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Abstract 
 

The human body is thought to be an ecosystem of mutually beneficial interactions between 

the human cells and the microorganisms that live in and on our bodies. The largest and most 

diverse microbial community reside in the gut. Collectively, the genomes of these microbes 

are known as the gut microbiome. The gut microbiome is important in the development and 

maintenance of a healthy immune system. Additionally, the gut microbiome regulation of 

secretory immunoglobulin A and polymorphonuclear cells recruitment on the ocular surface 

contributes to immune protection against ocular infections. Perturbations in the gut 

microbiome, also known as gut dysbiosis, has been linked to systemic inflammation 

elsewhere in the body (extraintestinal sites) and may play a role in ocular inflammation and 

increased susceptibility to ocular infections. The current gold standard for diagnosis of most 

ocular infections is microbial culture, however, it is time-consuming and approximately 40% 

of clinically suspected cases are culture-negative. 

 

Next generation sequencing technologies have revolutionised genomic research and has the 

potential to provide comprehensive microbial and host data with a wide range of translational 

clinical applications, from microbiome analysis in diseased and healthy states, to rapid 

identification of pathogens in infectious diseases. However, these sequencing methodologies 

have yet to be adopted into routine clinical practice, in part due to the highly contextual and 

bidirectional host-microbiome interactions, as exemplified by the role of the gut microbiome 

in modulating host immune homeostasis (i.e. commensal versus pathogenic organisms), and 

the lack of optimised metagenomic protocols for technically-challenging clinical samples such 

as ocular samples that are often minute and have high background host DNA contamination.  
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The general hypothesis investigated in this thesis was the contribution of the microbiomes to 

ocular disease and the potential application of novel sequencing technologies for rapid 

identification of these microbiomes, both pathogenic and commensals, in ocular 

inflammatory diseases and infections. I applied Illumina 16S rRNA gene sequencing to 

characterise the gut microbiome profile of patients with ocular mucous membrane 

pemphigoid (OcMMP), a devastating mucosal scarring autoimmune condition of unknown 

cause. I found that patients with OcMMP had lower alpha diversity compared to healthy 

controls, and that gut dysbiosis correlated with ocular inflammation, and treatment with 

immunosuppressive therapies. This broad sampling of the gut microbiome provides a 

framework for the integration of deeper multi-omic datasets to unravel the complex host 

immune-microbiome interactions in autoimmunity. 

 

Using the novel nanopore sequencing technology, I extended the research to identify specific 

microbial species causing ocular infections. Microbial keratitis, infection of the cornea, is a 

leading cause of preventable blindness worldwide.  Using a defined mock community and ex-

vivo porcine eye model, I optimised the sampling method and developed a bioinformatics 

pipeline for full-length 16S rRNA  nanopore sequencing, and was successful in implementing 

this sequencing workflow directly onto clinical samples of patients presenting with microbial 

keratitis.  

 

Next, I evaluated the clinical utility of nanopore sequencing in endophthalmitis, a severe, 

sight-threatening intraocular infection. The sensitivity of metagenomic sequencing in 

detecting pathogens decreases with high host DNA contamination. Therefore, I examined the 
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effect of saponification on host DNA depletion by qPCR using murine peripheral blood 

mononuclear cells spiked with serial dilutions of E.coli cells and found that there was a 1500-

fold depletion of host DNA with very minimal bacterial DNA loss between saponified and un-

saponified samples. I compared the effects of saponification on human DNA depletion by 

whole genome nanopore sequencing using intraocular fluid biopsy samples from a subset of 

patients with endophthalmitis and found that saponification increased the proportion of 

bacterial to human reads. Finally, I performed full-length 16S rRNA nanopore sequencing (16S 

nanopore), whole genome nanopore sequencing (WGS nanopore) and Illumina whole 

genome sequencing (Illumina WGS) directly on intraocular fluid biopsy samples of patients 

with clinically suspected endophthalmitis, showing that whole genome nanopore sequencing 

performed better than 16S nanopore and Illumina WGS in detecting the predominant 

organism in endophthalmitis. Taken together, this suggests that with further optimisation, 

the future use of the portable, real-time nanopore sequencing technology as a point-of-care 

testing for microbial identification and quantification may be beneficial in ocular infections.  
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Chapter 1 Introduction 

 
1.1 The structure of the eye 

The normal eyeball measures approximately 70 – 85 mm in circumference and 22 – 27 mm 

in anteroposterior diameter1 (Figure 1.1).  

 

 
Figure 1.1 Basic anatomy of the eye in the frontal and sagittal planes. 

Created with BioRender.com 
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The eye, a highly specialised sensory organ, is part of the complex optical system providing 

vision2. First, light rays reflected off the environment or object of interest, is refracted by the 

clear cornea into the anterior and posterior chambers containing aqueous humour, through 

the pupil (an opening regulating the amount of light entering the eye and controlled by the 

iris), refracted by the lens, passes the vitreous humour (4 – 5ml thick, gelatinous fluid 

accounting for 80% of the eye volume), and reaches the retina. The photoreceptors in the 

retina transduce the light into electrical signals (action potentials) which are then transmitted 

by the optic nerve to the brain for visual processing3.  

 

The eye consists of three layers – from the outer to inner layers: 

• External fibrous tunic composed of sclera and cornea 

• Middle, vascular pigmented tunic, also known as uvea, composed of choroid, ciliary 

body, and iris 

• Inner, sensory neural tunic composed of the retina 

 

1.2 Immune mechanisms of the eye 
 
1.2.1 The ocular surface  

 
The ocular surface system comprises of the cornea, conjunctiva, lacrimal and accessory 

glands, Meibomian glands, tear film, the nasolacrimal duct and the eyelids4. The meibomian 

glands produce the superficial lipid layer of the tear film that prevents surface evaporation4. 

The lacrimal and accessory glands secrete water, immunoglobulin A, and other antimicrobial 

proteins such as lysozyme, defensins and lactoferrin, forming the intermediate aqueous layer 
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of the tear film4. The goblet cells within the corneal and conjunctival epithelia secrete 

hydrophilic mucins4. The components of the tear film is shown in Figure 1.2. Eye-associated 

lymphoid tissue, or immune follicles that are analogous to the gut-associated isolated 

lymphoid follicles, are present within the conjunctiva and develop soon after birth5. 

 
Figure 1.2 Diagram of the tear film. 

Created with BioRender.com 

 
 
Resident cells of the both the innate and adaptive immune system, such as neutrophils, 

eosinophils, macrophages, natural killer cells, Langerhans cells, γδ T cells, T helper 1 (Th1) and 

Th2 cells, are found on the ocular surface6. Together, they play a vital role in protecting and 

maintaining the smooth, wet refractive surface of the cornea. The cornea is the clear window 

in front of the eye compromising of intricately arranged collagen fibrils that are vital for 

optical transparency and visual neuro-processing. When damaged, the avascular cornea loses 

transparency leading to visual impairment. 
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1.2.2 Blood-ocular barrier system 
 
The eye is an immune-privileged site, with the blood-ocular barrier system (consisting of the 

blood-aqueous and the blood-retinal barrier) protecting the ocular antigens from invasion by 

infectious pathogens or from circulating immune cells in an immunocompetent host7. The 

blood-aqueous barrier, located at the anterior portion of the eye, is formed by the tight 

junctions of the non-pigmented ciliary epithelium and the endothelium of the iris 

vasculature7. Tolerance to antigens in the anterior chamber is also mediated by the anterior 

chamber-associated immune deviation, whereby there is downregulation of the T helper 1 

and T helper 2-mediated immune responses to intraocular antigens8. The blood-retina barrier 

is composed of both physical and immunologic barriers. The physical barrier is formed by the 

tight junctions of the retinal capillary endothelium and the retinal pigment epithelium. The 

immunologic barrier is formed by the retinal neurovascular unit (astrocytes, Müller cells, and 

pericytes) and the retinal pigment epithelium secretion of immunomodulatory factors (IL-10, 

macrophage migration inhibitory factor, and complement regulatory proteins) and 

conversion of naïve T cells into regulatory T cells7,9. Together, these mechanisms of ocular 

immune-privilege play an important role in maintaining the function and structural integrity 

of ocular tissues, and preserving optical clarity by reducing the potentially damaging collateral 

effects of excessive inflammation to ocular tissues, which have limited capacity for 

regeneration10. However, this comes at a cost of delayed clearance of certain pathogens, such 

as Toxoplasma gondii and herpes simplex virus, incomplete immune tolerance to ocular 

antigens and unchecked tumour growth, such as ocular melanoma11.  

 

 



Chapter 1  Introduction 

Page 25 of 230 

1.3 The gut microbiome  

The human body consists of symbiotic interactions between microorganisms, otherwise 

known as microbiota, that reside in and on our bodies. The largest and most diverse microbial 

communities reside in the colon of the human gastrointestinal system, collectively the 

genomes of these microbiota are known as the gut microbiome12. The gut microbiota is 

important in the regulation of energy homeostasis, metabolism of drugs and modulation of 

the immune system, either through direct contact with the mucosal surfaces of the lining of 

the gut or through the production of gut microbial metabolites12,13.  

 

1.3.1 Regulation of the host immune system by the gut microbiota 

Influences of the gut microbiota on the host innate immune system mainly rely on 

metabolites. Gut microbial tryptophan metabolites affect the innate lymphoid cells and 

reduce mucosal inflammation through interleukin(IL)-22 dependent aryl hyrdrocarbon 

receptor signalling14. Short chain fatty acids, such as butyrate, a by-product of starch 

fermentation by anaerobic bacteria in the gut, exerts anti-inflammatory properties by 

inhibiting histone deacetylases, thereby downregulating macrophage secretion of nitric 

oxide, IL6, and IL-12, which are pro-inflammatory mediators15. In terms of the influences of 

the gut microbiota on the adaptive immune system, segmented filamentous bacteria (SFB) 

adherent to epithelial cells of the terminal ileum have been shown to induce the accumulation 

of Th17 cells in the lamina propria and the increase production of IL-22, serum amyloid A 

(SAA) and IL-1716. Colonisation of Bacteroides fragilis, through the zwitterionic capsular 

polysaccharide, PSA, induces CD4+ T cell proliferation, balances Th1/Th2 cytokine production 

and directs regulatory T cell development17.  
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1.3.2 Regulation of the gut microbial profile by the host immune system 

The gut microbiota composition is in turn influenced by the host immune system13.  

Antimicrobial peptides (AMP) produced in the gut is capable of altering the gut microbial 

colonisation18. Microbial peptidoglycan recognition by nucleotide-binding oligomerisation 

domain-containing protein 2 (NOD2) in lamina propia, signals through kinase receptor-

interacting protein 2 (RIPK2) and nuclear factor-κβ (NF- κβ), and induces the production of 

antimicrobial peptides and mucin19. Flagellin and lipoproteins of microbes stimulate toll-like 

receptor 5 (TLR5) in CD103+ dendritic and luminal epithelial cells, leading to the secretion of 

IL-23 by dendritic cells, maturation of innate lymphoid cell, secreting IL-22, thereby, 

enhancing the production of AMPs by luminal epithelial cells20. Microbial metabolites also 

activate NOD-, leucin-rich repeat-, and pyrin domain-containing 6 (NLRP6) inflammasome to 

secrete IL-18 and AMPs21. T follicular helper cells produce secretory IgA, whilst invariant 

natural killer T cells, through CD1d, secrete IL-4 and IL-10 to regulate the composition of the 

gut microbiota22. 

 

1.3.3 Links between the gut microbiota and the ‘gut-eye’ axis 

The gut microbial components and their metabolites have the capacity to modulate both the 

local and systemic immunity at extra-intestinal sites, such as the brain, lung, liver, skin and 

endocrine organs13,23. Emerging evidence indicates that there is potential for the gut 

microbiota to modulate the ocular immunity, which has traditionally been classified as an 

‘immune-privileged site’24,25. Mouse models of spontaneous experimental autoimmune 

uveitis have shown that exposure to the gut commensal microbiota activates retina-specific 
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autoreactive T cells through their T cell receptors in the lamina propria of the intestine, and 

leads to development of spontaneous uveitis26. Depletion of the gut microbiota by broad-

spectrum antibiotics reduces Th17 cells in the lamina propria of the intestine, and attenuates 

uveitis (Figure 1.3)26.  

 

 

 
Figure 1.3 Gut microbial activation of retina-specific T cells. 

Commensal gut microbiota activates retina-specific T cells in a T-cell receptor (TCR)-dependent 
manner. Auto-reactive T cells migrate and infiltrate into the eye leading to the development of 
autoimmune uveitis and loss of vision. Image reproduced from Horai et al26. Elsevier user license. 

 

Studies of the gut microbiome in uveitis patient cohorts have reported enrichment of 

Enterobacteriaceae, and Fusobacterium, and lower levels of abundance of Prevotella 

compared to healthy controls27.  Similarly, the gut microbiome is altered in Vogt-Koyanagi-

Harada disease, and is restored with immunosuppressive treatment28. In neovascular AMD 

mouse model, high-fat diet alters the Bacteroides to Firmicutes ratio, reduces the gut barrier 

function, and increases intestinal permeability to AMPs into the systemic circulation, 

triggering activation of pattern recognition receptors and inflammation mediated through 
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elevated cytokine levels of IL-1β, IL-6, TNF-α and vascular endothelial growth factor A that 

contribute to pathological neovascularisation29. Enrichment of Oscillibacter, Anaerotruncus, 

Eubacterium and Ruminococcus were reported in stool samples of patients with neovascular 

age-related macular degeneration, along with upregulation of glutamate degeneration, L-

alanine fermentation, and arginine biosynthesis, and down-regulation of fatty acid elongation 

pathway30. Patients with glaucoma have higher oral bacterial load in compared to healthy 

controls31. Low dose LPS administered to mouse model of glaucoma (DBA/2J) upregulates 

Toll-like receptor 4 signalling and complement pathway, activating microglia in the optic 

nerve and retina, leading to axonal degeneration and loss of neurons31.  

