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CHAPTER 1 INTRODUCTION 

 

1.1 Lower Back Pain 

 

1.1.1 Introduction 

Lower back pain (LBP), which ranges from acute to chronic, is a major public health 

problem, with an estimated 70-85% of all people suffering from back pain at some point in 

life (Andersson, 1999). In addition to the psychological consequences, such as anxiety, 

depression and somatisation symptoms, back pain has a significant economic impact, with 

total costs, including insurance, medical costs, disability benefits and lost production, adding 

up to an estimated £12 billion per annum in the UK alone (Urban and Roberts, 2003). LBP 

is a leading cause of activity limitation and represents the second leading cause of sick leave 

worldwide (Lidgren, 2003). According to the systematic review of the global prevalence of 

LBP conducted by Hoy et al. (2012), this condition is most prevalent among females and 

persons aged 40-80 years.  

 

Although 80-90% of LBP episodes are relatively short-lived, resolving spontaneously within 

6-weeks, around 5-10% of patients develop chronic low back pain (CLBP) that lasts longer 

than 3 months (Manchikanti, 2000; Parthan, Evans and Le, 2006). There are various causes 

for LBP, including facet joint pain, sacroiliac joint dysfunction and spondylolisthesis 

(Cooper, 2015). However, approximately 40% of CLBP cases are associated with internal  
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disc disruption (IDD) of lumbar intervertebral discs (IVD), making discogenic lower back 

pain (DLBP) the most common cause of CLBP (Schwarzer et al., 1995; Cooper, 2015). IDD 

is a multifaceted, progressive spinal disease, with genetic, biochemical and biomechanical 

factors thought to play significant roles in degenerative changes within IVDs, although the 

mechanisms of such aetiological factors in relation to discogenic pain are still not 

completely understood (Sehgal and Fortin, 2000). The progression of IDD can result in disc 

herniation, also termed as IVD displacement, with disc herniation sub-divided into three 

types, namely protrusion, extrusion and sequestration (Fardon and Milette, 2001). Low-

grade infection within IVDs, such as with coagulase-negative staphylococci (CoNS), 

Corynebacterium propinquum, Gram-positive cocci and, increasingly, Cutibacterium acnes 

(C. acnes), is also proposed to contribute towards IVD degeneration (IVDD) pathogenesis 

[Urquhart et al., 2015; Rollason et al., 2013; Albert et al., 2013 (a)]. 

 

Surgical intervention is a common form of treatment for patients suffering from chronic 

discogenic pain, with surgical procedures such as anterior fusion and posterior discectomy 

used in the management of patients with severe IVDD and disc herniation (Wang and 

Samartzis, 2014). However, these surgical procedures are highly invasive and are associated 

with a range of complications and side effects, including postoperative leg pain, recurrent 

disc herniation and infection in the case of open lumbar microdiscectomy (Kraemer et al., 

2003).
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1.1.2 Anatomy of the Vertebral Column 

 

The vertebral column, also referred to as the spine, is a complex, movable anatomical 

structure, with four main segments extending in the cranial to caudal direction known as the 

cervical, thoracic, lumbar and sacral regions (Richardson and Groen, 2005). The vertebral 

column consists of 24 presacral vertebrae interspersed with IVDs, with associated ligaments 

(Prescher, 1998). As shown in Figure 1.1 below, vertebral structure is typically characterised 

by an anterior vertebral body, posterolateral pedicles, transverse processes and posterior 

laminae which fuse to create a neural arch which terminates in a bony projection found on 

the posterior end of each vertebrae, known as the spinous processes (Richardson and Groen, 

2005). Within the posterior neural arch of each vertebra, a hollow, triangular opening known 

as the foramen is formed which encloses the spinal cord and spinal nerve roots (Figure 1.1) 

(Richardson and Groen, 2005). Increasing loads on the spinal column in the superior to 

inferior direction result in increased vertebral and IVD size in the cranial to caudal direction 

(Prescher, 1998). Bilateral facet joints are located at each spinal level between adjacent 

vertebrae which contribute to spine stability and motion (Figure 1.1) (Allegri et al., 2016; 

Jaumard, Welch and Winkelstein, 2011).  
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Figure 1.1: Superior (A), lateral (B) and posterior (C) views of the anatomical structure of 

thoracic vertebra (Moulton, 2009). 

 

 

1.1.3 Anatomy of the Lower Back 

 

The lumbar spine is composed of five vertebrae (L1-L5), connected by ligaments, tendons, 

muscles and joint capsules, characterised by extensive innervation (Allegri et al., 2016). 
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Together, these five vertebrae are often referred to as the lumbar spine. The lumbar spine 

meets the sacrum, a triangular bone consisting of five vertebrae fused both anteriorly and 

posteriorly, at the lumbosacral joint (L5-S1). IVDs can be found interspersed within the 

spine and are found at every spinal level (Allegri et al., 2016). 

 

 

1.1.4 The Intervertebral Disc 

 

1.1.4.1 Anatomy and Mechanical Function 

 

Lumbar IVDs lie between the vertebral bodies and represent the largest avascular structures 

within the human body (Binch, Cross and Le Maitre, 2014; González Martínez et al., 2017). 

IVDs play an important mechanical role, facilitating the distribution of compressive loads 

from body weight and muscle activity through the spinal column. The outer region of the 

IVD is the annulus fibrosus (AF), characterised by concentric layers (lamellae) of fibrous 

cartilage, which surrounds the proteoglycan-rich inner nucleus pulposus (NP) (Allegri et al., 

2016). The proteoglycans comprising the NP absorb water, providing the IVD with a 

hydrodynamic weight-bearing property (Melrose, 2016). In healthy IVD tissue, the inner AF 

and NP are virtually avascular and are subsequently not innervated due to the requirement of 

nerves of accompanying blood vessels for nutrition (Ito and Creemers, 2013). Therefore, the 

low oxygen tension within the NP leads to the reliance of cells of the NP on diffusion of 
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oxygen and nutrients down concentration gradients from peripheral blood vessels 

innervating cartilage end plates (Lotz, Fields and Liebenberg, 2013). As a result, cellular 

respiration is largely anaerobic, relying primarily upon anaerobic metabolism via glycolysis 

(Shapiro and Risbud, 2014). With C. acnes disc infection associated with promoting IVDD, 

the anaerobic environment of the disc may allow these anaerobic bacteria to preferentially 

colonise the NP component of the IVD (He et al., 2020). 

 

Each IVD is surrounded by endplates which act as the interface between the bony vertebrae 

and the cartilaginous IVD (Melrose, 2016; Grant et al., 2016) (Figure 1.2). IVD endplates 

are composed of an osseous layer, the bony endplate (BEP), and a thin hyaline cartilage 

layer which surrounds the cranial and caudal surfaces of the IVD, the cartilage endplate 

(CEP) (Melrose, 2016). The CEP surrounds the cranial and caudal surfaces of the disc and 

exhibits hydraulic permeability, consequently playing an important role in the regulation of 

fluid and solute transport in/out of the disc (Wu et al., 2013; Malandrino et al., 2014). 
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space height, increasing stresses placed on the facet joints and resulting in arthroplasty of 

these joints (Saleem et al., 2013). Extensive annular fissuring (tears within the outer layers 

of IVDs) can also be noted in association with IVDD (Saleem et al., 2013). 

 

IVDD is a multifaceted condition associated with both genetic and environmental factors. 

Song et al. (2013) investigated genetic risk factors for IVDD, identifying carbohydrate 

sulphotransferase 3 (CHST3), an enzyme that catalyses proteoglycan sulphation, as a 

potential susceptibility gene. Mechanical loading is another aetiological factor suggested to 

play a role in IVDD, with Sun et al. (2013) demonstrating the ability of compressive loads 

to modulate the phosphorylation and disassembly of cytokeratin 8 (CK8). This intermediate 

filament protein is found within IVD NP and is involved in controlling protein synthesis and 

responses to mechanical stress (Sun et al., 2013). Aberrant expression of microRNAs is also 

suggested within the aetiology of IVDD, with the deregulation of miR-155 shown to 

promote Fas-mediated apoptosis in human IVD via Fas-associated protein with death 

domain (FADD) and caspase-3 (Wang et al., 2011). More recently however, bacterial 

infection has become a research focus linking bacterial species such as C. acnes to the 

potential pathophysiology of this disease state. Ganko et al. (2015) investigated associations 

between disc infections and the subsequent development of symptomatic degenerative disc 

diseases, concluding that patients with symptomatic disc disease had higher incidence rates 

of disc infections as compared to patients without this condition. In support of this, a 

systematic review conducted by Urquhart et al. (2015) assessing the contribution of low 

grade bacterial infection to LBP concluded that degenerative disc disease in patients with 
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(Risbud and Shapiro, 2014; Le Maitre, Hoyland and Freemont, 2007). 

 

Increasingly, anaerobic bacteria, namely C. acnes, within IVDs are being suggested to 

stimulate inflammation and exacerbate disc degeneration, leading to CLBP, as explored 

further below (Tang et al., 2018; Yuan et al., 2018). 

 

 

1.2 C. acnes   

 

C. acnes, formerly known as P. acnes after the ability of this bacterium to ferment 

carbohydrates to propionic acid [Shu et al., 2013 (a)], is related to the genera Actinomyces 

and Arcanobacterium (Poppert, Riecker and Essig, 2010). Historically referred to as 

Corynebacterium acnes (Puhvel and Reisner, 1970), C. acnes is a member of the cutaneous 

Cutibacteria genus, as are Cutibacterium avidum and Cutibacterium granulosum (Bojar and 

Holland, 2004).  C. acnes can be differentiated from other commensal cutaneous 

Cutibacteria through the use of biochemical tests (Table 1.1) (Eady and Ingham, 1994). 
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of small, opaque, convex, tan-coloured colonies with smooth, glistening surfaces.  

 

 

Although C. acnes is considered to be a strict anaerobe, the C. acnes genome encodes all of 

the key components required for oxidative phosphorylation, such as nicotinamide adenine 

dinucleotide with hydrogen (NADH) dehydrogenase/complex I, cytochrome c reductase and 

cytochrome c oxidase (Portillo et al., 2013). C. acnes also expresses cytochrome d oxidase 

which, in Escherichia coli (E. coli), is upregulated in conditions of low aeration 

(Brüggemann, 2005). Therefore, C. acnes has the ability to survive for several hours in low-

oxygen environments (Csukas, Banizs and Rozgonyi, 2004). This bacterium also has the 

potential to survive for up to 8 months under anaerobic conditions, suggesting that C. acnes 

can cause prolonged infections within human tissues with low oxidation potentials (Csukas, 

Banizs and Rozgonyi, 2004). However, despite the fact that C. acnes can be cultured in 

oxygen at 100% saturation, this leads to reduced growth rates (Cove, Holland and Cunliffe, 

1983). Therefore, C. acnes is best described as a facultative anaerobic microorganism 

(Schlecht, Freudenberg and Galanos, 1997). 

 

C. acnes accounts for approximately half of the total skin microbiome, with bacterial counts 

ranging from 101 per cm2 from the legs (McGinley, Webster and Leyden, 1978) to 105-6 per 

cm2 from the scalp and face (McGinley et al., 1980). However, the quantitative 

characterisation of skin commensals is complicated due to the effects of environmental 
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factors on the colonisation of the skin (Evans, 1975). In addition to preferentially colonising 

regions of the skin rich in sebaceous follicles (McGinley, Webster and Leyden, 1978), C. 

acnes can also be found colonising the conjunctiva, oral cavity, upper respiratory tract and 

the large intestine (Perry and Lambert, 2011).   

 

Johnson and Cummins (1972) used cell wall sugar analysis and the results of serological 

agglutination tests to identify two distinct C. acnes phenotypes which were designated types 

I and II. Comparing cell wall sugar patterns demonstrated that the cell walls of type I C. 

acnes strains contain galactose, glucose and mannose whereas the cell walls of type II 

strains contain only glucose and mannose (Johnson and Cummins, 1972). Investigating 

variations in susceptibility to phage infection and differences in fermentation properties 

were methods also employed to differentiate between C. acnes phylotypes I and II (Voss, 

1970).  

 

C. acnes ferments glucose, fructose and glycerol but does not ferment lactose, salicin, 

sucrose, maltose, xylose or arabinose (Moss et al., 1967). C. acnes can be differentiated 

from other Gram-positive bacteria by its ability to form large quantities of propionic acid 

and acetic acid which are metabolic end-products produced following the utilisation of 

carbon-sources, such as glucose and glycerol. The short-chain fatty acid propionic acid has 

been shown to exhibit antimicrobial effects against methicillin-resistant S. aureus strain 

USA300 (Wang et al., 2014), demonstrating the adaptation of C. acnes to colonise the skin 
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and eliminate competing microbes.   

 

Like many Gram-positive microorganisms, the cell wall of C. acnes consists largely of 

polysaccharide and peptidoglycan, with the cell wall polysaccharide consisting of the hexose 

sugars glucose, galactose and mannose, along with the hexosamines glucosamine and 

galactosamine (Cummins and White, 1983). C. acnes peptidoglycan amino acids include 

alanine, glutamic acid, glycine and L-diaminopimelic acid (DAP) (Johnson and Cummins, 

1972; Schleifer, Plapp and Kandler, 1968). Cummins and Harris (1958) demonstrated 

variations in the amino acid composition of the cell wall of five different Propionibacteria 

strains. Propionibacterium shermanii contains only alanine, glutamic acid and meso-DAP 

whereas four other Propionibacteria strains expressed LL-DAP in place of meso-DAP and, 

additionally, expressed glycine (Cummins and Harris, 1958). Variations in the distribution 

of these two types of murein within the genus Cutibacterium may account for the different 

cellular morphologies within the genus, with meso-DAP expressing Cutibacterium species 

existing in coccoid forms whereas LL-DAP expressing strains form coryneform rods 

(Schleifer, Plapp and Kandler, 1968). Additionally, Montes and Wilborn (1970) 

demonstrated evidence of a floccular layer external to the cell wall of Corynebacterium 

acnes cells, with Hard (1969) demonstrating the cohesive nature of this superficial floccular 

material in promoting the adhesion of neighbouring Corynebacterium ovis cells. The thick 

Gram-positive cell wall of Cutibacteria promotes the high structural stability of these 

bacteria, making these bacteria resistant to drying and osmotic shock (Bojar and Holland, 

2004). These are important attributes of Cutibacteria which promote their colonisation of the 
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skin as the skin surface is subject to regular fluctuations in temperature and salt/ion 

concentrations (Bojar and Holland, 2004). 

