non-centrifuged treatment 

may have biased the results. Therefore, the experimental design was modified to include a more 

representative control treatment. The goal of this experiment was to compare the GBS numbers 

recovered from monocytes in a centrifuged treatment versus those recovered from a non-

centrifuged treatment that included equivalent times of incubation. 
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Infection with Centrifugation (ii) 

The protocol from Experiment 1 was generally followed with the following modifications; 

To increase the bacterial load in the infection ten-fold, GBS was initially inoculated into a 100ml THY 

for the overnight culture, and after washing, was resuspended in 10ml bRPMI. 

There were two primary treatments. The centrifuge treatment incorporated centrifuging the plated 

infection at 600g for 50 minutes at room temperature. The control infection treatment was 

incubated at room temperature on a bench while the first treatment was being centrifuged. T=0 was 

the time point after the initial centrifugation/incubation. After a 1 hour incubation at 37oC in 5% CO2, 

the ABX was added to all treatments. Three technical replicates were plated for each treatment for 

every time point. Time points were processed at T=0, and 1, 2 and 5 hours post ABX (T=1, T=2 and 

T=5 respectively). 

Observations 

Infection 3; Prepared monocytes: 1.19E6 cells/ml, Used monocytes: 1.07E6 cells/ml, Prepared GBS: 

3.06E9 CFU/ml, Used GBS: 3.06E8 CFU/ml. Therefore the MOI ratio was 285. 

At T=0 and T=1 (i.e. prior to the addition of ABX), the GBS numbers associated with the cells were 

equivalent for both treatments (For non-centrifuged and centrifuged treatments respectively; 

3.02E8 and 2.88E8 CFU/ml at T=0, and 4.32E9 and 4.48E9 CFU/ml at T=1). After 1 hour of incubation 

with ABX, GBS numbers were reduced by more than 1log10; with 15% more GBS being recovered 

from the centrifuged sample (7.94E7 and 1.00E8 CFU/ml for non-centrifuged and centrifuged 

treatments respectively). The number of CFU/ml recovered from the centrifuged treatment 

remained constant over the next 3 hours of incubation. The GBS number recovered from the non-

centrifuged treatment decreased to 4.84E7 CFU/ml. 
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FIGURE AP2.03: Infection 3 - GBS recovered from centrifuged vs non-centrifuged monocytes 
infected with GBS 874391 at an MOI of 285. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. Time 0 is post centrifuge/incubation (i.e. 50 minutes after the infection). After both 

treatments underwent 1 hour of incubation in 5% CO2 at 37oC, ABX were added at time point 1 (after 

processing samples for that time point). Lines show mean and SEM from 3 technical replicates. 

 

Interpretation 

The increase of GBS numbers recovered before the addition of ABX likely reflects GBS proliferation in 

the infection media. High numbers of internalised GBS were recovered from both treatments, which 

may reflect the higher MOI. The high GBS numbers recovered from the infection raises questions 

about the efficiency of the pre-processing washes, and/or the ABX activity. Centrifugation increases 

the GBS recovery rate from the infection – thus centrifuging prior to incubation increases the 

association frequency between GBS and monocytes. 

Experiment 4: Infection 4. Centrifugation to Enhance the Host-Pathogen Interaction (iii) 

Experiment 3 was repeated to verify the hypothesis that a pre-incubation centrifugation procedure 

enhances GBS recovery from the infection. A post-infection wash efficiency test was also performed. 

The goal of this experiment was 1) to verify the results of Experiment 3, and 2) to analyse the effects 

of pre-processing washes on recovered GBS numbers. 
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Infection with Centrifugation (iii) 

The protocol from Experiment 1 was generally followed with the following additions; 

At T=2 (after 1 hour of ABX), 20µl of supernatants from the first PBS wash and 20µl of supernatants 

from the final PBS wash were processed in accordance with the General Procedures (Serial Dilutions 

of bacterial cultures and bacterial colony counts – CHAPTER 2, section 2.2.1.5), to determine wash 

efficiency. 

Observations 

Infection 4; Prepared monocytes: 8.63E5 cells/ml, Used monocytes: 7.77E5 cells/ml, Prepared GBS: 

3.86E9 CFU/ml, Used GBS: 3.86E8 CFU/ml. Therefore the MOI ratio was 497. 

At T=5 (i.e. after 4 hours of antibiotic treatment), 73-fold more GBS were recovered from the 

centrifuged infection treatment than the non-centrifuged treatment (8.58E7 and 1.17E6 CFU/ml 

respectively).  

 
FIGURE AP2.04: Infection 4 - GBS recovered from centrifuged vs non-centrifuged monocytes 
infected with GBS 874391 at an MOI of 285. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. Time 0 is post centrifuge/incubation (i.e. 50 minutes after the infection). After both 

treatments underwent 1 hour of incubation in 5% CO2 at 37oC, ABX were added at time point 1 (after 

processing samples for that time point). Lines show mean and SEM from 3 technical replicates. 
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Contrary to expectation, the final post-infection wash at T=2 yielded more GBS than the earlier wash 

(6.04E6 and 1.28E5 CFU/ml respectively). 

 
FIGURE AP2.05: Infection 3 - GBS recovered from first and final wash supernatants. 
After 1 hour of ABX, infection samples were washed five times by centrifuge (pelleting the monocytes) and 

resuspension in PBS. Supernatants were taken from the first and final pelleted samples and processed for GBS 

CFU/ml counts of extracellular GBS. Lines show mean and SEM from 3 technical replicates. 

 

Interpretation 

Confirming the observations of Experiment 3, a pre-incubation centrifuge step enhances the 

association between GBS and monocytes – resulting in greater GBS recovery from the infection.  

The post-infection washes are expected to yield progressively lower GBS numbers; ideally, reducing 

the supernatant bacterial load to near zero. Instead, the GBS numbers increased between the first 

and final washes. This result is unexplained, but may reflect GBS survival of the ABX treatment and 

remaining in the media in high numbers, or monocyte stress and release of GBS into the wash during 

centrifugation or pellet resuspension. Monocytes may be stressed by the high MOI (497) used in this 

experiment. 
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Experiment 5: Effectiveness of Antibiotics against GBS 874391 

An antibiotic mix of 50µg/ml Gentamicin with 2.5X Pen/Strep has been previously shown to be 

effective in eliminating GBS from RPMI media in infection assays spanning 2 to 24 hours (Leclercq et 

al., 2016) (Sullivan et al., 2017b). Due to the possibility of GBS survival in this antibiotic mix 

(Experiment 4), experiments were conducted to confirm the killing efficiency of these antibiotics for 

GBS 874391; a genome-sequenced strain used in this thesis. 

Bacterial Time-kill Assays 

Overnight cell cultures of GBS 874391 were prepared in 100ml THY in accordance with the General 

Procedures (Bacterial growth in THY - CHAPTER 2, section 2.2.1.4). After PBS washing (Adhesion and 

Uptake Assay – Experiment 1), the pellet was resuspended in 10ml bRPMI and placed in ice. The GBS 

cells were then inoculated into fresh bRPMI at a 1:10 ratio into a 50ml tube and gently mixed by 

inverting the tube. For the first time-point (T=0.0), 1ml of the ABX-free inoculum was aliquoted in 

triplicate directly into 1.5ml tubes for immediate processing. Then ABX (50µg/ml Gentamicin with 

2.5X Pen/Strep) was added to the remaining inoculate. 

1ml of the remaining inoculum (with ABX) was aliquoted into 18 wells of a 24-well cell culture plate 

and incubated at 37oC in 5% CO2 to reflect the conditions of infection experiments. Every half hour 

thereafter, the contents of 3 wells was transferred into 3, 1.5ml tubes for processing. 

This procedure was performed independently twice. 

Observations 

In the first assay, GBS numbers dropped from 6.27E8 CFU/ml at T=0.0 to non-detectable after 1.5 

hours of antibiotic treatment. In the second assay, GBS numbers dropped from 6.8E8 CFU/ml at 

T=0.0 to non-detectable after 2 hours of antibiotic treatment. 
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FIGURE AP2.06: GBS Time Kill Assay 1. 
6.27E8 CFU/ml of GBS were exposed to a cocktail of Gentamycin and Pen/Step antibiotics for 3 hours. Surviving 

bacteria were enumerated by CFU/ml counts every 30 minutes. The lines show means of 3 technical replicates.  

For all post ABX treatments in assay 2 (FIGURE AP2.07), by 2 hours, no colonies were observed on 

any of the processed colony count plates, indicating ≥ 99.99% killing of GBS 874391 in those 

conditions after 2 hours. However, no colonies were observed on the plates at dilution factors 0 and 

1 – indicating continued activity of the ABX at these lower dilutions. Assuming 0.3 colonies as the 

lowest possible average detection from 3 technical replicates (i.e. 1 colony in 3 replicates), being 

detected in 5µl droplets only at a dilution factor of 2 (i.e. 10E-2), the actual limit of detection 

sensitivity was calculated to be 6E3 CFU/ml. Without the influence of ABX, the expected limit of 

detection sensitivity is 6E1 CFU/ml. 
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FIGURE AP2.07: GBS Time Kill Assay 2. 
Around 1E9 CFU/ml of GBS were exposed to a cocktail of Gentamycin and Pen/Step antibiotics for 3 hours. 

Surviving bacteria were enumerated by CFU/ml counts every 30 minutes. The orange lines show means of 3 

technical replicates. Calculated Detection limit (red) vs Expected Detection limit (green) are shown with dotted 

lines. 

Interpretation 

The ABX treatments appear are highly effective; reducing the bacterial load 8log10 over 2 hours of 

incubation. The sensitivity limit for detection was estimated to be 60 CFU/ml, but carry-over of 

antibiotic into colony counts likely means the detection sensitivity limit of this procedure was closer 

to 6.0E3 CFU/ml. 

Experiment 6: Effectiveness of Antibiotics against GBS 874391 (ii) 

The previous experiment suggested antibiotic carry-over to low dilutions in colony counts; increasing 

the limit of detection from 1E2 to 1E3 CFU/ml. To reduce the detection sensitivity limit of the assay, 

a modified protocol was used. The goal of this experiment was to achieve a lower detection limit. 

Bacterial Time-kill Assays (ii) 

The procedure from Experiment 5 was generally followed for two independent assays; with the 

following modifications; 

A single PBS wash was utilised for each replicate in assay 1. Samples were centrifuged for 5 minutes 

at 15,000g before pellets were resuspended in 1ml PBS.  
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In assay 2, the samples were PBS-washed (as above) twice before processing. A further 200µl of time 

points T=2.0 to T=3.0 were spread over a single TSA-Blood agar plate (in triplicate) to improve the 

detection limit of sensitivity to 1.5 CFU/ml. 

Observations 

In the first assay (FIGURE AP2.08), GBS persisted in the assay at 1.6E3 CFU/ml after 3 hours of 

antibiotic treatment (T=3.0). At T=0.5, there were confluent colonies at the 1E2 dilution factor, but 

still no colonies at the lower dilution factors. Even though some colonies appeared in these lower 

dilution factors for later time points, they were not meaningful when related to higher dilutions at 

the same time point. 

 
FIGURE AP2.08: GBS Time Kill Assay 3. 
Around 1E9 CFU/ml of GBS were exposed to a cocktail of Gentamycin and Pen/Step antibiotics for 3 hours. 

Surviving bacteria were enumerated by CFU/ml counts every 30 minutes. The lines show means of 3 technical 

replicates. 

In the second assay (FIGURE AP2.09) GBS numbers remained in the assay at 1.9E3 CFU/ml after 3 

hours of antibiotic treatment (T=3.0). At T=0.5, there were confluent colonies at the 1E-2 dilution 

factor, but still no colonies at the lower dilution factors (1E-1 and 1E-0). There were also no colonies 

present for these dilution factors on the T=1.0 plate. However, there were confluent colonies at both 

these dilution factors on the T=1.5 plate. The T=2.0 to T=3 plates produced meaningful numbers at 

these dilution factors when related to the higher dilutions. 
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FIGURE AP2.09: GBS Time Kill Assay 4. 
Around 1E9 CFU/ml of GBS were exposed to a cocktail of Gentamycin and Pen/Step antibiotics for 3 hours. 

Surviving bacteria were enumerated by CFU/ml counts every 30 minutes. The lines show means of 3 technical 

replicates. 

Interpretation 

A single PBS wash was insufficient mitigate the influence of ABX to a point where the outcome could 

be trusted. The antibiotic activity was still influencing the colony counts after two PBS washes, 

however, not at levels that impact the informative data. These assays revealed that while the 

numbers of GBS 874391 decrease roughly 5log10, this strain of GBS can persist with the proposed 

ABX mix for at least 3 hours. 

Experiment 7: Effectiveness of Antibiotics against GBS 874391 (iii) 

Since GBS 874391 survive in the prescribed ABX (Gentamicin and Pen/Strep) for at least 3 hours, 6 

hour assays were performed to determine the duration and rate of GBS persistence in ABX. 

Bacterial Time-kill Assays (iii) 

The procedure from Experiment 5 was generally followed for two independent assays; with the 

following modifications; 

The assay incubation was extended from 3 hours to 6 hours (T=0 to T=6). Processing was performed 

hourly instead of every 30 minutes. Samples were washed in PBS twice before processing 

(Experiment 7). 
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Observations 

For the first 6 hour time kill assay (FIGURE AP2.10), after 3 hours of antibiotics (T=3), the GBS 

numbers fell below the previous detection sensitivity limit of Experiment 5 (6.0E3 CFU/ml). After 5 

hours of antibiotic treatment (T=5), the GBS counts fell below 10E3 CFU/ml. And after 6 hours of 

antibiotic treatment (T=6), the GBS numbers remained in the assay at 5.3E2 CFU/ml.  

 
FIGURE AP2.10: GBS Time Kill – Six Hour Assay 1. 
Around 1E9 CFU/ml of GBS were exposed to a cocktail of Gentamycin and Pen/Step antibiotics for 6 hours. 

Surviving bacteria were enumerated by CFU/ml counts every hour. The lines show means of 3 technical 

replicates. 

For the second 6 hour time kill assay (FIGURE AP2.11), after 2 hours of antibiotics (T=2), the GBS 

numbers fell below the previous detection sensitivity limit of Experiment 5 (6.0E3 CFU/ml). At T=4, 

the GBS counts fell to 10E3 CFU/ml. And after 6 hours of antibiotic treatment (T=6), the GBS 

numbers remained in the assay at 4.2E2 CFU/ml; having increased from 4.0E2 at T=5. 
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FIGURE AP2.11: GBS Time Kill – Six Hour Assay 2. 
Around 1E9 CFU/ml of GBS were exposed to a cocktail of Gentamycin and Pen/Step antibiotics for 6 hours. 

Surviving bacteria were enumerated by CFU/ml counts every hour. The lines show means of 3 technical 

replicates. 

For both assays, GBS colonies were noticeably stressed at T=1 to T=3 (i.e. varying sized colonies 

(ranging from pinpoint to typical sizes) with little to no haemolysis evident on the TSA-Blood agar 

plates). However from T=3 onwards, the colonies appeared healthy (i.e. consistently sized, larger 

colonies demonstrating clear haemolysis clearing around each colony on the plate). 

Interpretation 

GBS 874391 persists in the ABX for at least six hours. The numbers appear to stabilize between hours 

4 and 6 of antibiotic treatment. This, coupled with the observed healthy colonies at later time 

periods may indicate a mutation promoting persistence.  

After 3 to 4 hours of antibiotic treatment, the GBS numbers appear to stabilize under 10E3 CFU/ml. 

Given that the previous Invasion experiments are yielding between 10E7 and 10E8 CFU/ml of GBS, 

and given that the infection media is diluted by five PBS washes in the infection protocol, the low 

numbers of persistent GBS in this experiment are not considered significant enough to influence any 

downstream applications. 

Since the GBS numbers appear to have reduced to stable levels after five hours of antibiotic 

treatment, it is unnecessary to further stress the monocytes by pushing the infection challenge to a 
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higher time point. Therefore, it was determined to limit the infections to five hours of antibiotic 

treatment. 

Experiment 8: Infections 5 and 6. Centrifugation to Enhance the Host-Pathogen Interaction 

(iv) 

Previous infection experiments had utilised a variety of time points. This experiment was performed 

to provide a final confirmation that the pre-incubation centrifuge step increases GBS yield from the 

monocytes in the context of five hours of antibiotic treatment. 

Infection with Centrifugation (iv) 

The procedure from Experiment 4 was generally repeated; with the following modifications; 

The infections included five hours of antibiotic treatment. Supernatants from the final, pre-

processing washes were taken for analysis of their GBS content. 

Observations 

Infection 5; Prepared monocytes: 5.55E5 cells/ml, Used monocytes: 5.00E5 cells/ml, Prepared GBS: 

6.54E9 CFU/ml, Used GBS: 6.54E8 CFU/ml. Therefore the MOI ratio was 1308. 