 

The gut microbiome, in addition to host genetics, has been shown to be an important 

modulator of the ocular surface homeostasis25.  Using animal studies, the tear secretory IgA 

(sIgA) levels were reduced following oral antibiotic intake in specific pathogen free Swiss 

Webster mice but not in C57BL/6N mice, and reconstitution of the gut microbiome in germ-

free Swiss Webster mice with Bacteroides acidifaciens restored sIgA levels on the ocular 

surface32. Findings of the gut microbiome profile studies in patients with immune-mediated 

dry eyes are summarised in Table 1.1    
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e Project, HM

P; dry eye syndrom
e, DES; healthy control, HC; operational taxonom

ic unit, 
OTU. 



Chapter 1  Introduction 

Page 30 of 230 

1.4 The ocular surface microbiome 

The ocular surface was initially thought of as ‘sterile’, with the physical protective mechanism 

of the blink reflex, presence of ocular resident immune cells and antimicrobial proteins and 

immunoglobulins in the tear film providing a hostile environment for microorganisms33. Using 

modern culture techniques, Perkins and associates were able to isolate coagulase-negative 

Staphylococcus and Propionibacterium acnes from 87 of 96 conjunctival swabs of healthy 

individuals34. With the advent of molecular sequencing technologies, a much broader 

repertoire of microbial sequences have been found on the ocular surface.  The findings of 

these studies are summarised in Table 1.2.  

 

The existence of a core microbiome, defined as “the set of genes present in a given habitat in 

all or a vast majority of humans [sic]”, remains uncertain12.  In ophthalmology, the debate 

arises about whether the presence of the organisms at the ocular surface are truly stable 

‘residents’ or merely transient ‘passersby’. To address this issue, Zegans and Van Gelder have 

proposed a framework for studying the ocular microbiome - “A true ocular surface microbiota 

would be characterized by the persistence of a stable consortium of viable microorganisms 

on the ocular surface over time.” Ozkan and associates evaluated the temporal stability of 

the ocular surface by sampling the conjunctiva of 45 healthy adults at baseline, 1 month and 

3 months. There were no culturable or detectable bacterial taxa (by 16S rRNA sequencing) 

present in all participants at all three time points, or in all participants at any time point. 

However, Corynebacterium and Streptococcus and 26 other bacterial taxa were consistently 

present at all three time points of sampling in at least one or more participant35. Similarly, 

Doan and associates have reported a predominance of Corynebacterium, Streptococci, 

Propionibacteria and torque teno virus in the ocular surface microbiome, which was distinct 
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from the facial skin and buccal mucosa bacterial community36. Previous quantitative studies 

have shown that the abundance of bacteria on the ocular surface are much fewer in 

magnitude compared to other mucosal sites, such as the oral or gut mucosa36,37.  Taken 

together, this suggests that although the healthy ocular surface is not sterile, it is 

paucibacterial and its constituents have high interindividual variability.    

 

The physiological and functional role of the human ocular surface microbiome has yet to be 

determined. However, in a proof-of-concept murine study, St Leger and associates showed 

that the commensal Corynebacterium mastitidis was able to colonise the murine ocular 

surface and induce interleukin 17 production from conjunctival γδ T cells, leading to increased 

recruitment of neutrophils to the conjunctiva and release of antimicrobial S100A8-S100A9 

dimer in tears, thus protecting the eye from pathogenic Pseudomonas aeruginosa and 

Candida albicans infection5. In another study by Kugadas and associates, they found that 

germ-free Swiss Webster mice had higher susceptibility to Pseudomonas aeruginosa-induced 

infection compared to specific pathogen free mice38. Treatment with oral antibiotics to 

decrease the number of gut microbiota in specific pathogen free mice resulted in higher 

bacterial burden and susceptibility to Pseudomonas aeruginosa38. Polymorphonuclear 

leukocytes derived from germ-free mice and oral antibiotic treated-specific pathogen free 

mice were shown to have delayed maturation of neutrophils and reduced bactericidal 

capacity to Pseudomonas aeruginosa PAO1 and PA14 compared to polymorphonuclear cells 

derived from non-antibiotic treated specific pathogen free mice38. Reconstitution of the germ 

free mice with mouse- and human-derived microbiota decreased the susceptibility to 

Pseudomonas aeruginosa infection38. Monocolonising germ free mice with a single topical 

application of coagulase negative Staphylococcus sp. promotes IL-1beta-driven responses and 
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protected against Pseudomonas aeruginosa infection38. Similarly, Zaidi and associates have 

shown that germ-free mice had delayed neutrophil recruitment to Staphylococcus aureus 

infected corneas compared to wild type mice due to deficiency in intercellular adhesion 

molecule 1-dependent polymorphonuclear leukocyte recruitment to the cornea39. This 

suggests that both the gut and commensal ocular surface microbiome may contribute to the 

immune homeostasis of the eye.  

 

Ocular surface microbiome alterations in immune-mediated dry eye disease is 

undetermined40,41. Graham and associates have shown that patients with dry eyes had higher 

numbers of bacterial colony forming units on culture compared to healthy, and was inversely 

correlated with conjunctival goblet cell density40. However, their finding was not replicated 

when using PCR to detect 16S rRNA gene. Although de Paiva and associates were able to 

detect decreased diversity in the gut microbiome of patients with Sjögren’s syndrome 

keratoconjunctivitis compared to healthy controls, which correlated with systemic disease 

severity, they were not able to detect any significant differences in the ocular surface 

microbiome 37,40. This suggests that the gut microbiome, which contains the largest amount 

of commensal bacteria in the body, is more likely to be affected by perturbations in the 

systemic immunity compared to the low-biomass, paucibacterial ocular surface microbiome.
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1.5 Ocular Mucous Membrane Pemphigoid 

1.5.1 Demographics and clinical presentation  

Mucous membrane pemphigoid (MMP) is a rare, orphan, life-threatening autoimmune 

scarring disease, involving all mucosal sites, such as the ocular, oral, nasopharyngeal, 

anogenital, tracheal, oesophageal mucosa, and skin45–47 (Figure 1.4). Mucous membrane 

pemphigoid involving the ocular surface (OcMMP) is the commonest cause of cicatrising 

conjunctivitis in the United Kingdom, accounting for 61% of newly diagnosed cases, with an 

estimated minimum incidence of 0.8 per million population48. OcMMP mainly affects the ages 

of 60 – 80 years, and is likely to be more common in Caucasians than in Indian Asians or 

Chinese49.  

 

 
Figure 1.4 The multi-systemic clinical spectrum of mucous membrane pemphigoid. 

Involvement of the oral mucosa (Panels a and b. gingival and palatal inflammation), involvement of 
the supraglottic mucosa (Panel c. supraglottic inflammation), involvement of the gastrointestinal tract 
(Panel d. oesophageal stenosis), involvement of the skin (Panel e. scalp ulceration), involvement of the 
ocular mucosa (Panel f. conjunctival inflammation). Images reproduced from Dart46. CC BY-NC-ND 4.0. 

f
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Patients typically present with red eye or persistent conjunctivitis not responding to topical 

treatment, or entropion and trichiasis, progressing to persistent corneal epithelial defect, 

corneal vascularisation, scarring and corneal blindness. In a small subset of patients there is 

a rapid progression from initial presentation of acute conjunctivitis and/or limbitis (stem cell 

failure) to severe conjunctival overgrowth, ocular surface failure and keratinisation leading 

to corneal blindness46,50. Common clinical signs seen in OcMMP are shown in Figure 1.5. 

 

 
Figure 1.5 Clinical signs in ocular mucous membrane pemphigoid. 

From top left: conjunctival ulceration, limbitis, persistent corneal epithelial defect (PED), loss of plica, 
fornix foreshortening, subepithelial fibrosis, symblepharon, entropion (inversion of the eyelid margin) 
and trichiasis (abnormally positioned eyelashes), and ocular surface failure leading to keratinisation, 
opacification and vascularisation of the cornea and corneal blindness. Images reproduced from Dart46. 
CC BY-NC-ND 4.0. 
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1.5.2 Pathogenesis and pathophysiology of OcMMP 

The pathogenesis of OcMMP involves a combination of both genetic and environmental 

factors leading to the loss of tolerance to conjunctival epithelial basement membrane 

proteins, and generation of autoreactive T cell and/or autoantibodies that are central both 

to the autoantibody (IgG or IgA) and cellular autoimmune responses46. The target antigens 

in OcMMP are BP18051,52, BP230, laminin 33253,54, a6b4 integrin55,56, and type VII collagen57 

(Figure 1.6). 

 

 
 

Figure 1.6 Structure of the epithelial basement membrane. 

Target antigens in MMP are highlighted in the red boxes. Image reproduced from Schmidt58. Elsevier 
user license.  
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The pathophysiology of ocular MMP involves two main processes: (1) inflammation and (2) 

scarring, both of which are not mutually exclusive46,58 . A potential autoimmune inflammatory 

response is initiated through the presentation of self-antigens, such as proteins from the 

basement membrane of the conjunctiva, oral mucosa or skin, on the MHC (class II region of 

DQB1)59 of antigen presenting cells to T cell receptors in genetically susceptible individuals, 

thereby initiating B cell activation, proliferation, and generation of IgG or IgA autoantibodies 

against basement membrane proteins46. Another suggested hypothesis for the generation of 

these autoantibodies is through molecular mimicry secondary to gut microbiome dysbiosis60. 

The binding of autoantibodies to the basement membrane activates the complement 

cascade, and results in an acute inflammatory response - the recruitment of inflammatory 

effector cells (macrophages, neutrophils, CD8-TC cell, CD4-TH cell, and plasma cells), the 

release of cytokines and growth factors (interleukins (IL)-2, IL-5, IL-13, IFNg, TNFa) and 

expansion of CD4 TH subset 1 and subset 2 cells leading to chronic inflammatory response46,61–

65.  

 

In the absence of autoantibodies, the profibrotic inflammatory response is thought to be 

initiated by a cell-mediated response by autoreactive T lymphocytes against the basement 

membrane proteins, overexpression of macrophage-derived IL-4, platelet derived growth 

factor and transforming growth factor b, leading to the generation of “persistently profibrotic 

fibroblasts”, and production of extracellular matrix46,66,67. The aldehyde dehydrogenase/ 

retinoic acid metabolic pathway, which is mediated through paracrine and autocrine effects 

of dendritic cells, has also been shown to activate the profibrotic phenotype of fibroblasts in 

patients with OcMMP, both during acute inflammation and quiescence68,69. Inhibition of the 

acetaldehyde dehydrogenase enzyme with disulfiram in vitro reverts OcMMP fibroblasts to a 
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normal phenotype68. The putative mechanisms underpinning inflammation and profibrotic 

scarring processes in OcMMP is summarised in Figure 1.7.  

 

The loss of tolerance to basement membrane proteins is associated with enhanced 

susceptibility in patients with the major histocompatibility complex  (MHC) class II allele, HLA-

DQB*0301 and HLA-DR459,70,71. However, in a familial case study of a pair of female 

monozygotic twins that share the same HLA haplotypes, only one of the twin developed 

OcMMP, whilst the other cotwin and her children were unaffected. This suggests that 

pathogenesis of OcMMP could be multi-gene and associated with other environmental 

factors56.  

 

There is mounting evidence that the gut microbiome plays a critical role in the development 

and maturation of the immune system72. Alteration in the gut microbiome (gut dysbiosis) has 

been linked to ocular surface inflammation in a murine model of desiccating stress, but 

whether this change is a cause or effect of the disease process has yet to be determined37. 

The gut microbiome can be shaped by the host genotype, in particular the genes encoding for 

the human leukocyte antigen (HLA) molecules which may confer genetic susceptibility to 

autoimmunity73. Elhusseiny and colleagues have recently reported an interesting case of a 

patient with refractory OcMMP and ulcerative colitis despite being on aggressive 

immunosuppressive therapy, who had long-term remission of ocular surface inflammation 

following colectomy60. Taken together, this suggests that there might be a link between the 

gut microbiome and ocular inflammation in patients with OcMMP.  
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(Figure 1.7, cont.) The pathogenesis of O
cM

M
P involves a com

bination of both genetic and environm
ental factors leading to the loss of tolerance to 

conjunctival epithelial basem
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1.5.3 Diagnosis  

The First International Consensus on Mucous Membrane Pemphigoid guidance recommends 

that a direct immunofluorescence (DIF) biopsy is required for a diagnosis of OcMMP47, 

however, this presents a long-standing diagnostic conundrum for DIF-negative patients who 

have typical features of progressive scarring in the absence of other causes such as Stevens-

Johnson syndrome, toxic epidermal necrolysis or drug-induced cicatrising conjunctivitis46,74. 

Nevertheless, DIF-negative MMP patients are recognised in the ocular cohort as having a 

differing, and possibly more severe disease course. Therefore, proposals for a new diagnostic 

criteria for OcMMP has been made to include patients with negative DIF but positive indirect 

immunofluorescence (IIF) (i.e. presence of circulating autoantibodies in the serum) and 

patients with negative immunopathology (i.e. negative DIF and negative IIF) but have a typical 

phenotype of progressive cicatrising conjunctivitis in the absence of other causes45,46,48.  

 

1.5.4 Treatment strategies 

Systemic immunomodulation is required to control inflammation as current commercially-

available topical therapies are often ineffective46. The ‘step-ladder’ or ‘step up’ and ‘step 

down’ approach to the use of systemic immunotherapy has been advocated to control 

inflammation and minimise side-effects from medication, and is summarised in Figure 1.8. 

Low-dose oral tetracycline (doxycycline, initially 100mg then 50mg/day maintenance dose) is 

also used for its anti-inflammatory properties, which include inhibition of metalloproteinases, 

chemiotaxis, and pro-inflammatory cytokines (IL-6, IL-8, TNFa)75–77. However, in many cases, 

subclinical scarring can still progress despite apparent control of inflammation. Once scarring 

has developed, at present, there are no clinical therapies available to reverse the process46.  
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Figure 1.8 Immunosuppression strategies for OcMMP. 