 

Other methods of discriminating between C. acnes types I and II have since been developed, 

such as the sequence analysis of the conserved housekeeping recA gene and the cytotoxin/ 

haemolysin tly virulence gene, which has led to the identification of the phylotypes IA, IB, II 

and III (McDowell et al., 2005; McDowell et al., 2008). Multilocus sequence typing 

(MLST) has been used to further subdivide types IA, IB, II and III C. acnes isolates into 

specific sequence types, with MLST being used in combination with whole genome 

sequencing to further divide the type IA clade into types IA1 and IA2 (McDowell et al., 

2012). Distinguishing between these four different evolutionary lineages is important due to 

variations in virulence factor production and inflammatory properties of these different 

phylotypes which are suggested to be implicated in causing different clinical conditions 

(McDowell et al., 2012; Valanne et al., 2005; Lodes et al., 2006). However, the use of recA 

sequence analysis alone can result in the misidentification of certain type IA isolates as type 

IB due to sequence similarity, highlighting the lack of specificity of this method (McDowell 

et al., 2012). Additionally, Niazi et al. (2010) identified discrepancies between the use of 

recA typing and putative virulence factor sequence analysis when establishing phylogenetic 

relationships between C. acnes strains, potentially as a result of intraspecies recombination.  

Therefore, although recA sequence analysis allows for the superficial classification of C. 

acnes strains, distinguishing between C. acnes strains using additional gene sequences 

allows for the appreciation of the true complex nature of C. acnes taxonomic relationships.   
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aetiology of acne vulgaris (Perry et al., 2003). Numerous reports, however, indicate that C. 

acnes causes severe infections at various body sites. These include bone and joint infections 

(Zeller et al., 2007) and central nervous system infections (Ramos, Esteban and Soriano, 

1995), with several predisposing conditions for C. acnes infections having been identified, 

including the presence of foreign bodies, immunosuppression, trauma and diabetes (Funke et 

al., 1997).  However, C. acnes is found in both healthy and disease states, meaning it is 

difficult to identify this microorganism as a cause of particular diseases. Therefore, C. acnes 

is commonly dismissed as a contaminant of clinical samples and laboratory cultures 

(Rollason et al., 2013; Levy et al., 2008). 

 

 

1.3.1 Acne 

 

The most well investigated disease associated with C. acnes is the skin condition acne 

vulgaris, which affects between 40-50 million individuals in the United States alone (White, 

1998). This skin commensal is usually beneficial for the host, occupying a niche within the 

skin microbiome which could otherwise be colonised by more pathogenic and invasive 

microorganisms. However, despite decades of research, it is still not clear how C. acnes 

contributes to acne pathogenesis whilst being a major commensal of the normal skin flora 

(Fitz-Gibbon et al., 2013). Nevertheless, strain population structures differ among acne 

patients and healthy individuals, with strains belonging to ribotypes 4 and 5 strongly 
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2013; Bhatia, Maisonneuve and Persing, 2004).  

 

There are four major pathophysiological features of acne which include increased sebum 

production (seborrhoea), hyperkeratinisation and obstruction of the follicular epithelium, 

proliferation of C. acnes and inflammation (Cogen, Nizet and Gallo, 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Structure of the normal human pilosebaceous gland. HF, hair follicle; ORS, outer 

root sheath; IRS, inner root sheath; CL, companion layer; FS, fibrous sheath; SG, sebaceous 

gland; AP, arrector pili (Toll et al., 2004). 

 

 

This item has been removed due to 3rd Party 
Copyright. The unabridged version of the thesis can 

be found in the Lanchester Library, Coventry 
University.



~ 20 ~ 
 

Sebum is produced by the sebaceous glands and is a mixture of lipids mainly composed of 

triglycerides, wax esters, squalene, free fatty acids and trace amounts of cholesterol, 

cholesterol esters and diglycerides (Picardo et al., 2009). Seborrhoea and alteration in the 

lipid composition of sebum are major events associated with acne development 

(Makrantonaki, Ganceviciene and Zouboulis, 2011). Sebum is secreted by the sebaceous 

glands and passes to the lumen of the pilosebaceous unit via the sebaceous duct. From the 

pilosebaceous unit, sebum is secreted at the skin surface. As sebum migrates to the surface 

of the skin, the triglyceride composition of the sebum is reduced whilst the concentration of 

free fatty acids within the sebum increases (Gribbon, Cunliffe and Holland, 1993). Marples, 

Downing and Kligman (1971) discovered that free fatty acid levels were proportional to the 

density of C. acnes within scalp washings, implicating the action of C. acnes lipase in the 

generation of free fatty acids. However, gender bias existed within this study as all scalp 

washings were obtained from male patients. In support of the findings of Marples, Downing 

and Kligman (1971), Ingham et al. (1981) demonstrated that purified C. acnes lipase had the 

ability to hydrolyse a range of triglycerides. These findings suggest that C. acnes residing 

within the pilosebaceous unit may gain nutritional advantage from the hydrolysis of 

triglycerides in sebum to free fatty acids and that increased sebum production may promote 

the growth of C. acnes (Gribbon, Cunliffe and Holland, 1993). Additionally, Ferguson and 

Cummins (1978) demonstrated that oleic acid, produced as an alternative to linoleic acid 

within sebum, induces C. acnes growth in vitro. However, Weeks et al. (1977) demonstrated 

that a significant reduction in the levels of free fatty acids within sebum had no effect on the 

clinical severity of acne in volunteers, suggesting that C. acnes is not dependent on lipases 
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for energy or growth requirements. In contrast to these findings, Gribbon, Cunliffe and 

Holland (1993) proposed that lipase produced by C. acnes may act as a possible colonisation 

factor in vivo, aiding in the colonisation of the pilosebaceous follicle through the adherence 

of bacterial cells to components such as oleic acid.  

 

The second major pathophysiological feature of acne development is hyperkeratinisation and 

obstruction of the follicular epithelium. Lavker, Leyden and McGinley (1981) suggested that 

C. acnes is not essential in the initiation of abnormal keratinisation. However, lesions of 

prepubertal children were sampled and, as shown by Jappe (2003), sebaceous glands are 

androgen-targeted organs which are stimulated to produce sebum only at puberty and 

beyond. This may explain why Lavker, Leyden and McGinley (1981) failed to identify C. 

acnes colonisation of acne lesions. In contrast, Kligman (1974) proposed that C. acnes may 

play a key role in inducing abnormal keratinisation, with a change being induced in the 

pattern of keratinisation of the epithelial lining of the infundibulum. As the granular layer 

becomes more prominent, the horny cells stick together and form a horny layer, with cells 

packing together tightly (Kligman, 1974). These cells no longer slough, creating an 

anaerobic, sebum-rich environment within the pilosebaceous unit which promotes C. acnes 

growth. However, the mechanisms associated with changes in the infundibulum 

microstructure still require further investigation (Guy, Green and Kealey, 1996). 

 

Additionally, Graham et al. (2004) demonstrated the ability of C. acnes to stimulate 
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inflammatory properties. These findings strengthen the hypothesis that C. acnes plays an 

important role in acne pathogenesis. 

 

However, although there is research supporting the role of C. acnes as the causative agent of 

acne vulgaris, other research findings do not support this conclusion. Some researchers 

suggest that the colonisation of the pilosebaceous follicle by C. acnes may be a side effect of 

inflammation as opposed to the cause of inflammation. Additionally, Leyden et al. (1975) 

isolated C. acnes from subjects with and without acne and observed no correlation between 

C. acnes colonisation densities and the severity of acne vulgaris. Leeming, Holland and 

Cunliffe (1984) demonstrated evidence that not all follicles are colonised by 

microorganisms, although a total of only 54 acne vulgaris patients were sampled. 

McLaughlin et al. (2019) also suggested that skin surface concentrations of Cutibacteria do 

not differ between individuals with and without acne (healthy skin). Whilst inflammation is 

known to be associated with the later stages of acne development, inflammatory processes 

are increasingly being reported to occur much earlier on in acne lesion evolution than 

previously anticipated, with some lesions becoming inflamed in the absence of bacteria 

(McLaughlin et al., 2019). This suggests that C. acnes may not be a pre-requisite factor for 

the initiation of inflammation seen in acne patients (McLaughlin et al., 2019). Furthermore, 

beta-lactam antibiotics are ineffective against acne, although Tyrrell et al. (2006) 

demonstrated that C. acnes is fully susceptible to the beta-lactam antibiotic daptomycin, 

suggesting that C. acnes may not be the causative agent of acne vulgaris. However, these C. 

acnes isolates originated from a range of human clinical samples and, therefore, may not 
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1.3.2 Discitis   

 

Two research papers published by a Danish-British research group suggested that C. acnes 

may be implicated in the pathophysiology of discitis, an infection of the IVD tissue within 

the back, leading to CLBP [Albert et al., 2013 (a); Albert et al., 2013 (b)]. These studies 

have prompted a paradigm shift in the way in which CLBP is managed. Albert et al. [2013 

(a)] obtained herniated nucleus material from lumbar disc herniations of 61 patients, with 28 

of these samples being positive for microbial culture and 26 of these 28 samples positive 

specifically for anaerobic bacteria. In the discs with a nucleus containing anaerobic bacteria, 

which most frequently was C. acnes, 80% of these patients went on to develop new Modic 

changes in the vertebrae adjacent to the previously herniated disc, supporting the theory that 

these Modic changes may be due to oedema surrounding an infected disc [Albert et al., 2013 

(a)]. However, Grand et al. (1993) demonstrated that lumbar disc surgery in the absence of 

infection may cause vertebral endplate changes, suggesting a non-microbial cause of such 

Modic changes. The term Modic changes was first described by Modic et al. (1988) and 

refers to signal intensity changes of vertebral endplates and subchondral bone indicative of 

vertebral bone marrow changes associated with degenerative disc disease visible by 

magnetic resonance imaging (MRI) (Zhang et al., 2008). Modic changes are classified into 3 

subtypes, namely type I, type II and type III, each characterised by varied T1 and T2-

weighted signal intensities as viewed by MRI (Modic et al., 1988). Type I Modic changes 

are characterised by vertebral body oedema and hypervascularity, Modic type II changes are 

characterised by fatty replacements of the red bone marrow within the vertebral body and 
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isolation of antibiotic resistant bacteria from at least one stool sample within 78% of 

patients. With regards to acne treatment and C. acnes specifically, Patel et al. (2010) 

identified specific criteria which could influence the development of antibiotic resistance in 

patients with acne. This included antibiotic monotherapy, indiscriminate use of antibiotics 

outside their indications and, particularly, long-term administration of antibiotics (Patel et 

al., 2010). Antibiotic usage also does not neutralise toxins secreted by bacteria (Wang et al., 

2018). This, coupled with the demonstration that C. acnes biofilm formation increases 

resistance against antimicrobial agents, further complicates the treatment options for C. 

acnes-associated infections (Coenye, Peeters and Nelis, 2007). Additionally, in the Albert et 

al. [2013 (b)] study, all patients continued to take their usual anti-inflammatory and pain-

relieving medication, a significant confounding variable which could account for the 

improvement seen in primary outcome measures. These findings highlight the need to 

undertake further research to assess the pathogenic role of C. acnes in disc herniation which 

may promote the identification of novel C. acnes microbial targets. This would prevent the 

over-use of antibiotics and the development of antibiotic-resistant bacteria. Furthermore, 

investigations into the effects of prolonged antibiotic usage on C. acnes virulence are 

warranted as this would inform antibiotic treatment strategies for deep tissue C. acnes 

infections. 

 

The limitations associated with conventional antibiotic therapy has prompted researchers to 

explore alternative methods to manage C. acnes-associated infections, such as targeting 

specific microbial virulence products (Wang et al., 2018). C. acnes-targeted vaccines 
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provoke the generation of specific antibodies against the target bacteria, with inactivated C. 

acnes vaccines also showing in vivo protective immunity against future challenge with the 

target bacteria (Nakatsuji et al., 2008). One such microbial target exploited within C. acnes 

vaccine development is the pore-forming toxin Christie Atkins Munch-Petersen (CAMP) 

factor, with a vaccination approach to this target shown to reduce inflammation in an explant 

model of acne caused by C. acnes (Wang et al., 2018). Such a vaccine would utilise anti-

CAMP factor monoclonal antibodies to directly interact with secreted CAMP factor in C. 

acnes infected tissue to neutralise this virulence factor and attenuate proinflammatory 

cytokine release (Wang et al., 2018). The specific inhibition of secreted C. acnes virulence 

factors presents less selective pressure for the generation of resistant bacteria (Rasko et al., 

2008). However, despite research into CAMP factor vaccines for application within acne 

patients demonstrating reductions in inflammation, few researchers have investigated CAMP 

factor production within C. acnes isolates taken from herniated IVD tissue.  