After five hours of antibiotic treatment, over 25 times more GBS were recovered from the 

centrifuged treatment than the non-centrifuged treatment (2.5E8 and 9.8E6 CFU/ml 

respectively).The GBS recovered from the final pre-wash supernatant remained much higher than 

desired; 3.87E7 CFU/ml at T=4 and 2.6E6 CFU/ml at T=6.  
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FIGURE AP2.12: Infection 5. GBS recovered from centrifuged vs non-centrifuged monocytes 
infected with GBS 874391 at an MOI of 1308; including the final wash supernatant at time point 6. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. After both treatments underwent 1 hour of incubation in 5% CO2 at 37oC, ABX were 

added at time point 1 (after processing samples for that time point).After 5 hours of ABX, the supernatant from 

the final PBS wash was also processed for GBS CFU/ml counts. Time 0 is post centrifuge/incubation (i.e. 50 

minutes after the infection). Lines show mean and SEM from 3 technical replicates. 

Infection 6; Prepared monocytes: 5.81E5 cells/ml, Used monocytes: 5.23E5 cells/ml, Prepared GBS: 

7.14E9 CFU/ml, Used GBS: 7.14E8 CFU/ml. Therefore the MOI ratio was 285. 

After five hours antibiotic treatment (T=6), 3.42E8 CFU/ml GBS were recovered from the infected 

cells. The number of GBS in the pre-processing supernatants increased between the first and final 

washes (5.8E5 to 9.7E6 CFU/ml respectively). 
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FIGURE AP2.13: Infection 6. GBS recovered from centrifuged monocytes infected at an MOI of 285; 
and including the first and final pre-processing wash supernatants. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. At each time point, the supernatant from both the first and final PBS washes were also 

processed for GBS CFU/ml counts. Time 0 is post centrifuge (i.e. 50 minutes after the infection). ABX was added 

after 1 hour of incubation in 5% CO2 at 37oC (i.e. at time point 1 - after processing samples for that time point). 

Lines show mean and SEM from 3 technical replicates. 

Interpretation 

Higher GBS cell counts observed in subsequent wash supernatants indicates that fragile monocytes 

are releasing GBS back into the media during the washing process. Infection is naturally antagonistic 

and therefore stressful environment for the monocytes. So the infection context itself may 

contribute to the fragility of the monocytes after six hours of infection. It is also possible that 

subjecting the monocytes to a 50 minute centrifuge prior to the incubation may damage the 

monocytes in the infection. The MOI was high during both these infections. Therefore, the high 

bacterial loads likely contributed to stress resulting in damage to the monocytes. 

Experiment 9: Infections 7 to 11. Assess Monocyte Viability  

Experiments were performed to test the impact of protecting the monocytes from unnecessary 

damage during the infection in an attempt to mitigate release of GBS into the media during the pre-

processing washes. The goal of these experiments was to optimise the infection protocol so that 

monocyte viability is preserved over the infection period. 
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Infection Assessing Monocyte Viability 

The procedure used in Experiment 8 was generally repeated for four infections - with the following 

modifications; 

In Infections 7 and 8, washed GBS cells were resuspended in 20ml bRPMI instead of 10ml in an 

attempt to reign in the MOI to <200 (ideally between 50 and 150). The pre-processing wash 

centrifuges were reduced from 500g to 300g to mitigate monocyte damage as much as possible. On 

top of these modifications, Infection 9 further diluted the washed GBS cells in 30ml bRPMI instead of 

20ml. Also, the second pre-processing wash supernatant was processed instead of the first, to 

mitigate the effect of ABX in the media influencing the GBS counts. Additionally, Infection 10 utilised 

the NucleoCounter NC-200 to measure viable monocyte counts (employing the acridine orange 

fluorescent stain for all cells, less DAPI stained dead cells). For Infection 11, the pre-incubation 

centrifuge was reduced to 5 minutes from 50 minutes. 

Observations 

Infection 7; Prepared monocytes: 3.07E6 cells/ml, Used monocytes: 2.76E6 cells/ml, Prepared GBS: 

5.86E9 CFU/ml, Used GBS: 5.86E8 CFU/ml. Therefore the MOI ratio was 212. 

After 3 hours of antibiotic treatment (T=4), 7.26E5 GBS were recovered from the infection (Note: no 

GBS were counted for T=6 due to a gel failure). No GBS colonies were recorded in the first pre-

processing wash supernatants at T=6. Only 2.6E4 colonies were recorded in the final wash 

supernatant. 
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FIGURE AP2.14: Infection 7. GBS recovered from centrifuged monocytes infected at an MOI of 212; 
and including the first and final pre-processing wash supernatants. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. At each time point, the supernatant from both the first and final PBS washes were also 

processed for GBS CFU/ml counts. Time 0 is post centrifuge (i.e. 50 minutes after the infection). ABX was added 

after 1 hour of incubation in 5% CO2 at 37oC (i.e. at time point 1 - after processing samples for that time point). 

Lines show mean and SEM from 3 technical replicates. 

Infection 8; Prepared monocytes: 3.07E6 cells/ml, Used monocytes: 2.76E6 cells/ml, Prepared GBS: 

4.66E9 CFU/ml, Used GBS: 4.66E8 CFU/ml. Therefore the MOI ratio was 168. 

After 5 hours of antibiotic treatment (T=6), 2.84E6 CFU/ml of GBS was recovered from the infected 

monocytes. 1.92E5 CFU/ml GBS were recovered from the final wash supernatant. 

 
FIGURE AP2.15: Infection 8. GBS recovered from centrifuged monocytes infected at an MOI of 168; 
and including the first and final pre-processing wash supernatants. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. At each time point, the supernatant from both the first and final PBS washes were also 

processed for GBS CFU/ml counts. Time 0 is post centrifuge (i.e. 50 minutes after the infection). ABX was added 
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after 1 hour of incubation in 5% CO2 at 37oC (i.e. at time point 1 - after processing samples for that time point). 

Lines show mean and SEM from 3 technical replicates. 

Infection 9; Prepared monocytes: 2.94E6 cells/ml, Used monocytes: 2.65E6 cells/ml, Prepared GBS: 

3.14E9 CFU/ml, Used GBS: 3.14E8 CFU/ml. Therefore the MOI ratio was 118. 

After five hours of antibiotic treatment (T=6), 8.38E5 CFU/ml of GBS was recovered from the 

infected monocytes. The final wash supernatant yielded 2.09E4 CFU/ml of GBS. The second and final 

wash supernatants yielded close to the same amount of GBS. 

 
FIGURE AP2.16: Infection 9. GBS recovered from centrifuged monocytes infected at an MOI of 168; 
and including the second and final pre-processing wash supernatants. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. At each time point, the supernatant from both the second and final PBS washes were 

also processed for GBS CFU/ml counts. Time 0 is post centrifuge (i.e. 50 minutes after the infection). ABX was 

added after 1 hour of incubation in 5% CO2 at 37oC (i.e. at time point 1 - after processing samples for that time 

point). Lines show mean and SEM from 3 technical replicates. 

Infection 10; Prepared monocytes: 2.90E6 cells/ml, Used monocytes: 2.61E6 cells/ml, Prepared GBS: 

2.64E9 CFU/ml, Used GBS: 2.64E8 CFU/ml.  Therefore the MOI ratio was 101. 

After five hours of antibiotic treatment (T=6), 1.56E6 CFU/ml of GBS was recovered from the 

infected monocytes. The final wash supernatant yielded 1.73E4 CFU/ml of GBS. The second and final 

wash supernatants yielded close to the same amount of GBS. 
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FIGURE AP2.17: Infection 10. GBS recovered from monocytes infected with GBS 874391 at an MOI 
of 101; and including the second and final pre-processing wash supernatants. 
CFU/ml counts of GBS were performed at each time point after washing the cells with PBS and lysing the 

monocytes with Triton. At each time point, the supernatant from both the second and final PBS washes were 

also processed for GBS CFU/ml counts. Time 0 is post centrifuge (i.e. 50 minutes after the infection). ABX was 

added after 1 hour of incubation in 5% CO2 at 37oC (i.e. at time point 1 - after processing samples for that time 

point). Lines show mean and SEM from 3 technical replicates. 

At T=6, 1.04E6 viable cells/ml of monocytes were recorded from a total of 1.57E6 cells/ml (i.e. 66.1% 

cell viability). Monocyte viability underwent a significant decline from 83% viability at T=4 (1.26E6 

viable monocytes/ml).  

 
FIGURE AP2.18: Infection 10. Counts of viable infected monocytes over the infection period. 
Single viable cells/ml counts of monocytes over 6 hours of infection with GBS. Cell count enumerated from the 

final wash pellet resuspensions using the Nucleocounter NC-200. Time 0 is post centrifuge (i.e. 50 minutes after 

the infection). 

 



223 
 

Infection 11; Prepared monocytes: 3.37E6 cells/ml, Used monocytes: 3.03E6 cells/ml, Prepared GBS: 

2.66E9 CFU/ml, Used GBS: 2.66E8 CFU/ml. Therefore the MOI ratio was 79. 

When reducing the infection centrifuge to 5 minutes from 50 minutes, after five hours of antibiotic 

treatment (T=6), 6.56E5 CFU/ml of GBS was recovered from the infected monocytes. The final wash 

supernatant yielded 7.29E3 CFU/ml of GBS. The second and final wash supernatants yielded close to 

the same amount of GBS. 

 
FIGURE AP2.19: Infection 11. GBS recovered from monocytes infected with GBS 874391 at an MOI 
of 79; and including the second and final pre-processing wash supernatants. 
Infection centrifuge reduced from 50 to 5 minutes. CFU/ml counts of GBS were performed at each time point 

after washing the cells with PBS and lysing the monocytes with Triton. At each time point, the supernatant 

from both the second and final PBS washes were also processed for GBS CFU/ml counts. Time 0 is post 

centrifuge (i.e. 5 minutes after the infection). ABX was added after 1 hour of incubation in 5% CO2 at 37oC (i.e. 

at time point 1 - after processing samples for that time point). Lines show mean and SEM from 3 technical 

replicates. 

 

At T=6, 1.41E6 viable cells/ml of monocytes were recorded from a total of 1.70E6 cells/ml (i.e. 83.1% 

cell viability). This represented a moderate decline from T=4 where the recorded monocyte cell 

viability was 89.2%. 
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FIGURE AP2.20: Infection 11. Counts of viable infected monocytes over the infection period. 
Single viable cells/ml counts of monocytes over 6 hours of infection with GBS 874391. Cell counts were 

enumerated from the final wash pellet resuspensions using the Nucleocounter NC-200. Time 0 is post centrifuge 

(i.e. 5 minutes after the infection). 

 

Interpretation 

Low GBS numbers recovered from the first wash supernatants were likely influenced by ABX 

remaining active in the media. Using the second wash (PBS) produced more consistent, reliable GBS 

counts for early wash analysis – indicating that the ABX had been effectively diluted out of the 

media. 

Reducing the MOI to around 100 reduced the amount of GBS being released by damaged monocytes 

into the media during washing, however, the numbers of GBS recovered from the infected 

monocytes also declined as a result of this measure - to between 5.0E5 and 1.5E6 CFU/ml. This 

equates to roughly 1 GBS internalised for every two viable monocytes. Nevertheless, this is 

considered sufficient GBS for downstream RNA extractions as the infections can be scaled up. 

Even though reducing the MOI also reduced monocyte stress, monocyte viability after five hours of 

antibiotic treatment was low – potentially having an undue influence on downstream applications. A 

roughly 3-fold drop between monocyte numbers at infection, and monocyte numbers after the 

centrifuge (FIGURE: 3.19) indicated that the pre-incubation centrifuge may also be contributing 

stress to the monocytes. Given the improvement on monocyte viability, reducing the pre-incubation 
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centrifuge to 5 minutes from 50 minutes appears to have reduced monocyte stress to the point 

where monocyte RNA can be considered reliable – though the roughly 3-fold reduction between 

infection and incubation remains (FIGURE: 3.20 ).  

Experiment 10: Infections 12 to 14. Centrifugation to Preserve Monocyte Viability 

Three independent infections were conducted to confirm the most ideal conditions for recovering 

the highest number of GBS from infected monocytes, while at the same time preserving monocyte 

integrity. 

Infection with Centrifugation (v) 

The protocol and optimisations applied in Experiment 9 were generally followed for three primary 

treatments over three independent infections. The three treatments were; 1) a 50 minute pre-

incubation infection rested on a bench, 2) a 50 minute pre-incubation centrifuge, and 3) a 5 minute 

pre-incubation centrifuge. All pre-incubation conditions were performed at room temperature. 

Observations 

Infection 12; Prepared monocytes: 3.26E6 cells/ml, Used monocytes: 2.93E6 cells/ml, Prepared GBS: 

4.54E9 CFU/ml, Used GBS: 4.54E8 CFU/ml.  Therefore the MOI ratio was 155. 

The highest amount of GBS recovered from the final, pre-processing wash supernatant was 4.5E5 

(mean) from the 50-minute-centrifuge treatment. The least amount of GBS recovered from the final, 

pre-processing wash supernatant was 2.7E3 CFU/ml (mean) from the 50-minute-non-centrifuged 

treatment.  
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FIGURE AP2.21: Infection 12. GBS recovered from infected monocytes and final wash supernatants 
for three, pre-incubation conditions; no-centrifuge, 5 minute centrifuge and 50 minute centrifuge. 
Monocytes were infected with GBS 874391 at an MOI of 155. The non-centrifuged treatment was left at room 

temperature for 50 minutes. The 5 minute centrifuge treatment was left at room temperature for 45 minutes, 

then centrifuged for 5 minutes. And the 50 minute centrifuge treatment was centrifuged for 50 minutes. All 

centrifuges were at room temperature. After the 50 minute treatment, infections were incubated in 5% CO2 at 

37oC for 6 hours (ABX added after 1 hour of incubation). GBS CFU/ml counts were enumerated after 6 hours of 

infection (5 hours of ABX treatment). Lines show mean and SEM from 3 technical replicates. 

 

After six hours of infection, including five hours of ABX, the monocyte viability of the 5-minute-

centrifuge, the 50-minute-centrifuge and 50-minute-non-centrifuged treatments were 84.1%, 62.2% 

and 63.7% respectively. 

 
FIGURE AP2.22: Infection 12. Monocyte and GBS cell count/ml after 5 hours of antibiotic 
treatment. 
Comparison of GBS CFU/ml, total monocyte cells/ml and viable monocyte cells/ml after 6 hours of infection 

(including 5 hours of ABX) for 3, pre-incubation conditions; no-centrifuge, 5 minute centrifuge and 50 minute 

centrifuge. Single viable monocyte counts and 3 technical replicates for GBS counts (Mean and SEM). 
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Infection 13; Prepared monocytes: 3.14E6 cells/ml, Used monocytes: 2.83E6 cells/ml, Prepared GBS: 

3.80E9 CFU/ml, Used GBS: 3.80E8 CFU/ml.  Therefore the MOI ratio was 134. 

The highest amount of GBS recovered from the final, pre-processing wash supernatant was 1.9E4 

(mean) from the 50-minute-centrifuge treatment. The least amount of GBS recovered from the final, 

pre-processing wash supernatant was 1.1E3 (mean) from the 50-minute-non-centrifuged treatment. 

 
FIGURE AP2.23: Infection 13. GBS recovered from infected monocytes and final wash supernatants 
for three, pre-incubation conditions; no-centrifuge, 5 minute centrifuge and 50 minute centrifuge. 
Monocytes were infected with GBS 874391 at an MOI of 134. The non-centrifuged treatment was left at room 

temperature for 50 minutes. The 5 minute centrifuge treatment was left at room temperature for 45 minutes, 

then centrifuged for 5 minutes. And the 50 minute centrifuge treatment was centrifuged for 50 minutes. All 

centrifuges were at room temperature. After the 50 minute treatment, infections were incubated in 5% CO2 at 

37oC for 6 hours (ABX added after 1 hour of incubation). GBS CFU/ml counts were enumerated after 6 hours of 

infection (5 hours of ABX treatment). Lines show mean and SEM from 3 technical replicates. 

 

After six hours of infection, including five hours of ABX, the monocyte viability of the 5-minute-

centrifuge, the 50-minute-centrifuge and 50-minute-non-centrifuged treatments were 75.6%, 57.4% 

and 60.4% respectively. 
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FIGURE AP2.24: Infection 13. Monocyte and GBS cell count/ml after 5 hours of antibiotic 
treatment. 
Comparison of GBS CFU/ml, total monocyte cells/ml and viable monocyte cells/ml after 6 hours of infection 

(including 5 hours of ABX) for 3, pre-incubation conditions; no-centrifuge, 5 minute centrifuge and 50 minute 

centrifuge. Single viable monocyte counts and 3 technical replicates for GBS counts (Mean and SEM). 