‘Step ladder’ approach to use of immunosuppression (based on Rauz et al and Dart45,46,78). Patients 
start treatment at the step most appropriate to the initial severity of their disease (mild, moderate, 
or severe) and may step down therapy based on control of inflammation. For mild inflammation, 
dapsone or sulphapyridine is used. For persistent disease, azathioprine, or mycophenolate (if 
intolerant to azathioprine) may be added or substituted. For severe inflammatory disease, 
cyclophosphamide is used with adjuvant steroids. For refractory disease, biologics such as anti-CD20 
monoclonal immunoglobulins (Rituximab) or anti-tumour necrosis factor (anti-TNF) may be used. 
Created with BioRender.com 
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1.6 Ocular infections 

1.6.1 Microbial keratitis 

The World Health Organisation estimates 15 million people are visually impaired worldwide 

from corneal blindness secondary to a range of underlying pathological processes including 

infections (trachoma, onchocerciasis, bacterial, herpetic), trauma, nutritional deficiencies and 

inflammatory diseases79. Often under-reported, the incidence approximates 1.5-2.0 million 

cases of unilateral blindness per annum and includes cases of microbial keratitis (MK)79. 

Microbial keratitis is a term that describes acute corneal infection or abscess that forms the 

most common cause of acute medical ophthalmology emergency admission within the UK 

and is a leading cause of preventable blindness80,81. Worldwide incidence, prevalence and 

causative organisms have geographical variance such as an incidence of 799 per 100,000 in 

Nepal compared to an estimated UK incidence of 40-52 per 100,000 per year, and fungal 

species are more common in tropical or subtropical climes versus Gram positive or negative 

bacterial species predominating in temperate areas82–84. 

 

Patients typically present to the emergency department with painful loss of vision associated 

with discharge (Figure 1.9). The most significant risk factor is contact lens wear together with 

trauma/injury, previous eye surgery, topical or systemic immunosuppression and neuropathic 

cornea85. During the acute episode, many patients are reviewed daily in Emergency 

Departments, whilst those with the severest eye infections are admitted to specialist 

ophthalmology wards for intensive eye care. Data from NHS Digital estimate 2,617 admissions 

per year for microbial keratitis and each NHS hospital admission is associated with a 

significant direct and indirect cost burden81. 
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Figure 1.9 Anterior segment photograph of patient presenting with microbial keratitis, showing a 
large, focal central corneal infiltrate with marked conjunctival injection. 

Courtesy of P.I. Murray. 

 

The immunopathogenesis of ocular infection is largely dependent upon virulence factors of 

the offending pathogen, such as secretion of toxins or proteases, biofilm formation, and host 

factors, including host genetic background and age86. Broadly, recognition of molecular 

structures on pathogens (pathogen-associated molecular patterns, PAMPs) by pattern 

recognition receptors (PRR) such as toll-like receptor (TLR), N-formyl methionyl receptor, 

mannose-binding lectin, activates the complement cascade (opsonisation, phagocytosis and 

formation of membrane attack complex enabling lysis of the microbe), influx of 

polymorphonuclear leucocytes, natural killer cells, macrophages, γδ T cells, dendritic cell 

maturation, release of pro-inflammatory cytokines (IL-1, IL-6, IL-8, IL-12, IL-17, interferon-α), 

macrophage inflammatory proteins and monocyte chemotactic proteins87,88. Upregulation of 
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corneal surface inflammasomes involving intracellular nucleotide-binding oligomerisation 

domain-like receptors (NLR) pyrin domain 3 (NLRP3) and caspase-associated recruitment 

domain 4 (NLRC 4) activates caspase-1 and subsequent release of IL-1β and IL-18 pro-

inflammatory cytokines in microbial keratitis87. Polymorphonuclear cell and fibroblast 

secretion of TNFα, reactive oxygen metabolites, vascular endothelial growth factor and matrix 

metalloproteinase-9 may also inadvertently contribute to the development of corneal 

vascularisation, protein degradation and scarring89. Treatment strategies for bacterial 

microbial keratitis involves sterilisation of infection, with antimicrobial therapy guided by 

regional epidemiology of pathogens and their resistance profiles, followed by adjuvant use of 

steroids or anti-collagenases to dampen inflammation81,89. Newer treatment modality using 

collagen cross-linking, which utilises the antimicrobial effects of ultraviolet-A light with 

photochemically activated riboflavin, for the treatment of bacterial and fungal keratitis is 

currently been investigated89.  

 

1.6.2 Endophthalmitis 

Endophthalmitis is a severe, sight-threatening intraocular inflammation and is one of the 

most feared complications for any ocular surgical procedures90. It most commonly occurs 

secondary to infectious pathogens entering the eye, either exogenously through a breach in 

the globe during surgery or post-traumatic events, or endogenously, stemming from systemic 

infection elsewhere in the body86,90. A leading cause of endophthalmitis is following 

intraocular procedures, with incidence rates ranging from 1.2 to 5 per 1000 cases post-

cataract surgery and 0.7 to 13 per 10000 cases following intravitreal injections worldwide90–

96.  
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The microbiology spectrum is dependent upon aetiology with coagulase negative 

Staphylococci, Staphylococcus aureus, Streptococci, Propionibacterium acnes and 

Enterobacteriaceae predominantly implicated in acute post-operative cases; Bacillus cereus, 

fungi, Streptococci, Clostridium sp., and Microsporidium sp. in post-traumatic cases; Candidia 

albicans, Aspergillus, Staphylococcus, and Enterobacteriaceae in endogenous 

endophthalmitis90,95,97–100. Potential risk factors for developing post-procedural 

endophthalmitis include history of ocular surface disease, diabetes mellitus, and 

immunocompromised and older age90,100. Patients typically present with painful loss of vision 

associated with hypopyon and vitritis (Figure 1.10)97. Despite aggressive medical and surgical 

interventions, endophthalmitis generally results in permanent partial or total sight loss. 

Failure in treatment is attributed to the rise in antimicrobial resistance strains from 

widespread use of broad-spectrum antibiotics due to the lack of accurate diagnostics tools to 

rapidly identify these causative pathogens101,102. 

 
 

Figure 1.10 Anterior segment photograph of patient presenting with post-operative endophthalmitis, 
showing hypopyon and conjunctival injection. 

Courtesy of P. I. Murray.  
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In endophthalmitis associated with microbial infection, the recognition of pathogen 

associated molecular patterns by pattern recognition receptors, such as toll-like receptors, 

activate signalling through adaptor proteins [myeloid differentiation primary response 88 

(MyD88) and Toll/interleukin-1 receptor-domain-containing adapter-inducing interferon-β 

(TRIF)], upregulating nuclear factor-κβ and interferon regulatory factor 3 (IRF-3)-mediated 

expression of proinflammatory mediators, such as TNFα, IL-1β, IL-6, chemokine (C-X-C) motif 

ligand-1 (CXCL1), in the ocular cells (Muller cells, microglia, retinal pigment epithelium)86,103. 

The permeability of the blood-retina barrier is increased to allow the migration of effector 

cells into the posterior segment of the eye86. Polymorphonuclear cell activation leads to 

further release of cytokines with unintended bystander ocular tissue destruction, such as 

gliosis and endothelial cell damage103. Apoptosis, or programmed cell death, mediated 

through Bax and Fas proteins, help to regulate inflammation upon pathogen elimination, 

thereby limiting damage to ocular tissue86. A key component in the initial clinical 

management of exogenous bacterial endophthalmitis is intravitreal administration of 

antibiotics, most commonly broad-spectrum vancomycin for Gram-positive coverage and 

ceftazidime for Gram-negative coverage86,91. The use of systemic antibiotics with good ocular 

penetration such as ciprofloxacin and moxifloxacin has been also reported91.  
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1.6.3 Conventional clinical microbiology diagnostics and management of ocular infections 

Currently, conventional microbial diagnostic methods are based on culturing of samples on 

different media for species identification, followed by antimicrobial susceptibility testing 

(Figure 1.11). Ocular samples taken for microscopy, culture and sensitivity for detection of 

underlying aetiological organisms provides the mainstay investigation together with 

molecular diagnostics using polymerase chain reaction (PCR) where underlying herpes viral 

aetiology is also suspected80.   

 

In addition, the sensitivity and specificity yields using conventional culture-based techniques 

for the diagnosis of ocular infections is poor, ranging from 36-41% as most causative 

pathogens are not easily cultured in-vitro104–107.  Time to identification of organism is around 

24-72 hours but due to the micro-size of the inoculum, it may be several days before the 

causative organism is known and 7 days or more before full sensitivities are available. During 

this period, generic broad-spectrum antimicrobial therapeutic protocols are implemented 

based upon an extrapolation of likely organisms and culture sensitivities derived from local 

institutional or regional microbiology datasets80,108. Antimicrobial therapy is refined in the 

minority of cases when cultures and sensitivities are known80. This approach may reduce the 

effectiveness of ophthalmically important antimicrobials leading to evolution of resistant 

species109,110. 
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Figure 1.11 Schematic representation of the numerous different media required for culture and 
susceptibility testing, along with the different primers required for polymerase chain reactions (PCR) 
in conventional microbiology. 

Note: Not shown in the diagram is the use of fastidious anaerobe agar/media for culturing 
anaerobes and cysteine-lactose-electrolyte deficient media for culturing actinomycetes. 

Abbreviations: rDNA, ribosomal deoxyribonucleic acid; HSV, herpes simplex virus; VZV, varicella 
zoster virus. 

 

Prognosis is dependent upon the virulence of the pathogen and efficacy of early treatment in 

the first 3 days107. Delayed diagnosis and failure in treatment could result in corneal 

perforation, emergency tectonic corneal transplantation and loss of eye (evisceration) in 

48 – 72 hours 5 days – weeks 

Media for culture Identification 

S
us

ce
pt

ib
ili

ty
 te

st
in

g 
 

(A
nt

im
ic

ro
bi

al
 re

si
st

an
ce

 d
at

a)
 

S
pe

ci
es

 o
r 

su
bt

yp
e 

sp
ec

ifi
c 

te
st

in
g 

Chocolate blood agar 

Fastidious bacteria  
(Haemophilus 
inflluenzae, 
Neisseria 

meningitidis) 

Blood agar 
Differentiate bacteria 
based on haemolytic 

properties 

Sabouraud dextrose agar  Fungal  

Corneal sample Specialist non-nutrient agar seeded 
with Escherichia coli Acanthamoeba 

MacConkey agar 
Gram negative 

bacteria, 
Pseudomonas 

2 – 4 hours 

Slides for microscopy  

Gram stain Bacteria, fungi, 
Microsporidia 

Primers for PCR 

Universal 16S rDNA Bacteria 

Universal 18S rDNA Fungal 

Various viral primers 
(HSV, VZV, Adenovirus) Virus 

24 – 72 hours (off-site commercial lab; usually 9am – 5pm Mon – Fri) 

Ocular sample



Chapter 1  Introduction 

Page 50 of 230 

microbial keratitis, and retinal detachment and evisceration in cases of endophthalmitis111. 

Virulence of the organisms is attributed to the rise in antimicrobial resistance strains from 

widespread use of broad-spectrum antibiotics stemming from the lack of accurate diagnostic 

tools to rapidly identify these causative pathogens101,108,112. Non-culture methods have 

entered clinical practice including PCR and in vivo laser scanning confocal microscopy113,114. 

These technologies are limited and do not give information beyond species identification, 

require pre-testing assumption of the pathogen and target only a few known, common 

pathogens. PCR testing of pathogen DNA from the eye is usually commercially driven. The 

service is largely 9-5pm Monday to Friday, impacting on an increased delay for out-of-hours 

patients. The technique has a high false-positive rate and emerging antimicrobial 

susceptibility patterns cannot be determined33,82,114,115.  
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1.7 Sequencing methods to evaluate the microbiome and identifying pathogenic 

microbial genomes in ocular infections 

 

1.7.1 Current sequencing platforms 

Technological revolutions in sequencing platforms and its applications have driven advances 

in the discovery of microbial pathogenic variants and microbiome studies116.  In recent years, 

whole genome sequencing has enabled the discovery of unexpected, novel pathogens, such 

as Vittaforma corneae in infectious conjunctivitis117 and Torque teno virus in culture-negative 

endophthalmitis118.  

 

Deep metagenomic sequencing techniques, performed predominantly on Illumina 

sequencing platforms, have also enabled phylogenetic analysis of the temporal and 

geographic origin of ocular infection106,119. However, the prohibitively high running costs of 

these large sequencing platforms mean that these sequencing facilities are only available in 

select centres, and samples would have to pooled for batch processing resulting in delayed 

turnaround time105,107,120. Figure 1.12 and Table 1.3 summarises the commercially available 

sequencing platforms – Illumina, nanopore and Pacific Biosciences Single-Molecule Real-Time 

(SMRT) sequencing.  

 

Major advantages of using nanopore sequencing compared to the other sequencing 

technologies include portability (pocket-sized MinION sequencer), relatively low start-up cost 

and rapid workflow, with less than an hour from sample preparation to data analysis121–125. 

Nanopore sequencing has been utilised for on-the-field, real-time genomic surveillance of 
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Ebola126 and Zika127,128 viruses. In addition, nanopore sequencing has also been used for 

pathogen detection in proof-of-concept clinical studies of sepsis129, lower respiratory 

tract130,131, urinary tract132, and prosthetic joint infections133. However, there is relatively high 

error rates in nanopore sequencing (~95% raw read accuracy for nanopore)134, but strategies 

to reduce nanopore sequencing error rate are constantly evolving with improvements to the 

pore chemistry and basecalling software134.   
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Illumina short-read 
sequencing 

Nanopore sequencing Pacific Biosciences SMRT 
sequencing 

 
 
 
DNA fragment is tagged with 
adapters complimentary to 
the oligonucleotide coating 
the flow cell, allowing 
hybridisation to flow cell 
surface. Clusters are 
generated through bridge 
amplification by 
polymerases. Reverse DNA 
strands are cleaved and 
leaving only the forward 
strand. Synthesis by 
sequencing begins whereby 
incorporation of 
fluorescently-labelled 
deoxynucleoside 
triphosphates (dNTPs) are 
detected via fluorescence 
signal from laser excitation 
on the DNA strand. 