 

Stirling et al. (2001) suggested a possible microbial cause of the inflammation associated 

with sciatica, which refers to pain, numbness or tingling felt due to the irritation or 

compression of the sciatic nerve. A newly developed enzyme-linked immunosorbent assay 

(ELISA) test was used to identify deep-seated infections caused by Gram-positive 

microorganisms, with 43 of 140 (31%) of sciatica patients testing positive (Stirling et al., 

2001). Disc material from a further 36 patients with severe sciatica was cultured for 

microorganisms and 19 of these patients (53%) had positive cultures, with C. acnes being 

isolated from 16 of the 19 (84%) positive samples (Stirling et al., 2001). These results 
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suggest that microorganisms, particularly C. acnes, are associated with chronic low-grade 

infection within the IVDs of sciatica patients. However, the presence of C. acnes within 

herniated disc tissue may be attributed to the contamination of samples during surgery 

and/or during laboratory culture (Carricajo et al., 2007). This is refuted by Savage et al. 

(2012) who demonstrated that effective skin preoperative preparation can reduce the overall 

rate of positive cultures from skin overlying the lumbar region to 0%. Furthermore, Capoor 

et al. (2017) provided the first visual evidence of C. acnes biofilms within IVD tissue 

specimens, consistent with infection rather than microbiological contamination. Therefore, 

the possible association between C. acnes and chronic low-grade infection in herniated discs 

should not be readily attributed to sample contamination, suggesting that further 

investigations into C. acnes virulence mechanisms in association with lumbar disc 

herniations are warranted. 

 

 

1.3.3 Implant-Associated Infections 

 

C. acnes is increasingly being recognised as an opportunistic pathogen within a range of 

implant-associated infections, including infections of intraocular lenses, breast implants and 

periprosthetic joint implants, as shown in Figure 1.4 (Portillo et al., 2013). 
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Figure 1.4 Range of implant-associated infections caused by C. acnes (Portillo et al., 2013). 

 

The seeding of prosthetic implants with C. acnes can occur during contamination of the 

surgical site by skin microbiota or through haematogenous spread to implanted prostheses, 

as demonstrated by Blomgren et al. (1981) in an animal-based knee-joint replacement study.  

An important virulence characteristic of C. acnes in association with a range of prosthetic 

implant-associated infections is biofilm formation on abiotic, inert, orthopaedic biomaterials, 

such as breast implants (Del Pozo et al., 2009; Rieger et al., 2013). Biofilm formation is 

thought to increase the resistance of biofilm-associated isolates to a range of antimicrobials, 

making the management of prostheses-associated infections with antibiotics difficult 
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(Ramage et al., 2003). Additionally, biofilm formation on prosthetic implant surfaces may 

stimulate inflammation and chronic, low-level infection, as demonstrated by Pajkos et al. 

(2003) within breast implant patients. Therefore, prosthetic joint infection treatment often 

involves surgical debridement and/or removal of the infected prosthesis (Moran et al., 

2007). However, the low-virulence nature of C. acnes can lead to delayed prosthetic 

implant-associated infections, with some infections occurring months after surgery, as 

shown by Zambrano et al. (1989) who identified nine C. acnes endophthalmitis patients 

presenting with symptoms around four months after cataract surgery. Additionally, the 

fastidious growth requirements of C. acnes and the variety of culture methods employed 

within the literature further complicates the identification of C. acnes as a cause of 

prosthetic joint infections. Despite this, Butler-Wu et al. (2011) demonstrated that a 

minimum culture period of 13-days using both aerobic and anaerobic culture media 

promotes the identification of C. acnes within periprosthetic specimens. Molecular 

diagnostic techniques, such as polymerase chain reaction (PCR), are also increasingly being 

used to detect bacterial DNA in small sample volumes containing small numbers of bacteria 

(Hykin et al., 1994).  

 

Levels of inflammatory markers, such as erythrocyte sedimentation rates (ESR) and C-

reactive protein (CRP), vary significantly among different patients (Dramis et al., 2009), 

making the preoperative identification of suspected prosthetic implant-associated infections 

difficult. This may be attributed to the low virulence of C. acnes. Piper et al. (2009) also 

demonstrated that the sonication of prostheses improved the sensitivity for the detection of 
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prosthetic shoulder infections as compared to periprosthetic tissue culture. However, there is 

no standardised protocol relating to sample collection and processing in suspected prosthetic 

joint infection patients. 

 

Although the prophylactic use of antibiotics in prosthetic-implant surgery is common, 

studies have demonstrated no significant difference in infection rates between patients 

receiving prophylactic antibiotics and those receiving no antibiotics (LeRoy and Given, 

1991; Mirzabeigi et al., 2012). However, the choice of antibiotics and duration of antibiotic 

therapy may affect infection rates within prosthetic implant surgery patients. The prevention 

of biofilm formation on prosthetic implant surfaces using antibiotic-impregnated 

biomaterials could reduce the use of prophylactic antibiotics (Jacombs et al., 2012).  

 

 

1.3.4 Other Conditions Associated with C. acnes Infection  

 

C. acnes has been identified as an aetiological agent within a range of conditions. These 

include sarcoidosis, synovitis, acne, pustulosis, hyperostosis and osteitis (SAPHO) 

syndrome, Noma, central nervous system (CNS) infections, Kawasaki disease and  prostate 

cancer (Ishii et al., 2010; Negi et al., 2012; Eishi, 2013; Roldan et al., 2001; Edlund et 

al.,1988; Paster et al., 2002; Chung et al., 2011; Burnham et al., 2014; Ramos, Esteban and 

Soriano, 1995; Zaffiri et al., 2013; Tomita et al., 1987; Cohen et al., 2005; Alexeyev et al., 
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microbiology laboratories consider the implementation of extended culture incubation 

periods where C. acnes infection is suspected in order to maximise the recovery of this 

anaerobe from patient samples. In the future, as new pathogenic mechanisms of these 

bacteria are discovered, our understanding of the role C. acnes plays in human disease will 

continue to develop, potentially leading to novel treatment and infection prevention 

strategies to reduce patient morbidity rates. 

 

 

1.4 C. acnes Discitis and Associated Modic Changes and Chronic Low 

Back Pain: An Overview 

 

1.4.1 Epidemiology of C. acnes within Intervertebral Disc Tissue 

 

1.4.1.1 Prevalence, Patient Characteristics and Phylotype Distribution  

 

The systematic review conducted by Urquhart et al. (2015) concluded that the average 

median age and percentage of female participants within 11 studies investigating LBP in 

association with bacterial infection of lumbar disc tissue was 44.7 years and 41.5%, 

respectively. In support of this, Capoor et al. (2017) reported an average age of 49.3 ± 13.6 

years for male and female patients enrolled within the study. Additionally, gender correlated 

significantly with C. acnes positivity, with a significantly higher prevalence of C. acnes in 
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disc specimens obtained from males (39% of 222 males) as compared to females (23% of 

146 females) (Capoor et al., 2017). Furthermore, patients with C. acnes culture positivity 

were younger than culture-negative patients (46.7 years vs. 50.5 years, respectively) which 

may be attributed to the ability of C. acnes to accelerate age-related disc degeneration 

(Capoor et al., 2017). 

 

Stirling et al. (2001) were the first to report the presence of C. acnes within IVD tissue taken 

from patients presenting with sciatica, with an overall positivity rate of 44.4% (16/36). IVDs 

sampled within this study and the studies discussed below were degenerative only, 

with/without NP herniation and without clinical signs of discitis. 

 

Arndt et al. (2012) and Agarwal, Golish and Alamin (2011) independently reported 

bacteriologic culture positivity rates of C. acnes within excised IVD tissue of 21.7% (18/83) 

and 13.5% (7/52) within patients presenting with lumbar disc degeneration and herniated 

lumbar NP, respectively.  

 

Albert et al. [2013 (a)] identified 39.3% (24/61) of patients with C. acnes culture positivity 

from nuclear tissue removed from lumbar discs during microdiscectomy. Carricajo et al. 

(2007) reported a positivity rate of C. acnes within disc fragment samples of 3.7% (2/54). 

However, within the latter study, the two cases of C. acnes culture positivity were attributed 

to contamination during sample collection and/or laboratory processing (Carricajo et al., 
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2007).  

 

More recently, Yuan et al. (2017) demonstrated the presence of C. acnes within 26.3% 

(20/76) of patients from whom IVD tissue samples were obtained. Therefore, all of the 

studies explored here demonstrate the existence of latent C. acnes infection within IVDs. In 

support of this theory, Stirling et al. (2001) demonstrated the absence of C. acnes positive 

cultures from anatomically normal IVD control tissue obtained from patients presenting with 

other spinal disorders. 

 

The phylogenetic distribution within IVD tissue demonstrates a mix of phylotypes, with 

Rollason et al. (2013) exploring the phylogenetic distribution of 74 C. acnes isolates 

obtained from herniated lumbar disc tissue and concluding that culture of such tissue yielded 

48% type II, 27% type IA, 14% type III and 11% type IB isolates. Capoor et al. (2017) 

reported 24% (9/38) of isolates as belonging to phylotype IB, with 39% (15/38) belonging to 

phylotype IA1, 3% (1/38) belonging to phylotype IC and 34% (13/38) belonging to 

phylotype II. Capoor et al. (2017) concluded that as a distribution of phylotypes was noted 

rather than the predominance of a single phylotype, no specific C. acnes phylotype is 

associated with lumbar disc herniation. 
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1.4.2 C. acnes: Contaminant or Cause of Disease? 
 

 

Despite an increasing body of literature evidencing the isolation of C. acnes from IVD 

tissue, some studies do not support the presence of C. acnes within disc tissue and/or the VB 

as a pathophysiological cause of DLBP. Such studies suggest that the origination of C. acnes 

within IVD tissue is the result of contamination of patient samples during tissue harvest 

and/or laboratory processing as opposed to the endogenous growth of this microorganism 

within the IVDs, structures traditionally regarded as sterile spaces (Carricajo et al., 2007). 

As C. acnes is a member of the normal skin microbiota, this microorganism is often 

identified as a common contaminant within spinal surgery, with Bémer et al. (2008) 

reporting C. acnes contamination rates of up to 9.7% during spinal instrumentation 

procedures (Achermann et al., 2014). Ben-Galim et al. (2006) cultured 30 IVD samples 

obtained from patients with disc herniation and found just two strains of CoNS, considered 

as contaminants during sample collection. Fritzell et al. (2019) argued that similarities 

between C. acnes culture positivity rates between disc herniation patients presenting with 

disc degeneration and control scoliosis patients with non-degenerated discs may infer that C. 

acnes represents a sample contaminant. However, the biofilm mode of growth was not 

considered within this study and the subsequent lack of adequate sample disruption may 

have led to the under-representation of C. acnes within disc herniation patients. 

Additionally, Fritzell et al. (2019) identified that the use of universal 16S rRNA primers, 

designed to detect any bacterial species within clinical samples, may have reduced the 
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sensitivity of the PCR assay as compared to the use of primers designed specifically to target 

the rRNA of C. acnes. Therefore, C. acnes may not necessarily represent a sample 

contaminant within this published study. However, McLorinan et al. (2005) identified 

bacteria in 29.1%, 21.5% and 16.5% of skin, soft-tissue and intra-operative wound washing 

samples, respectively. C. acnes represented the predominant bacterial species within each of 

these three sample types, with immunofluorescent microscopy examination suggesting the 

origination of C. acnes wound contaminant isolates was from patient skin. Subsequently, 

some researchers have begun collecting ligamentum flavum and/or muscle samples adjacent 

to IVDs during discectomy procedures for use as contamination marker controls during 

surgery. One such study identified C. acnes within control cultures taken from ligamentum 

flavum and muscle of two patients who were also positive for C. acnes within IVD 

fragments (Carricajo et al., 2007). Carricajo et al. (2007) investigated the environmental 

presence of C. acnes within air samples obtained during surgery for severe disc herniation. 

All four air samples contained C. acnes, with these bacteria also being identified within 

three of 54 laminar flow control cultures (Carricajo et al., 2007). This further indicates that 

isolated C. acnes could represent contamination as opposed to endogenous growth within 

IVDs. Additionally, Yuan et al. (2017) identified four disc degeneration patients (4/76, 

5.26%) with positive results for C. acnes in both IVDs and adjacent muscles, indicative of 

incisional contamination during surgery. However, this same study identified 16 patients 

(16/76, 21.05%) with C. acnes present only in IVDs with negative culture results of adjacent 

muscle samples, suggesting that these isolates represent original growth within IVDs (Yuan 

et al., 2017). Additionally, Zhou et al. (2015) identified nine cases of C. acnes 16S 
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ribosomal DNA gene positivity within IVD tissue only, with two cases of C. acnes positivity 

in the disc and muscle tissue of 46 discectomy patients. Since the vast majority of positive 

C. acnes cultures yielded no C. acnes from corresponding muscle control tissue, a true 

infection is far more likely as opposed to contamination.  

 

The discussion surrounding the role of C. acnes in disc infection, either as a genuine cause 

of infection or as a simple sample contaminant, is further complicated by the findings of 

Rajasekaran et al. (2020) which challenge the concept that human IVD tissue represents a 

sterile space (Carricajo et al., 2007). Rajasekaran et al. (2020) evidenced a microbiome 

within human IVD tissue, with C. acnes being identified within MRI-normal discs, 

degenerated discs and herniated discs. However, it is not clear whether contamination 

marker controls, such as ligamentum flavum samples or surrounding muscle tissue samples, 

were obtained in this study as indicators of potential contamination of clinical disc samples 

during tissue collection. 

 

Inclusion and exclusion criteria are applied within a range of studies investigating the 

presence of C. acnes within disc tissue to promote the validity of study results and 

conclusions. Albert et al. [2013 (b)] ensured patients aged between 18-65 years with MRI-

confirmed disc herniations were included. Similarly, Agarwal, Golish and Alamin (2011) 

only included primary microdiscectomy patients with MRI-confirmed lumbar herniated NP. 