Infection 14; Prepared monocytes: 3.28E6 cells/ml, Used monocytes: 2.95E6 cells/ml, Prepared GBS: 

3.60E9 CFU/ml, Used GBS: 3.60E8 CFU/ml. Therefore the MOI ratio was 122. 

The highest amount of GBS recovered from the final, pre-processing wash supernatant was 1.5E4 

(mean) from the 50-minute-centrifuge treatment. The least amount of GBS recovered from the final, 

pre-processing wash supernatant was 1.6E3 (mean) from the 50-minute-non-centrifuged treatment.  

 
FIGURE AP2.25: Infection 14. GBS recovered from infected monocytes and final wash supernatants 
for three, pre-incubation conditions; no-centrifuge, 5 minute centrifuge and 50 minute centrifuge. 
Monocytes were infected with GBS 874391 at an MOI of 122. The non-centrifuged treatment was left at room 

temperature for 50 minutes. The 5 minute centrifuge treatment was left at room temperature for 45 minutes, 

then centrifuged for 5 minutes. And the 50 minute centrifuge treatment was centrifuged for 50 minutes. All 

centrifuges were at room temperature. After the 50 minute treatment, infections were incubated in 5% CO2 at 
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37oC for 6 hours (ABX added after 1 hour of incubation). GBS CFU/ml counts were enumerated after 6 hours of 

infection (5 hours of ABX treatment). Lines show mean and SEM from 3 technical replicates. 

After six hours of infection, including five hours of ABX, the monocyte viability of the 5-minute-

centrifuge, the 50-minute-centrifuge and 50-minute-non-centrifuged treatments were 80.6%, 83.1% 

and 62.3% respectively. 

 
FIGURE AP2.26: Infection 14. Monocyte and GBS cell count/ml after 5 hours of antibiotic 
treatment. 
Comparison of GBS CFU/ml, total monocyte cells/ml and viable monocyte cells/ml after 6 hours of infection 

(including 5 hours of ABX) for 3, pre-incubation conditions; no-centrifuge, 5 minute centrifuge and 50 minute 

centrifuge. Single viable monocyte counts and 3 technical replicates for GBS counts (Mean and SEM). 

 

An initial One-way-ANOVA of the data reported no significant differences between the three 

treatments for GBS counts, monocyte counts or monocyte viability. This appears inconsistent with 

the biological and graphical data so it was decided to increase the resolution of the individual 

comparisons using t-tests. No significance was reported for GBS counts between the 50 and 5 

minute centrifuge treatments. However GBS counts for the non-centrifuged treatment were 

significantly lower than both the 5 minute centrifuge treatment (P=0.0144) and the 50 minute 

centrifuge treatment (P=0.0194). With regards to monocyte counts and viability, no significance was 

reported between the 50 minute centrifuge treatment and either of the other treatments – possibly 

due to the broad spread of the 50 minute Centrifuge data (SEM = 7.9 compared to 2.4 for the 5 

minute centrifuge treatment and 1.0 for the non-centrifuged treatment).  The 5 minute centrifuge 
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treatment was significantly higher than the non-centrifuged treatment for both monocyte counts 

(P=0.0061) and the monocyte viability (P=0.012). 

 
FIGURE AP2.27: The effect of varying pre-incubation centrifuging times on the GBS CFU/ml 
recovered from monocytes after 5hrs antibiotic treatments.  
Data represents values derived from three independent infections. Lines are Mean and SEM. Based on the t-test 
analysis, GBS counts for the non-Centrifuged treatment were significantly lower than for both the 5 minute 
centrifuge treatment (p=0.0144) and the 50 minute centrifuge treatment (p=0.0194). No statistical significance 
is reported for GBS counts between the 5 minute and 50 minute centrifuge treatments. 

 
FIGURE AP2.28: The effect of varying pre-incubation centrifuging times on monocyte survival 
(cells/ml) and viability (%) after 5hrs antibiotic treatments.  
Data represents values derived from three independent infections. Data in blue represents the viable monocyte 
counts (Mean and SEM). Red bars represents the viable monocytes as a percentage of the total monocytes 
(cells/ml). T6 = 6 hours of infection (5 hours of ABX). Notably, the 5 minute centrifuge treatment was 
significantly higher than the non-centrifuge in both monocyte counts (p= 0.0061) and percentage viability (p= 
0.012). No statistical significance was reported between the 50 minute centrifuge treatment and either of the 
other treatments. 
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Interpretation 

A 50 minute pre-incubation centrifuge treatment was found to increase the yield of recovered GBS 

from the monocytes by a factor of 1 to 3log10. However monocyte viability suffered as a 

consequence; with damaged cells releasing GBS into the supernatant during washes. Reducing the 

centrifuge to 5 minutes results in higher viability of monocytes over the period of the experiment 

whilst maintaining high GBS yields. The 5 minute, pre-incubation centrifuge therefore provides the 

most optimal conditions for both consistently high levels of monocyte viability, and high yields of 

GBS recovered from the monocytes. With a five minute pre-incubation centrifuge, around 1.0E6 

CFU/ml of GBS are consistently recovered from challenged U937 monocytes (i.e. total count around 

3.0E6 CFU/3ml) after a 1 hour incubation followed by five hours of ABX – which is a theoretically 

sufficient survival rate to retrieve enough RNA to detect differential expression from the GBS after 

scaling up the infection model. 

Experiment 11: Infections 15 to 17. Scaling Up the Infection Protocol 

To secure enough bacterial RNA from the infection, the established protocol was scaled up so that 

more GBS could be recovered from each infection. 

24ml Infection 

The 5 minute pre-incubation protocol (Experiment 10) was generally followed – with the following 

modifications; 

The infection was increased from 3ml to 24ml. 4mls per well of infected monocytes were aliquoted 

into all 6 wells of a Costar 6-well cell culture plate (Corning) before centrifuging and incubation. 1ml 

from each of the six wells was processed separately to attain GBS counts (i.e. 6 technical replicates, 

each plated in triplicate), then the remaining 3ml in each well was combined before performing 

monocyte counts and viability measures. 
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Observations 

The MOI for infections 15, 16 and 17 were determined to be 80, 179 and 106 respectively. After six 

hours incubation (five hours ABX), the mean GBS recovered from the infection was 7.1E5, 9.8E5 and 

9.6E5 CFU/ml respectively; with the mean total GBS recovered in 24 ml being 1.7E7, 2.4E7 and 

2.30E7 CFU/24ml respectively. The mean GBS recovered from the final wash supernatants was 

9.7E3, 1.9E4 and 9.9E3 CFU/ml respectively. Viable monocytes recovered from the infection were 

3.10E6, 2.27E6 and 2.46E6 cells/ml respectively, and monocyte viability was 90.1%, 89.4% and 91.2% 

respectively. 

 
FIGURE AP2.29: GBS counts (CFU/ml) and Monocyte counts (cells/ml) from three, 24ml infections. 
Lines are the means from 6 technical replicates for GBS and single viable monocyte count for each infection. For 

infections 15, 16 and 17, monocytes were infected with GBS 874391 at an MOI of 80, 179 and 106 respectively 

over 6 hours (5 hours ABX). 

Interpretation 

After upscaling the infection model to 24ml over three independent infections, the concentration of 

GBS in the final wash supernatants was roughly 2log10 less than the concentration of GBS derived 

from infected monocytes.  Furthermore, the monocyte integrity remained consistent – at around 

90% cell viability. Scaling up the infection 8-fold increased the GBS recovered the infections more 

than 6-fold (roughly 3.0E6 to roughly 2.0E7). Therefore, upscaling the infections successfully 

increased GBS yield without compromising monocyte integrity. 
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Experiment 12: Pilot Testing the Optimised Protocol with a GBS-only control 

Having established an infection protocol yielding sufficient GBS from U937 monocytes, the protocol 

was tested without monocytes to establish its suitability as a control against which to compare the 

infections. 

Mock Infection – Diluted Media 

The scaled up protocol from Experiment 11 was generally followed with the following modifications; 

Given that GBS have been observed to proliferate in bRPMI media (Lin et al., 2017, Lamy et al., 

2004), a 10% bRPMI media used in this infection (diluted 90% in autoclaved double-distilled water) 

to limit GBS growth. 1% of the washed GBS was added to the mock-infection media to reflect GBS 

numbers recovered from the previous infections. That is, 260µl of washed GBS cells in bRPMI were 

inoculated into 26ml (less 260µl) of diluted bRPMI. No ABX were used in the mock-infection. 

Note: From this time, in addition to the mock infections (GBS 874391 in media), true infections were 

also performed (i.e. monocytes infected with GBS 874391). At T=6, after removing 1ml for 

processing, the infection mix was centrifuged at 4816g for 10 minutes and the pellets resuspended 

in 0.5ml TRIzol before freezing at -80oC – to be used for later RNA preparations. 

Observations 

After overnight incubation and colony counts (TSA-Blood agar plates), the concentration of washed 

GBS was determined to be 3.66E9 CFU/ml. 1% of this concentration contributed to the mock-

infection (3.66E7 CFU/ml). After six hours incubation, 1.28E7 CFU/ml of GBS was recovered from the 

mock-infection. 
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FIGURE AP2.30: Mock-infection 1. GBS-only control in 10% bRPMI diluted in water. 
Diluted bRPMI media infected with 3.66E7 CFU/ml GBS 874391. GBS counts from 6 technical replicates after 6 

hours of infection (no ABX). 

Interpretation 

Over the period of incubation, GBS numbers fell to 35% of the original inoculation levels. This 

indicates that the GBS were undergoing stress. The transcript of GBS is likely to be adversely 

influenced by cell stress. Therefore, this mock infection model does not provide a suitable control for 

the established infection model. 

Experiment 13: GBS-only Mock-Infection 

Experiments were conducted to find a suitable media formulation for the GBS control treatment.  

That is, a media formulation that can be used across the three treatments (infection, GBS-only, 

monocyte-only), that will generate a sufficient yield of quality RNA to provide neutral transcript 

controls (from GBS-only and monocyte-only treatments) to compare against the transcripts 

generated by the GBS and monocytes from infected samples. Both conditions causing GBS stress and 

conditions for optimal growth could be assumed to impact the transcriptome in ways that deviate 

from the conditions of the infection treatment. The goal of this experiment was therefore to develop 

a suitable media formulation; based on variations of basal, supplemented and complete RPMI 

(bRPMI, sRPMI and cRPMI) with FBS - empirically demonstrating neither GBS stress nor growth over 

the 6 hour incubation period. The correct media formulation will allow for similar numbers of GBS to 
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be incubated in parallel, in the absence of monocytes, such that differences in bacterial growth 

would not cloud the observations of GBS responding to the monocyte cells. 

Mock-Infection (ii) - Media Formulations 

The procedures from Experiment 12 were generally followed for varying formulations of infection 

media. The following media formulations were tested; 

Mock-infection 2 – 10%, 20%, 50% and 100% (1X) bRPMI diluted in PBS (incubated for one hour: 

T=1). 

Mock-infection 3 – 1X bRPMI, bRPMI with supplements (sRPMI) - i.e. cRPMI without ABX, Beta-

Mercaptoethanol or FBS, and sRPMI with 10% FBS (incubated for one hour). 

Mock-infection 4 – 0.5%, 1%, 2%, 2.5%, 5% and 10% FBS in sRPMI (incubated for one hour). 

Mock-infection 5 – Repeat Mock-infection 4 with two additional conditions; sRPMI and bRPMI 

without any FBS (incubated for six hours). 

Mock infection 6 – 0.01%, 0.05%, 0.1%, 0.5% FBS for both full sRPMI and 10% dilution of sRPMI in 

PBS (incubated for six hours). 

Mock-infection 7 – 0.0000001%, 0.000001%, 0.00001%, 0.0001%, 0.001%, 0.01%, 0.1%, 0.5% FBS in 

sRPMI (incubated for six hours). 

Mock-infection 8 – Repeat Mock-infection 7 

Roughly 3.0E6 CFU/ml of washed GBS (in bRPMI) were added to the treatment media of each mock-

infection to reflect the GBS numbers derived from earlier experiments (slightly higher to account for 

a range of possible experimental outcomes). 
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Observations 

For Mock-infection 2 (FIGURE AP2.31), after just 1 hour of incubation, GBS numbers recovered from 

the media dropped by roughly 1log10 – indicating that the GBS are undergoing stress, even in 1X 

bRPMI. 

 
FIGURE AP2.31: Mock-infection 2. Testing GBS survival and proliferation in bRPMI diluted in PBS. 
GBS survival in bRPMI (1X) and 3 dilutions of bRPMI - 10% (1:10), 20% (1:5) and 50% (1:2); diluted in PBS. GBS 

counts derived from 3 technical replicates processed both before and after a 1 hour incubation in 5% CO2 at 

37oC. 

For Mock-infection 3 (FIGURE AP2.32), after 1 hour of incubation, GBS number recovered from the 

bRPMI and sRPMI media decreased by roughly 1log10. However, cells in the media containing 10% 

FBS more than doubled over that same period – indicating that the conditional factor is in the FBS. 

 
FIGURE AP2.32: Mock-infection 3. Testing GBS survival and proliferation in 1X bRPMI, sRPMI, and 
sRPMI with 10% FBS. 
GBS survival in bRPMI (1X), supplemented RPMI (sRPMI) and sRPMI further supplemented with 10% FBS. GBS 
counts derived from 3 technical replicates processed both before and after a 1 hour incubation in 5% CO2 at 
37oC. 
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For Mock-infection 4 (FIGURE AP2.33), after 1 hour of incubation, GBS appeared to stabilize for the 

media containing between 0.5% and 5% FBS. However, the assay was inconclusive with regards to a 

lower optimal range of FBS. 

 
FIGURE AP2.33: Mock-infection 4. Testing GBS survival and proliferation in sRPMI containing 
various dilutions of FBS. 
GBS survival in sRPMI containing 6 different concentrations of FBS (%). GBS counts derived from 3 technical 

replicates processed both before and after a 1 hour incubation in 5% CO2 at 37oC. 

In Mock-infection 5 (FIGURE AP2.34), extending the incubation time to six hours failed to resolve a 

lower range of FBS concentration using the given dilutions. bRPMI and sRPMI conditions confirmed 

earlier experiments that neither media formulation contains sufficient nutrients to maintain GBS 

numbers. 

 
FIGURE AP2.34: Mock-infection 5. Testing GBS survival and proliferation in sRPMI containing 
various dilutions of FBS over six hours – with the addition a bRPMI and sRPMI treatment. 
GBS survival in sRPMI containing 7 different concentrations of FBS (%), including sRPMI without any FBS, and 

1X bRPMI. GBS counts derived from 3 technical replicates processed both before and after a 6 hour incubation 

in 5% CO2 at 37oC. 
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For Mock-infection 6 (FIGURE AP2.35), after six hours of incubation, the sRPMI media containing 

0.5% FBS revealed cell growth over the period. GBS numbers stabilised in the sRPMI media 

containing between 0.01% and 0.1% FBS. All 1:10 diluted sRPMI demonstrated cell death over the 

period; regardless of the concentration of FBS. 

 
FIGURE AP2.35: Mock-infection 6. Testing GBS survival and proliferation in sRPMI containing 
heavier dilutions of FBS and additionally, the same concentrations of FBS in 1:10 dilutions of 
sRPMI. 
GBS survival in 1X sRPMI and 10% (1:10) dilutions of sRPMI - each with 4 different concentrations of FBS (%). 

GBS counts derived from 3 technical replicates processed both before and after a 6 hour incubation in 5% CO2 

at 37oC. 

 

 

 

For Mock-infection 7 (FIGURE AP2.36), after six hours incubation, GBS numbers stabilised in the 

media formulations containing 0.01% and 0.1% FBS. 
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FIGURE AP2.36: Mock-infection 7. Testing GBS survival and proliferation in sRPMI containing 
heavier dilutions of FBS. 
GBS survival in sRPMI containing 8 different concentrations of FBS (%). GBS counts derived from 3 technical 

replicates processed both before and after a 6 hour incubation in 5% CO2 at 37oC. 

For Mock-infection 8 (FIGURE AP2.37), after six hours incubation, GBS numbers stabilised in the 

sRPMI containing 0.1% FBS. Unlike the previous two experiments, the treatment containing 0.01% 

FBS yielded a clear reduction in cell numbers over the period. 

 
FIGURE AP2.37: Mock-infection 8. Testing GBS survival and proliferation in sRPMI containing 
heavier dilutions of FBS. 
GBS survival in sRPMI containing 8 different concentrations of FBS (%). GBS counts derived from 3 technical 

replicates processed both before and after a 6 hour incubation in 5% CO2 at 37oC. 

Interpretation 

Neither bRPMI nor sRPMI contained sufficient nutrients to facilitate maintenance of GBS numbers. 