 
 
DNA fragment is tagged with 
adapters linked to tethering 
and motor proteins that inserts 
to the opening of the 
nanopores embedded onto a 
synthetic membrane. Motor 
proteins unwind the double-
stranded DNA. Electrical 
current is applied, driving 
negatively-charged DNA 
through the pore. Changes in 
the electrical current within 
the pore as the nucleotide 
passes through the pore are 
recorded as ‘squiggles’ and 
used to identify the DNA 
sequence. 
 

 
 
DNA fragment is ligated to 
hairpin adapters, forming a 
circular SMRTbell, bound to a 
DNA polymerase and loaded 
onto zero-mode waveguides 
(ZMW) chambers. As 
polymerase incorporates 
fluorescently-labelled dNTP, 
light pulse emitted from the 
bottom of the well (20 – 30nm) 
excites the fluorophore and is 
detected by a camera. Changes 
in the fluorescence 
corresponding to each DNA 
base is recorded within each 
ZMW and is used to identify the 
DNA sequence. 

 
Figure 1.12 Overview of Illumina, nanopore and Pacific Biosciences single-molecule, real-time (SMRT) 
sequencing technologies. 

Images reproduced from Logsdon135. Springer Nature license number: 974501209042, Dec 2020. 
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 Table 1.3 Com

parisons of data type, costs, throughput and portability across the sequencing technologies.  

†Costs at year 2020 

Abbreviations: N50, sequence length of the shortest contig covering 50%
 of the total genom

e length; base pairs, bp; gigabases, Gb, kilogram
s, kg. 
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Newer, high-throughput sequencing approaches can be broadly classified into two major 

options: targeted amplicon sequencing (selective amplification of specific genetic region of 

interest such as 16S rRNA in bacteria or 18S rRNA in fungi) and metagenomic sequencing 

(untargeted amplification of all genomic DNA)82.  

 

1.7.2 Targeted amplicon 16S rRNA gene sequencing 

Targeted amplicon sequencing of marker genes using conserved, housekeeping regions of the 

genome interspersed with variable regions have been utilised to infer phylogenetic links and 

microbial taxonomy136,137. The universal 16S ribosomal RNA (rRNA) gene sequence in bacteria, 

which is approximately 1550 base pairs long, composed of a highly conserved region 

interspersed with nine variable regions (V1-9), is the most commonly used marker gene for 

assessing bacterial profiles (Figure 1.13)136,138,139. 

 

 
 

Figure 1.13 The structure of the 16S rRNA gene. 

Variable regions (V1 – V9) are highlighted with colour on the 2D and corresponding 3D structures. 
Image reproduced from Yang140. CC BY 4.0 
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Initial microbiome analyses on the US National Institutes of Health-funded Human 

Microbiome Project were performed using the 16S rRNA gene sequencing12. Amplification of 

the 16S rRNA region by PCR reduces the background host contamination and by only 

sequencing a smaller part of the genome, this drastically reduces the sequencing depth 

requirements and cost. The vast majority of clinical studies have only sequenced part of the 

16S gene, ranging from the single variable region of V4, V6 to three variable regions V1-3 or 

V3-5, because the widely used Illumina sequencing platform is only capable of producing 

short reads of less than 500 bases141,142. This short-read sequencing further compounds the 

taxonomic resolution of 16S rRNA sequencing, which is typically limited to genus-level 

resolution139. Choice of the hypervariable region affects the taxonomic assignment, for 

example the V4 hypervariable region providing better whole bacterial diversity in human 

microbiome studies whereas the V1-V2 hypervariable region is more specific for skin 

microbiota profiling143. With the introduction of long-read sequencing technologies, such as 

the Pacific Bioscience (PacBio) circular consensus sequencing and Oxford Nanopore 

Technologies (ONT) sequencing platforms, sequencing the full-length of the 16S rRNA gene, 

along with all V1 – V9 regions, is now feasible141,144. Several studies have shown that full-

length 16S rRNA reads provides better taxonomic resolution compared to reads that only 

target a certain region of the 16S rRNA gene144,145. The choice of 16S reference database also 

impacts upon the taxonomic assignment145–147. For example, the expanded Human Oral 

Microbiome Database contains references to microbes specifically from the aerodigestive 

tract whilst the National Center for Biotechnology Information (NCBI) 16S RefSeq, the 

Ribosomal Database Project (RDP) and the SILVA rRNA databases include taxa from all sources 

(human and non-human hosts) and the environment148–151.  Differences in the characteristics 

of the three databases are summarised in Table 1.4.   
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Databases NCBI 16S RefSeq148 RDP149 SILVA150 
Number of 
entries 

21,314 3,356,809 2,090,668 

Description Manually curated 16S 
ribosomal rRNA 
sequences 

Aligned and annotated 
16S ribosomal rRNA 
sequences (and 28S 
rRNA fungi sequences) 

Manually curated 16S 
small and large 
subunit rRNAs (16S 
prokaryotes and 18S 
eukaryotes) 

Domains/Type 
materials 

Bacteria, archaea Bacteria, archaea, 
eukarya 

Bacteria, archaea and 
eukarya 

Sequence 
validation 
steps 

Trimming of long 
sequences, removal of 
low quality sequences, 
vector screening, 
removal of terminal 
Ns, chimera check, 
corrected or added 
intron annotation 

Chimera detection Alignment quality 
score above 50, 
sequence length 
above 1,200 bases for 
Bacteria and Eukarya, 
and above 900 for 
bases for Archaea 

Table 1.4 Characteristics of the 16S rRNA gene reference databases. 

Characteristics of the 16S rRNA gene reference databases.  Abbreviations: National  Center for 
Biotechnology Information 16S Reference Sequences, NCBI 16S RefSeq; Ribosomal Database Project, 
RDP. 

 

Targeted sequencing involving universal PCR amplification of the specific gene of interest, 

such as the 16S ribosomal RNA gene for bacteria, has the propensity for high false discovery 

rates152, provides limited taxonomic resolution to the genus level, and does not capture the 

metagenome of other organisms, such as virus, fungi and protists136,153–155.  

 

1.7.3 Untargeted whole genome sequencing 

Untargeted, ‘shotgun’, whole (‘meta-‘) genome sequencing profiles the entire genomic 

content of the sample and is able to provide deeper taxonomic resolution, to the species and 

strain level, along with the predicting the functional potential of the microbial community156. 

However, a key challenge in the implementation of ‘shotgun’ whole genome sequencing on 

clinical samples is the high host background which can lead to overwhelmingly greater 
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amounts of host reads and very few microbial reads, thereby decreasing the sensitivity of 

WGS in identifying the potential pathogen157.  Several techniques to selectively enrich for 

microbial reads have been developed, such as the use of antibodies targeting the methyl-CpG 

motifs that are present in human/vertebrate DNA but lacking in most microbial DNA and 

differential lysis of host cells using chaotropic buffers followed by degradation of released 

background DNA with DNase158–160. Charalampous and associates have optimised a saponin-

based host DNA depletion protocol for nanopore sequencing on 41 clinical respiratory 

samples of patients with suspected lower respiratory tract infections and reported up to 

10,000 fold depletion or 99.9% of human DNA130. Firstly, differential centrifugation was used 

to pellet the host and microbial cells. Then, saponin was used to permeabilise host cell 

membrane by solubilising cholesterol with subsequent addition of high concentrations of 

NaCl to deliver an osmotic shock to lyse the damaged host cells130,161. Finally, DNase was 

added to deplete the released host DNA130,158. The respiratory samples in study conducted by 

Charalampous and associates were derived from sputum, endotracheal secretions and 

bronchoalveolar lavage, and therefore, had larger starting volumes of 400µl130. However, 

these host depletion techniques have not been tested on ocular clinical samples that are of 

much smaller in volume.  

 

1.7.4 Analysis of microbiome data 
 
Alpha diversity is a measure of the richness (number of taxonomic units) and/or evenness 

(relative abundances of the taxonomic units) of an ecological community162. Samples are 

rarefied to a common sequencing depth to control for sampling effort. Richness of a 

community may be calculated through the observed number of operational taxonomic units 

(OTUs) or Chao1 estimates. OTU designation is based on clustering sequences at a set 
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similarity threshold, such as 97% similarity for genus-level or 99% similarity for species-level 

taxonomy. Newer denoising algorithms have also been developed for marker gene analysis 

which incorporates the identification of amplicon sequence variants163. Chao 1 richness 

estimate is calculated using the following formula164:  

Schao1=Sobs+n1(n1 − 1)2(n2	+1) 	

Where Schao1 is the estimated richness, Sobs is the observed number of OTUs, n1 is the 

number of OTUs with only one sequence and n2 is the number of OTUs with only two 

sequences. Chao1 is an estimate of the minimum richness in a community.  

 

The measure of the diversity within a community is a combination of the richness and 

evenness, and can be calculated using Simpson or Shannon diversity indexes.  

Shannon diversity index is calculated using the following formula164: 

HShannon	= −,ni
N

Sobs

i=1

ln niN	

 

Where Sobs is the number of observed OTUs, ni is the number of  individuals in OTU i, and N 

is the total number of individuals in the community. The larger the H value, the higher the 

diversity.  

 

Simpson diversity index is calculated using the following formula164: 

"simpson	 = 	
∑ %i	(%i	 − 1)!obs
"#$
*	(* − 1) 	 
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Where Sobs is the number of observed OTUs, ni is the number of individuals in ith OTU, and 

N is the total number of individuals in the community. The larger the D value, the lower the 

diversity. Simpson diversity index can be affected by the unevenness of the 16S copy 

number, therefore, Shannon Diversity Index has been used in this thesis.  

 

Beta diversity is a measure of the overlap of multiple communities to each other. Beta 

diversity indices include:  

• Jaccard index, which looks at the membership of the communities and calculates 

the overlap in the communities. However, this measurement is sensitive to under- 

and uneven sampling164.  

o "%&''&()		 =	 !,-
!,	+!-,!,-

 

o Where SAB is the number of shared OTUs between communities A and B, SB is 

the number of OTUs in community B, and SA is the number of OTUs in 

community A.  

• Bray-Curtis dissimilarity index measures the structure dissimilarity between two 

communities164.  

o "-(&.,/0(1"2 = 1 − 2 ∑4"5(!,,/		 ,!-,/)∑ !,,/+∑!-,/
 

o Where SA,i is the number of individuals in the ith OTU in community A, and 

SB,i is the number of individuals i the ith OTU in community B 

• Yue-Clayton theta similarity coefficient measures the structure dissimilarity 

between two communities164.  

o "9:/ = 1	 − ∑ &/;/
01
/23

∑ (&/,;/)4	+∑ &/;/		
01
/23 	01

/23
 



Chapter 1  Introduction 

Page 61 of 230 

o Where ST is the total number of OTUs in communities A and B, ai is the 

relative abundance of OTU i in community A and bi is the relative abundance 

of OTU i in community B.  

• UniFrac method, which is based on the phylogenetic tree shared branch length 

shared or unique between two communities. Unweighted UniFrac only measures 

the sequence distance between two communities, whilst weighted UniFrac takes 

into account the relative abundance of the OTU164.  

 

The beta diversity indices result in a distance matrix for ordination using principal 

coordinate analysis for visualisation of the data, and statistical tests such as analysis of 

molecular variance (AMOVA) and homogeneity of molecular variance (HOMOVA) are 

used to test for clustering in the data165. AMOVA determines if the genetic diversity 

within two or more populations is greater than their pooled genetic diversity whilst 

homogeneity of molecular variance (HOMOVA) determines whether the amount of 

genetic diversity in each population is significantly different164. 

 

AMOVA is used widely to estimate F-statistics, which decomposes the genetic variance 

into within-individual, within-population and among-populations, and detect population 

clustering in genetic datasets (Meirmans, 2018). AMOVA statistic tests the null 

hypothesis that there is no significant difference in the genetic diversity among the 

populations and is calculated by the following equations166: 



Chapter 1  Introduction 

Page 62 of 230 

 

Where n is the number of samples per group/population, a is the number of 

groups/populations,  N is the number of samples, dij is the distance between samples i 

and j, and ɛij. is 1 when i and j are from the same group/population and 0 when they are 

from different groups/populations. SS is sum of squares, MS is mean of squares.  

 

HOMOVA (Bartlett’s test of homogeneity of variance) is used to test the hypothesis that 

the genetic diversity within the populations is homogenous, and is calculated by166: 

  

 

 

Where N is the total number of samples in the study, P is the number of 

groups/populations, Ni is the number of samples in group/population i, and SSWi is the 

amount of sum of squared deviations contributed by group i. 
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1.8 Aims and objectives 
 
The gut microbiome is important for the development and maintenance of a healthy immune 

system and contributes to immune protection against ocular infections. Perturbations in the 

gut microbiome, also known as gut dysbiosis, has been linked to systemic inflammation 

elsewhere in the body (extraintestinal sites) and may play a role in ocular inflammation and 

increased susceptibility to ocular infections. Next generation sequencing technologies are 

capable of providing comprehensive microbial data directly from clinical samples. Targeted 

and untargeted metagenomic sequencing approaches may have a wide range of clinical 

applications spanning from microbiome analysis in diseased and healthy states, to rapid 

identification of pathogens in infectious diseases18,157. 

 

Gut microbiome analysis in Ocular Mucous Membrane Pemphigoid using Illumina 16S rRNA 

gene sequencing 

The gut microbiome, initially characterised using 16S rRNA gene sequencing in the Human 

Microbiome Project, plays a critical role in the development of the immune system12,13. 