Exclusion criteria typically applied within such studies included the exclusion of pregnant or 
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lactating participants, patients with kidney disease, patients undergoing chemotherapy, 

subjects using systemic steroids and/or patients who have undergone prior lumbar surgery 

[Salehpour et al., 2019; Astur et al., 2017; Albert et al., 2013 (b)]. Therefore, with the 

application of such stringent inclusion and exclusion criteria to such studies, the presence of 

C. acnes should not be readily dismissed or attributed to extraneous factors. Steroid 

injections and/or epidurals are other potential confounding variables that may influence C. 

acnes presence within IVD tissue, with studies typically excluding patients who have 

undergone back surgery and previous epidural steroid injections (Capoor et al., 2016; 

Salehpour et al., 2019). Albert et al. [2013 (a)] demonstrated anaerobic C. acnes culture 

positivity within 24 (86%) patients who had no previous history of epidural steroid injection, 

demonstrating the potential endogenous origin of these bacteria within the IVD tissue of 

these patients. In support of these findings, Capoor et al. (2016) did not observe any 

significant association between C. acnes positivity rates and the prevalence of previous 

spinal surgery/epidural steroid injections in patients, further supporting the endogenous 

origin of C. acnes within disc tissue as opposed to iatrogenic origin. Furthermore, the 

presence of biofilms within IVD tissue is consistent with infection as opposed to 

microbiological contamination during sample collection (Capoor et al., 2017). Also, 

rigorous decontamination procedures and aseptic techniques are employed during surgical 

site preparation and sample collection within discectomy patients, such as the use of 

antiseptic solutions, further reducing the likelihood of surgical site contamination 

(McLorinan et al., 2005). Therefore, C. acnes positivity within IVD tissue should not readily 

be dismissed as a result of contamination during tissue harvesting. However, Patrick et al. 
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(2017) dispute the efficacy of a specific skin antiseptic, called povidone iodine-alcohol, in 

the sterilisation of pre-operative skin in spinal surgery patients. These results suggested that 

viable bacterial loads were significantly lower in the group treated with both povidone 

iodine-alcohol and chlorhexidine gluconate-alcohol as compared to patients treated with 

povidone iodine-alcohol applied twice, as per National Institute for Health and Care 

Excellence UK guidelines, alone (Patrick et al., 2017). Therefore, whilst skin antisepsis with 

the sequential application of povidone iodine-alcohol and chlorhexidine gluconate-alcohol 

led to more effective reduction of surgical wound contamination rates as compared to 

povidone iodine-alcohol alone, both decontamination protocols led to surgical wound 

infection (Patrick et al., 2017). This suggests that bacteria contaminating surgical wounds 

can be derived from the patient skin microbiota and subsequently may infer that positive 

culture from disc tissue may represent sample contamination from surgical wound sites, 

even following effective skin pre-operative decontamination. 

 

Besides C. acnes, the normal skin flora is represented by a range of bacterial species, such as 

CoNS. Therefore, if C. acnes isolated from IVD tissue represents an incisional contaminant 

originating from the skin, most isolated bacteria from patient tissue samples should be a 

mixture of species as opposed to the predominance of an individual species. However, in 

various studies, C. acnes represents the predominant bacterial species cultured from IVD 

tissue, with Stirling et al. (2001) identifying positive C. acnes growth within 84% (16/19) of 

IVD material taken from sciatica patients. Another study found that C. acnes was the only 

bacterial species identified via culture and 16S recombinant DNA PCR examination within 
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21% (16/76) of discs (Yuan et al., 2017). 

 

Another factor which may lead to inter-study discrepancies with regards to C. acnes culture 

positivity rates is methodological issues and culture technique. In addition to the slow 

growth rate of C. acnes, these bacteria proliferate as aggregated biofilms in vivo, making in 

vitro culture difficult without the use of physical biofilm disassembly techniques (such as 

sonication or homogenisation) prior to microbiological plating (Capoor et al., 2017). With 

Jamal et al. (2018) stating that the National Institutes of Health (NIH) revealed that among 

all microbial and chronic infections, 65% and 80%, respectively, are associated with biofilm 

formation, it is surprising that not all previous studies investigating C. acnes presence within 

IVD tissue have accounted for this mode of growth within disc pathologies with regards to, 

for example, sample preparation. Therefore, the failure of previous studies investigating C. 

acnes presence within IVD tissue to consider the biofilm mode of growth and optimum 

culture times of these bacteria has led to inconsistencies in sample processing (Capoor et al., 

2017; Abdulmassih et al., 2016). This has resulted in varied and likely underestimated 

prevalence rates of cultured C. acnes in previous publications ranging from 0% to 44% 

(Ben-Galim et al., 2006; Stirling et al., 2001). Therefore, failure to disrupt possible C. acnes 

biofilms within disc tissue and failure to culture samples for long enough may lead to false-

negative culture results and the subsequent under-reporting of the true incidence of C. acnes-

associated IVD tissue infection. As a result, standardisation of tissue processing protocols in 

future studies, such as the incorporation of tissue homogenisation and/or sonication steps, 

would promote C. acnes recovery from patient tissue.  
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1.4.3 Symptoms Associated with C. acnes Presence Within Intervertebral Disc Tissue 

 
 
1.4.3.1 Modic Changes and Associated Lower Back Pain (LBP) 
 
 

Various studies have demonstrated the association between the presence of Modic type I 

changes and LBP, with the prevalence ranging from 18%-62% in LBP patients (Mitra, 

Cassar-Pullicino and Mccall, 2004; Kleinstück, Dvorak and Mannion, 2006). Toyone et al. 

(1994) demonstrated that 84% (31/37) of patients with LBP exhibited Modic changes, with 

Modic type I changes more commonly associated with back pain (73%, 27/37) as compared 

to Modic type II changes (11%, 4/37). The evolution of type I Modic changes correlates 

with the worsening of patient symptoms (Mitra, Cassar-Pullicino and Mccall, 2004). 

Similarly, Järvinen et al. (2015) demonstrated the significant association between changes in 

the extent of Modic type I changes and changes in the Oswestry Disability Index of LBP 

patients, again highlighting the relationship between Modic type I changes and LBP 

severity. Modic type I changes are thought to reflect earlier acute stages of inflammation 

whilst Modic type II changes are thought to occur as a result of previous inflammatory 

Modic type I changes (Albert and Manniche, 2007). With Ohtori et al. (2006) demonstrating 

significantly higher numbers of proinflammatory TNF-immunoreactive cells in Modic type I 

vertebral endplates compared to Modic type II endplates, the proinflammatory nature of 

Modic type I changes may account for the stronger association of these changes with LBP 

compared to type II changes (Albert and Manniche, 2007). 
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Although the pathogenic mechanisms causing Modic changes are not clear, the current 

literature relating to this field suggests two main possibilities; mechanical and bacterial 

causes, as summarised in Figure 1.5 [Albert et al., 2008 (a)]. 

 

Vertebral endplates play an essential biomechanical role within the spine, acting as the 

interface between rigid vertebral bodies and pliable IVDs (Lotz, Fields and Liebenberg, 

2013). During IVDD and ageing, the cartilage end plates undergo changes in proteoglycan 

and collagen composition, resulting in endplate thinning and calcification, the accumulation 

of which can lead to focal weak points and subsequent microfractures (Lotz, Fields and 

Liebenberg, 2013). Therefore, the association between Modic changes and degenerated IVD 

tissue may suggest a way in which Modic changes can be caused by mechanical stress 

[Albert et al., 2008 (a); Kjaer et al., 2006]. As a result of these structural changes, uneven 

load is applied across IVDs, contributing to endplate fissures as seen on MRI (Modic et al., 

1988).  Additionally, Adams and Dolan (2012) suggest that the loss of the IVD NP, such as 

due to the bulging of the NP into the adjacent vertebrae, increases compressive shear forces 

in the posterior annulus and endplates, potentially resulting in microfractures. These fissures 

and microfractures may be a source of Modic changes, with Modic et al. (1988) describing 

Modic type I changes as visible disruption and fissuring of vertebral end plates on MRI 

images. Abnormal load and stress on vertebral end plates may also affect the 

microenvironment of the adjacent vertebral bone marrow, resulting in histological changes 

which can alter signal intensity on MRI scans and show resulting Modic changes (Modic et 

al., 1988). 
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proinflammatory (Lee et al., 1982), potentiating the inflammatory changes seen in Modic 

changes. Additionally, free fatty acids skew the lineage choice of myeloid progenitor cells 

toward the osteoclastic lineage and of bone marrow stromal cells towards adipocytes [Dudli 

et al, 2016 (a)]. High bone turn-over as a result of an increase in osteoclastic cells is 

characteristic of Modic type I changes whilst abundant adipocytes are characteristic of 

Modic type II changes [Modic et al., 1988; Dudli et al., 2016 (a); Lotz, Fields and 

Liebenberg, 2013; Perilli et al., 2015]. 

 

 

 

 

 

 

Figure 1.5: Suggested model for C. acnes infection of IVD tissue and subsequent Modic 

changes. Disc damage is a pre-requisite for circulating C. acnes to invade the disc. Proliferation 

of C. acnes within disc tissue allows for virulence factor production and free fatty acid 

liberation due to C. acnes lipase production. Disc cells release cytokines in response to C. acnes 

cells. Disc cytokines and bacterial virulence factors and metabolites drain into the surrounding 

bone marrow, inducing a proinflammatory response in bone marrow cells and inducing 

morphological changes in bone marrow which may eventually result in Modic changes (Dudli 

et al., 2018). 
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Although studies have identified C. acnes as the cause of discitis, the low virulence of these 

anaerobic bacteria leads to weaker inflammatory reactions and endplate erosive changes as 

compared with more virulent bacterial strains, such as Staphylococcus aureus (S. aureus) 

and streptococcus species [Albert et al., 2008 (a)]. Therefore, Albert et al. [2008 (a)] 

highlight that the slow rate of tissue damage progression as a result of anaerobic bacterial 

infection leads to the poor illumination of IVD and endplate damage on MRI and 

subsequently, these infections are rarely diagnosed as discitis. This is further complicated by 

the covert clinical presentation of patients with C. acnes infection, with Saper et al. (2015) 

demonstrating the normal laboratory indicators of infection (white blood cells (WBC), ESR 

and CRP) of patients with C. acnes shoulder infection, making diagnosis difficult. In 

contrast to this, spondylodiscitis associated with S. aureus and/or streptococcus species is 

associated with an elevation of the ESR in almost all cases (Skaf et al., 2010). This lack of 

virulence of anaerobic bacteria associated with IVD tissue infection may account for the 

limited spread of such infections to aerobic tissues, such as to spinal vertebrae, together with 

the difficulty of such bacteria to proliferate and establish infection within highly 

vascularised aerobic tissue [Albert et al., 2013 (a)]. In support of the role of disc herniation 

in the development of Modic changes, Albert and Manniche (2007) reported a higher 

prevalence of new Modic type I changes with increased severity of disc herniations, with 

none of the patients with normal disc morphology developing Modic changes. Therefore, 

disc herniation may allow for the entry of bacteria into the compromised disc and the 

subsequent development of Modic changes. 
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Animal models have been increasingly used for modelling C. acnes-associated Modic 

changes, although this raises a series of questions and key considerations. The longevity of 

such studies can result in long delays in the generation of results, with Shan et al. (2017) 

performing a longitudinal study in which lumbar MRI scans had to be continued up to six 

months post-injection with C. acnes. Additionally, Zamora et al. (2017) identified the need 

to further investigate the effect of different routes of disc tissue infection (i.e. 

haematogenous vs. direct inoculation), the mammalian model selected and the type of disc 

tissue inoculated (i.e. lumbar disc model vs. tail disc model) on the degree of consistency 

between disc tissue change results. The pathological effects of various C. acnes strains on 

lumbar disc tissue also requires further investigation, with many animal model studies 

focusing only on type IA strains, despite type II C. acnes strains being the most frequently 

cultured strain type from disc material taken from low-grade disc infection patients (Shan et 

al., 2017; Zamora et al., 2017; Rollason et al., 2013). However, the use of animals within 

scientific research raises both ethical and practical questions, with factors such as animal 

husbandry and expenses associated with animal maintenance having to be considered. 

Therefore, insect models, including zebra fish (Danio rerio), silkworm (Bombyx mori), fruit 

fly (Drosophila melanogaster) and, more recently, waxworm larvae (Galleria mellonella), 

are increasingly being utilised as feasible alternatives to traditional animal models within 

scientific research, particularly because insects possess a basic innate immune system, do 

not require ethical approval and are inexpensive to obtain and maintain (Ramarao, Nielsen-

Leroux and Lereclus, 2012). Galleria mellonella (G. mellonella) are becoming an 

increasingly popular insect model, particularly because unlike other non-mammalian 
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models, such as Drosophila melanogaster, these insects can function at human body 

temperature (37°C) which is the optimum growth temperature for C. acnes (Nathan, 2014; 

Cook and McArthur, 2013). Additionally, the large size of these waxworms as compared to 

other insect models enables precise injection of test pathogens. Subsequently, pathogen 

virulence in G. mellonella can be measured in several ways, including lethal dose at 50% 

(LD50) calculation, assessing bacterial survival rates and measurement of insect mortality 

(Allegra et al., 2018; Guillemet et al., 2010; Hurst et al., 2015). Furthermore, the G. 

mellonella immune system exhibits both humoral and cellular components, resembling the 

innate immune system of mammals (Sheehan et al., 2018; Kavanagh and Reeves, 2007; 

Cook and McArthur, 2013). This enables direct comparisons between mammalian and non-

mammalian infection responses. Despite this, no previous studies have investigated the 

feasibility of using an insect model to assess the virulence of disc tissue C. acnes isolates.  