Whilst FBS was determined to be the primary conditional factor, diluting the sRPMI also resulted in 

GBS stress regardless of the FBS concentration. Therefore both sRPMI and an empirically determined 

concentration of FBS are required to enable survival of GBS 874391 over the six hour incubation 
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period. The reduction in cells for the 0.01% FBS media in Mock-infection 8 indicates that the GBS in 

this condition are on the cusp of stress. 

After eight independent experiments were performed (including Experiment 12) over varying time 

frames testing various media conditions, three independent experiments demonstrated that bRPMI 

media supplemented with 5ml 100mM Na Pyruvate, 5ml 100X non-essential Amino Acids, 5ml 100X 

GlutaMAX (Gibco), 5ml 100X Pen/Strep antibiotics, 12.5ml 1M HEPES (i.e. sRPMI) with added 0.1% 

heat-inactivated FBS, maintained consistent numbers of GBS 874391 under the incubation 

conditions required for the infections (i.e. no GBS growth or death indicated in the colony counts). 

This therefore represents an appropriate media formulation for both the infections and GBS-only 

control treatment. 

Experiment 14: Extracting RNA from cells stored in TRIzol 

Having optimised the experimental conditions required to produce sufficient, viable monocytes and 

GBS for downstream processing, these infected cells now had to be collected in a manner to 

facilitate RNA extraction and analysis. In order to optimise the RNA extraction process, a stock of 

mixed/infection samples and GBS controls were required. Gene expression levels of both GBS and 

monocytes derived from internalised infection will later be examined by Real-Time quantitative 

Polymerase Chain Reaction (RT-qPCR). Good quality and sufficient quantities of RNA therefore needs 

to be isolated from both cell types derived from the infections. 

Excessive DNA in an RNA sample can interfere with downstream signalling of RNA expression. 

Nucleotide absorbance measured on the Biospetrometer only generally distinguishes between DNA 

and RNA. A poor RNA sample may be saturated with DNA, whereas a sample of reasonable quality 

should only reveal ribosomal RNA bands on a gel. 

The goal of this experiment was to generate RNA from mixed and GBS-only samples collected 

through applying the protocol optimisations developed in previous experiments. 
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RNA Isolation 

Following the optimised protocol (including the media formulation from Experiment 13), 18 

infections and 4 GBS-only controls were performed. After 1ml of each was taken for processing, the 

remaining 23ml was centrifuged at 500g for 10 minutes before resuspending the pellet in 0.5ml 

TRIzol reagent and storing at -80oC. 

The Thermo Fisher/Invitrogen TRIzol Reagent User Guide for RNA isolation was generally followed; 

namely, chloroform was added to the TRIzol suspension, then centrifuged before precipitation of the 

RNA from the aqueous phase, then washing, eluting and quantification. Elutions were performed 

with nuclease-free Ultrapure Distilled Water (Invitrogen). Samples were quantified by absorbance on 

an Eppendorf Biospetrometer (1mm) and stored at -80oC. 2µg of RNA for selected samples were run 

on electrophoretic gel (1%) for 60 minutes at 100V. 

Observations 

With three exceptions, the amount of RNA isolated from the infections using the phenol-chloroform 

method was >100µg. Less than 1µg of RNA was recovered from each of the GBS-only controls. 

 
FIGURE AP2.38: Quantified RNA Extractions from TRIzol Reagent; Mixed (blue) and GBS-only (red) 
samples. 
Absorbance-based quantifications from 17 mixed RNA samples and 4 GBS-only samples (Mean and SEM). 
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TABLE AP2.01: GBS counts from infections and Eppendorf Biospectrometer (1mm) absorbance 
readings from individual RNA isolations. 

Sample CFU/ml ng/µl A260/A280 A260/230 Total µg Notes: 

1 9.80E5 6306.2 1.73 2.32 315.3 Infection 

2 1.08E6 2205.1 1.70 2.13 132.3 Infection 

3 1.62E6 6173.9 1.84 2.21 370.4 Infection 

4 1.38E6 3230.3 1.64 2.00 193.8 Infection 

5 9.60E5 49.5 1.77 2.70 2.9 Infection 

6 1.14E6 2142.2 1.73 2.36 128.5 Infection 

7 1.86E6 4156.6 1.81 1.92 249.4 Infection 

8 1.06E6 2407.2 1.71 2.25 144.4 Infection 

9 8.20E5 2385.2 1.73 2.36 143.1 Infection 

10 1.34E6 2834.9 1.79 1.73 166.8 Infection 

11 1.06E6 2276.8 1.75 2.56 136.6 Infection 

12 5.40E3 537.1 1.67 1.66 32.2 Infection 

13 2.24E4 4645.4 1.75 2.24 278.2 Infection 

14 1.72E5 1623.6 1.68 2.33 97.4 Infection 

15 1.74E5 1017.4 1.69 2.19 101.7 Infection 

16 1.66E6     Irrecoverable phase inversion 

17 1.48E6 3181.7 1.95 2.39 190.9 Infection 

18 6.20E5 4565.3 1.81 1.58 273.9 Infection 

19 6.20E5 14.6 1.23 0.09 0.83 GBS-only Control 

20 6.40E5 7.3 1.20 0.29 0.44 GBS-only Control 

21 1.24E6 5.0 1.38 0.30 0.30 GBS-only Control 

22 8.00E6 1.7 2.15 0.17 0.10 GBS-only Control 
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The expected two-band pattern representing the eukaryotic ribosomal subunit RNA (18S and 28S) 

was evident in most samples (FIGURE AP2.39). No secondary bands representing the bacterial 

ribosomal subunit RNA were detectable on the gel. 

 
FIGURE AP2.39: Agarose gel showing separation of eukaryotic ribosomal subunits from 2µg RNA 
isolated from 12 selected infection samples.  
Individual sample designations based on the date of RNA extraction. The ladder used was 1kb Plus DNA ladder 

(Invitrogen) with relevant sizes as indicated. 

Interpretation 

High amounts of good quality RNA is attainable through the TRIzol/Chloroform isolation method 

from GBS-challenged monocytes. However, only a very small portion of that RNA is bacterial. 

Experiment 15: Test RNA for Bacterial DNA Contamination 

GBS 874391 is characterised as Sequence Type 17 (ST17) and is thereby recognised as hypervirulent. 

There are several genes known to be common to ST17 GBS strains. One such gene is spb1 – encoding 

a pilin backbone gene. Primers characterising this gene can therefore be utilised to test the RNA 

samples for contamination of bacterial DNA. The goal of this experiment was ensure the collected 

RNA samples are free of bacterial DNA contamination that may interfere with downstream 

applications. 
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PCR with Bacterial Gene spb1 

Samples with high amounts of recorded RNA (Experiment 15) were selected for further testing. 

Standard PCR was performed using the Phusion High-Fidelity DNA polymerase (Thermo-Scientific) 

and following the manufacture’s protocol; namely, the each 20µl reaction contained 4µl of 5X HF 

Phusion Polymerase Buffer (1.5mM MgCl2), 0.4µl of 10mM dNTPs, 1µl of each 10µM primer, 0.2µl 

Phusion DNA Polymerase (2U/µl), 12.4µl of nuclease-free Ultrapure Distilled Water and 1µl of 

template RNA. The PCR program was 98oC for 30 seconds, followed by 35 cycles of 98oC for 10 

seconds denaturation, 60oC for 30 seconds annealing, 72oC for 30 seconds extension, and then 

finally, a single 72oC extension for 5 minutes. Three PCRs were performed on the infection RNA 

samples and two on the GBS-only control RNA samples. 

The spb1 primers used in this PCR were; 

Forward 5’-ATTGCGACATGGGCTAAATC (Designation: 1279 F1) 

Reverse 5’-TGAAGCTTTTGTGGAACCATG (Designation: 1279 R1) 

- generating an amplicon of ~762bp for the spb1 gene specific to ST17 strains of GBS. 

The synthesi from Ambion (Life Technologies) was utilised according to the manufactures 

instructions to DNase-treat each sample where bacterial DNA contamination was detected. PCR was 

subsequently re-performed on the DNase-treated samples. Amplification was analysed by gel 

electrophoresis. 

Observations 

No bacterial DNA contamination was readily detected (FIGURE AP2.40). However, in some samples, 

there was evident overlap between the sample smear and the spb1 band size which may be hiding 

contamination. Therefore a further experiment was performed on for samples containing areas of 

overlap to clarify those regions. 
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A    B  

FIGURE AP2.40: Agarose gels of 2 independent PCRs testing for the presence of bacterial DNA in 
selected infection samples.  
Electrophoresis was performed on putative PCR amplicons generated with spb1 bacterial DNA primers. GBS 
874391 (ST17) serves as the positive control for both experiments. In addition to the No Template Control 
(NTC), non-ST17 strains of GBS serve as negative controls for each experiment; GBS 0834 in gel A and GBS 0807 
in gel B. The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

When repeated for those samples with smears overlapping the region of interest, the amplicon of 

interest was abundantly amplified in the positive PCR control, but not evident in the challenged 

samples (FIGURE AP2.41). 

 
FIGURE AP2.41: Agarose gel of PCR rerun of 10 infection samples that previously demonstrated 
possible overlap with the amplified region of interest.  
Electrophoresis was performed on putative PCR amplicons generated with spb1 bacterial DNA primers with GBS 
874391 (ST17) serving as the positive control. The samples for this gel were selected based on possible overlap 
between the smear and amplicon in the previous gel (FIGURE AP2.40B). The ladder used was 1kb Plus DNA 
ladder (Invitrogen) with relevant sizes as indicated. 
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In all 4 GBS-only samples, there was obvious contamination of the RNA with GBS DNA (FIGURE 

AP2.42). 

A  B  

FIGURE AP2.42: Agarose gel showing bacterial DNA contamination of RNA isolated from 4 GBS-
only control treatments.  
Electrophoresis was performed on putative PCR amplicons generated with spb1 bacterial DNA primers. GBS 
874391 (ST17) serving as the positive control. DNA contamination of all additional negative control strains (GBS 
0834 and GBS 0807) was evident, however the primary negative control, the NTC, remained clear. The ladder 
used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

After the DNase treatment, there was no PCR amplicon of the spb1 bacterial gene evident in any of 

the DNase treated samples. 

 
FIGURE AP2.43: Agarose gel of PCR results for 4 DNA-contaminated RNA samples after treatment 
with the Turbo DNAfree Kit.  
Electrophoresis was performed on putative PCR amplicons generated with spb1 bacterial DNA primers. GBS 

874391 (ST17) serving as the positive control. The ladder used was 1kb Plus DNA ladder (Invitrogen) with 

relevant sizes as indicated. 
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Interpretation 

No bacterial DNA contamination was detected in the infection RNA samples. DNA contamination 

was overtly present in all four GBS-only RNA samples. The DNase enzyme in the Turbo DNAfree kit 

efficiently purified the RNA from DNA contamination. 

Experiment 16: Test RNA for Eukaryotic DNA Contamination 

The infection RNA samples further need to be examined for any possible contamination with 

eukaryotic/human DNA contributed by the human (U937) monocytes. Beta-actin (β–actin or ACTB) is 

a common eukaryotic housekeeping gene (Suzuki et al., 2000). Primers targeting this gene can 

therefore be utilised to test the infection RNA samples for contamination with human DNA. The goal 

of this experiment was ensure the collected RNA samples are free of eukaryotic DNA contamination 

that may interfere with downstream applications. 

PCR with Human Gene Beta-actin (β-actin) 

Standard PCR was performed using the Phusion High-Fidelity DNA polymerase and the following the 

manufacture’s protocol (see Experiment 15 for details). A PCR was performed on 12 infection RNA 

samples. A cDNA control (Olfactory Epithelial Cells) was supplied by Dr Deepak Ipe (Menzies Health 

Institute, Qld, Australia). 

The β–actin primers (20nt) used in this PCR were; 

Forward 5’-TCTACAATGAGCTGCGTGTG (Designation: Human Actin+GenomicF) 

Reverse 5’-GGTGAGGATCTTCATGAGGT Designation: Human Actin+GenomicR) 

This is an intron-intron primer set generating an expected genomic DNA amplicon of ~755bp for the 

human β–actin gene (and an expected amplicon of ~314bp for cDNA). These primers have been 

previously published (Castelruiz et al., 1999, Sarobe et al., 2002, Kethiri et al., 2017). 

Amplification was analysed by Electrophoresis run for 60 minutes at 100V on 2% agarose gels. 
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Observations 

Some faint banding is evident around the expected gDNA size of 755bp (FIGURE AP2.44). The 

amplicon for the expected cDNA size is conspicuous in the cDNA sample. 

 
FIGURE AP2.44: Agarose gel of PCR testing for Human genomic DNA contamination of RNA 
isolated from 12 selected infections. 
Electrophoresis was performed on putative PCR amplicons generated with β-actin eukaryotic (human) DNA 

primers and a cDNA sample serving as the positive control. The expected amplicon size for gDNA using these β-

actin primers is 755bp. The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

Interpretation 

This PCR indicates that there is some gDNA in the infection RNA samples. However, the bands 

around the size of interest (755bp) are too light on the gel to be able to generate confidence in the 

subsequent gDNA removal procedure. Therefore optimisation of these primers is required to 

generate a more informative results for downstream use. 

Experiment 17: Optimisation of PCR Procedures for β-actin primers 

Due to the light bands of expected size from the previous experiment, various optimisations are 

employed to generate stronger amplicon bands on the gel. Stronger, more explicit bands at the 

expected size were expected to provide a baseline from which to increase confidence in the gDNA 

removal (RNA purification) procedure. The goal of this experiment was to optimise the PCR 

procedures for the β-actin primers to get a brighter, more explicit band on the gel. 
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PCR Optimisations 

PCR Optimisation Overview 

Using the β-actin primers from the previous experiment, the PCRs were optimised in the following 

ways; 

PCR Optimisation 1 – 1:10 dilutions of the template were used to reduce the appearance of RNA 

smearing on the gel - to better distinguish amplicon bands from the background. 

PCR Optimisation 2 – A 1:10 dilution of cDNA a control was added to the experiment. 

PCR Optimisation 3 – Add dilutions of gDNA for another positive control. 

PCR Optimisation 4 – Optimise PCR for annealing temperature and MgCl2 concentrations. 

PCR Optimisation 5 – Repeat PCR Optimisation 4, but with a higher resolution of the MgCl2 

concentrations. 

Genomic DNA Preparation 

Genomic DNA was isolated from an infection suspension stored at -80oC in 0.5ml TRIzol. The Thermo 

Fisher/Invitrogen TRIzol Reagent User Guide for DNA isolation was generally followed; namely, 

chloroform was added to the TRIzol suspension, then centrifuged to separate into phases. After 

several rounds of re-centrifugation and washing from protein contaminants with ethanol, the DNA 

pellet was resuspended in 300µl nuclease-free Ultrapure Distilled Water. The DNA was incubated for 

90 minutes at 65oC, and then centrifuged at 12,000g for 10 minutes to remove any remaining 

contaminants. The supernatant containing the DNA was transferred to a new tube and quantified by 

absorbance on the Eppendorf Biospectrometer. 

Observations 

No 755bp band was evident at the 1:10 template concentrations used in these PCRs (FIGURE 

AP2.45). However, an unexpected band at the cDNA size (314bp) was present in both PCRs. For 
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unknown reasons, the cDNA control failed in PCR Optimisation 1, but was present in both dilutions 

in PCR Optimisation 2. 

A.  B.  

FIGURE AP2.45: PCR Optimisations 1 and 2. Agarose gels showing the results of 2 independent 
PCRs each testing the same 12 infection samples with β-actin primers - for gDNA contamination.  
Templates of all samples are a 1 in 10 RNA dilutions for both gels. Gel A utilised a 1X cDNA control. Gel B 
utilised both a 1X and a 1:10 diluted cDNA control. The expected amplicon size for gDNA using these β-actin 
primers is 755bp. The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

268.6µg of gDNA was prepared from an infection suspension and added to the PCR analysis as a 

positive control (FIGURE AP2.46). Even in the gDNA positive control, overt gel bands were only 

evident at the cDNA band size (314bp), but not the desired gDNA size (755bp). 

 
FIGURE AP2.46: PCR Optimisation 3. Agarose gels showing PCR results for 12 infection samples 
with β-actin primers – testing for gDNA contamination.  
Templates of all samples are a 1: 10 RNA dilutions. Four positive controls were utilised; 3 dilutions of gDNA 
isolated from an infection sample (1X, 1:10, 1:50) and a 1:10 dilution of cDNA. The expected amplicon size for 
gDNA using these β-actin primers is 755bp. The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant 
sizes as indicated. 
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Having tested for varying PCR annealing temperatures and MgCl2 concentrations on gDNA (FIGURES 

AP2.47-48), none of the optimisation measures revealed a clear band of desired size (755bp) from 

the gDNA template. A band at the size expected for cDNA continued to be overtly overrepresented 

in most of the tested conditions.  