Alterations in the gut microbiome have been implicated in various autoimmune conditions 

and have been linked with ocular surface inflammation in murine models13,37. Mucous 

membrane pemphigoid is a multi-systemic autoimmune scarring disease involving all mucosal 

sites, including the ocular surface and gastrointestinal tract46. The gut microbiome profile of 

patients with mucous membrane pemphigoid and its relation to ocular inflammation is 

currently unknown. Therefore, I have undertaken a broad sampling of the gut microbiome in 

ocular mucous membrane pemphigoid using 16S rRNA Illumina sequencing to provide a 

framework for future integration with multi-omic datasets.  
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Pathogen identification in ocular infections using nanopore 16S rRNA and whole genome 

sequencing 

Nanopore long-read sequencing, a new and emerging sequencing technology, enables real-

time data analysis and is portable, therefore is ideal for rapid detection of pathogen in acute 

ocular infectious diseases, such as microbial keratitis and endophthalmitis, whereby 

prognosis is dependent upon early detection and elimination of causative pathogen82,157. To 

date, there has been no published study rigorously examining the application of nanopore 

sequencing in ophthalmic infectious diseases, which require optimisation as the ocular 

samples are small in volume and have high background host to pathogen DNA106. Therefore, 

I will describe the collection methods, host DNA depletion technique, and bioinformatics 

pipeline which have been optimised for the detection of pathogens directly from ocular 

samples. 

The general hypothesis investigated in this thesis was the contribution of the microbiomes to 

ocular disease and the potential application of novel sequencing technologies for rapid 

identification of these microbiomes, both pathogenic and commensals, in ocular 

inflammatory diseases and infections.  

Specific hypothesis:  

Chapter 2: The gut microbiome profile in OcMMP is different compared to healthy controls. 

Chapter 3: Full-length 16S nanopore sequencing is able to identify causative pathogen directly 

from clinical sample of microbial keratitis. 

Chapter 3: Metagenomic and full-length 16S nanopore sequencing is able to identify causative 

pathogen directly from clinical sample of endophthalmitis. 

The aims and objectives of this thesis are to: a) characterise the gut microbiome profile in 

ocular mucous membrane pemphigoid using 16S rRNA short-read sequencing, b) optimise 
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collection method and bioinformatics workflow for full-length nanopore 16S sequencing for 

detection of pathogens in microbial keratitis, and c) evaluate the clinical utility of whole 

genome nanopore sequencing for detection of pathogens in endophthalmitis. 
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Gut microbial dysbiosis in Ocular Mucous Membrane Pemphigoid 
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Chapter 2 Gut microbial dysbiosis in ocular mucous membrane 

pemphigoid 

2.1 Introduction 
 

Mucous membrane pemphigoid (MMP) is a rare, orphan, life-threatening autoimmune 

scarring disease, involving all mucosal sites, such as the ocular, oral, nasopharyngeal, 

anogenital, tracheal, oesophageal mucosa, and skin45–47. MMP with ocular involvement 

(OcMMP) is the commonest cause of cicatrising conjunctivitis in the United Kingdom, 

accounting for 61% of newly diagnosed cases, with an estimated minimum incidence of 0.8 

per million population48. The pathogenesis of OcMMP involves a combination of both genetic 

and environmental factors leading to the loss of tolerance to conjunctival epithelial basement 

membrane proteins, and generation of autoreactive T cell and/or autoantibodies to 

basement membrane proteins that are central to the disease process46. The mechanisms on 

how and where the T cells first become reactive to self-antigens in OcMMP is unknown.   

 

There is mounting evidence that the gut microbiome plays a critical role in the development 

and maturation of the immune system72. Alteration in the gut microbiome (gut dysbiosis) has 

been linked to ocular surface inflammation in a murine model of desiccating stress, but 

whether this change is a cause or effect of the disease process has yet to be determined37.  

In a murine model of spontaneous uveitis (R161H mice), Caspi and associates showed that 

activation of retina-specific T cell receptor was dependent on the gut microbiota26. Elhusseiny 

and associates have recently reported an interesting case of a patient with refractory OcMMP 

and ulcerative colitis despite being on aggressive immunosuppressive therapy, who had long-

term remission of ocular surface inflammation following colectomy60. Taken together, this 
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suggests that there might be a link between the gut microbiome and ocular inflammation in 

patients with OcMMP.  

 

The aims of this study were to 1) compare the gut microbiome profiles of OcMMP patients 

with age- and sex-matched healthy controls, and to 2) examine the relationship between the 

gut microbiome diversity and ocular inflammation in OcMMP. 

 

2.2 Methods 
 

2.2.1 Participant enrolment and sample collection 

The study was approved by the London Bridge Research Ethics Committee (Systemic Gut 

Microbiota Driving Sight-threatening Inflammatory Ocular Disease (STUDIOUS), reference: 

17/LO/0062, IRAS project ID: 140601)) and written informed consent was obtained from all 

participants.  

 

Patients diagnosed with OcMMP attending the Ocular Surface Disease clinics at the 

Birmingham and Midland Eye Centre, Birmingham, United Kingdom were invited to 

participate in the study. There is no preceding microbiome study in OcMMP in the existing 

literature review to perform a reliable sample size calculation. Hence, the maximum feasible 

sample size was used, whereby all OcMMP patients attending the tertiary referral ocular 

surface disease clinic at Birmingham and Midland Eye Centre who fulfilled the inclusion and 

exclusion criteria of the study were approached and invited to participate in the study. 

Outcome measures : Alpha (number of OTUs, Shannon Diversity Index) and beta-diversity 
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[analysis of molecular variance (AMOVA) and homogeneity of molecular variance 

(HOMOVA)linear discriminate analysis of effect size]. 

 

The diagnosis of OcMMP was based on clinical findings typical of OcMMP [subepithelial 

fibrosis, loss of plica, symblepharon, limbitis, forniceal foreshortening, symblepharon 

formation with or without a history of intermittent or persistent conjunctival inflammation 

(acute or chronic)] after exclusion of other causes of cicatrising conjunctivitis, regardless of 

direct immunofluorescence biopsy results74. Direct immunofluorescence (DIF) biopsy result 

was deemed positive based on the presence of IgG, IgA and/or C3 deposits in the epithelial 

basement membrane zone47 but a positive test was not essential for the diagnosis of 

OcMMP48. 

 

A validated clinical assessment tool for cicatrising conjunctivitis was used to measure the 

inflammation (disease activity), scarring (disease progression) and morbidity (the sight-

threatening effects of the disease) in patients with OcMMP at time of recruitment to the 

study50. Inflammation was scored based on the degree of bulbar hyperaemia and limbitis. 

Bulbar hyperaemia was assessed under normal light (daylight) and compared against the 

standardised grading scale panel of photographs of patients with cicatrising conjunctivitis 

provided in the clinical assessment tool50. Each quadrant of the bulbar conjunctiva 

(superotemporal, inferotemporal, inferonasal, superonasal) was graded using a 5-point scale, 

range from 0 to 4, giving a maximum score of 16 for each eye.  Composite score for 

inflammation was calculated by transposing the maximum score for each eye on a percentage 

scale of 0 to 100. The combined scarring and morbidity was scored based on the extent of 

symblepharon, corneal vascularisation and corneal opacity. The absence or presence of 
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symblepharon was determined by direct observation of the patient. The extent of 

symblepharon was graded as absent (score of 0), if less than half horizontal involvement by 

symblepharon of horizontal fornix intercanthal distance (score of 1), if more than or equal to 

half horizontal involvement by symblepharon of horizontal fornix intercanthal distance (score 

of 2), with the patient looking in the opposite direction of the fornix being measured. Corneal 

vascularisation and opacity was assessed on the slit lamp. The central cornea was defined as 

the central 4mm of the cornea delineated by a slit-beam scale. The peripheral cornea was 

defined as the area of cornea outside the central 4mm zone. Each peripheral corneal quadrant 

was scored as positive with a score of 1 for the involvement by vessels or opacity separately. 

For corneal vascularisation, a score of 1 was given to each peripheral  quadrant involved, and 

if the central cornea was involved, a score of 1 was given, giving a maximum score of 5. For 

corneal opacification, a score of 1 was given to each peripheral quadrant involved, and an 

additional score of 5 if the central cornea was involved, giving a maximum score of 9. The 

composite score for combined scarring and morbidity was calculated by transposing the 

maximum score for each eye on a percentage scale of 0 to 100. 

 

Immunosuppressive treatment for OcMMP followed a “step-ladder” approach guided by 

disease activity as outlined by Rauz and associates45,78. Mild cases of OcMMP were treated 

with Dapsone (25-50mg twice a day) and/or low dose oral tetracycline (doxycycline, 50mg 

once a day) for its anti-inflammatory properties46. Patients with persistent disease, or those 

with mild to moderate inflammation, either azathioprine (1 – 2.5mg/kg/day) or 

mycophenolate mofetil (500 – 1000 mg twice a day) was initiated. For patients with severe 

inflammation, either continuous oral cyclophosphamide (1 – 2 mg/kg/day) and adjuvant 

prednisolone (1 mg/kg/day) or pulsed oral or intravenous cyclophosphamide with 
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intravenous methylprednisolone was delivered to induce rapid remission before step-down 

to less toxic therapy167. For patients with refractory disease, intravenous anti-CD20 

monoclonal antibody was employed45,168.  

 

Healthy volunteers were identified from visitors or staff working at the Birmingham and 

Midland Eye Centre, or from the University of Birmingham 1000 Elders project, and invited to 

participate in the study. Exclusion criteria for both OcMMP and healthy controls were as 

follows: no history of bowel surgery, inflammatory bowel syndrome, or systemic malignancy. 

Participants were provided with a faecal sample collection kit comprising: clean nitrile gloves, 

sterile faecal sample collection container containing 97% ethanol, re-sealable plastic bag with 

absorbent pad, disposable paper collection sheet to cover over the toilet seat, an instruction 

leaflet and pre-paid postal package. Participants collected a single faecal sample produced at 

any time of day. Collection containers were placed in a pre-paid postal package and delivered 

via First class Royal Mail® services at room temperature. Upon receipt of samples, aliquots 

were frozen at -80oC until DNA extraction.  

 

2.2.2 DNA extraction from faecal samples, 16S rRNA gene amplification, Illumina MiSeq 

amplicon sequencing 

 

Faecal DNA was extracted using DNeasy PowerLyzer Powersoil Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s protocol. DNA yield was evaluated by Qubit fluorometer 

(Thermo Fisher Scientific, Waltham, MA, USA). The 16S rRNA V4 region was amplified by PCR 

and sequenced on the Illumina MiSeq platform (Illumina Inc, San Diego, California, USA) using 

the dual-indexed  2 x 150 bp paired end protocol modified from Kozich et al169. Briefly, 16S 
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rRNA gene libraries were constructed from the genomic faecal DNA using primers to amplify 

the V4 region (250bp) using the primers (16Sf: GTGCCAGCMGCCGCGGTAA, 16Sr: 

GGACTACHVGGGTWTCTAAT). Each PCR reaction consisted of 0.5µl Phusion Polymerase 

(Thermo Fisher Scientific, Waltham, MA, USA), 1.5µl DMSO (Thermo Fisher Scientific, 

Waltham, MA, USA), 1µl each of V4 primer at 10µM, and 1µl DNA template (1ng). PCR 

conditions consisted of an initial 30 seconds at 98oC denaturation step, followed by 28 cycles 

of 10 seconds denaturation at 98oC, 30 seconds annealing cycle at 60oC, and 10 seconds 

extension cycle at 72oC, with final extension for 10 minutes at 72oC and kept at 4oC. Amplicon 

clean-up was done using 0.85x of Agencourt AMPure XP magnetic purification beads 

(Beckman Coulter, Indianapolis, USA). The concentration of the 16S library pools was 

determined using Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and 

the library pool was diluted to 2nM. Sequencing was performed on the Illumina Miseq 

platform using the Miseq Reagent Kit V2 500 cycle reagent kit (Illumina Inc, San Diego, 

California, USA). Negative (blank, no DNA template) and positive controls (aliquots of faecal 

sample from one healthy, ‘generous’ donor)  were used for DNA extraction, 16S amplification 

and Illumina MiSeq sequencing. 

 

2.2.3 Bioinformatic analysis and statistics 

Sequencing reads were processed using bioinformatics pipeline available in the mothur 

v.1.44.1 software164 –  assembly of contigs between read pairs, alignment to reference region, 

trimming of sequence ends to the same alignment coordinates, preclustering to denoise 

sequences within each sample, screening for chimeras using UCHIME, classification against 

the SILVA reference files release 138150 using a naïve Bayesian classifier, split into groups at 

the level of order, and assignment to operational taxonomic units (OTUs) at a level of 3% 
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dissimilarity. Alpha diversity was measured using by calculating the Shannon index and 

observed number of OTUs using mothur164. Principal coordinate analysis (PCoA) plots were 

created after calculating for distance matrices, demonstrating the distance between samples 

in two dimensions – the further the distances, the greater the difference in the microbiome 

composition. Comparisons were made using Yue and Clayton theta distances between 

samples, taking into account the relative abundance of shared and non-shared OTUs – the 

larger Yue and Clayton theta distance, the more dissimilar the bacterial populations between 

the samples. The analysis of molecular variance (AMOVA) and homogeneity of molecular 

variance (HOMOVA) were conducted within mothur164. Samples were examined for 

differentially abundant bacterial taxa using linear discriminant analysis of effect size (LEfSe) 

within mothur170. Statistical testing for all 16S rRNA OTU data (Kruskal-Wallis test) were 

adjusted for multiple hypothesis testing using the Benjamini and Hochberg method in R 

software v 4.0.2171 (R scripts available in Supplementary material 2.1 and 2.2). Continuous 

data were summarised using medians and interquartile ranges. Statistical analyses (Mann-

Whitney, Spearman non-parametric correlation) were performed using GraphPad Prism 

v.8.0.0 (GraphPad Software, San Diego, California, USA) whilst linear regressions were 

performed using SPSS v.26.0 (IBM Corp., Armonk, NY) with p-value of less than 0.05 deemed 

to be indicative of significance throughout. 