 

 

1.4.4 Routes of Infection and Pathological Mechanisms of C. acnes within 

Intervertebral Disc Tissue  

 

There are three main routes of C. acnes infection within lumbar tissue. Firstly, C. acnes can 

be inoculated directly into lumbar tissue during surgery, such as during spinal implantation 

as explored by Bémer et al. (2008). Secondly, tooth brushing and endodontic therapy, such 

as teeth polishing and rubber dam placement, can allow C. acnes within the oral cavity to be 
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When choosing an appropriate bacterial typing technique, various factors must be 

considered, such as typeability, reproducibility, discriminatory power, ease of interpretation, 

cost-effectiveness and ease of use (Maslow, Mulligan and Arbeit, 1993). 

 

 

1.6.1 Virulence factor expression 

 

As explored by a range of authors, C. acnes produces a variety of exocellular enzymes and 

bioactive exocellular products which are important virulence determinants of this 

microorganism (Table 1.2) (Eady and Ingham, 1994; Ingham et al., 1981; Ingham et al., 

1983; Fujimura and Nakamura, 1978; Mak et al., 2013). C. acnes virulence factor 

production can be assessed by culturing this microorganism on a range of agar plates, 

including blood agar plates for the assessment of haemolysin production, and tributyrin agar, 

for the identification of lipase production. These virulence factors can be used as clinical 

markers of strain pathogenicity. Assessing bacterial virulence factor production in a clinical 

laboratory setting can give a preliminary identification of isolates, the results of which are 

confirmed using molecular methods. As bacterial virulence characteristics are controlled by 

gene expression, growth conditions and growth-phase can affect virulence profiles 

(Brzuszkiewicz et al., 2011). Additionally, random mutations may affect the interpretation 

of virulence test results (Maslow, Mulligan and Arbeit, 1993). 
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The expression of the exoenzymes and exocellular products shown in Table 1.2 by C. acnes 

suggests that these bacteria possess the ability to exhibit immunostimulatory activity and 

host tissue degrading properties. However, further research is required to determine whether 

these virulence factors are phylotype-specific. 
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Table 1.2 Exoenzymes and exocellular bioactive products produced by C. acnes [adapted from 

Eady and Ingham (1994); Grange et al., 2017; Allhorn et al., 2016; Barnard et al., 2020)]. 

 

 

 

Product Suspected Role in Health/Disease 

Lipase Bacterial nutrition through the generation of 
free fatty acids. 

Phospholipase C Perturbation of membrane function. 

Protease (s) Tissue invasion. Bacterial nutrition. 
Complement activation. Release of 

chemotaxins. Proteolysis in the human colon. 
Hyaluronate lyase Spreading factor. Tissue invasion. 

Neuraminidase Tissue invasion. 

Acid phosphatase Bacterial nutrition. May allow C. acnes to 
scavenge carbon sources. 

Bacteriocins Antagonistic interactions with competing 
bacteria. 

Histamine and tryptamine Mediation of acute inflammation. 

Dermatan-sulphate adhesins (DsA) Host cell-surface attachment proteins 
recognising dermatan sulphate (DsA1 also 
specifically binds to human fibrinogen). 

Radical oxygenase of 
Propionibacterium acnes (RoxP) 

 

Secreted antioxidant enzyme derived from C. 
acnes to protect bacteria from oxidative 
damage, enabling bacterial survival and 

growth in oxygen-rich environments.  
Porphyrins Proinflammatory bacterial intermediate 

metabolites associated with human 
inflammatory diseases, such as acne vulgaris. 
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1.6.2 Biotyping 

 

Biotyping refers to the classification of bacteria according to their biochemical and 

enzymatic activities. Commercial test kits, such as the API Coryne kit produced by 

bioMérieux, are increasingly used clinically for the biotyping of bacterial isolates which 

facilitates the rapid identification of microorganisms. These commercial kits consist of 

microtubes containing dehydrated substrates which allow for the assessment of the 

enzymatic activity or the carbohydrate fermentation properties of different bacterial species. 

Enzymatic reactions can be visualised through the addition of reagents to these microtubes 

whilst the fermentation of carbohydrates, such as glucose, maltose, mannitol, sucrose and 

lactose, can be detected by colour changes of pH indicators. However, the accuracy of these 

commercial kits relies on the use of pure cultures of a single microorganism. 

 

In a study conducted by Freney et al. (1991), the commercial API Coryne kit by bioMérieux 

showed a 97.6% concordance rate with conventional biotyping methods, such as gelatin and 

aesculin hydrolysis and fermentation tests for a range of isolates within the 

Corynebacteriaceae family. Therefore, these commercial kits can provide clinical 

laboratories with a rapid, easy-to-use bacterial confirmatory test method. However, 

commercial biotyping kits can lack the ability to differentiate strains with a common phage 

type and, therefore, can have low discriminatory power. Additionally, biotyping kits can 

recognise too many subgroups within bacterial clusters which means the use of this 
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phenotypic method within epidemiological studies is limited (Tenover et al., 1994). 

 

 

1.6.3 Serotyping 

 

Serotyping is a method by which microorganisms of the same species can be differentiated 

in terms of antigenic determinants expressed on cell surfaces and allows bacteria to be 

classified into serotypes, groups of microorganisms which share specific surface antigens. C. 

acnes serotyping depends on specific agglutination reactions between certain C. acnes 

epitopes, such as cell wall antigens, and antisera, usually prepared through the inoculation of 

partial bacterial disintegrates into laboratory animals.  

 

Using antisera prepared against C. acnes cell wall antigens, Johnson and Cummins (1972) 

identified two serological types based on cell wall agglutination tests, referred to as C. acnes 

types I and II. Type I cell walls contained glucose, galactose and mannose whereas type II 

strain cell walls contained only glucose and mannose (Johnson and Cummins, 1972). 

However, although these traditional serotyping techniques are accurate and specific, these 

methods are time consuming, labour intensive and expensive due to the use of large 

collections of antisera only generated by laboratories with animal facilities (Achtman et al., 

2012). Therefore, conventional serotyping techniques are increasingly being superseded by 

molecular methods, including pulsed-field gel electrophoresis (PFGE) (Achtman et al., 
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2012). 

 

 

1.6.4 RecA Typing and Antibiotic Sensitivity Patterns  

 

RecA typing was first described in 2005 in a study conducted by McDowell et al. (2005) 

which investigated the phylogenetic relationship between C. acnes types I and II. RecA 

typing describes gene sequence analysis of the C. acnes non-ribosomal housekeeping gene 

recA and the putative haemolysin/FtsJ-like methyltransferase gene tly (McDowell, 2018). 

Discerning the evolutionary lineages of distinct C. acnes serotypes, namely phylotypes IA1, 

IB, II and III, is important as research suggests that these phylogroups may exhibit differing 

pathogenic traits and virulence factors and may, therefore, be associated with different 

clinical diseases (Valanne et al., 2005; Lodes et al., 2006; Nagy et al., 2006). In support of 

this, Rollason et al. (2005) showed that 48% of C. acnes isolates recovered from excised 

disc tissue belonged to phylotype II, suggesting that this phylotype may be more commonly 

associated with IVD tissue infection as compared to types IA1, IB and III. This phylotype-

specific association of C. acnes with specific sites of infection was also observed by 

Lomholt and Killian (2010). Within a panel of 210 C. acnes isolates taken from the skin of 

healthy individuals, patients with varying degrees of acne and other infectious diseases, 

isolates of the phylotype IA were strongly associated with moderate to severe acne (Lomholt 

and Killian, 2010). Additionally, types IB, II and III were associated with healthy skin and 
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antibiotic resistance to C. acnes from other body sites. Therefore, the future of C. acnes 

disease management should focus on finding alternative treatment methods to traditional 

antimicrobials, such as promoting research into novel vaccine development.  

 

 

1.6.5 Newer Molecular Typing Methodologies for C. acnes 

 

Due to the lack of reliable differentiation between type IB strains of C. acnes and some type 

IA1 and IA2 strains using recA and tly loci alone, the application of this typing method has 

limitations (McDowell, 2018). Following the identification of recA and tly loci as 

sequencing tools, newer DNA-based typing methods have been described for C. acnes, 

namely MLST, multiplex PCR and multiple locus variable number of tandem repeat analysis 

(MLVA) (McDowell, 2018). 

 

1.6.5.1 MLST 

 

MLST assesses variations in genetic sequences of multiple, usually seven, housekeeping 

genes, with each unique allele for each locus designated the allelic profile (McDowell, 

2018). Assessment of MLST data allows bacterial isolates to be grouped based on the degree 

of sharing of a defined number of alleles to investigate evolutionary descent of isolates 

(McDowell, 2018). Two independent MLST schemes have been defined for C. acnes, with 

one scheme based on the analysis of eight loci whilst the second scheme was based on nine 
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loci (McDowell, 2018). However, MLST is labor intensive and expensive, particularly if 

large numbers of isolates must be typed (McDowell, 2018).  

 

1.6.5.2 Multiplex PCR  

 

Another newer molecular method that can be used for C. acnes typing is multiplex 

touchdown PCR which can differentiate between C. acnes types IA1, IA2, IB, IC, II and III 

in a single reaction using six primer sets (McDowell, 2018). These primers specifically 

target the 16S rRNA gene (all isolates) as well as ATPase (types IA1, IA2 and IC), sodA 

(types IA2 and IB), atpD (type II) and recA (type III) housekeeping genes, including the 

gene encoding a Fic family toxin (type IC) (McDowell, 2018). Therefore, multiplex PCR 

analysis is a technically undemanding, high-throughput technique for investigating C. acnes 

phylogeny. 

 

1.6.5.3 Multiple Locus Variable Number of Tandem Repeat Analysis (MLVA) 

 

MLVA is a typing method which assesses the variable number of tandem repeats at multiple 

loci (McDowell, 2018). These variable loci consist of short repeating DNA sequences that 

are formed from slipped strand mispairing during DNA replication which often vary 

between different strains of the same bacterial species (McDowell, 2018). MLVA generates 

allelic profiles, similar to MLST. These MLVA allelic profile clusters have been reported to 

have good agreement with C. acnes phylogenies based on whole genome sequence analysis 
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(McDowell, 2018).     

 

1.7 Genomic Differences Between C. acnes Phylotypes 

 

Following MLST analysis, C. acnes can be divided into three main lineages, namely types I, 

II and III, with each lineage further divided into subtypes, such as types IA1 and IA2. Each 

subtype also consists of clonal complexes, with evidence indicating that strains belonging to 

specific clonal complexes possess different inflammatory properties. Such phenotypic 

differences between C. acnes phylotypes may be attributed to the presence or absence of 

genomic islands which encode properties specific for certain clonal complexes 

(Brüggemann, Lomholt and Kilian, 2012). The horizontal acquisition of genomic islands 

may also lead to further genomic differences between phylotypes, with a number of genomic 

regions having been reported to have shown signs of horizontal gene acquisition, such as 

aberrant G+C content and the presence of flanking insertion sequences (Brüggemann, 

Lomholt and Kilian, 2012; McDowell, 2018). Such genomic regions have been shown to 

encode putative virulence factors, such as those that promote bacterial defence against 

antimicrobials, and traits that modulate host cell interaction, such as adhesion (Brüggemann, 

Lomholt and Kilian, 2012; McDowell, 2018).   

 

One island-like region containing clustered regularly interspaced short palindromic repeats 

(CRISPRs) and CRISPR-associated genes (cas) was recently found to be exclusively present 
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in type II C. acnes strains (Brüggemann, Lomholt and Kilian, 2012). Such CRISPR/cas 

systems, present in a range of bacterial species, have been reported to provide bacteria with 

acquired immunity against invasion with mobile genetic elements, phages and plasmids 

(Brüggemann, Lomholt and Kilian, 2012). Therefore, type I and III C. acnes strains may be 

more susceptible to horizontal gene transfer of virulence traits obtained from the acquisition 

of mobile genetic elements (McDowell, 2018). 

 

1.8 Aims and Objectives 

 

C. acnes is a frequent cause of acne vulgaris which is associated with significant morbidity. 

However, these bacteria are increasingly being associated with other significant infections 

and clinical conditions, including prosthetic joint infections, implant-associated infections 

and sciatica. As a result of studies increasingly demonstrating the isolation and culture of C. 

acnes from excised disc herniation tissue, these bacteria are being implicated as an 

aetiological agent within CLBP associated with disc herniation and Modic changes [Chen et 

al., 2016; Albert et al., 2013 (a); Salehpour et al., 2019; Rollason et al., 2013]. The 

demonstration that administration of amoxicillin-clavulanate therapy within such patients 

reduced physiological symptoms and pain associated with lumbar disc herniation and CLBP, 

along with the positive isolation of C. acnes from excised disc herniation tissue, supports the 

role of bacterial infection within disc herniation [Albert et al., 2008 (b); Rollason et al., 

2013]. However, the emergence of antibiotic resistant strains of C. acnes, attributed in part 
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to the overuse of oral and topical antibiotics within acne patients, further complicates the 

management of specific infections and may prove to be a limiting factor within disc 

infection management (Zhu et al., 2019; Dessinioti and Katsambas, 2017). Many research 

studies fail to consider C. acnes as a cause of clinical infection and, therefore, can lack 

optimisation in terms of sample processing and culture incubation periods to promote C. 

acnes growth (Capoor et al., 2017). Distinguishing between a bacterial cause of lumbar disc 

herniation and contamination of surgical specimens by the normal skin microbiota is, 

therefore, critical in establishing a microbial role of C. acnes within a subset of disc 

herniation patients (Rollason et al., 2013). Establishment of virulence factor production 

profiles for clinical C. acnes isolates obtained from herniated disc tissue and acne lesions 

would allow for the generation of phenotypic profiles which could prove critical in 

understanding the true role of C. acnes within human infection and may inform future 

infection treatment protocols. Consideration of virulence factor profiles of C. acnes may also 

inform the production of novel infection prevention strategies in the form of vaccines within 

a field in which the true extent of C. acnes-associated infection severity and morbidity is 

largely under-recognised. 