 

 
FIGURE AP2.47: PCR Optimisation 4. Agarose gel showing PCR optimisation results (optimising for 
annealing temperature and MgCl2) for β-actin primers on a gDNA template.  
Six annealing temperatures were tested (57.4oC, 60.0oC, 63.6oC, 67.2oC, 70.5oC and 72.0oC) each for 3 

concentrations of MgCl2 (1.5mM, 3.0mM and 4.5mM). The expected amplicon size for gDNA using these β-actin 

primers is 755bp. The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 
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A  

B  

FIGURE AP2.48: PCR Optimisation 5. Agarose gel showing PCR optimisation results (further 
optimising for annealing temperature and MgCl2) for β-actin primers on a gDNA template. 
Higher resolution of MgCl2 tested than previous PCR (FIGURE AP2.47). Six annealing temperatures were tested 
(57.4oC, 60.0oC, 63.6oC, 67.2oC, 70.5oC and 72.0oC) each for 6 concentrations of MgCl2 (Gel A: 1.5mM, 2.0mM 
and 25.mM. Gel B: 3.0mM, 3.5mM and 4.0mM). The expected amplicon size for gDNA using these β-actin 
primers is 755bp. The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

 

Interpretation 

The primers used in these experiments are unsuitable to test the infection samples for human gDNA 

contamination. 
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Experiment 18: Optimisation of PCR Procedures for alternative β-actin primers 

Being unable to optimise the β–actin primers used in the previous experiments, alternate β–actin 

primers were employed in a further attempt to test the samples for eukaryotic DNA contamination 

(Bas et al., 2004). 

PCR Optimisations (ii) 

The β–actin primers (14-15nt) used in these experiments were; 

Forward 5’- CCTCGCCTTTGCCGA (Designation: Human Beta-Actin Forward) 

Reverse 5’- TGGTGCCTGGGGCG (Designation: Human Beta Actin Reverse) 

This primer set is expected to generate a genomic DNA amplicon of 1030bp for the human β–actin 

gene (and 176bp for cDNA). 

All amplicons were run on 2% agarose gel in TAE buffer at 100V for 60 minutes unless otherwise 

indicated. Template was added at a 1 in 10 dilutions unless otherwise indicated. 

PCR optimisations were based on variations of Thermo-scientific Phusion High-Fidelity DNA 

polymerase protocol, namely; 

PCR Optimisation 6 – Testing various MgCl2 concentrations (from 1.5 to 4.5mM) and the annealing 

temperatures (57.4 to 72.0oC) on gDNA 

PCR Optimisation 7 – Testing various MgCl2 concentrations (from 1.5 to 4.5mM) and the annealing 

temperatures (57.4 to 72.0oC) on cDNA 

PCR Optimisation 8 – Repeat PCR Optimisation 6 with increased resolution for both annealing 

temperature (from 2 to 1oC increments between 63.0 and 66.9oC) and MgCl2 concentrations (from 

1.5 to 0.5mM increments between 1.5 and 3.5mM), as well as increasing the PCR extension time 

(from 30 to 65 seconds). 



254 
 

PCR Optimisation 9 – Optimise PCR reactions for dimethyl sulfoxide (DMSO) - 0, 1, 3, 5, 7% per 

reaction volume). 

PCR Optimisation 10 – Compare primary gDNA against infection gDNA using different buffers (GC vs. 

HF), annealing temperatures and MgCl2 concentrations. The primary genomic extraction method is 

previously described (Ghatak et al., 2013). 

Observations 

Having tested gDNA for varying PCR annealing temperatures and MgCl2 concentrations (FIGURE 

AP2.49), many lanes contain a band around the desire size (1030bp). However, these also contain 

many other bands indicating alternate (non-specific) binding. 

 
FIGURE AP2.49: PCR Optimisation 6 – Agarose gel showing PCR optimisation for alternative β-actin 
primers on gDNA for annealing temperature and MgCl2. 
Six annealing temperatures were tested (57.4oC, 60.0oC, 63.6oC, 67.2oC, 70.5oC and 72.0oC) each for 3 

concentrations of MgCl2 (1.5mM, 3.0mM and 4.5mM). The expected amplicon size for gDNA using these β-actin 

primers is around 1kb (1030bp). The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as 

indicated. 
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Having tested cDNA for varying PCR annealing temperatures and MgCl2 concentrations (FIGURE 

AP2.50), the primers elucidate slight bands for cDNA at the expected size (176bp) at low 

temperatures (57.4oC and 60.0oC)and MgCl2 concentrations reflecting the standard protocol for 

Phusion polymerase (i.e. 1.5mM). As the rest of the gel is clean, the primers can be assumed to 

specifically anneal to and amplify the predicted regions of the β-actin gene – though further 

optimisation was required to specifically amplify the longer gDNA region. 

 
FIGURE AP2.50: PCR Optimisation 7 - Agarose gel showing PCR optimisation for alternative β-actin 
primers on cDNA for annealing temperature and MgCl2. 
Six annealing temperatures were tested (57.4oC, 60.0oC, 63.6oC, 67.2oC, 70.5oC and 72.0oC) each for 3 

concentrations of MgCl2 (1.5mM, 3.0mM and 4.5mM). The expected amplicon size for gDNA using these β-actin 

primers is 176bp. The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 
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Increasing the extension time to 65 seconds for gDNA (FIGURE AP2.51) cleaned up the gel from 

some of the alternate binding observed in PCR Optimisation 6 (see FIGURE AP2.49). The clearest 

bands at the expected size (around 1kb) were observed at 2mM MgCl2; with the least alternate 

binding at 64oC and 66oC. 

 
 

 
FIGURE AP2.51: PCR Optimisation 8 - Agarose gel showing PCR optimisation for alternative β-actin 
primers on gDNA for annealing temperature, MgCl2 concentration and PCR extension time. 
Five annealing temperatures were tested (63.0oC, 64.0oC, 65.0oC, 66.0oC and 66.9oC) each for 5 concentrations 
of MgCl2 (1.5mM, 2.0mM, 2.5mM, 3.0mM and 3.5mM). The results of this PCR were loaded over 2 gels; the 
upper gel represents MgCl2 concentrations 1.5mM, 2.0mM and 2.5mM, and the lower gel represents MgCl2 
concentrations 3.0mM and 3.5mM. The PCR extension time was 65 seconds (the extension time for previous 
PCRs was 30 seconds). The expected amplicon size for gDNA using these β-actin primers is around 1kb 
(1030bp). The ladder used was 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

 

 

 

 

 

 



257 
 

With DMSO added to the PCR reactions in varied concentrations, the brightest band at the desired 

size (~1kb) was observed in the control with no (0%) added DMSO (FIGURE AP2.52). 

 
FIGURE AP2.52: Optimisation 9 – Agarose gel showing PCR optimisation results for alternate β-
actin primers in 2mM MgCl2 at annealing temperatures 64oC & 66oC for DMSO (% volume). 
Two annealing temperatures were tested (64.0oC and 66.0oC) each for 4 concentrations of DMSO (1%, 3%, 5% 

and 7%). At 64oC, 1 reaction without any DMSO (i.e. 0%) was also tested. The expected amplicon size for gDNA 

using these β-actin primers is around 1kb (1030bp). The ladder used was 1kb Plus DNA ladder (Invitrogen) with 

relevant sizes as indicated. 
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The gDNA used up to this point was isolated from GBS-infected monocytes (i.e. a mixture of 

monocyte and GBS DNA from an infection sample), so gDNA was isolated from human cells to 

compare the effectiveness of the primers between the 2 preparations. A primary human DNA 

extraction yielded 514.8ng/µl (total 25.7µg in 50µl) of DNA. In PCR Optimisation 10, the β-actin 

primers were used to PCR-amplify primary genomic DNA (PgDNA – isolated from human cells) and 

genomic DNA isolated from infections (mixed gDNA or MgDNA). There are some bands at the 

expected size (~1kb) for both primary and mixed gDNA; especially from the 2.0 mM MgCl2 reactions; 

however the gel is still characterised by excessive, non-specific banding (FIGURE AP2.53). 

 
FIGURE AP2.53: Optimisation 10 – Agarose gel of PCR products comparing Primary genomic DNA 
(PgDNA) against mixed genomic DNA (MgDNA). 
Primary genomic DNA was isolated from human cells. Mixed genomic DNA was isolated from GBS-infected 

monocytes. The PCR reactions were optimised for 2 template dilutions (1X and 1:10), 2 buffers (High Fidelity 

Phusion Buffer and GC Buffer), and 3 concentrations of MgCl2 (1.5mM, 2.0mM and 2.5mM). The PCR 

programme was optimised for 2 annealing temperatures (60.1oC and 64.0oC). The ladder used was 1kb Plus 

DNA ladder (Invitrogen) with relevant sizes as indicated. 

Interpretation 

This primer set works to elucidate cDNA β–actin from a PCR reaction using the standard protocol for 

Phusion polymerase. Whether or not a reliable gDNA β–actin amplicon can be produced with these 

primers is less certain. A band around the desired 1030bp size for gDNA is evident in the gel when 

using these primers in an optimised PCR procedure (namely; 2mM MgCl2, 64oC annealing 

temperature, 65 second extension time), however, the levels of non-specific binding observed 

through multiple gel bands mitigates confidence that this band is actually and exclusively β–actin. 
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Experiment 19: Sequencing of putative β-actin amplicon 

After optimisation, an amplicon of the desired ~1kbp band is reproducible in the gel using the β-

actin primer set from Experiment 18, however, the gels were not clean; with a lot of non-specific 

bands present. Further investigation is therefore required to confirm the identity of the amplicon 

through genetic sequencing of the band. The goal of this experiment was to sequence the putative 

β-actin amplicon to verify its identity. 

Gel Extraction and Sequencing 

Using the β–actin primers and PCR conditions developed in the previous experiment, the amplicon 

was extracted from the agarose gel and sent to Australian Genome Research Facility (AGRF), 

University of Queensland for Sanger sequencing. Briefly; 

The standard Thermo-scientific Phusion High-Fidelity DNA polymerase protocol was followed with 

the following modifications. The PCR program used for the gDNA amplicon ran for 40 PCR cycles, 

with an annealing temperature of 64oC and extension time of 65 seconds. The PCR program used for 

the cDNA amplicon ran for 35 PCR cycles, with an annealing temperature of 60oC and extension time 

of 30 seconds. 

QIAgen’s QIAquick Gel Extraction Kit was used in accordance with the manufacturer’s protocol to 

isolate the DNA from the agarose gel. Final elutions were performed in nuclease-free Ultrapure 

Distilled Water. The DNA was further concentrated using the QIAquick PCR Purification Kit in 

accordance with the manufacturer’s instructions. Further concentration was achieved though 

dehydration using the Eppendorf Concentrator Plus at 30oC (Mode: V-AQ). Between 30 and 120ng of 

the amplicon was sent to AGRF for both forward and reverse primer reactions for both gDNA and a 

cDNA amplicon. 
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Observations 

PCRs performed on both gDNA and cDNA amplified bands around the desired sizes (1030 and 176bp 

respectively). The gDNA extracted from the gel was absorbance-measured to be 28.9ng/µl. The 

cDNA extracted from the gel was absorbance-measured to be 54.2ng/µl. 

Gel A                Gel B   

FIGURE AP2.54: Agarose gels of putative PCR-generated β-actin amplicons (Gel A: MgDNA. Gel B: 
cDNA) for gel-extraction and sequencing. 
β-actin primers were used to generate amplicons for gDNA (Gel A) and cDNA (Gel B). The ladder used was 1kb 

Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 

 

The assembly for the cDNA was 178bp in length (FIGURE AP2.55). The forward sequence was 109 

bases and the reverse sequence was 77 bases – with 79 bases overlapping (green). A nucleotide 

BLAST of both sequences identified the region as primate β-actin (ACTB).  

 
FIGURE AP2.55: cDNA sequence assembly generated in Sequencher 5.3.  
Red and green arrows represent sequences generated using forward and reverse β-actin primers on a cDNA 
template. Both arrow colour (green) and direction indicate the direction of sequencing. 
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Using the most relaxed Sequencher parameters, no overlap was found for the gDNA sequences 

(FIGURE AP2.56). The nucleotide BLAST for the forward primer sequence predicted the sequence to 

be Homo sapiens exostosin-like glycosyltransferase 1 (EXTL1), transcript variant X2, mRNA. β-actin 

did not feature in the BLAST results (i.e. the top 82 BLAST hits). The nucleotide BLAST for the reverse 

primer gDNA sequence predicted the sequence to be Homo sapiens OTU deubiquitinase, ubiquitin 

aldehyde binding 1 (OTUB1), transcript variant 2, non-coding RNA. β-actin did not feature in the 

BLAST results (i.e. the top 100 BLAST hits). 

 
FIGURE AP2.56: gDNA sequence assembly generated in Sequencher 5.3. 
Arrows represent sequences generated using forward and reverse β-actin primers on a gDNA template. Both 
arrow colour (green) and direction indicate the direction of sequencing. 

After repeating the gel extraction and sequencing for the gDNA (FIGURE AP2.57), the assembly for 

the cDNA was 174bp in length – with 121 bases overlapping (green)(FIGURE AP2.58). A nucleotide 

BLAST of both sequences again identified the region as β-actin (ACTB). 

 
FIGURE AP2.57: Agarose gel of putative PCR-generated β-actin amplicons (gDNA) for gel-
extraction and sequencing. 
β-actin primers were used to generate amplicons for gDNA. The ladder used was 1kb Plus DNA ladder 

(Invitrogen) with relevant sizes as indicated. 
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FIGURE AP2.58: cDNA (from first gel extraction) sequence assembly generated in Sequencher 5.3.  
Arrows represent sequences generated using forward and reverse β-actin primers on a cDNA template. Both 
arrow colour (green) and direction indicate the direction of sequencing. Overlap in the assembly occurred 
between base 27 and base 148. The sequence template used was from the initial cDNA gel extraction (FIGURE 
AP2.54, Gel B) which was successfully sequenced and assembled to β-actin previously (FIGURE AP2.55). 

Using the most relaxed Sequencher parameters, no overlap was again found for the gDNA 

sequences. The nucleotide BLAST for the forward primer sequence predicted the sequence to be 

primate β-actin. The nucleotide BLAST for the reverse primer gDNA sequence predicted the 

sequence to be Homo sapiens cDNA FLJ61195 complete cds, highly similar to Ubiquitin thioesterase 

protein OTUB1. β-actin did not feature in the BLAST results (i.e. the top 54 BLAST hits). 

 
FIGURE AP2.59: gDNA (from repeated gel extraction) sequence assembly generated in Sequencher 
5.3.  
Arrows represent sequences generated using forward and reverse β-actin primers. Both arrow colour (green) 
and direction indicate the direction of sequencing. No overlap between the sequences was detected by the 
software – which assembled the 2 sequences one after the other. 

Unidirectional analysis comparing forward and reverse sequences demonstrates complete overlap 

(blue) between the two sequences.  

 
FIGURE AP2.60: Unidirectional assembly of gDNA sequences generated in Sequencher 5.3.  
Arrows represent sequences generated using forward and reverse β-actin primers. Both arrow colour (green) 
and direction indicate the direction of sequencing. Complete overlap of the sequences by unidirectional analysis 
indicates that the primers are amplifying in the same direction; rather than from 2 directions flanking the 
region of interest. 
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Interpretation 

The utility of these primers to successfully amplify β-actin from cDNA is confirmed. However the 

amplicon derived from using these primers on gDNA cannot be trusted to represent the β-actin 

gene; possibly due to the more complex structure of gDNA – with non-specific binding giving rise to 

multiple bands on the gel. 

The unidirectional overlay of the gDNA sequencers indicates that the primers are amplifying the 

same gene region in one direction only; rather than straddling the region of interest as designed. 

One of the four gDNA sequences was identified as β-actin however the other three were identified 

as genes completely unrelated to β-actin. Given this ambiguity, this primer set is not appropriate for 

testing RNA for eukaryotic gDNA contamination. 

Experiment 20: Design and testing GAPDH primers 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is another recognised eukaryotic 

housekeeping gene performing multiple cellular functions (Suzuki et al., 2000, Tristan et al., 2011). In 

this experiment, GAPDH primers were designed and tested to provide a reliable eukaryotic DNA 

contamination test for infection RNA samples. 

PCRs with Designed Primers 

Ten primer sets were derived from three methods. Four primer sets were characterised manually 

using the Artemis 16.0.0 software, four others using the primer3plus.com website (Untergasser et 

al., 2012), and two were derived from the literature. Primers were designed to be roughly 20 

nucleotides long with a GC content around 50% (see Appendix 3, TABLE A for primer details). 