 

2.3 Results 

Faecal samples were collected from 50 OcMMP patients and 40 healthy volunteers. The 

demographics were comparable between the OcMMP and healthy cohorts, except that the 

OcMMP cohort had a higher BMI (p<0.001). A majority of the OcMMP patients had positive 

direct immunofluorescence (DIF) biopsy results (68%), with a median duration of disease of 



Chapter 2  Gut microbiome in OcMMP 

Page 74 of 230 

33 months [Interquartile range (IQR): 11 – 98 months]. None of the OcMMP patients reported 

active extraocular symptoms. Participant characteristics are shown in Table 2.1. 

 

A median of 94,965 sequences were generated per sample, with an IQR of 74,230 to 123,647 

sequences. Samples were rarefied to 25,000 sequences. Three samples had sequences lower 

than 25,000 and were therefore excluded from the bioinformatic analyses (2 healthy controls, 

and 1 OcMMP). The average coverage was 99.7%. 
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M

M
P  (n=50)  

HC (n=40)  
Age (years)  

71 (66 - 88) 
72 (65 - 76) 

Sex (Fem
ale, %

)  
31 (62%

)  
20 (50%

)  
Ethnicity (W

hite, %
)  

48 (96%
)  

39 (98%
)  

BM
I (kg/m

2)  
29.1 (25.7 - 32.7) 

23.6 (21.9 - 26.0) 

Proton Pum
p Inhibitor Use 

5 (10%
) 

4 (10%
) 

Duration of disease (m
onths) 

33 (11 – 98) 
N

/A 

Positive im
m

unofluorescence status  
34 (68%

)  
N

/A 

Cicatrising conjunctivitis clinical assessm
ent † 

 
 

 

Active inflam
m

ation 
14 (28%

) 
 

Com
bined scarring &

 m
orbidity score ≥50%

  
6 (12%

) 
 

Tetracycline use 
 

 

N
ever  

25 (50%
)  

N
/A 

Previously used tetracycline, now
 stopped  

7 (14%
)  

N
/A 

Currently using tetracycline  
18 (36%

)  
N

/A 

System
ic Im

m
unotherapy  

 
 

N
ever  

13 (26%
)  

N
/A 

Previously used im
m

unotherapy, now
 stopped  

 
10 (20%

)  
 

N
/A 

Currently using im
m

unotherapy  
27 (54%

)  
N

/A 
 Table 2.1 Dem

ographics of participants 

†Cicatrising conjunctivitis clinical assessm
ent scores reported for the w

orse eye. Active inflam
m

ation is defined as total inflam
m

ation score above 25%
 at 

tim
e of faecal sam

ple collection.  The com
bined scarring and m

orbidity score assesses the low
er and upper fornix sym

blepharon, corneal vascularisation and 
opacity. Data reported as m

edian and interquartile range, or as n (%
). Abbreviations: body m

ass index, BM
I; direct im

m
unofluorescence, DIF.  
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 Currently taking 
medication 

Previously used, now 
stopped Never used 

Azathioprine 6 (12%) 7 (14%) 37 (74%) 

Mycophenolate 14 (28%) 11 (22%) 25 (50%) 

Cyclophosphamide 2 (4%) 10 (20%) 38 (76%) 

Biologics 0 (0%) 2 (4%) 48 (96%) 

Systemic steroids 7 (14%) 16 (32%) 27 (54%) 

Dapsone 2 (4%) 4 (8%) 44 (88%) 

 
Table 2.2 Details of medications/systemic immunotherapy.  
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2.3.1 Differences in alpha-diversity between OcMMP and healthy controls 

To determine any differences in the microbial diversity within each sample, observed OTUs 

and Shannon Index, measures of alpha-diversity, were assessed. After adjusting for 

participant factors in the multivariable model (age, gender, BMI, diet, proton pump inhibitor 

use), OcMMP cohort was found to be significantly independently associated with lower 

number of OTUs, with adjusted number of OTUs of 115 (95% CI: 73-157, p<0.001) and lower 

Shannon Diversity Index, with an adjusted Shannon Diversity Index 0.70 (95% CI: 0.35-1.04, 

p<0.001) lower than in healthy controls (Table 2.3 and Table 2.4).  

 Univariable Models Multivariable Model 
Variables Coefficient (95% CI) p-Value Coefficient (95% CI) p-Value 
Cohort (OcMMP) -97.27 (-132.72, -61.83) <0.001 -115.13 (-156.76, -73.49) <0.001 
Age (per decade) 11.74 (-8.64, 32.12) 0.26 10.92 (-9.24, 31.08) 0.28 
Gender (Female) -5.28 (-46.74, 36.18) 0.80 14.91 (-25.95, 55.77) 0.47 
BMI (per 5kg/m2) -13.35 (-30.89, 4.20) 0.134 -4.26 (-21.86, 13.35) 0.63 
Diet (Standard diet) 20.84 (-20.78, 62.47) 0.32 56.90 (-6.88, 120.68) 0.08 
PPI use (Yes) -16.75(-87.35, 53.86) 0.64 5.83 (-58.38, 70.04) 0.86 

Table 2.3 Linear regression models of number of OTUs in OcMMP vs. healthy controls 

Results are from linear regression models. The coefficient represents the increase in the number of OTUs per the 
stated number of units increase for continuous variables, or for the stated category relative to the reference 
category for nominal variables. Bold p-values are significant at p<0.05.  
 

 Univariable models Multivariable models 
Variables Coefficient (95% CI) p-Value Coefficient (95% CI) p-Value 
Cohort (OcMMP) -0.55 (-0.85, -0.26) <0.001 -0.70 (-1.04, -0.35) <0.001 
Age (per decade) 0.11 (-0.05, 0.26) 0.17 0.09 (-0.08, 0.26) 0.28 
Gender (Female) 0.01 (-0.31, 0.32) 0.97 0.18 (-0.17, 0.52) 0.31 
BMI (per 5kg/m2) -0.04 (-0.18, 0.10) 0.56 0.02 (-0.13, 1.65) 0.79 
Diet (Standard diet) 0.17 (-0.14, 0.49) 0.28 0.40 (-0.13, 0.93) 0.14 
PPI use (Yes) 0.15 (-0.39, 0.69) 0.57 0.31 (-0.23, 0.84) 0.26 

Table 2.4 Linear regression models of Shannon Diversity Index in OcMMP vs. healthy controls 

 
Results are from linear regression models. The coefficient represents the increase in the number of OTUs per the 
stated number of units increase for continuous variables, or for the stated category relative to the reference 
category for nominal variables. Bold p-values are significant at p<0.05.  
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To determine if systemic treatment or clinical disease in OcMMP patients could be 

contributing to the alpha-diversity differences seen in the gut microbiome, observed OTUs 

and Shannon index parameters were assessed within the OcMMP cohort. Patients who were 

currently on systemic immunotherapy had significantly lower observed OTUs compared to 

those who had never used or had previously used systemic immunotherapy (Kruskal-Wallis 

statistic: 6.8, p-value: 0.03), however, there was no significant difference in the Shannon 

Index for these patients [Figure 2.1, Panel B and D]. No significant alpha-diversity differences 

were detected between OcMMP patients who had never used, previously used or currently 

on long-term, low-dose oral tetracycline [Figure 2.1, Panel A and C]. No significant alpha-

diversity differences, as quantified by the number of OTUs (p=0.88) or Shannon Index 

(p=0.47), were detected between OcMMP patients who had never used, previously used or 

were currently using Dapsone. 
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Reduced number of observed OTUs were weakly correlated with inflammation (R2: 0.1, p= 

0.03). However, there was no significant correlation between Shannon Index and 

inflammation (Figure 2.2, Panels A & B). No significant correlation was detected between 

alpha-diversity measures and the cicatrising conjunctivitis clinical assessment scores of 

scarring and morbidity (Figure 2.2, Panels C & D). Alpha-diversity was not significantly 

associated with duration of disease or DIF biopsy results. 

 

 

Figure 2.2 Correlations between alpha diversity and Cicatrising Conjunctivitis Clinical Assessment Tool 

(CCAT) scores. 

Correlations between cicatrising conjunctivitis clinical assessment scores of inflammation (Panel A & 

B) and scarring and morbidity (Panels C & D) in the worse eye. A higher clinical assessment score 

represents a more severe clinical disease. Abbreviations: operational taxonomic units (OTUs). 
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Associations between factors and alpha-diversity (number of OTUs) were assessed within 

the OcMMP cohort. On univariable analysis, the number of OTUs was found to be 

significantly correlated with both the ocular inflammation score (p=0.03) and the current 

use of systemic immunotherapy (p=0.02). However, on multivariable analysis, which 

additionally adjusted for other factors, none of the factors considered were identified as 

significant independent predictors of the number of OTUs, including ocular inflammation 

score (p=0.21) and the current use of systemic immunotherapy (p=0.11) [Table 2.5]. The 

lack of statistical significance of these two factors in the multivariable model may be partly a 

consequence of the relatively small sample size, resulting in low statistical power. However, 

multicollinearity may also have played a role, given that there is a significant correlation 

between the ocular inflammation score and current use of systemic immunotherapy 

(Spearman 0.36, p = 0.01).  

 

 

 Univariable model Multivariable model 
Variables Coefficient (95% CI) p-Value Coefficient (95% CI) p-Value 
Inflammation score -1.08 (-2.02, -0.14) 0.03 -0.84 (-2.17, 0.49) 0.21 
Age (per decade) 20.44 (-1.07, 41.96) 0.06 18.22 (-7.22, 43.65) 0.15 
Gender (Female) 20.28 (-26.99, 67.55) 0.39 18.06 (-31.05, 67.18) 0.46 
Ethnicity (White) -68.78 (-139.20, 1.65) 0.06 -74.55 (-158.08, 8.98) 0.08 
BMI (per 5kg/m2) -0.26 (-4.44, 3.92) 0.90 1.51 (-24.30, 27.30) 0.91 
Diet (Standard diet) 30.68 (-22.48, 83.84) 0.25 16.23 (-40.31, 72.78) 0.56 
PPI use (Yes) -34.35 (-109.55, 40.86) 0.36 -3.53 (-88.94, 81.87) 0.93 
Duration of disease (per 

decade) 

3.48 (-1.00, 7.96) 0.13 -0.86 (-7.17, 5.45) 0.78 

Immunofluorescence status 

(Positive) 

17.58 (-32.61, 67.78) 0.48 -6.10 (-61.36, 48.16) 0.82 

Tetracycline use (current) -35.57 (-82.05, 10.92) 0.13 -42.81 (-91.66, 6.05) 0.08 
Dapsone use (current) -26.34 (-142.15, 89.48) 0.65 -48.27 (-169.87, 73.33) 0.43 
Systemic Immunotherapy 

use (current) 

-54.17 (-98.55, -9.80) 0.02 -45.54 (-101.18, 10.10) 0.11 

Table 2.5 Linear regression models of number of OTUs and ocular inflammation score 

Results are from linear regression models. The coefficient represents the increase in the number of OTUs per the 
stated number of units increase for continuous variables, or for the stated category relative to the reference 
category for nominal variables. Bold p-values are significant at p<0.05.  
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2.3.2 Differences in beta diversity between OcMMP and healthy controls 

 

To determine the differences in overall microbial community structure between OcMMP and 

healthy controls, Yue and Clayton theta distances were used to plot the ordination in the 

PCoA (Figure 2.3). There were significant differences in the clustering within the OcMMP and 

healthy control ordinations (analysis of molecular variance (AMOVA) F statistics (Fs): 2.4, p = 

0.001), however, there was no significant difference in the variation (homogeneity of 

molecular variance (HOMOVA) B value: 0.03, p = 0.26). No significant differences were 

detected in the clustering within OcMMP patients based on treatment with tetracycline 

(AMOVA Fs: 0.73, p = 0.88) or on treatment with systemic immunosuppression (AMOVA Fs: 

0.85, p = 0.68). There were no significant differences in the clustering within OcMMP patients 

based on the DIF biopsy results (AMOVA Fs: 1.04, p = 0.37). 
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Figure 2.3 Principal Coordinate Analysis (PCoA) of the Yue and Clayton theta distances between 

faecal samples from OcMMP patients and healthy volunteers. 

2.3.3 Compositional differences in gut microbiome of OcMMP and healthy controls 

To assess the differences in microbial taxonomic abundances between OcMMP and healthy 

controls, OTU-assigned sequence reads were compared at various levels from phylum to 

genus. At the phylum level, the gut microbiome of both groups were dominated by Firmicutes 

[median relative abundance in OcMMP: 56.7%, IQR: 40.0 - 71.9% vs HC: 54.6% (45.9 – 66.7%)] 

and Bacteroidota/Bacteroides [OcMMP: 20.2% (4.6 – 36.5%)  vs HC: 23.2% (14.5 – 40.7%)] 

followed by Proteobacteria [OcMMP: 4.8% (1.4 – 10%) vs HC: 2.7% (1.1 – 4.6%)], 

Actinobacteriota [OcMMP: 2.7% (0.5 – 8.1%) vs HC: 2.2% (0.9 – 6.3%)] and Desulfobacterota. 

[MMP: 0.3% (0.1 – 0.8%) vs HC: 0.5% (0.1 – 1.0%)] (Figure 2.4). There were no significant 

differences in the gut microbiome composition of OcMMP and HC in the phylum, class and 

order levels. There were significantly altered proportions of microbial taxa at the order (n=13) 

(Figure 2.5), family (n=18) (Figure 2.6) and genus (n=40) (Figure 2.7) levels, with Benjamini-

Hochberg (BH) adjusted p-values of less than 0.05. 
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Figure 2.4 Box and whisker plot comparing the relative abundance in phylum-level taxa between 

patients with ocular mucous membrane pemphigoid (OcMMP) and healthy volunteers. 