 

This thesis has sought to investigate the virulence mechanisms of C. acnes of a range of 

phylotypes associated with lumbar disc herniations and associated CLBP. 
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CHAPTER 2 OPTIMISATION OF THE BIOFILM FORMATION 

PROTOCOL 

 

2.1 Introduction 

 

Biofilm formation on foreign materials has been shown to increase the resistance of 

constituent bacteria to antibiotic treatment. C. acnes cells can form biofilms on gentamicin-

loaded bone cement surfaces, even in the presence of antibiotics within the growth medium 

(Tunney et al., 2007). Consequently, C. acnes biofilm formation often necessitates the 

surgical debridement of infected tissue and the removal of infected foreign devices 

(Achermann et al., 2014). Therefore, biofilm formation plays a significant role in the 

pathogenicity of C. acnes.  

 

Although quantitative molecular methods, such as real-time PCR assays, can be used to 

detect and quantify bacteria in biofilms (Guilbaud et al., 2005), in vitro model systems, such 

as those described by Coenye and Nelis (2010), are commonly used to investigate the 

formation and composition of these multicellular bacterial structures. Of these, microtitre 

plate-based methods are one of the most frequently used biofilm model systems (Cerca et 

al., 2005; Coenye, Peeters and Nelis, 2007; Krom et al., 2007), with Melo et al. (2013) 

identifying that microtitre plate methods can be more sensitive in identifying biofilm-

producing bacterial species compared with molecular PCR analysis. The most widely used 
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Distinct colonies of C. acnes were resuspended in 10ml aliquots of BHI broth (Oxoid) and 

incubated anaerobically at 37°C for 72-hours. 

 

 

2.2.2 Bacterial Storage and Revival Conditions 

 

Strains were revived from frozen stocks and maintained at -80°C. C. acnes isolates were 

sub-cultured onto brain heart infusion (BHI) agar slopes and incubated anaerobically 

(hydrogen (H2) 10%, carbon dioxide (C02) 10% and nitrogen (N2) 80%; Don Whitley 

Scientific, UK) at 37°C for 8-days. Isolates were then streak-plated onto BHI agar plates 

incubated anaerobically at 37°C for around 7-days to obtain single colonies.  

 

2.2.3 Phenotypic Identification 

Colonies were subcultured onto BHI agar plates and incubated under anaerobic conditions 

for 7-days at 37°C before Gram-staining of representative isolates. All disc tissue isolates 

were previously confirmed as C. acnes through biochemical analysis using the Rapid ID 

32A kit (bioMérieux) (Rollason et al., 2013).  

 

2.2.4 Culture Standardisation 

 

72-hour planktonic cultures of C. acnes isolates 88 (IA1), 40 (IB), 89 (II), 1 (III) and C. 
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2.2.6 Biofilm Method Optimisation 

 

2.2.6.1 Glucose-Supplemented BHI Broth and Methanol Fixation (Protocol 2) 

 

Optimisation of biofilm formation was performed using the original microtitre plate assay 

protocol previously described by Holmberg et al. (2009), referred to hereafter as protocol 2. 

Briefly, bacterial isolates were cultivated in BHI broth supplemented with glucose [0.5% 

(w/v)] and incubated anaerobically at 37°C for 72-hours. Two separate planktonic cultures 

were prepared for each C. acnes isolate, with 12 replicate wells for each. The ODs of these 

72-hour planktonic cultures at OD600 were standardised to 0.08 by dilution with sterile 

glucose-supplemented BHI broth. Biofilms were formed as described above (2.2.5). 

However, prior to crystal violet staining, the remaining biofilms were fixed in 200µl of 

absolute methanol for 10-minutes. Biofilm plates were incubated anaerobically at 37°C for 

48- or 72-hours (Table 2.1). 

 

2.2.6.2 Glucose-Supplemented BHI Broth Without Methanol Fixation (Protocol 3) 

 

Another protocol involving the omission of methanol fixation from protocol 2 was also 

investigated. This protocol, modified from the original Holmberg et al. (2009) study, will, 

hereafter, be referred to as protocol 3. All protocol 3 experiments used 72-hour C. acnes 

planktonic cultures, with biofilm plates being incubated anaerobically at 37°C for 48- or 72-
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using 72-hour C. acnes planktonic cultures was also investigated. Three separate planktonic 

cultures were prepared for each C. acnes isolate, with 12 replicate wells for each. 

 

2.2.6.4 Glucose-Supplemented BHI Broth and Planktonic Culture Age Variation  

 

In addition to the assessment of biofilm formation by 72-hour C. acnes planktonic cultures, 

biofilm formation by 24-hour C. acnes planktonic cultures incubated anaerobically in 

microtitre plates at 37°C for 96-hours was also investigated using protocol 3 (Ramage et al., 

2003; Tafin et al., 2012; Bruinsma et al., 2001; Jones et al., 2003; Razatos et al., 1998; 

Albareda et al., 2006; Holland et al., 2010). Three separate planktonic cultures were 

prepared for each C. acnes isolate, with 12 replicate wells for each.  

 

 

2.2.6.5 Data Analysis 

 

Means ± standard deviations of crystal violet absorbance data (semi-quantitative) were 

calculated and statistical analysis of data was performed using the Statistical Package for the 

Social Sciences (SPSS) 22.0 using one-way analysis of variance (ANOVA) without 

replication. Data was presented as bar charts, with bars representing percentage increase or 

decrease of biofilm formation of each isolate compared to the mean negative control value 

of each microtitre plate. Negative controls were omitted from all figures. Standard deviation 
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was represented as error bars. Mean inter-experimental variation in biofilm formation was 

assessed through the calculation of inter-experimental coefficient of variation [CV (%)] 

values by expressing standard deviation as a percentage of the mean absorbance. This was 

used to compare the reproducibility of biofilm formation data across different protocols. 

Results were considered statistically significant when a confidence level greater than 95% or 

99% was reached (p <0.05 or p <0.01, respectively).  

 

 

2.3 Results 

 

2.3.1 Planktonic Culture Standardisation 

 

Results demonstrated that OD600 of around 0.08 was equivalent to approximately 1×106 

cells/ml in all phylotypes tested. Therefore, the ODs of all C. acnes planktonic cultures used 

in the biofilm optimisation study were adjusted to OD600= 0.08. 

 

2.3.2 Evaluation of Protocol 1 Biofilm Formation Assay  

 

Crystal violet staining was used to compare the biomass within biofilms of seven C. acnes 

clinical isolates and C. acnes NCTC 737 control strains. These biofilms were generated 

using protocol 1 (2.2.5). Generally, similar levels of biofilm formation were noted across all 
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disc tissue isolates of C. acnes using this method (Figure 2.1). C. acnes clinical disc tissue 

isolates 88 (IA1), 40 (IB) and 77 (III) formed significantly more dense biofilms following 

72-hours of biofilm plate incubation compared to the negative control (p <0.05) (Figure 2.1). 

In contrast, clinical isolate 89 (II) was the only disc tissue isolate to form significantly more 

dense biofilms at 48-hours of biofilm plate incubation compared to the negative control (p 

<0.01) (Figure 2.1). Extending biofilm plate incubation from 48- to 72-hours led to the 

greatest increase in biofilm formation for isolate 88 (IA1), with biofilm formation increasing 

from 8% to 41% as compared to the negative control (Figure 2.1). Isolates 69 (IA1), 58 (II) 

and 1 (III) failed to form significantly more dense biofilms as compared to the negative 

control, regardless of biofilm plate incubation duration (p >0.05) (Figure 2.1).  
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Figure 2.1: Mean percentage biofilm formation of clinical and control C. acnes isolates using 

protocol 1, with microtitre plates being incubated at 37°C for 48- or 72-hours. Mean 

percentage biofilm increase and decrease values are compared to the negative control (negative 

control not included on the figure). Three independent experiments were conducted for all 

isolates with 12 replicate wells for each (n=36). Error bars represent standard deviation. * 

Biofilm biomass significantly greater than the negative control (p <0.05). ** Biofilm biomass 

highly significantly greater than the negative control (p <0.01). 
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2.3.3 Evaluation of Protocol 2 Biofilm Formation Assay  

 

In order to devise an optimised C. acnes biofilm formation protocol, an alternative published 

protocol, involving the supplementation of BHI broth with 0.5% (w/v) glucose and the 

fixation of C. acnes biofilms using absolute methanol prior to crystal violet staining, was 

investigated (protocol 2). As shown in Figure 2.2 below, similar levels of biofilm formation 

are noted across all C. acnes phylotypes. Disc tissue isolates 88 (IA1) and 40 (IB) formed 

significantly more dense biofilms following 48-hours of biofilm plate incubation as 

compared to the negative control (p <0.05) (Figure 2.2). Isolate 1 (III) formed significantly 

more dense biofilms following 72-hours of biofilm plate incubation as compared to the 

negative control (p <0.05) (Figure 2.2). Isolate 58 (II) was the only clinical C. acnes isolate 

to form significantly more dense biofilms following both 48- and 72-hours of biofilm plate 

incubation as compared to the negative control (p <0.05) (Figure 2.2). Isolates 69 (IA1), 89 

(II) and 77 (III) failed to form significantly more dense biofilms as compared to the negative 

control, regardless of biofilm plate incubation duration (Figure 2.2). 
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Figure 2.2: Mean percentage biofilm formation of clinical and control C. acnes isolates using 

protocol 2, with microtitre plates being incubated at 37°C for 48- or 72-hours. Mean 

percentage biofilm increase and decrease values are compared to the negative control (negative 

control not included on the figure). Two independent protocol 2 experiments were conducted 

for all isolates with 12 replicate wells for each (n=24). Error bars represent standard deviation. 

* Biofilm biomass significantly greater than the negative control (p <0.05). ** Biofilm biomass 

highly significantly greater than the negative control (p <0.01). 
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2.3.4 Evaluation of Protocol 3 Biofilm Formation Assay  

 

As part of devising an optimised C. acnes biofilm formation protocol, protocol 3 (glucose-

supplemented BHI broth without methanol fixation) was also used. Significant biofilm 

formation was noted amongst C. acnes isolates 40 (IB) and 58 (II) following 72-hours of 

biofilm plate incubation as compared to the negative control (p <0.05) (Figure 2.3). Isolate 

88 (IA1) was the only clinical C. acnes isolate to form significantly more dense biofilms 

following both 48- and 72-hours of biofilm plate incubation as compared to the negative 

control (p <0.05) (Figure 2.3). Of all clinical C. acnes isolates, isolate 88 (IA1) formed the 

most biofilm, with the extension of plate incubation from 48- to 72-hours leading to the 

greatest increase in biofilm formation of this isolate from 14% to 46% as compared to the 

negative control (Figure 2.3). Four clinical C. acnes isolates [69 (IA1), 89 (II), 1 (III) and 77 

(III)] failed to form significantly more dense biofilms as compared to the negative control, 

regardless of biofilm plate incubation duration (Figure 2.3).  

 

Protocol 3 is characterised by low intra-experimental biofilm biomass variability, as 

demonstrated by the small standard deviation error bars for both clinical and control 

bacterial isolates (Figure 2.3). 
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Figure 2.3: Mean percentage biofilm formation of clinical and control C. acnes isolates using 

protocol 3, with microtitre plates being incubated at 37°C for 48- or 72-hours. Mean 

percentage biofilm increase and decrease values are compared to the negative control (negative 

control not included on the figure). Three independent protocol 3 experiments were conducted 

for all isolates with 12 replicate wells for each (n=36). Error bars represent standard deviation. 

* Biofilm biomass significantly greater than the negative control (p <0.05). ** Biofilm biomass 

highly significantly greater than the negative control (p <0.01). 
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2.3.5 Comparisons of Biofilm Formation Protocols to Determine an Optimised Protocol  

 

As shown in Table 2.2 below, protocol 2 generally led to the greatest degree of biofilm 

formation within both clinical and control bacterial isolates as compared to protocol 1 and 

protocol 3, with significantly more dense biofilms being formed on seven occasions with 

protocol 2, as opposed to six occasions with both protocols 1 and 3 (p <0.05) (Table 2.2). 

However, compared to most clinical C. acnes isolates, C. acnes NCTC 737 generally formed 

the most significantly dense biofilms as compared to the negative broth control, regardless 

of biofilm formation protocol used and the duration of biofilm plate incubation (48- or 72-

hours) (Figures 2.1, 2.2 and Table 2.2) (p <0.05).  

 

The addition of 0.5% (w/v) glucose to BHI broth generally decreased biofilm formation in 

the C. acnes NCTC 737 control strain from 106% to 23% following 48-hours of incubation 

and from 111% to 46% following 72-hours of incubation when protocol 1 was compared to 

protocol 3 (Table 2.2). However, similar levels of biofilm formation were noted amongst 

clinical C. acnes isolates in the presence and absence of glucose without methanol fixation 

(protocols 1 and 3) (Table 2.2). This was particularly evident following 72-hours of 

microtitre plate incubation (Table 2.2). Therefore, glucose supplementation alone seems to 

neither increase nor decrease biofilm formation in these isolates. However, as shown in 

Table 2.3, glucose supplementation alone (protocol 3) was characterised by lower biofilm 

formation inter-assay variability as compared to the other two protocols. 
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3. Overall, protocol 3 had the lowest mean inter-experimental variation at both 48- and 72- 

hours of plate incubation for C. acnes phylotypes II, III and NCTC 737 as compared to 

protocols 1 and 2 (Table 2.3). This highlights the higher reproducibility of biofilm formation 

data obtained using this method as compared to the use of protocols 1 and 2. Additionally, 

protocol 3 is characterised by significantly lower mean CV (%) values as compared to 

protocol 2 (p <0.05), further demonstrating the reproducibility of this method. No significant 

relationship was found between C. acnes phylotype and mean CV (%) values obtained using 

protocol 3, suggesting that intra-assay CV (%) values also remained consistent across 

phylotypes using this protocol (p >0.05). Therefore, this optimised method was taken 

forward for further biofilm optimisation studies. 
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2.3.6 Effect of Planktonic Culture Age Variation on Biofilm Biomass 

 

Bacterial phase of growth is known to modulate the adhesive capacity of bacterial cells and 

with no standard planktonic culture growth time for C. acnes biofilm formation studies 

having been published, the potential effects of culture age on biofilm formation was 

investigated. Using the optimised biofilm formation protocol (protocol 3) and 96-hours of 

biofilm plate incubation (to give greater time for biofilm establishment), biofilm formation 

among 24- and 72-hour C. acnes planktonic cultures were compared. Following 

standardisation, all cultures were incubated anaerobically in microtitre plates at 37°C for 96-

hours to assess biofilm formation.  