Primers were tested using the standard PCR protocol for Phusion polymerase and the amplicons 

resolved on 2% agarose gels by electrophoresis for 60 minutes at 100V. The new primers were 

initially tested on mixed gDNA from an infection. Then selected primer sets were tested on both 

cDNA and gDNA before being applied to RNA extracted from infections. After the most sensitive 
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primer set was determined, the primers were used to compare their effect on different 

concentrations of RNA (0.1µg vs. 0.01µg). Samples at both of those concentrations were then 

DNase-treated using the Turbo DNAfree Kit according to the manufacturer’s instructions on samples 

where DNA contamination was evident. 

Observations 

Appendix 3, TABLE A lists the details of primers designed in this experiment. 

 
FIGURE AP2.61: Map of where the amplicons fit along the human GAPDH gene based on the newly 
designed primers.  
Figure generated in Vector NTI 11.5.3. Large arrow represents the whole human GAPDH gene (3971bp) in the 5’ 
to 3’ direction – with exons blocked out in green and intron regions marked with a yellow line. Floating green 
arrows represent putative amplicons to be generated from the designed primers, as related to the GAPDH 
gene. 
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Testing these primers using the standard PCR protocol for Phusion polymerase (FIGURE AP2.62), 

only primer sets 4, 7a and 7b reliably amplify to the expected sizes (569, 171 and 543 respectively). 

Primers 1 and 2 amplified to sizes that were not expected. Primers 8a and 8b preferentially amplify 

cDNA. And Primers 3, 5, 6 and 9 displayed high levels of non-specific binding. 

 
FIGURE AP2.62: Agarose gel showing putative GAPDH PCR-generated amplicons from newly 
designed primer sets on mixed gDNA.  
Primer sets 7a and 7b use the same forward primer, but different reverse primers. Sample 8b is a repeat of 8a 

testing the impact of increasing the PCR extension time from 30 to 60 seconds. Expected amplicon sizes (under 

the image) are for gDNA unless otherwise specified. The ladder used was the 1kb Plus DNA ladder (Invitrogen) 

with relevant sizes as indicated. 
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After performing PCR on GAPDH primer sets 4, 7a and 7b against both gDNA and cDNA (FIGURE 

AP2.63), primer 4 revealed a clean band for gDNA only - which is in line with expectation. GAPDH 7a 

primers amplified strong bands at the same size for both gDNA and cDNA – which is also in line with 

expectation. Using the 7b primer set, there was only a slight band around the desired 543bp size for 

gDNA but a brighter band for the size expected for cDNA (439bp). 

 
FIGURE AP2.63: Agarose gel showing putative GAPDH PCR-generated amplicons using newly 
designed primers 4, 7a and 7b on both gDNA and cDNA. 
Primer set 4 spans from one intron to another, across an exon – and is therefore only expected to amplify gDNA 

(569bp). Primer set 7a is expected to amplify a region within a single exon – and is therefore expected to 

amplify the same size (171bp) for both gDNA and cDNA. Primer set 7b is expected to amplify from an exon to 

another exon, across an intron – and should therefore amplify a 543bp amplicon for gDNA and a 439bp 

amplicon for cDNA. The ladder used was the 1kb Plus DNA ladder (Invitrogen) with relevant sizes as indicated. 
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Both 4 and 7a primer sets were tested on RNA derived from infected samples (FIGURE AP2.64). 

GAPDH primer 4 presented a bright band for one infection sample (sample 166). GAPDH primer 7a 

generated amplicon bands for eight sample including sample 166. GAPDH primer 7a is therefore the 

more sensitive primer. 

A  

B  

FIGURE AP2.64: Agarose gels testing 14 RNA samples for DNA contamination using 2 newly 
designed GAPDH primer sets. 
Mixed gDNA (isolated from GBS-infected monocytes) was used as the positive control in both gels. The 14 RNA 

samples tested were also isolated from GBS-infected monocytes. Gel A shows the PCR results using primer set 

4, generating an expected gDNA amplicon of 569bp. Gel B shows the PCR results using primer set 7a, 

generating an expected gDNA amplicon of 171bp. The ladder used in both gels was the 1kb Plus DNA ladder 

(Invitrogen) with relevant sizes as indicated. 
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GAPDH primer set 7a continues to be sensitive to DNA detection when amplifying 0.01µg of 

infection RNA (FIGURE AP2.65). 

A  

B  

FIGURE AP2.65: Agarose gels testing the sensitivity of the GAPDH primer set 7a to detect human 
DNA contamination in RNA samples. 
Mixed gDNA (isolated from GBS-infected monocytes) was used as the positive control in both gels. The 14 RNA 

samples tested were also isolated from GBS-infected monocytes. Primer set 7a is expected to produce an 

amplicon 171bp in size. Gel A shows the PCR results using primer set 7a on 0.1µg of RNA. Gel B shows the PCR 

results using primer set 7a on 0.01µg of RNA. The ladder used in both gels was the 1kb Plus DNA ladder 

(Invitrogen) with relevant sizes as indicated. 
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Very little DNA contamination is evident in the post-DNase-treated gel (FIGURE AP2.66). The DNase 

treatment efficiently degraded most of the DNA molecules present after the RNA extraction. 

A  

B  

FIGURE AP2.66: Agarose gels testing the sensitivity of the GAPDH primer set 7a to detect human 
DNA contamination in RNA samples after being treated with DNase. 
Nine RNA samples were tested for DNA contamination after being treated with DNase enzyme. Mixed gDNA 

(isolated from GBS-infected monocytes) was used as the positive control in both gels. The RNA samples tested 

were also isolated from GBS-infected monocytes. Primer set 7a is expected to produce an amplicon 171bp in 

size. Gel A shows the PCR results using primer set 7a on 0.1µg of RNA. Gel B shows the PCR results using primer 

set 7a on 0.01µg of RNA. The ladder used in both gels was the 1kb Plus DNA ladder (Invitrogen) with relevant 

sizes as indicated. 

Interpretation 

A primer pair was designed (7a) that successfully enabled specific and sensitive amplification of 

GAPDH from a template of DNA-contaminated RNA derived from GBS-infected U937 monocytes. 
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Using these newly designed primers, the infection RNA was revealed to have retained Human DNA 

contamination – requiring a further DNase treatment. Given the development and use of effective, 

sensitive GAPDH primers, it is now possible to conclude that the DNase enzyme in the Turbo 

DNAfree Kit efficiently purifies the infection RNA from residual DNA contamination. 

Experiment 21: Upscaling the GBS-only Control 

Unreliably low amounts of RNA were recovered from previous GBS-only attempts. Therefore the 

infection protocol for the GBS-only control was scaled up in an attempt to isolate higher numbers of 

GBS – and thereby more GBS-only RNA to provide a valid control for downstream applications. 

584ml Infection 

The established infection protocol was scaled up from 24ml in a single 6-well plate to 584ml in eight 

175cm2 Corning cell culture flasks (a factor of 24.3). The same surface area/volume ratio used in the 

plates was applied to the flasks (73ml of infection per flask). 

A variety of collection strategies and RNA isolation optimisations were attempted to increase the 

RNA yield using the TRIzol-chloroform RNA extraction method. Collection optimisations included 

increasing the collection centrifuge speed to 13,000g to ensure a larger, more stable pellet, altering 

the amount of TRIzol used to homogenize the cells, resuspending the pellets quickly in PBS to speed 

up processing time and mitigate pellet loss – followed by a 2 minute centrifuging before adding 

TRIzol to the pellet. RNA extraction optimisations included altering the amount of chloroform, 

adding ethanol washes, reducing the amount of water used to resuspend the RNA pellet – to 

increase RNA concentration, and removing the final heating stage to mitigate RNA degradation. 

14 GBS-only samples were collected in TRIzol. Chloroform RNA preparations were performed on 12 

of these samples. 
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Observations 

Two of the preparations yielded good amounts of RNA (162.5 and 239.6ng/µl). However, these 

results could not be repeated. Two of the preparations yielded negative results. Six of the 

preparations yielded under 10ng/µl. The other two preparations yielded 16.1 and 26.7ng/µl. 

Interpretation 

Utilising established protocol, consistent yields of RNA could not be recovered from the GBS-only 

cells collected in TRIzol. 

Experiment 22: RNA Preparations by Column Extraction 

Given the failure of the TRIzol-chloroform method to yield consistently high enough amounts of GBS 

RNA from the GBS-controls, it was determined to change the RNA extraction method to a column 

extraction. The goal of this experiment was to further optimise the protocol to isolate sufficiently 

high amounts of GBS RNA from the assays.  

Column RNA Isolation 

RNA Column Extraction 1 – The GBS control assay was performed according to the established 

upscaled protocol (i.e. GBS in 584ml of sRPMI with 0.1% FBS). However, instead of homogenising the 

cells in TRIzol after the PBS wash, the cell pellet was quick-frozen on dry ice for 30 minutes, then 

stored at -80oC. The Promega SV Total RNA Isolation System kit was used to column extract the GBS 

RNA. This kit incorporates and on-column DNase treatment. The cell pellet was thawed in ice before 

resuspension in 100µl RNase-free TE Buffer containing 30mg/ml Lysozyme. 100U of Mutanolysin was 

added to each resuspension before a 1 hour incubation at 37oC. The remainder of the protocol was 

performed in accordance with the manufacturer’s instructions. Elutions were performed with 100µl 

nuclease-free Ultrapure Distilled Water. 

RNA Column Extraction 2: Column RNA Extraction 1 was repeated, but with the addition of a GBS 

overnight culture treatment to test the RNA extraction method on non-incubated GBS. 500µl of 
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washed GBS in bRPMI were centrifuged for 2 minutes at 13,000g were placed on ice after removing 

the supernatant (i.e. reflecting the final stage of cell collection in the incubation protocol). Pellets 

from the incubated sample and overnight culture were observed to be roughly the same size. Post-

processing counts recovered 2.03E9 CFU/ml from the overnight culture and 1.25E9 CFU/ml from the 

incubated sample. 

RNA Column Extraction 3 – Five conditions were tested; 1) a washed overnight culture of GBS, 2) a 

six hour incubation of GBS in PBS, 3) a six hour incubation of GBS in sRPMI with 0.1% FBS, 4) a six 

hour incubation of GBS in1.0% FBS, 5) a six hour incubation of GBS in 10% FBS. Treatments were 

scaled down to 250ml. 

RNA Column Extraction 4 – Four treatments were tested, incubating GBS for six hours in sRPMI with 

1% FBS; 190µl, 1.9ml, 19ml and 190ml. All samples were taken from the one, 250ml incubation 

treatment. 

Observations 

RNA Column Extraction 1 from the 584ml incubation in sRPMI with 0.1% FBS yielded only 5ng/µl 

RNA (0.5µg). In RNA column Extraction 2, 521ng/µl (52.1µg) RNA was isolated from the overnight 

culture pellet while only 15ng/µl (1.5µg) RNA was isolated from the cells after six hours incubation in 

the 0.1% FBS media. 

TABLE AP2.01: RNA Column Extraction 3. Absorbance measures of RNA yield from GBS cells 
incubated under various media conditions. 

Collection Conditions RNA concentration 

(ng/µl) 

Total RNA (µg) 

- in 100µl 

Washed cells from Overnight Culture 49.0 4.9 

Incubated 6 hours in PBS 2.4 0.2 

Incubated 6 hours in sRPMI with 0.1% FBS 7.0 0.7 

Incubated 6 hours in sRPMI with 1.0% FBS 105.3 10.5 

Incubated 6 hours in sRPMI with 10.0% FBS 164.0 16.4 

 

Increasing the FBS concentration in the media from 0.1% to 1% increased the RNA isolated by more 

than ten-fold. 
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TABLE AP2.02: RNA Column Extraction 4. Absorbance measures of RNA yield from varying numbers 
of GBS incubated in sRPMI with 1% FBS. 

Treatment Volume GBS  

(Total CFU) 

Mean RNA 

concentration (ng/µl) 

Total RNA (µg) 

- in 100µl 

190µl 2.01E6 0.4 0.04 

1.9ml 2.01E7 2.5 0.25 

19ml 2.01E8 11.3 1.13 

190ml 2.01E9 62.6 6.26 

 

When plotting GBS CFU against RNA concentration (FIGURE AP2.67), RNA yields for 2.01E6 CFU GBS 

deviated from  the trend line, and were both very low and highly variable between duplicate 

readings (0.1 to 0.7ng/µl) - and were therefore be considered uninformative noise. Readings Even 

though the RNA yields for GBS numbers ≥2.01E7 total CFU were low, the values sit on the trend line, 

and were therefore be considered representative; regardless of the scale. That is, it could be 

assumed that the RNA measured at this lower scale was of similar quality to that attained at from 

higher amounts of GBS. 

 
FIGURE AP2.67: RNA Column Extraction 4. Trend line demonstrating the correlation between cell 
numbers and RNA yield for 6-hour incubated, GBS-only treatment in sRPMI with 1% FBS. 
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Interpretation 

Changing to a column extraction method did not increase DNA yield – even from the scaled up 

collections with vastly more GBS available for the RNA isolation. RNA Column Extraction 2 

demonstrated that the method of column extraction is sound  when performed on GBS from an 

overnight culture; i.e. those that haven’t been undergone 6 hours of incubation in sRPMI with 0.1% 

FBS. This indicates that cells numbers are not the limiting factor to RNA yield, but rather some 

biological condition is interfering with transcription levels. Changing the incubation media to include 

1% FBS from 0.1% promoted a substantial increase in transcription (as indicated by RNA yield). The 

previous media formulation was therefore too nutrient restrictive to serve as an incubation media 

for the infections and controls. RNA Column Extraction 4 demonstrated that RNA of sufficient quality 

and quantity can be isolated from at least 2.01E7 total CFU of GBS – despite lower RNA yields at this 

end of the scale. 

Experiment 23: RNA Extraction, DNAse Treatment, cDNA Synthesis and preliminary RT-

qPCR  

Having established a protocol for the GBS control, the protocol needed to be tested for suitability for 

downstream applications such as RT-qPCR. This involves taking the GBS 874391 from overnight 

cultures, incubating them for six hours in the prescribed media formulation (sRPMI with 1% FBS) at 

37oC in 5% CO2, collecting the GBS from the incubation, isolating the RNA from the cells, testing for 

and removing any DNA contamination, synthesising cDNA from the RNA, and amplifying specific GBS 

genes from the cDNA by RT-qPCR. The goal of this experiment was to demonstrate the viability of 

the optimised protocol for use on RNA derived from the GBS control and the infection assays for use 

with RT-qPCR. 

RT-qPCR 

Twelve samples of RNA were extracted from GBS-only incubated cells according to the established 

protocol - scaled to 7ml to ensure that at least 2.01E7 total GBS CFU were available for RNA 
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isolation. RNA samples were tested for DNA contamination using spb1 primers and DNased if 

necessary using the Turbo DNAfree Kit (see Experiment 15). RNA quality was then analysed using an 

Experion RNA StdSens Reagents (BIO-RAD) and Experion RNA StdSens Chips (BIO-RAD) on an 

Experion Automated Electrophoresis Station (BIO RAD). A cDNA synthesis was performed on the 

RNA samples using the SuperScript III Reverse Transcriptase kit (Invitrogen) in accordance with the 

manufacturer’s instructions. RNA going into the cDNA synthesis for all samples was normalised to 

the amount of RNA in the sample containing the lowest concentration of RNA.  

RT-qPCR was performed in 96-well plates on a Lightcycler 480 II (Roche) in 20µl reactions (in 

triplicate) using the SensiFAST SYBR No-ROX kit (BIOLINE) in accordance with the manufacturer’s 

instructions. The cDNA templates were diluted 1:5 before use. Ten-fold dilutions of a previous gDNA 

preparation of GBS 874391 were used as standards for the RT-qPCR (neat = 79.5ng/µl). Twelve GBS-

specific genes were analysed for amplification by RT-qPCR. 
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TABLE AP2.03: The 12 GBS genes used in this study for RT-qPCR and their primers. 