There were no significant difference in the taxa at phylum level between the OcMMP and healthy 

volunteers. 
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 Figure 2.5 Box and w

hisker plot com
paring the relative abundance of taxa that differed significantly at order level (m

ultiple hypothesis testing, adjusted p-
values <0.05). 
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Figure 2.6 Box and w

hisker plot com
paring the relative abundance of taxa that differed significantly at fam

ily level (m
ultiple hypothesis testing, adjusted p-

values <0.05). 
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 Figure 2.7 Box and w

hisker plot com
paring the relative abundance of taxa that differed significantly at genus level (m

ultiple hypothesis testing, adjusted p-
values <0.05).
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The gut microbial dysbiosis between OcMMP and healthy control were further analysed by 

linear discriminant analysis (LDA) effect size (LEfSe) method and revealed significant 

differences in the abundances of 15 bacterial taxa (Figure 2.8). The LDA scores indicated that 

Streptococcus, Lachnoclostridium, and Eggerthella were enriched in OcMMP patients (Log10 

LDA score > 2, BH-adjusted p-value <0.05) [Figure 2.9] whilst Oxalobacter, Clostridia 

uncultured genus-level group (UCG) 014, Christensenellaceae R-7 group, UCG 002, 003, 005, 

NK4A214 group and butyrate-producing bacteria such as Ruminococcus, Lachnospiraceae, 

Oscillospiraceae, Coprococcus, Roseburia were enriched in healthy controls (Log10 LDA score 

< -2, BH-adjusted p <0.05) [Figure 2.10]. 

 

Figure 2.8 Linear discriminant analysis (LDA) effect size (LEfSe) of significantly enriched bacterial taxa 
in OcMMP and healthy volunteers. 
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Figure 2.9 Comparisons of the relative abundances of bacterial taxa that were significantly enriched 
in OcMMP. 
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Figure 2.10 Com
parisons of the abundances of bacterial taxa that are significantly enriched in healthy volunteers. 
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2.4 Discussion 

This study is the first to compare the gut microbiome profile between patients with OcMMP 

and healthy controls using 16S rRNA gene sequencing. Patients with OcMMP were found to 

have lower alpha-diversity and altered gut bacterial composition compared with healthy 

controls. The reduction in the number of observed OTUs in the gut microbiome was 

associated with ocular surface inflammation scores using the CCAT scale and the use of 

systemic immunotherapy. There were no differences in the gut microbiome profile of OcMMP 

patients with DIF biopsy positive compared to those with DIF biopsy negative results. Taken 

together, these results suggest that OcMMP is associated with gut dysbiosis and correlates 

with ocular inflammation and the use of systemic immunotherapies. 

 

The predominant taxa at the phylum level observed in both the OcMMP and healthy control 

group in this study was Firmicutes, followed by Bacteroidota, Proteobacteria, and 

Actinobacteria, is similar to other publications on large-scale White population cohorts
172–174

. 

In this study, patients with OcMMP were observed to have lower alpha-diversity compared 

to healthy volunteers, in concordance with previously reported studies in Sjögren’s Syndrome 

and uveitis
37,175

. Several bacterial taxa identified as being altered in OcMMP in this study have 

been associated with autoimmunity. The gut microbiome in patients with OcMMP were 

enriched for the genera of Streptococcus, Eggerthella, and Lachnoclostridium. Chakravarthy 

and associates performed 16S rRNA sequencing on the V3-V4 region of faecal samples from 

13 patients with uveitis and 13 healthy controls in a small south Indian population, and have 

shown increased abundance of Streptococcus, and depletion of Lachnospiraceae, 

Ruminococcaceae in their uveitis patient cohort
175

. Enrichment of Streptococcus in the gut 

microbiome has also been reported in Sjögren’s Syndrome patients
37

. The relative and 
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absolute levels of Streptococcus spp in the gut microbiome correlated with higher 

osteoarthritis-related knee pain in a large, population-based Rotterdam cohort of over 1427 

participants and was further validated in an independent cohort of 867 participants
172

. 

Although unable to establish causality, the authors postulated that the metabolites or 

membrane vesicles containing endotoxin produced by the gastrointestinal luminal 

Streptococcus spp. may be responsible in eliciting extra-intestinal inflammation in the 

synovial lining
172

. Given that the relative abundances of each taxa that were significantly 

altered in the OcMMP patient cohort accounted for less than 10% of the total gut 

microbiome, it is likely that a group of microbes sharing common metabolic or functional 

profiles, rather than a single predominant microbe, is associated with OcMMP. Patients with 

OcMMP were also found to have decreased relative abundances of butyrate-producing 

bacteria such as Ruminococcus, Lachnospiraceae, Oscillospiraceae, Coprococcus, Roseburia, 

similar to previous gut microbiome studies in patients with Behçet’s Disease and uveitis
175,176

. 

Butyrate, a short-chain fatty acid by-product of the large intestinal microbial fermentation, 

have been shown to induce and regulate the differentiation of T regulatory cells
177

. 

Preliminary data by Hernandez and associates confirmed the presence and expression of 

butyrate receptors (G protein-coupled receptors 41, 43 and 109B) and sodium-coupled 

monocarboxylate transporter 1 (an electrogenic sodium- and chloride-dependent sodium-

coupled solute transporter for butyrate) on the corneal and conjunctival epithelial cells
178

. 

Treatment with butyrate blunted inflammatory responses in conjunctival and corneal 

epithelial cells, and bone marrow dendritic cells ex-vivo, suggesting a potential role of 

butyrate in modulating the ocular surface homeostasis
178. 
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In this study, gut dysbiosis was weakly correlated with ocular inflammation in OcMMP, 

suggesting the gut microbiome could be driver of inflammation. It is also plausible that 

patients with more severe ocular inflammation could either had treatment with more 

aggressive systemic immunotherapies or had subclinical multi-systemic mucosal 

inflammation involving the intestinal system, thus affecting their gut microbiome. A 

prospective multi-disciplinary systemic screening study done by Ong and associates showed 

that a high proportion of  OcMMP patients had asymptomatic disease at extra-ocular sites, 

including the gastrointestinal tract
74

. Seminal work from de Paiva and associates 

demonstrated that Sjögren’s Syndrome patients with the most severe keratoconjunctivitis 

sicca had the lowest diversity in the gut microbiome, and were further confirmed by Moon 

and colleagues
179

, however ocular surface microbiome was not significantly different from 

healthy controls
37

. This could be partly explained by the paucibacterial nature of the ocular 

surface secondary to the innate antimicrobial compounds found in tears and mechanical 

elimination through the blinking reflex or the lack of technical methods to sufficiently collect, 

extract and sequence the ocular surface microbiome
36

.  

 

The link between the gut-eye axis remains unclear. Alterations in the gut microbiome could 

play a role in the pathogenesis of OcMMP or the immune responses in OcMMP 

pathophysiology on the mucosal surface could be driving the changes in the gut microbiome 

profile in OcMMP. Another potential confounder is the effect of treatment with systemic 

low-dose tetracycline and/or systemic immunosuppression on the gut microbiome in 

patients with OcMMP. There were no significant differences in the number of observed 

OTUs between patients who had never taken, previously used or currently using 

tetracycline. The tetracycline (doxycycline) maintenance dose, used primarily for its anti-
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inflammatory properties, in this OcMMP patient cohort was 50mg daily, which is much 

lower than the usual 200mg – 100mg dose required for treating acute infections
180

. The 

cumulative effect on the gut microbiome from long-term use of tetracycline, a bona-fide 

bacteriostatic antibiotic, at sub-therapeutic dose is still unclear. Studies have shown that 

antibiotic bacteriostatic/bactericidal activity is dose-dependent and that the gut 

microbiome is a reservoir for antibiotic-resistance genes
181,182

. There was significantly 

greater diversity (observed OTUs) in the gut microbiome of patients who had never been on 

systemic immunotherapy compared to those currently on treatment. This suggests that 

systemic inflammation influences the gut microbiome and those individuals who do not 

require immunotherapy may have less severe disease. Immunosuppressive therapies have 

been shown to change the gut microbial composition
183,184

, and in turn the gut microbiota 

may affect response to immunotherapy by modulating the drug metabolism or 

effectiveness of lymphocyte function
185,186

. Given the correlation between systemic 

immunotherapy use and ocular inflammation score, it is difficult to isolate the effects of 

these two factors in the current study. The small sample size also limits the ability to assess 

interaction effects between medications, as dividing the cohort into subgroups based on all 

combinations of the use/non-use of two (or more) medications, the within-group sample 

size would be insufficient to give reliable estimates of effect sizes. In addition, the healthy 

control group was not on any immunosuppression therapies or tetracycline or dapsone, 

hence it would not be meaningful to include these patients in this analysis. A larger study 

would ideally be required to give a sufficient sample size to perform either matched-cases 

or subgroup analyses, to further interrogate the impacts of these factors. Inclusion of 

another group of patients on immunosuppression for other conditions (i.e. disease control) 

may in theory enable treatment-based comparisons of the gut microbiome profile, 
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however, it is very difficult to source and match patients on similar immunosuppressive 

therapies (type of treatment, threshold for starting or switching treatment, duration, dose, 

disease response to treatment, and combination with other drugs). It would also be difficult 

to ascertain if changes in the gut microbiome were indeed affected by the treatment or 

through the disease process itself (i.e. systemic vs. local gut inflammation). There are large 

intra- and interhost variations in the gut microbiome even amongst healthy individuals, as 

described by Vujkovic-Cvijin and associates
187

. To address this, longitudinal studies (i.e. 

follow-up of participants pre- and post-treatment) and larger sample size of 400 – 500 

subjects per cohort may help to account of confounding host-associated variations in the 

gut microbiome. 

 

There was no observable difference in the gut microbiome profile of patients with DIF biopsy 

positive and negative results. Given that DIF biopsy positivity requires the presence of 

circulating autoantibodies, it is likely that non-autoantibody driven components of 

inflammation, such as autoreactive T cells, could either contribute to or be affected by gut 

dysbiosis
46

.   

 

Using 16S rRNA gene sequencing, the current study is the first to characterise the gut 

microbiome in OcMMP, a very rare and orphan disease, in a relatively substantial number of 

patients (n=50) and correlating gut dysbiosis with clinical disease. There are several 

limitations to this study. This is a cross-sectional, observational study, therefore the 

distinction between causation or effect is inconclusive. Medications that are used in the 

treatment of OcMMP may have impact on the gut microbiome. Future longitudinal studies 

with larger patient cohort of varying stages of clinical activity and morbidity would be 



Chapter 2  Gut microbiome in OcMMP 

Page 97 of 230 

required to investigate the relationship between the changes in the gut microbiome and 

clinical parameters, along with treatment-associated gut microbiome alterations. The gut 

microbiome was profiled using 16S rRNA gene sequencing of faecal samples. Although 16S 

sequencing provides useful bacterial taxonomic information, metagenomic, 

metatranscriptomic sequencing and metabolic profiling of both the gut (representative of the 

luminal microbiota) and mucosal samples along with host inflammatory markers may reveal 

changes in the gut bacterial, viral, and fungi microbiome in relation to the host genetics and 

inflammatory status. There might be other lifestyle and environmental confounding factors 

that have not been accounted for in this study, such as alcohol intake, smoking status, and 

quality of bowel movement. However, this study likely reflects the current real-world 

challenges in determining the gut microbiome profile in a very rare disease cohort with 

complex clinical heterogeneity. 

 

In summary, this study shows that OcMMP patients have gut dysbiosis and alterations in the 

gut microbiome correlated with disease activity. These preliminary correlative data will 

provide the framework for future deep phenotyping and integration with multi-omic 

datasets, such as metatranscriptonomic, host genetics and metabolomics, and causative 

studies on the role of the gut microbiome in OcMMP. Modulation of the gut microbiome 

could potentially improve the efficacy and reduce the side-effects of immunosuppressive 

treatments, as well as prolonging remission
186,188,189

. Further work on investigating the 

prognostic utility of gut microbiome profile in OcMMP and improving the characterisation of 

the ocular surface microbiome is required to provide insights into the gut-eye inflammatory 

axis in disease and health.  
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Chapter 3 Evaluation of Full-Length Nanopore 16S Sequencing for 

Detection of Pathogens in Microbial Keratitis 

 

3.1 Introduction 

Microbial keratitis is a leading cause of preventable blindness worldwide and is the most 

common cause of acute medical ophthalmology admission
190

. Bacterial keratitis accounts for 

the majority of the cases in the Western hemisphere, with a preponderance for Gram-positive 

organisms such as Staphylococcus aureus and Streptococcus pneumoniae, and to a lesser 

extent Gram-negative organisms such as Pseudomonas aeruginosa, and Klebsiella 

pneumoniae84,191–193
. The current gold standard for diagnosis of bacterial keratitis is by 

conventional sampling and culture techniques, which is time-consuming (48 hours – 5 days) 

and has poor sensitivity of around 60%
85,105

. Culture-independent molecular techniques such 

as polymerase chain reaction (PCR) requires priori knowledge of likely pathogenic micro-

organism and only a limited number of tests can be multiplexed in a PCR assay
82,114,194

. Newer 

high throughput sequencing, such as Illumina short-read sequencing, have enabled discovery 

of novel pathogens from a single sample, however, the prohibitively high running costs of 

these large sequencing platforms mean that they are only available in select centres, and 

samples are generally pooled for batch processing, resulting in delayed turnaround time
82,105

.  

 

Several challenges have hindered the adoption of sequencing technologies in routine clinical 

practice for microbial keratitis, including sample collection methods that are frequently 

ineffective
195

 compounded by the low abundance of pathogens
82

, high contamination from 

background host DNA or laboratory reagents
196

, and lack of standardisation in sequencing 

and bioinformatics processing methods
157

. Sampling and DNA extraction methodology 
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significantly impact upon the downstream sequencing data in ocular samples with low 

biomass
197,198

. Microbial cells within the sample must be sufficiently lysed to liberate its DNA 

content, and this is particularly challenging for thick-walled microorganisms whereby 

mechanical disruption method such as bead-beating in conjunction with heat, chemical or 

enzymatic treatment is required in the DNA extraction protocol
199,200

. Corneal clinical samples 

have high host DNA content, usually constituting more than 90% of the sequences, with 

relatively low abundance of pathogen DNA, and therefore requiring greater depth of 

sequencing and costs
82,117

. Targeted amplicon sequencing of the 16S rRNA gene, a marker 

gene that is highly conserved among bacteria and archea kingdoms, might provide a feasible 

cost-effective solution for assessing bacterial taxa in microbial keratitis.  