 

In general, although greater biofilm formation was noted amongst 24-hour planktonic 

cultures of two clinical C. acnes isolates [40 (IB) and 15 (IB)] as compared to corresponding 

72-hour planktonic cultures, percentage biofilm formation among all other 24-hour C. acnes 

planktonic cultures were lower as compared to corresponding 72-hour planktonic cultures 

(Figure 2.4). Additionally, significantly more dense biofilm formation occurred amongst 72-

hour planktonic cultures of C. acnes clinical isolates 69 (IA1), 40 (IB), 15 (IB), acne lesion 1 

and C. acnes NCTC 737, with no 24-hour C. acnes planktonic cultures forming significantly 

dense biofilms (p <0.05) (Figure 2.4). Therefore, a planktonic culture age of 72-hours was 

selected for all C. acnes isolates within subsequent biofilm formation studies. 
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Figure 2.4: Mean percentage biofilm formation of standardised 24-hour and 72-hour clinical 

and control C. acnes planktonic cultures incubated at 37°C for 96-hours post microtitre plate 

inoculation using the optimised protocol 3. Mean percentage biofilm increase and decrease 

values are compared to the negative control (negative control not included on the figure). 

Three independent experiments were conducted for all isolates with 12 replicate wells for each 

(n=36). Error bars represent standard deviation. * Biofilm biomass significantly greater than 

the negative control (p <0.05). ** Biofilm biomass highly significantly greater than the negative 

control (p <0.01). 
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2.3.7 Further Investigation of the Effect of Incubation Duration Variation on Biofilm 

Biomass 

 

In order to further optimise protocol 3 for the assessment of C. acnes biofilm formation, the 

effect of incubation duration variation, which was extended from 72-hours to 96-hours using 

a 72-hour planktonic culture as previously optimised (2.3.5), on biofilm biomass was 

investigated. As shown in Figure 2.5 below, biofilm formation increased by 17% for C. 

acnes isolate 69 (IA1), 11% for C. acnes isolate 40 (IB), 22% for C. acnes isolate 58 (II), 9% 

for C. acnes isolate 89 (II), 6% for C. acnes isolate 1 (III) and 35% for C. acnes NCTC 737 

with the extension of biofilm plate incubation duration from 72-hours to 96-hours using 

optimised protocol 3 as compared to the negative control (p <0.05). These results suggest 

that increasing incubation duration promotes significantly more dense biofilm formation by 

C. acnes.   
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Figure 2.5: Mean percentage biofilm formation of clinical and control C. acnes isolates as 

compared to negative control wells using optimised protocol 3 incubated anaerobically for 

either 72-hours or 96-hours at 37°C. Mean percentage biofilm formation values are compared 

to the negative control and are calculated from three 72-hour planktonic cultures for each 

isolate with 12 replicate wells for each (n=36) (negative control not included on the figure). 

Three independent experiments were conducted. Error bars represent standard deviation. * 

Biofilm biomass significantly greater than the negative control (p <0.05). ** Biofilm biomass 

highly significantly greater than the negative control (p <0.01). 
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As shown in Figure 2.6, further increasing anaerobic incubation at 37°C from 96-hours to 7-

days using optimised protocol 3 increased biofilm formation by 21% for C. acnes isolate 58 

(II) and 74% for C. acnes NCTC 737 as compared to the negative control (p <0.05). 

Additionally, this extension in biofilm plate incubation to 7-days promoted significantly 

more dense biofilm formation among C. acnes clinical isolates 88 (IA1), 69 (IA1), 40 (IB), 

15 (IB), 89 (II), acne lesion isolate 1 and acne lesion isolate 6 as compared to the negative 

control (p <0.05) (Figure 2.6). In contrast, all of these isolates failed to form significantly 

dense biofilms following 96-hours of incubation as compared to the negative control (p 

>0.05). Therefore, increasing biofilm plate incubation duration promotes C. acnes biofilm 

formation. As a result, biofilm plate incubation duration was extended from 96-hours 

(protocol 3) to 7-days in subsequent biofilm formation assays. 
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Figure 2.6: Mean percentage biofilm formation of clinical and control C. acnes isolates 

following the extension of anaerobic incubation at 37°C from 96-hours to 7-days using the 

optimised protocol 3. Mean percentage biofilm increase and decrease values are compared to 

the negative control and are calculated from three 72-hour planktonic cultures for each isolate 

with 12 replicate wells for each (n=36) (negative control not included on the figure). Three 

independent experiments were conducted. Error bars represent standard deviation. * Biofilm 

biomass significantly greater than the negative control (p <0.05). ** Biofilm biomass highly 

significantly greater than the negative control (p <0.01). 
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2.4 Discussion 

 

Biofilm formation is a complex, multi-stage process affected by a range of parameters. In 

the case of C. acnes, these include pH, oxygen tension, surface roughness of biomaterials, 

media composition, culture age and incubation duration (Greenman, Holland and Cunliffe, 

1981; Ramage et al., 2003; Holmberg et al., 2009; Tramm-Werner et al., 1996; Khelissa et 

al., 2017). This demonstrates that C. acnes biofilm formation is sensitive to different in vitro 

culture conditions. However, despite this, no studies thus far have optimised in vitro biofilm 

formation protocols for C. acnes isolated from herniated disc tissue. Therefore, the current 

study aimed to develop a robust and reproducible optimised method for growing and 

analysing C. acnes biofilms to be used in further studies (chapter 3). 

 

In the present study, although similar levels of biofilm formation were noted amongst 

clinical C. acnes isolates in the presence and absence of glucose without methanol fixation 

(protocols 1 and 3) (Table 2.2), supplementation of BHI broth with 0.5% (w/v) glucose 

generally reduced the mean inter-assay percentage biofilm formation variability (protocol 3) 

(Table 2.3). This suggests that glucose supplementation of media may promote the stability 

of C. acnes biofilms, potentially through the enhancement of glycocalyx formation, forming 

more cohesive biofilms (Christensen et al., 1985).  
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Teichoic acids are defined as a family of cell surface glycopolymers which contain 

phosphodiester-linked polyol repeat units and are unique to the Gram-positive cell wall 

(Brown, Santa Maria and Walker, 2013). This family includes wall teichoic acids, covalently 

linked to peptidoglycan, and lipoteichoic acids, which are tethered to the bacterial membrane 

via glycolipids (Brown, Santa Maria and Walker, 2013). Increasing glucose concentrations 

can promote teichoic acid biosynthesis, with teichoic acids known to form part of the 

bacterial biofilm matrix and subsequently can promote bacterial biofilm formation (Hodgson 

et al., 2014). Therefore, glucose supplementation of BHI broth may increase teichoic acid 

biosynthesis in C. acnes isolates, leading to enhanced biofilm stability. However, the effect 

of glucose on C. acnes biofilm biomass is concentration-dependent, with Greenman, 

Holland and Cunliffe (1981) demonstrating that increasing glucose concentrations beyond 

0.4% (w/v) can decrease C. acnes biofilm biomass.  

 

Hydrophobic interactions play a role in the initial adhesion of bacterial cells to surfaces 

(Ljungh and Wadström, 1995). Bacterial hydrophobicity, and subsequently adhesiveness, 

can be affected by culture media composition, with Dewanti and Wong (1995) 

demonstrating that the culture of E. coli 0157:H7 in a nutrient-limited minimal salts medium 

supplemented with glucose significantly increased the hydrophobicity of constituent cells as 

compared to culture in trypticase soy broth. Additionally, biofilms developed faster under 

conditions of low nutrient availability, with the transfer of biofilms from glucose-

supplemented minimal salts medium to trypticase soy broth leading to biofilm dissociation, 

potentially in response to nutrient availability (Dewanti and Wong, 1995).  Therefore, C. 
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acnes cells cultured in glucose-supplemented BHI broth for longer incubation periods may 

experience nutrient limitation, possibly increasing the hydrophobicity and adherence of 

these cells. This may account for the general increase in biofilm biomass across most C. 

acnes isolates following the extension of microtitre plate anaerobic incubation at 37°C from 

96-hours to 7-days in glucose-rich media using the optimised protocol 3 (Figure 2.6). 

 

As shown in Table 2.3, protocol 2 generally had the highest CV (%) values across 

phylotypes for 48- and 72-hours incubation compared to protocols 1 and 3, indicating low 

biofilm formation data reproducibility with this method. As protocol 2 was the only method 

to include a methanol fixation step, it was concluded that methanol fixation used within the 

original Holmberg et al. (2009) method (protocol 2) may act as an additional wash step, 

promoting biofilm removal and increasing inter-assay biofilm formation variation. Future 

studies may optimise the washing protocols of the crystal violet assay for C. acnes to 

minimise the occurrence of false-positive and false-negative biofilm biomass absorbance 

results due to insufficient or excessive washing, respectively.  

 

C. acnes has a generation time of around 5.1 hours and has a slower growth rate than that of 

other anaerobic bacteria (Hall et al., 1994), potentially accounting for the under-reporting of 

C. acnes within clinical samples. Studies relating to C. acnes biofilm formation report using 

C. acnes cultures of different ages, ranging from 24-hours to 72-hours (Ramage et al., 2003; 

Tafin et al., 2012). Therefore, the effect of planktonic culture age on biofilm formation was 
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investigated. C. acnes planktonic cultures were grown for both 24- and 72-hours, after which 

C. acnes planktonic cultures have been reported to enter the exponential and stationary 

growth phases, respectively (Holland et al., 2010). Results demonstrated that 72-hour C. 

acnes planktonic cultures (stationary phase cells) possessed a greater capacity to bind to the 

polystyrene surfaces of biofilm plates as compared to younger, 24-hour C. acnes planktonic 

cultures (exponential phase cells) (Figure 2.4). Therefore, 72-hour cultures were taken 

forward into the next stage of optimisation. This link between bacterial growth phase and the 

adhesive nature of cells has been debated in the literature.  Some studies have investigated 

the adhesive properties of mid-exponential phase cells (Bruinsma et al., 2001; Jones et al., 

2003; Razatos et al., 1998) whereas research into the adhesive capacities of stationary phase 

cells has also been published (Walker et al., 2005; Albareda et al., 2006; Holland et al., 

2010). The results of this study are in correlation with the findings of Albareda et al. (2006) 

who reported that stationary phase bacterial cells had a higher adhesive capacity as 

compared to late-exponential phase cells, potentially due to morphological and biochemical 

changes that occur within stationary phase cells that may modify the degree of attachment. 

High cell concentrations within the stationary phase of growth may also initiate cascades of 

cell signalling mechanisms through quorum sensing to stimulate the genetic expression of 

components of the extracellular matrix, promoting biofilm formation within these cells 

(Garrett, Bhakoo and Zhang, 2008). Additionally, differences in the secretomes of stationary 

and mid-exponential phase planktonic cultures have been identified, with Holland et al. 

(2010) reporting the identification of a dermatan-binding protein within stationary 

planktonic cultures of C. acnes which were not detected in the exponential phase secretome. 
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This indicates that growth phase can modulate the secretome of C. acnes, with potential 

preferential expression of adhesins during the stationary growth phase. This greater binding 

capacity of stationary phase C. acnes isolates tested in the current study as compared to 

younger, 24-hour C. acnes planktonic cultures may suggest an adaptation to growth in low-

nutrient environments, such as in avascular disc tissue, subsequently contributing to the 

long-term survival and persistence of such isolates in vivo. Therefore, further work is 

required to characterise differences in the proteome and secretome of C. acnes isolates in 

different growth phases to identify factors that could be promoting adhesion in stationary 

phase cells. Additionally, the effect of other growth phase dependent variables, such as cell 

viability, on bacterial adhesiveness should be investigated.  

 

As described in section 2.3.7, the extension of biofilm plate anaerobic incubation from 96-

hours to 7-days led to significantly more dense biofilm formation among C. acnes clinical 

isolates 88 (IA1), 69 (IA1), 40 (IB), 15 (IB), 89 (II), acne lesion isolate 1 and acne lesion 

isolate 6 as compared to the negative control (p <0.05) (Figure 2.6). Whilst mature C. acnes 

biofilms may initially be formed between 18 and 96-hours post-inoculation (Ramage et al., 

2003; Tafin et al., 2012; Qi et al., 2008), Bayston et al. [2007 (a)] describe the formation of 

mature C. acnes biofilms in vitro following 6-days of incubation. Prolonged incubation may 

lead to increased population density and greater production and deposition of 

exopolysaccharide, leading to enhanced adherence to biomaterials [Bayston et al., 2007 (b)]. 

However, mature biofilm formation is dependent upon several variables, including growth 

media used, initial bacterial inoculum, choice of biomaterial and surface roughness of the 
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underestimated. This demonstrates the weak cohesive properties of biofilms formed by these 

C. acnes herniated disc tissue isolates and suggests that the association between C. acnes 

and polystyrene surfaces may not be strong enough to maintain the biofilm structure. 