Locus Tag 

(Gene) 

Designation Primers (5’ to 3’) Amplicon 

size (bp) 

Function 

CHF_00796 

(cylE) 

cylE-2F GGAAGTTACCCGATTGAGCA 114 Haemolysin 

Cytolysin promoter cylE-2R TGCCAGGAGGAGAATAGGAA 

CHF17_00570 

(rib) 

Rib-1F AGGCGGCAATTATTTCACAC 113 Cell surface 

Protease resistance Rib-1R ACTTGTCCATCAGGCTTCGT 

CHF17_01108  1010-1F CACCGACAACTTCAGGGACT 125 Iron ABC transporter 

permease 1010-1R GCGATCCTAAAATGGCAAAA 

CHF17_00567 

(czcD) 

czcD-1F TCAATATCTGGTCAATGGATGG 114 Heavy Metal (zinc) 

importer czcD-1R TAATGTTGGCAAATCGTTCG 

CHF17_01463-4 

(pil2B) 

pil2B-2F ATCGCTGTTAGTGGCGAGTT 116 Pilin gene cluster 

pil2B-2R TAGGTTGCGCCTTTTTGAGT 

CHF17_01258 

(cpsE) 

cpsE-1F ATGGTGGACCGGCTATCTTT 137 Glycosal Transferase 

cpsE-1R GCCCTGTCATTTGATTGTGA 

CHF17_01326 

(scpB) 

scpB-1F CACACGTGTCAGGGATCTTG 111 C5a Peptidase 

scpB-1R ACAATTTCGACACGCATCAA 

CHF17_01323 

(htp) 

1233-1F TCCATGTCGTTCCGTATTCA 112 Cell surface  

Histidine Triad Protein 1233-1F CTCTTCATGCCCTGGCTTAG 

CHF17_02031 

(cfb) 

cfb-1F CTCTAGTGGCTGGTGCATTG 126 CAMP factor 

cfb-1R AGCTTTTGAGCCATTTGCTG 

CHF17_00278 

(rpoB) 

GBSrpoB-1F TATCATGAGTGAGCGCCTTG 80 RNA Polymerase 

subunit beta GBSrpoB-1R TATCACGCGTTTCAGATTCG 

CHF17_00002 

(dnaN) 

GBSdnaN-1F CAACAAGAAAGCCGTCCAAT 80 DNA Polymerase III 

subunit beta GBSdnaN-1R TCTGTCGCAACAGCCTTAAA 

CHF17_02051 

(hvgA) 

hvgA-3F TTTGGAATGGTCAGGAAGGA 147 Cell surface 

Adhesin hvgA-3R GCTGGTTTTGCAGCTTCTGT 

 

An infection sample (Sample M266 – “Mixed” sample No. 266 – see Chapter 4) was also tested for 

RT-qPCR amplification with GBS housekeeping genes ropB and dnaN to ensure that bacterial genes 

could be amplified from mixed cDNA samples. 
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Observations 

TABLE AP2.04: Summary of RNA derived from 12 GBS-only samples. 

Sample 
No. 

Sample 
ID 

GBS Cells 
CFU/ml 

GBS Cells 
CFU in 6.8ml 

RNA 
ng/µl 

A260/280 Total RNA (µg) 
in 60ul 

1 175A 2.26E7 1.54E8 21.9 2.10 1.3 

2 175B 2.14E7 1.46E8 12.2 2.02 0.7 

3 185A 1.80E7 1.26E8 19.5 2.00 1.8 

4 185B 1.54E7 1.04E8 17.8 2.12 1.1 

5 195A 1.80E7 1.22E8 15.0 1.94 0.9 

6 195B 2.20E7 1.50E8 17.3 2.09 1.0 

7 195C 2.54E7 1.73E8 20.8 1.96 1.24 

8 195D 1.80E7 1.22E8 17.0 1.98 1.0 

9 225A 2.20E7 1.50E8 18.2 1.88 1.1 

10 225B 1.74E7 1.18E8 7.2 1.87 0.43 

11 225C 2.94E7 2.00E8 9.8 1.79 0.59 

12 225D 2.66E7 1.81E8 8.8 1.77 0.53 

Using primers for the GBS gene spb1 (FIGURE AP2.68) on GBS-only control samples, there was 

sufficient DNA contamination in 5 of the 12 samples to warrant subjecting them to a further DNase 

treatment (i.e. beyond the on-column DNase treatment performed during RNA isolation). 

 
FIGURE AP2.68: Agarose gel showing spb1 DNA contamination test of 12 GBS-only RNA samples. 
Gel shows the PCR-derived amplicon generated using the bacterial primer set spb1. The expected amplicon size 

for these primers is 762bp. The templates were 1X RNA samples derived from 12 GBS-only control (mock 

infection) samples. A 1:10 dilution of GBS 874391 served as the positive control. Clear spb1 amplicons 

indicating DNA contamination for 5 samples (175B, 195C, 225B. 225C and 225D). A light band indicating slight 

DNA contamination is also evident for sample 195D. The ladder used in both gels was the 1kb Plus DNA ladder 

(Invitrogen) with relevant sizes as indicated. 
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The DNase enzyme effectively degraded the DNA beyond standard PCR detection (FIGURE AP2.69). 

 
FIGURE AP2.69: Agarose gel showing DNA contamination test of 5 GBS-only RNA samples after 
undergoing DNase treatment. 
Gel shows the PCR-derived amplicon generated using the bacterial primer set spb1. The expected amplicon size 

for these primers is 762bp. The templates were 1X RNA samples derived from 5 GBS-only control (mock 

infection) samples. Selected samples are those previously indicating clear DNA contamination (FIGURE AP2.68). 

A 1:10 dilution of GBS 874391 served as the positive control. The ladder used in both gels was the 1kb Plus DNA 

ladder (Invitrogen) with relevant sizes as indicated. 

All GBS-only samples showed quality RNA in the Experion gel (FIGURE AP2.70) – as indicated by clean 

bands representing the higher concentrations of ribosomal RNA in each well. Samples that had 

undergone DNase treatment had lighter bands than the other samples – possibly indicating some 

RNA degradation.  

 
FIGURE AP2.70: Experion gel image showing prokaryotic ribosomal RNA. 
Three clear bands on a relatively clean background for 12 GBS-only RNA samples demonstrating quality RNA. 

RAN subunits represented are 23S, 16S and 5S. The ladder failed for unknown reasons. 



279 
 

1:5 dilutions of cDNA template all amplified all 12 GBS genes trialled in the RT-qPCR runs in less than 

35 cycles (FIGURE AP2.71). 

A  B  

C  D  

E  F  

G  H  
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I  J  

K  L  

FIGURE AP2.71: RT-qPCR performed on GBS-only cDNA samples.  
Images generated in Lightcycler 480 software. Genes: A cylE, B 1010, C rib, D czcD, E pil2B, F cpsE, G scpB, H 
htp, I cfb, J ropB, K dnaN, L hvgA. 
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Both housekeeping genes were amplified in the neat infection cDNA in less than 25 amplification 

cycles (FIGURE AP2.72). 

A  

B  

FIGURE AP2.72: RT-qPCR performed on a single sample of mixed cDNA amplifying GBS 
housekeeping genes.  
Images generated by Lightcycler 480 software. Genes: A dnaN, B ropB. 

 

Interpretation 

The optimised protocol can be used to generate sufficient, high quality GBS RNA and cDNA from 

GBS-only controls and GBS-infected monocytes for successful RT-qPCR amplification of bacterial 

genes. 
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Experiment 24: Optimising RNA extraction from monocytes 

In Chapter 3, a protocol was optimised to derive RNA from limited bacterial numbers (5.40E3 – 

1.86E6 CFU/ml) for RT-qPCR amplification. The protocol included the addition of Mutanolysin 

(Sigma) to the RNA extraction digest for the purpose of breaking down the bacterial wall. As the 

bacteria from infections are presumed to be intracellular in monocytes, a non-chemical, mechanical 

means of eukaryotic cellular breakdown was tested to provide optimal access for the Mutanolysin to 

the bacterial calls during the digest. 

Monocyte Bead Lysis 

For the initial experiment, 50mg (1mg/10µl of reaction) of 425-600µM acid-washed glass beads 

(Sigma) were added to three 2ml nuclease-free, cap-lock tubes (Eppendorf). A fourth tube was also 

used for the no-treatment control. 10ml of U937 monocytes (from at least passage 5) were 

centrifuged at 300g for 5 minutes and resuspended in 2ml bRPMI. 500µl of the resuspended cells 

was aliquoted into the four 2ml tubes (three containing 50mg of beads). Note that this 500µl 

reflected approximately 1E6 monocytes and a scaling up of the RNA digest protocol by a factor of 

five (to account for the larger pellet in the monocyte-only and infection treatments). The non-

treatment control tube was left on the bench at room temperature while the other three tube were 

bead-beaten on a Tissue Lyser II (QIAGEN) at 30bps for 10, 30 and 60 seconds respectively. 

Monocytes were then counted on a NucleoCounter NC-200 (Chemometec) for total (i.e. non-

fragmented) cells. 

Three subsequent experiments took an additional 5ml of passaged monocytes for an additional two 

treatments of bead-beating for 90 and 120 seconds. 
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Observations 

Data for 4 independent experiments and summary statistics are found in Appendix 3, TABLES B and 

C. 

 
FIGURE AP2.73: U937 monocyte cell count data for viability estimates after bead-beating. 
Data points are single viable monocyte readings derived for each bead-beating treatment on the 

NucleoCounter NC-200. 

 
FIGURE AP2.74: Mean and standard deviation for cell count of viable monocyte across four 
independent bead-beating experiments.  
Data points are means data from the 4 independent experiments represented in figure 4.01. 

Regardless of how many monocytes went into the experiment, after 10 seconds of bead-beating, the 

concentration of viable (i.e. total counted) cells settled at or under 8E5 cells/ml – and did not 

decrease thereafter below 4E5 cells/ml.  
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Interpretation 

Given that the total monocyte concentrations from the infections exceeds 2E6 cells/ml, a roughly 60-

80% monocyte lysis rate can be expected from 10 seconds of bead beating. We also assume that 

many of the non-viable cells will likely be sufficiently lysed to permit Mutanolysin access to the 

bacteria. Furthermore, monocyte lysis is expected to occur as a result of the freeze-thaw between 

cell collection and RNA isolation. Therefore, 10 second of bead beating exerts minimal mechanical 

interference to the RNA isolation and provides optimal access of Mutanolysin to the internalised GBS 

bacteria. 
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Appendix 3 – Ancillary Information 

Table A: GAPDH primers designed for this study to test infection-derived RNA for human DNA 
contamination. 

Primer 
Designation 

Sequence 
(5’-3’) 

Length 
(nt) 

gDNA 
Amplicon 

length (bp) 

GC% Tm 
(oC) 

Location on 
gene 

Human_GAPDH-
DWP-F1 

CGTCATGGGTGTGAACCATGAG 22 525 54.6 61.5 2762..2783 

Human_GAPDH-
DWP-R1 

GTAGAGGCAGGGATGATGTTCTGG 24 525 54.2 62.5 c3263..3286 

Human_GAPDH-
DWP-F2 

CACCAGGGCTGCTTTTAACTCTGG 24 209 54.2 63.9 2114..2137 

Human_GAPDH-
DWP-R2 

CAAGCTTCCCGTTCTCAGCCTTG 23 209 56.5 64.0 c2330..2352 

Human_GAPDH-
DWP-F3 

GAAAAGAGCTAGGAAGGACAGG 22 537 50.0 58.1 1515..1536 

Human_GAPDH-
DWP-R3 

CTCCTCCAGAATATGTGAGCAG 22 537 50.0 58.0 c2030..2051 

Human_GAPDH-
DWP-F4 

CTTCATACCCTCACGTATTCCC 22 569 50.0 58.0 2254..2275 

Human_GAPDH-
DWP-R4 

CCTTCCTCACCTGATGATCTTG 22 569 50.0 58.2 c2801..2822 

Human_GAPDH-
DWP-F5 

GGTTTATGGAGGTCCTCTTGTG 22 543 50.0 58.4 1082..1103 

Human_GAPDH-
DWP-R5 

CTACAAAAGGGACAGAGACTGG 22 543 50.0 58.1 c1603..1624 

Human_GAPDH-
DWP-F6 

CTGGAAAAGAGCTAGGAAGGAC 22 534 50.0 58.1 1512..1533 

Human_GAPDH-
DWP-R6 

CAGAATATGTGAGCAGCCCTAG 22 534 50.0 58.3 c2024..2045 

Human_GAPDH-
DWP-F7 

GATGACATCAAGAAGGTGGTG 21 171 47.6 56.6 3420..3440 

Human_GAPDH-
DWP-Ra7 

GGAAATGAGCTTGACAAAGTGG 22 171 45.5 58.1 c3569..3590 

Human_GAPDH-
DWP-Rb7 

GAGCACAGGGTACTTTATTGATGG 24 543 45.8 59.4 c3939..3962 

Human_GAPDH-
LVH-F8 

GTCCACTGGCGTCTTCACCA 20 636 60.0 62.4 2570..2589 

Human_GAPDH-
LVH-R8 

GTGGCAGTGATGGCATGGAC 20 636 60.0 61.7 c3186..3205 

Human_GAPDH-
MBL-F9 

GAAATGTGCTTTGGGGAGGCA 21 247 52.4 61.4 2409..2429 

Human_GAPDH-
MBL-R9 

TTTGCAGGGCTGAGTCAGCTTC 22 247 54.6 63.3 c2634..2655 
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TABLE B: Monocyte cell viability after bead-beating. 
Experiment Cells Control 10 second 

bead-beat 
30 second 
bead-beat 

60 second 
bead-beat 

90 second 
bead-beat 

120 second 
bead-beat 

1 

Viable  1.22E6 5.44E5 4.05E5 2.46E5 n/a n/a 

Viability % 92.5% 75.6% 57.4% 42.4% n/a n/a 

non-Viable 9.88E4 1.70E5 3.01E5 3.34E5 n/a n/a 

Total  1.32E6 7.20E5 7.07E5 5.79E5 n/a n/a 

2 

Viable  2.15E6 2.97E5 1.53E5 1.05E5 2.10E5 1.32E5 
Viability % 94.3% 50.7% 18.8% 13.2% 32.2% 29.9% 
non-Viable 1.31E5 2.88E5 6.62E5 6.90E5 4.41E5 3.09E5 
Total 2.28E6 5.86E5 8.15E5 7.95E5 6.51E5 4.41E6 

3 

Viable 9.57E5 3.54E5 2.03E5 2.97E5 2.53E5 2.35E5 

Viability % 94.6% 70.5% 51.7% 65.8% 57.1% 53.8% 

non-Viable 5.43E4 1.48E5 1.90E5 1.54E5 1.90E5 2.02E5 

Total 1.01E6 5.02E5 3.93E5 4.57E5 4.43E5 4.37E5 

4 

Viable 1.20E6 4.01E5 4.83E5 2.61E5 2.48E5 3.57E5 
Viability % 95.3% 66.8% 69.7% 52.6% 55.2% 60.5% 
non-Viable 5.97E4 1.99E5 2.10E5 2.35E5 2.02E5 2.33E5 
Total 1.26E6 6.00E5 6.93E5 4.96E5 4.50E5 5.91E5 

 

 

TABLE C: Summary statistics of 4 bead-beating experiments (i.e. summary data from TABLE B). 

10 second beat 
(n=4) 

30 second beat 
(n=4) 

60 second beat 
(n=4) 

90 second beat 
(n=3) 

120 second beat 
(n=3) 

Mean SD Mean SD Mean SD Mean SD Mean SD 

602,000 89,785 652,000 181,067 581,750 150,995 514,667 118,120 489,667 87,780 

6.0E5 9.0E4 6.5E5 1.8E5 5.8E5 1.5E5 5.1E5 1.2E5 4.9E5 8.8E4 
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TABLE D: Cell collection data from infection model optimisations. 
No. Collection 

Type 
Designation Viable 

Monocytes 
cells/ml 

Bacterial 
CFU/ml 

Volume 
(ml) 

Total Viable 
Monocytes 

Total 
Bacterial 
CFU 

01 GBS-only G175A  2.26E7 6.8ml  1.54E8 

02 GBS-only G175B  2.14E7 6.8ml  1.46E8 

03 GBS-only G185A  1.86E7 6.8ml  1.26E8 

04 GBS-only G185B  1.54E7 6.8ml  1.04E8 

05 GBS-only G195A  1.80E7 6.8ml  1.22E8 

06 GBS-only G195B  2.20E7 6.8ml  1.50E8 

07 GBS-only G195C  2.54E7 6.8ml  1.73E8 

08 GBS-only G195D  1.80E7 6.8ml  1.22E8 

09 GBS-only G225A  2.20E7 6.8ml  1.50E8 

10 GBS-only G225B  1.74E7 6.8ml  1.18E8 

11 GBS-only G225C  2.94E7 6.8ml  2.00E8 

12 GBS-only G225D  2.66E7 6.8ml  1.81E8 

13 Mixed M266 2.33E6 1.80E6 22.9ml 5.34E7 4.10E7 

14 Mixed M286 1.75E6 unknown 22.9ml 4.00E7 unknown 

15 Mixed M296 2.00E6 1.20E6 22.9ml 4.58E7 2.74E7 

16 Mixed M306 2.30E6 1.27E6 22.9ml 5.27E7 2.90E7 

17 U937-only U237A1 2.93E6  7.5ml 2.20E7  

18 U937-only U237A2 3.51E6  7.5ml 2.62E7  

19 U937-only U237A3 2.68E6  7.5ml 2.01E7  

20 U937-only U247B1 3.38E6  7.5ml 2.54E7  

21 U937-only U247B2 3.02E6  7.5ml 2.27E7  

22 U937-only U247B3 2.82E6  7.5ml 2.11E7  

 

TABLE E: RNA isolation, quantification and cDNA synthesis data from infection model 
optimisations. 

Sample Combined 
Elutions (ng/µl) 

Elution 
Volume (µl) 

Total RNA 
(µg) 

260/280 260/230 Turbo 
DNased 

cDNA 
Synthesis 

G175A 21.9 60 1.3 2.10 0.99 -  

G175B 12.2 60 0.7 2.02 0.75 17µl 172.8ng 

G185A 19.5 60 1.8 2.00 0.68 - 172.8ng 

G185B 17.8 60 1.1 2.12 0.81 - 172.8ng 

G195A 15.0 60 0.9 1.94 0.78 - 172.8ng 

G195B 17.3 60 1.0 2.09 0.46 - 172.8ng 

G195C 20.8 60 1.24 1.96 0.86 17µl 172.8ng 

G195D 17.0 60 1.0 1.98 0.75 - 172.8ng 

G225A 18.2 60 1.1 1.88 1.17 - 172.8ng 

G225B 7.2 60 0.43 1.87 0.44 16µl 172.8ng 

G225C 9.8 60 0.59 1.79 0.70 17µl 172.8ng 

G225D 8.8 60 0.53 1.77 0.42 18µl 172.8ng 

M266 399.1 1000 399.1 2.07 2.17 100µl 5µg 

M286 212.2 1000 212.2 2.02 2.11 100µl 5µg 

M296 484.8 1000 484.8 2.05 2.18 100µl 5µg 

M306 508.5 1000 508.5 2.06 2.18 100µl 5µg 

U237A1 383.7 400 153.5 2.05 1.99 100µl 5µg 

U237A2 393.5 400 158.2 2.04 2.08 100µl 5µg 

U237A3 670.9 300 201.3 2.06 2.13 100µl 5µg 

U247B1 352.6 400 141.0 2.04 2.18 100µl 5µg 

U247B2 615.6 300 184.7 2.04 2.17 100µl 5µg 

U247B3 625.8 300 187.7 2.05 2.11 100µl 5µg 
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TABLE F: Results Summary generated by Quantstudio Real-Time PCR Software for dnaN 
amplification of various cDNA dilutions from 4 infection samples. 
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TABLE G: Results Summary generated by Quantstudio Real-Time PCR Software for cylE 
amplification of various cDNA dilutions from 4 infection samples and 2 GBS-only samples. 
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TABLE H: Results Summary tables generated by Quantstudio Real-Time PCR Software for all human 
genes over 5 separate runs of qPCR. 
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TABLE I: Results Summary tables generated by Quantstudio Real-Time PCR Software for all GBS 
genes over 6 separate runs of qPCR. 
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TABLE J: Assembled contig of htp mutant GV6_177 – FASTA file format. 
>Contig_GV6_177 

cattatccgctcaatgtctcgaaaaggaacacctgcagataatgcctgtattgaatggtt 

tcacaccgtcctaaagactgaaaccttttatttccataataggagaaaatacaacaaaga 

tagtataacaaatattgttaaaaattacattacattttataatgaaactagaattcaaca 

gagattaaacgaccagtcgcctgtacagtacagaaaactgattgcctaaaagtgtttttc 

ttgcgtctcactattagggtgcagtgccaatatcatgcattctttttctaatcctggata 

tccttatgataatgccgtaactgaagcatttttcaagtatttaaagcatagacaaatcaa 

ccgaaaacattatcaaaatatcaaacaggttcaattagactgctttgaatacattgagaa 

tttttataacaattacaacccacatacggctaatctaggactaacccctaatcagaaaga 

agaaaattattttaactcaataaaataacacagttttctgtctacttatttgacattagt 

ccaagaatcctcctctttttttactattctaacatggataccatttctttgcaaaagaaa 

accgctattatccaacttttatcactactcgttacatagaatgacttcaaaatcaccgta 

acttgctttgacaaagcagtgctttaacaatgagatcttcttttggtttagttcaacaaa 

cgaaaattggataaagtgggatattagtttaacaatatatatttatgttacagtaatatt 

gacttttaaaaaaggattgattataatgaagaaagcagacaagtaagcctcctaaattca 

ctttagataaaaatttaggaggcatatcaaatgaactttaataaaattcactttagataa 

aaatttaggaggcatatcaaatgaactttaataaaattgatttagacaattggaagagaa 

aagagatatttaatcattatttgaaccaacaaacgacttttagtataaccacagaaattg 

atattagtgttttataccgaaacataaaacaagaaggatataaattttaccctgcattta 

ttttcttagtgacaagggtgataaactcaaatacagcttttagaactggttacaatagcg 

acggagagttaggttattgggataagttagagccactttatacaatttttgatggtgtat 

ctaaaacattctctggtatttggactcctgtaaagaatgacttcaaagagttttatgatt 

tatacctttctgatgtagagaaatataatggttcggggaaattgtttcccaaaacaccta 

tacctgaaaatgctttttctctttctattattccatggacttcatttactgggtttaact 

taaatatcaataataatagtaattaccttctacccattattacagcaggaaaattcatta 

ataaaggtaattcaatatatttaccgctatctttacaggtacatcattctgtttgtgatg 

gttatcatgcaggattgtttatgaactctattcaggaattgtcagataggcctaatgact 

ggcttttataatatgagataatgccgactgtactttttacagtcggttttctaatgtcac 

taacctgcccctaataatctcctttacttcaactgttgatagagcacttccaaatttgct 

ctaagattttctagatatgtcttgtttccgcttggagcagcttcaagtggacttaatgtc 

tttactttagctcctgttgatttcgcaatagcatgagcaattttggggttgacgttgtct 

tctgcaaaaatagtcttgacgttgtattctttaacaaagtcttgaatttctttcaattgg 

cgaggagagggctcttgctctggagaaatacccgagataccaagttgtttcaagccgaat 

cgtttagccagataagaaaatgccgtgtgttgcgtcacaaatgtttttgagcgcaccttt 

ttaaatttttgagtgtattcttcagttagttgctctgcttcttttttgaaagccttagcc 

tttttagtgtaactgtctttgtgtttaggatccaaatgtcctagctctttagcgatatta 

acagcttcctcaccagctaaaacgggatccgtccaggtatgtgggtcataaagtgtcgca 

gggtcaatgccttgtgtgacttccatatcttctagccctttgactctatctagtgtcaga 

ggttt 
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TABLE K: Assembled contig of htp mutant GV12_8 – FASTA file format. 
>Contig_GV12_8 

ggcttactaccaggcttgcacggaaaaagacattatccgctcaatgtctcgaaaaggaac 

acctgcagataatgcctgtattgaatggtttcacaccgtcctaaagactgaaacctttta 

tttccataataggagaaaatacaacaaagatagtataacaaatattgttaaaaattacat 

tacattttataatgaaactagaattcaacagagattaaacgaccagtcgcctgtacagta 

cagaaaactgattgcctaaaagtgtttttcttgcgtctcactattagggtgcagtgccaa 

tatcatgcattctttttctaatcctggatatccttatgataatgccgtaactgaagcatt 

tttcaagtatttaaagcatagacaaatcaaccgaaaacattatcaaaatatcaaacaggt 

tcaattagactgctttgaatacattgagaatttttataacaattacaaacccacatacgg 

ctaatctaggactaacccctaatcagaaagaagaaaattattttaactcaataaaataac 

acagttttctgtctacttatttgacattagtccaagaatcctcctctttttttactattc 

taacatggataccatttctttgcaaaagaaaaccgctattatccaacttttatcactact 

cgttacatagaatgacttcaaaatcaccgtaacttgctttgacaaagcagtgctttaaca 

atgagatcttcttttggtttagttcaacaaacgaaaattggataaagtgggatattttta 

aaatatatatttatgttcacagtaatattgacttttataaaaaggattgattataatgaa 

gaaagtcatgttacaagtaatattgcctcctaaattcactttagataaaaatttaggagg 

catatcaaatgaactttaataaaattcactttagataaaaatttaggaggcatatcaaat 

gaactttaataaaattgatttagacaattggaagagaaaagagatatttaatcattattt 

gaaccaacaaacgacttttagtataaccacagaaattgatattagtgttttataccgaaa 

cataaaacaagaaggatataaattttaccctgcatttattttcttagtgacaagggtgat 

aaactcaaatacagcttttagaactggttacaatagcgacggagagttaggttattggga 

taagttagagccactttatacaatttttgatggtgtatctaaaacattctctggtatttg 

gactcctgtaaagaatgacttcaaagagttttatgatttatacctttctgatgtagagaa 

atataatggttcggggaaattgtttcccaaaacacctatacctgaaaatgctttttctct 

ttctattattccatggacttcatttactgggtttaacttaaatatcaataataatagtaa 

ttaccttctacccattattacagcaggaaaattcattaataaaggtaattcaatatattt 

accgctatctttacaggtacatcattctgtttgtgatggttatcatgcaggattgtttat 

gaactctattcaggaattgtcagataggcctaatgactggcttttataatatgagataat 

gccgactgtactttttacagtcggttttctaatgtcactaacctgcccctaataatctcc 

tttacttcaactgttgatagagcacttccaaatttgctctaagattttctagatatgtct 

tgtttccgcttggagcagcttcaagtggacttaatgtctttactttagctcctgttgatt 

tcgcaatagcatgagcaattttggggttgacgttgtcttctgcaaaaatagtcttgacgt 

tgtattctttaacaaagtcttgaatttctttcaattggcgaggagagggctcttgctctg 

gagaaatacccgagataccaagttgtttcaagccgaatcgtttagccagataagaaaatg 

ccgtgtgttgcgtcacaaatgtttttgagcgcacctttttaaatttttgagtgtattctt 

cagttagttgctctgcttcttttttgaaagccttagcctttttagtgtaactgtctttgt 

gtttaggatccaaatgtcctagctctttagcgatattaacagcttcctcaccagctaaaa 

cgggatccgtccaggtatgtgggtcataaagtgtcgcagggtcaatgccttgtgtgactt 

ccatatcttctagccctttgactctatctagtgtcagaggtt 
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TABLE L: Assembled contig of WT GBS 874391 – FASTA file format. 
>Contig_WT_htp 

gttatgtgtttgagcgtcaaaacctctgacactagatagagtcaaagggctagaagatat 

ggaagtcacacaaggcattgaccctgcgacactttatgacccacatacctggacggatcc 

cgttttagctggtgaggaagctgttaatatcgctaaagagctaggacatttggatcctaa 

acacaaagacagttacactaaaaaggctaaggctttcaaaaaagaagcagagcaactaac 

tgaagaatacactcaaaaatttaaaaaggtgcgctcaaaaacatttgtgacgcaacacac 

ggcattttcttatctggctaaacgattcggcttgaaacaacttggtatctcgggtatttc 

tccagagcaagagccctctcctcgccaattgaaagaaattcaagactttgttaaagaata 

caacgtcaagactatttttgcagaagacaacgtcaaccccaaaattgctcatgctattgc 

gaaatcaacaggagctaaagtaaagacattaagtccacttgaagctgctccaagcggaaa 

caagacatatctagaaaatcttagagcaaatttggaagtgctctatcaacagttgaagta 

aaggagattattagtgaagaaaacatatggttatatcggctcagttgctgctattttact 

agctactcatattggaagttaccagcttggtaagcatcatatgggtctagcaacaaagga 

caatcagattgcctatattgatgatagcaaaggtaaggtaaaagcccctaaaacaaacaa 

aacgatggatcaaatcagtgctgaagaaggcatctctgctgaacagatcgtagtcaaaat 

tactgaccaaggttatgttacctcacacggtgaccattatcatttttacaatgggaaagt 

tccttatgatgcgattattagtgaagagttgttgatgacggatcctaattaccattttaa 

acaatcagacgttatcaatgaaatcttagacggttacgttattaaagtcaatggcaacta 

ttatgtttacctcaagccaggtagtaagcgcaaaaacattcgaaccaaacaacaaattgc 

tgagcaagtagccaaaggaactaaagaagctaaagaaaaaggtttagctcaagtggccca 

tctcagtaaagaagaagttgcggcagtcaatgaagcaaaaagacaaggacgctatactac 

agacgatggctatatttttagtccgacagatatcattgatgatttaggagatgcttattt 

agtacctcatggtaatcactatcattatattcctaaaaaagatttgtctccaagtgarct 

agctgctgcaaagcctactggartcaaaaacaaggtcaaggtgctagaccgtctgattac 

cgcccgamaccagccccaggtsgtargaaagccccaattccggatgggacgcctaacccb 

ggacaaggtcmtcmsccagawaacggkggttatcatccmssgcctcctaggccaaakgat 

gcgtcacaaaacaaacaccmaagagatgagtttaaaggaaaaacctttaaggaactttta 

gatcaactacaccgycttgatttgaaataccgtcmtgkggaagaagawgggttgrttttt 

kaaccgactcmmgtgaksaaatcaaacgctttkgggtatgkggtgsswmatggaratywt 

tccccaawmawattatncccmwkargtyagwwawmacctcykgnmrakggaatwmgcagr 

tcgmtacwwarmcrrmmaaactkwtkacmacgacycargttsagatmamwmaaaamsatn 

nncakattaaakwmgkgnnnnrsrcgayacctttytatkktmattygcwtcttaaarmww 

acggaaaaggcttagatggtaaaccatatgatacgagtgatgcttatgtttttagtaaag 

aatccattcattcagtggataaatcaggagttacagctaaacacggagatcatttccact 

atataggatttggagaacttgaacaatatgagttggatgaggtcgctaactgggtgaaag 

caaaaggtcaagctgatgagcttgttgctgctttggatcaggaacaaggcaaagaaaaac 

cactctttgacactaaaaaagtgagtcgcaaagtaacaaawkmtggkaargkggrctwtg 

rttwtkcsaaaagatggcaarrmctatwwmwawgctcrwwatmaackkgaggttttkacw 

magagttgcctttkyckwacaagaaytwwtnngyttwwmsawaaraagcwttwmmrwwaw 

gmcmtysttnncckwtrcasscattgagccacsacttgctgtagatrtgtcaagtctkcc 

satrcaygckggwaanttkytaswwasgnawatytggwwkttccccrtttgtttatycca 

crtrttgatcrtatycakgtcgttcsgyawtcatggttgacrcgcaatcaagatnnatgc 

aacaaycmmgtawgtgwtkcmrsayymcgaakttmryccggrygtatrgwctmagsywgg 

kcattcsaaragtmagsttcggtsatnwmcarrtgktaygccaawctkgmwaawygtsca 

tkktrtgmmraastgkcaaattatccattctgcwgmagaagktcarwwwgcmsyascaga 

mggctmkwtttkcagcaycasacggctakattttygrymmamgaractkttgtatggmaa 

gatrgmwmctttwgyatssmaagatggctcctttagcatcccaagagcagatggcagttc 

attgagaaccattaataaatccgatctatcccaagctgagtggcaacaagctcaagagtt 

attggcaaagaaaaatgctggtgatgctactgatacggataaacctgaagaaaagcaaca 

ggcagataagagcaatgaaaaccaacagccaagtgaagccagtaaagaagaaaaagaatc 

agatgactttatagacagtttaccagactatggtctagatagagcaaccctagaagatca 

tatcaatcaattagcacaaaaagctaatatcgatcctaagtatctcattttccaaccaga 

aggtgtccaattttataataaaaatggtgaattggtaacttatgatatcaagacacttca 

acaaataaacccttaaccaaaagaagatctcattgttaaagcactgctttgtcaaagcaa 
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gttacggtgattttgaagtcattctatgtaacgagtagtgataaaagttggataatagcg 

gttttcttttgcaaagaaatggtatccatgttagaatagtaaaaaaagaggaggattctt 

ggactaatgtcaaataagtagacagaaaactgtgttattttattgagttaaaataatttt 

cttctttctgattaggggttagtcctagattagccgtatgtgggttgtaattgttataaa 

aattctcaatgtattcaaagcagtctaattgaacctgtttgatattttgataatgttttc 

ggttgatttgtctatgctttaaatacttgaaaaatgcttcagttacggcattatcataag 

gatatccaggattagaaaaagaatgcatgatattggcactgcaccctaatagtgagacgc 

aagaaaaacacttttaggcaatcagttttctgtactgtacaggcgactggtcgtttaatc 

tctgttgaattctagtttcattataaaatgtaatgtaatttttaacaatatttgttatac 

tatctttgttgtattttctcctattatggaaataaaaggtttcagtctttaggacggtgt 

gaaaccattcaatacaggcattatctgcaggtgttccttttcgagacattgagcggataa 

tgtctttttccgtgcaagcctggtagtaagccatagaagtatacactgagc 

 

 

 
 

 

 