Therefore, although research into the ability of C. acnes to form biofilms on different 

surfaces has been conducted (Holmberg et al., 2009; Ramage et al., 2003), further work is 

required to investigate the ability of these isolates to form biofilms on surfaces which mimic 

in vivo conditions which may be more effective at supporting C. acnes biofilms. This may 

decrease the loss of these biofilm structures from surfaces during biofilm wash steps. 

 

In summary, the supplementation of BHI broth with 0.5% (w/v) glucose without methanol 

fixation of biofilms (protocol 3), together with the use of 72-hour C. acnes planktonic 

cultures incubated in microtitre plates for 7-days, maximised biofilm formation within 

herniated disc isolates of C. acnes. This robust and reproducible method will be used to 

assess biofilm formation in a larger panel of clinical C. acnes isolates obtained from 

herniated discs and acne lesions (3.2.2).  The simplicity of this technique gives this approach 

great potential for use in biofilm activity screening of C. acnes isolates and in the 

investigation of antimicrobial effects of a range of antibiotics against these biological 

structures. 
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CHAPTER 3 PHYLOTYPE-SPECIFIC BIOFILM-FORMING 

CAPABILITIES OF HERNIATED DISC C. ACNES ISOLATES 

 
 
 
3.1 Introduction 
 
 
Biofilms are communities of microbes embedded in an extracellular matrix, composed of 

bacterial exopolysaccharides and trapped exogenous substances, including nucleic acids, 

minerals and proteins (Dunne, 2002), which adhere to both biotic and abiotic surfaces. These 

surfaces include living tissues and indwelling medical devices (Donlan, 2002). As explored 

by Carpentier and Cerf (1993), microorganisms are not uniformly distributed within the 

biofilm and instead, these complex biological structures are composed of collections of 

bacterial microcolonies separated by water channels which facilitate the transport of 

nutrients into and within the biofilm (Stoodley, Debeer and Lewandowski, 1994). 

 

Biofilm formation is an important bacterial defence mechanism, increasing the resistance of 

constituent sessile bacteria to desiccation, extreme temperatures and antibiotic therapy 

(Dewanti and Wong, 1995; Nickel et al., 1985). This increased resistance has been attributed 

to the restricted penetration of antimicrobials into biofilms, the expression of resistance 

genes within the sessile population and the decreased growth rates of biofilm-associated 

cells in comparison to planktonic cells (Lewis, 2001; Cvitkovitch, Li and Ellen, 2003; 

Rasmussen et al., 2005). The biofilm mode of growth also significantly increases the 
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resistance of constituent cells to host immune defences which may promote recurrent 

infection (Wu et al., 2015). These processes are orchestrated by bacterial quorum sensing 

(Lewis, 2001; Cvitkovitch, Li and Ellen, 2003; Rasmussen et al., 2005). 

 

Additionally, as with other bacterial species, C. acnes can form mixed-phylotype biofilms, 

with Jahns et al. (2012) identifying mixed populations of a range of C. acnes phylotypes 

within the same sebaceous follicle. In support of this, Rollason et al. (2013) also identified 

multiple C. acnes phylotypes from individual IVD tissue samples. These inter-strain 

interactions may promote metabolic commensalism, whereby metabolic by-products of one 

strain are utilised by another (Elias and Banin, 2012). Subsequently, the treatment of 

biofilm-associated infections is difficult, with surgical debridement or removal of infected 

medical devices often being necessitated (Donlan, 2001; Von Eiff et al., 2005). 

 

C. acnes biofilm formation is associated with a range of body site infections, with the 

biofilm mode of growth also central in the pathophysiology of implant-associated infections 

which can initiate the inflammatory destruction of peri-implant tissue (Paredes et al., 2014; 

Costerton, Montanaro and Arciola, 2005; Belibasakis et al., 2015). C. acnes biofilms have 

also been identified within pilosebaceous follicles, prostate tissue and, increasingly, within 

the matrix of disc tissue (Coenye et al., 2008; Alexeyev et al., 2007; Capoor et al., 2017). 

However, it is likely that the true incidence of C. acnes biofilm-associated infections is 

underestimated due to the fastidious growth requirements of this microorganism, the short 

incubation times used in many clinical microbiology laboratories and the lack of physical 
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biofilm disassembly methods, such as sonication, prior to bacterial culture (Levy et al., 

2008; Capoor et al., 2017). 

 

C. acnes can form biofilms both in vitro and in vivo on a range of orthopaedic biomaterials, 

including titanium alloys, polymethyl methacrylate (PMMA) and silicone [Ramage et al., 

2003; Bayston et al., 2007 (b)]. Additionally, Capoor et al. (2016) evidenced the existence 

of C. acnes in the form of biofilm aggregates within deep tissue lumbar disc infections, 

potentially accounting for the greater rates of C. acnes recovery from protocols involving 

tissue homogenisation (Capoor et al., 2016; Rigal et al., 2016). However, although there is 

an increasing body of evidence for the role of C. acnes in invasive infections, including 

discitis (Capoor et al., 2016; Harris et al., 2005), no studies thus far have investigated 

biofilm formation in C. acnes obtained from herniated disc tissue. Additionally, few studies 

thus far have compared phylotype-specific biofilm forming capabilities of a range of clinical 

C. acnes isolates, with Sowmiya et al. (2015) arguing that no association exists between C. 

acnes subtype and biofilm formation. Assessing phylotype-specific biofilm formation 

amongst clinical C. acnes isolates is clinically important as certain subtypes of these 

bacteria, namely recA types IB, II and III, have been associated with opportunistic deep 

tissue infections (Dréno et al., 2018; Nazipi et al., 2017). Therefore, assessing whether this 

pattern is reflected in the degree of biofilm formation of individual isolates would 

demonstrate whether this virulence factor is important in the colonisation of IVD tissue and 

for the persistence of C. acnes within these structures. 
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3.2 Materials and Methods 

 

3.2.1 Bacterial Strains and Growth Conditions 

 

A representative panel of C. acnes isolates obtained from human herniated disc tissue 

material, consisting of phylotypes IA1 (n=6), IB (n=6), II (n=6) and III (n=6), were 

examined for their abilities to form biofilms in vitro using an optimised biofilm formation 

protocol (chapter 2). The biofilm forming capabilities of a range of C. acnes isolates 

obtained from human acne lesions (n=6) were also examined (Table 3.1). In addition, the 

reference strain C. acnes NCTC 737 (n=1) and S. epidermidis RP62A (n=1) were included 

as positive controls for biofilm formation. The majority of C. acnes isolates of the same 

phylotype were isolated from different patients. 

 

All bacterial strains were maintained on BHI agar (Oxoid) at 4°C. For long-term storage, 

stocks of these strains were prepared using 25% (v/v) glycerol and BHI broth solutions and 

stored at -80°C. 

 

Distinct colonies of either C. acnes or S. epidermidis RP62A were resuspended in 10ml 

aliquots of 0.5% (w/v) glucose-supplemented BHI broth (Oxoid) and incubated 

anaerobically at 37°C for 72-hours. The ODs of all cultures at 600nm (OD600) were 

standardised to 0.08 by dilution with sterile, 0.5% (w/v) glucose-supplemented BHI broth, 
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which is equivalent to approximately 1 × 106 cells/ml. 

 

 

3.2.2 Biofilm Formation and Quantification 

 

The optimised biofilm formation protocol described in chapter 2 was used to investigate the 

in vitro biofilm forming capabilities of a representative panel of C. acnes isolates obtained 

from human herniated disc tissue material and acne lesions (2.2.6.2 along with the further 

optimisation steps highlighted in section 2.3.7). 

 

Three separate cultures were prepared for each C. acnes isolate, including positive and 

negative controls, with 12 replicates of each. Results from all triplicate experiments were 

used to calculate the mean absorbance for each isolate. S. epidermidis RP62A and C. acnes 

NCTC 737 were used in positive control wells whilst negative control wells were inoculated 

with only sterile BHI broth. The mean absorbance of the negative control was subtracted 

from the absorbance of the content in each test well before statistical evaluation.  

 

For comparative analysis, the OD595 values were used to classify the degree of biofilm 

production for all C. acnes clinical strains according to the method described by Christensen 

et al. (1985), with minor modifications. Briefly, mean OD values were calculated for each 

C. acnes phylotype as well as for all acne lesion isolates, C. acnes NCTC 737 and S. 
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3.2.3 Biofilm-Associated Viable Cell Counts 

 

For determination of biofilm-associated viable cell counts, a panel of four disc tissue C. 

acnes isolates [phylotypes IA1 (n=1), IB (n=1), II (n=1) and III (n=1)] and one acne lesion 

C. acnes isolate were selected. 200µl of standardised 72-hour bacterial culture was 

inoculated into sterile, polystyrene, 96-well, flat-bottomed, tissue-culture treated plates 

(Sarstedt, Germany) and incubated anaerobically at 37°C for 7-days. Each well was washed 

three times with 200µl of PBS to remove loosely adhered and planktonic cells. Two hundred 

microlitres of sterile, 0.5% (w/v) glucose-supplemented BHI broth was added to each well 

and the biofilm plate was sonicated at 40kHz using an ultrasonic waterbath system (Rieber 

375TT) for 5-minutes. Calorimetry was used to calculate the power output of the Rieber 

375TT ultrasonic waterbath system and was determined as 26.6 watts/litre. Residual 

biofilm-associated cells were scraped off wells using sterile pipette tips. Next, serial ten-fold 

dilutions of sonicated biofilm suspensions were prepared in 0.5% (w/v) glucose-

supplemented BHI broth. The plate count method described by Miles, Misra and Irwin 

(1938) was used to assess the number of CFU/ml of sonicated bacterial biofilm sample, with 

all inoculated CFU/ml plates being incubated anaerobically at 37°C for up to 7-days. For 

parity and comparisons, cultures used for biofilm CFU/ml counts were also used to prepare 

corresponding biofilm plates for crystal violet staining assays, as described in section 3.2.2 

above. Four independent experiments were conducted for CFU/ml determination, with a 

total of 8 replicates for each C. acnes isolate.  
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3.2.4 Data Analysis 

 

Means ± standard deviations of crystal violet absorbance data (semi-quantitative) were 

calculated and statistical analysis of data was performed with SPSS 22.0 using one-way 

ANOVA without replication. For each figure, one set of statistics was performed to compare 

each clinical isolate to the negative control and another set of statistics was performed to 

compare the recA types to one another. Data was presented as bar charts, with bars 

representing percentage increase or decrease in biofilm formation for each isolate compared 

to the mean negative control value of each microtitre plate. Experimental biofilm crystal 

violet OD data was normalised relative to the negative control. Comparisons were also made 

between C. acnes of varying phylotypes and sites of isolation, namely isolates originating 

from disc tissue or acne lesions, for both semi-quantitative biofilm formation methods and 

quantitative CFU/ml methods using one-way ANOVA without replication in SPSS. 

Standard deviation was represented as error bars. Results were considered statistically 

significant when a confidence level greater than 95% or 99% was reached (p <0.05 or p 

<0.01, respectively) and these mean percentage increase and decrease values were marked 

with either a single asterisk (*) (p <0.05) or a double asterisk (**) (p <0.01). Negative 

controls were omitted from all figures. 
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3.3 Results 

 

3.3.1 Assessment of Strength of Biofilm Formation Amongst C. acnes Clinical Isolates   

 

 

As shown in Figures 3.1, 3.2 and 3.3 below, the use of crystal violet OD data demonstrated 

that the majority (70%) of disc tissue and acne lesion isolates of C. acnes produced 

significantly more dense biofilms in a microtitre model of biofilm formation following 7-

days of anaerobic plate incubation as compared to the negative control (p <0.05). The 

greatest degrees of biofilm formation were noted amongst isolates 17 (IB) and 88 (IA1), with 

mean biofilm formation values of 140% and 168% as compared to the negative control, 

respectively (Figures 3.1 and 3.2) (p <0.01). No significant differences between the biofilm 

densities of C. acnes disc tissue isolates 15 (IB), 90 (IB) and acne lesion 7 were observed 

under these conditions as compared with the negative control (p >0.05) (Figures 3.1 and 

3.3). Interestingly, all phylotype III disc tissue C. acnes isolates failed to form significantly 

more dense biofilms as compared to the negative control (p >0.05) (Figures 3.1, 3.2 and 

3.3).  

 

Although the disc tissue C. acnes isolates 40 (IB), 82 (IB) and 2 (II) formed significantly 

more dense biofilms as compared to the negative control (p <0.05) (Figures 3.1 and 3.3), 

these isolates were classified as non-biofilm formers in Tables 3.2 and 3.3 as the microtitre 

plate biofilm classification cut-off limit is based on three standard deviations above the 
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mean OD of the negative control. Therefore, these isolates are weaker biofilm formers as 

compared to other clinical disc tissue and acne lesion C. acnes strains. 

 

 
 
 

 

 

 

 

 

 

 

 

 

Figure 3.1: Mean percentage biofilm formation of clinical and control C. acnes isolates (panel 

1) following anaerobic incubation at 37°C for 7-days. Mean percentage biofilm increase and 

decrease values are compared to the negative control and are averages of 36 replicates from 

three independent experiments (negative control not included on the figure). Error bars 

represent standard deviation. * Biofilm biomass significantly greater than the negative control 

(p <0.05). ** Biofilm biomass highly significantly greater than the negative control (p <0.01). 
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Figure 3.2: Mean percentage biofilm formation of clinical and control C. acnes isolates (panel 

2) following anaerobic incubation at 37°C for 7-days. Mean percentage biofilm increase and 

decrease values are compared to the negative control and are averages of 36 replicates from 

three independent experiments (negative control not included on the figure). Error bars 

represent standard deviation. * Biofilm biomass significantly greater than the negative control 

(p <0.05). ** Biofilm biomass highly significantly greater than the negative control (p <0.01). 
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