 

The aim of this study was to evaluate the potential of full-length 16S nanopore sequencing 

directly from clinical samples of bacterial microbial keratitis, focussing on the optimisation of 

the sampling method and bioinformatics pipeline. Firstly, using a defined mock microbial 

community, I evaluated and benchmarked my bioinformatics analysis pipeline for taxonomic 

assignment. Then, I optimised the sample collection using an ex vivo porcine model of 

microbial keratitis. Lastly, I performed a proof-of-concept study in which I applied the 

sampling technique that provided the highest DNA recovery and the optimised bioinformatics 

pipeline to prospectively collected samples from patients with suspected microbial keratitis, 

comparing the nanopore sequencing results to standard microbiology culture methods 

(Figure 3.1). 
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Figure 3.1 Summary of study workflow. 

Firstly, using a defined mock community containing S. aureus, K. pneumoniae, and E. avium, the full-
length 16S rRNA bioinformatics pipeline was optimised by comparing the effects of filtering, choice of 
16S rRNA database (NCBI 16S RefSeq, RDP and SILVA), and clustering of references reads at 97%, 99% 
and 100% similarity on bacterial taxonomic assignment. Secondly, using ex-vivo porcine eye model 
spiked with defined mock community (to simulate microbial keratitis), 12 different swabs/collection 
methods were used to sample the cornea and comparisons of the DNA yield, 16S to beta-actin ratio by 
qPCR, and the relative abundances of retrieved bacterial taxa by 16S nanopore sequencing were made. 
Lastly, the optimised sampling method and bioinformatics pipeline was applied directly to clinical 
samples of patients (n=2) presenting with microbial keratitis in a proof-of-concept study. 
Abbreviations: S. aureus, Staphylococcus aureus; K. pneumoniae, Klebsiella pneumoniae; E. avium, 
Enterococcus avium; National Center for Biotechnology Information 16S Reference Sequences, NCBI 
16S RefSeq; Ribosomal Database Project, RDP. 
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3.2 Materials and Methods 
 

3.2.1 Mock bacterial community 

Bacterial species representative of the spectrum of microbial keratitis causative Gram-

positive and Gram-negative pathogens [Staphylococcus aureus, Klebsiella pneumoniae, and 

Enterococcus avium (previously classified as group D Streptococcus)] were used to define the 

mock bacterial community. Klebsiella pneumoniae and Staphylococcus aureus were grown 

overnight at 37
o
C in lysogeny broth (LB) respectively whilst Enterococcus avium was grown in 

Brain Heart Infusion (BHI) broth. Negative controls consisted of the LB and BHI broth without 

any inoculum, respectively. Overnight cultures were diluted into fresh medium to an optical 

density 600nm (OD600) of 0.05 and incubated at 37
o
C with aeration. The culture OD600 was 

measured every 30 minutes for 5 hours using spectrophotometer (Ultrospec™ 2100 pro, 

Amersham Biosciences, UK). For enumeration of bacteria, cultures were plated onto agar 

plates (Enterococcus avium, blood agar; Staphylococcus aureus and Klebsiella pneumoniae, 

LB agar respectively) and incubated overnight at 37
o
C. The colony-forming units (CFUs) for 

each species were enumerated the following day. Bacterial growth curves were plotted and 

the mid-exponential growth phases of the samples were taken. The mock bacterial 

community consisted of 1x10
5
 CFU/ml each of Klebsiella pneumoniae, Enterococcus avium 

and Staphylococcus aureus. 

 

3.2.2 Ex vivo porcine model of microbial keratitis 

Freshly enucleated porcine eyes (Sus scrofa domestica) were obtained as a by-product of the 

meat industry and transported to the laboratory under storage at 4
o
C. Each eye was 

disinfected with Povidone-iodine 10% w/w for 1 minute, followed by two rinses of sterile 0.9% 
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Sodium Chloride for 1 minute, and placed in an individual chamber of a sterile 6-well culture 

plate (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). Using stereoscopic surgical loupes, 

a 4mm trephine punch (Acu-Punch®, Acuderm, Fort Lauderdale, USA) was used to create a 

single central anterior stromal corneal lesion (with debridement of the central 4mm). The 

area was sampled with the respective swabs/collection methods pre-inoculation, as a 

background control. Each eye was then inoculated with 20 µL of 1x10
5
 CFU/ml each of the 

mock community (Enterococcus avium, Staphylococcus aureus, and Klebsiella pneumoniae). 

The amount of inoculum was determined according to the estimated density of bacteria 

encountered in vivo in clinical infections
195

. The area was re-sampled with the respective 

collection methods after 30 minutes to prevent bacterial overgrowth, and placed immediately 

into a ZR BashingBead™ Lysis Tube containing 750 µl of DNA Shield™ (Zymo Research, Irvine, 

CA, USA) and stored at -80
o
C until DNA extraction. 

 

3.2.3 Collection method/Swabs 

The different collection methods evaluated are Isohelix™ SK-2S, Sugi
®
 Eyespear, Cotton, 

Rayon, Dryswab™, Hydraflock, Albumin-coated, Purflock, Purfoam, Polyester swabs, 21-

gauge needle, and Polytetrafluoroethylene (PTFE) membranes (Table 3.1). Sampling order 

was varied. A total of 60 ex-vivo porcine eye models were used. Each sampling replicate was 

performed on a separate eye. Swabs were not pre-moistened, as a previous pilot study that I 

have conducted showed that dry swabs provided higher DNA yield, compared to pre-

moistened swabs (Supplementary Table 3.1).  
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Nam
e 

M
anufacturer 

Com
position of Bud 

Shaft 
Catalogue num

ber 

Isohelix™
 SK-2S 

Isohelix, Kent, U
K 

Viscose Rayon 
- 

SK-2S 

Sugi® Eyespear 
Kettenbach Gm

bH &
 Co. KG, Escehnburg, Germ

any 
Cotton &

 Cellulose 
- 

30901 

M
W

1021 Drysw
ab™

 Rayon 
M

W
E M

edical W
ire, Corsham

, U
K 

Rayon 
Plastic 

M
W

1021 

M
W

1041 Cotton 
M

W
E M

edical W
ire, Corsham

, U
K 

Cotton 
W

ood 
M

W
1041 

M
W

1021D Drysw
ab™

  Polyester 
M

W
E M

edical W
ire, Corsham

, U
K 

Polyester 
Plastic 

M
W

1021D 

M
W

821 Drysw
ab™

 Flock 
M

W
E M

edical W
ire, Corsham

, U
K 

Purflock® 
Plastic 

M
W

831 

M
W

100 Fine tip Drysw
ab™

 Rayon 
M

W
E M

edical W
ire, Corsham

, U
K 

Rayon 
Plastic 

M
W

100 

M
W

130 Hospisw
ab™

 Album
in 

M
W

E M
edical W

ire, Corsham
, U

K 
Album

in coated 
W

ood 
M

W
130 

M
W

840 Hydraflock® Plastic 
M

W
E M

edical W
ire, Corsham

, U
K 

Hydraflock® 
Plastic 

M
W

840 

M
W

946 Sigm
a Sw

ab® Purfoam
 

M
W

E M
edical W

ire, Corsham
, U

K 
Purfoam

 
Plastic 

M
W

946 

BD N
eedle 21G 

Becton-Dickinson (BD) &
 Co, N

ew
 Jersey, U

SA 
Stainless Steel 

- 
BD301155 

Biopore® PTFE 6m
m

 
M

erck &
 Co, N

ew
 Jersey, U

SA 
PTFE 

- 
BGCM

00010 

Biopore® PTFE 4m
m

 
M

erck &
 Co, N

ew
 Jersey, U

SA 
PTFE 

- 
BGCM

00010 

 Table 3.1 Sum
m

ary of collection m
ethods used. 

Abbreviations: Becton-Dickinson, BD; M
edical W

ire and Equipm
ent, M

W
E; Polytetrafluoroethylene, PTFE. 
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3.2.4 DNA extraction 

DNA from the mock community, conjunctival swabs, and negative controls were extracted 

using ZymoBIOMICS DNA Miniprep kit (Zymo Research, Irvine, CA, USA) according to the 

manufacturer’s instructions. Negative control DNA extraction was performed on reagents 

without a DNA template and also on sterile 0.9% Sodium Chloride that was used to clean the 

porcine eyes, whilst positive control DNA extraction was performed on 20 µL of 1x105 CFU/ml 

each of Enterococcus avium, Staphylococcus aureus, and Klebsiella pneumoniae inserted 

directly into the lysis tube containing 750 µl of DNA Shield™. DNA concentration was 

determined fluorometrically using a Qubit dsDNA high-sensitivity assay (Thermo Fisher 

Scientific, Waltham, MA, USA). 

 

3.2.5 16S qRT-PCR for 16S and beta-actin  

16S qRT-PCR for 16S and beta-actin genes was done to compare the host to microbial DNA 

ratio across the different sampling methods.  

 

The primers used to amplify the 16S rRNA gene were: Forward primer 341F 5’-

CCTACGGGAGGCAGCAG-3’, and reverse primer 534R 5’-ATTACCGCGGCTGCTGGCA-3’. These 

primers are complementary to the conserved regions in the 16S rRNA gene, nucleotide 

positions 290 - 484 in Escherichia coli, producing a fragment of 195 bp.  

 

The primers used to amplify the beta-actin Sus scrofa gene were: Forward primer 5’- 

CCAAGCCTGGACTACCTCCT-3’, and reverse primer 5’-AAACCTGGAGAGGTTCACCG-3’. These 

primers were complementary to the Sus scrofa actin beta (ACTB) transcript RNA gene, 

spanning the nucleotide positions 1348 – 1535, producing an amplicon length of 188 bp.  
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Primers were synthesized by Eurofins Genomics (Ebersberg, Germany). The final PCR mix 

contained 0.4 μl each of forward and reverse primers (total concentration of 0.4 nmol each), 

5 μl of SYBR Green Master Mix (TaKaRa BioTech Corporation, Dalian, China), 3.2 μl of 

UltraPure™ DNase/RNase-Free distilled water (ThermoFisher Scientific, Waltham, USA) and 1 

μl of unamplified genomic DNA, giving a final reaction volume of 10 μl. All samples were 

performed in triplicate. RT-PCR was performed using the Roche LightCycler®480 Instrument 

(Roche Diagnostics, Meyland, France) on the following programme: 1 cycle of 30 seconds at 

95oC, 40 cycles of 10 seconds at 95 oC, 30 seconds at 59 oC, and 20 seconds at 78 oC.  

 

3.2.6 16S gene copy number quantification 

The genomic 16S copy number was quantified using Eubacteria 16S Ribosomal gene genesig® 

Standard kit (Primerdesign™ Ltd, Camberley, UK). The final PCR mix contained 10 μl of 

PrecisionPLUS 2X qPCR Master Mix, 1 μl of Eubacteria/probe mix and 5 μl of unamplified 

genomic DNA, and 4 μl of RNase/DNase free water giving a final reaction volume of 15 μl. 

Samples were divided and performed in triplicates. For the standard curve, the positive 

control template (16S Eubacteria) was serially diluted 10-fold to obtain copy numbers ranging 

from 2 x 105 to 2 copy/μL. Quantitative PCR was performed with the Roche LightCycler®480 

Instrument (Roche Diagnostics, Meyland, France) on the following programme: 1 cycle of 2 

minutes at 95oC, 50 cycles of 10 seconds at 95oC, and 1 minute at 60oC. The CT number of 

experimental samples were interpolated against the standard curve to calculate the 

corresponding 16S copy number.  
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3.2.7 Nanopore 16S barcoding, sequencing, and bioinformatics  

The full-length 16S rRNA genes (16S sequencing primers: 27F-AGAGTTTGATCMTGGCTCAG; 

1492R-CGGTTACCTTGTTACGACTT) were amplified and samples with amplicons above 1nM 

were subsequently sequenced on GridION [Oxford Nanopore Technologies (ONT), Oxford, 

UK] using the R9 flow cell (ONT, FLO-MIN106), as per manufacturer’s protocol. Raw sequence 

reads were basecalled using ONT’s MinKNOW software Guppy v.3.2.4 with the R9.4 high 

accuracy model. Raw reads were demultiplexed using qcat version 1.0.1. Sequence summary 

and read length histograms were generated using NanoPlot version 1.30.1. 16S rRNA 

databases were obtained from National  Center for Biotechnology Information (NCBI) 16S 

RefSeq148 (Nucleotide search details: 33175 [BioProject] or 33317 [BioProject]); the 

Ribosomal Database Project (RDP)149 release 11, update 5; and the SILVA rRNA database 

project150 version 132 repositories respectively. Reference sequences from the 16S rRNA 

databases were then clustered into 97%, 99% and 100% similarity thresholds using heuristic 

clustering method (greedy incremental clustering algorithm) on CD-HIT201 version 4.8.1 

(commands: -c 0.97, 0.99, 1.0, -M 62900, -d 250). I used Minimap2202 version 2.12-r87 

(commands: -K 100M, -ax map-ont) to align the demultiplexed reads to the respective 16S 

databases and processed the resulting files using the Sequence Alignment/Map (SAM)tools203 

version 1.9 [commands: samtools view -b -F 2308 (to remove unmapped, non-primary and 

supplementary reads), samtools sort, samtools index, samtools idxstats]. Bioinformatics 

workflow is summarised in Figure 3.2. Bioinformatics scripts that I have written for batch 

processing is available in Supplementary material 3.1 – 3.6. 
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Figure 3.2 Bioinformatics workflow.  

Raw data from nanopore sequencing were basecalled with guppy software and demultiplexed using 
qcat software. Demultiplexed reads were then aligned to reference databases with minimap2 
software. SAMtools software was used for read filtering, sorting and indexing. Basic quality control 
data visualisation was done on nanoplot software. Reference databases were clustered at 97%, 99%, 
100% similarity with cd-hit software. Abbreviations: Federal Acquisition STreamlining Act text format 
data containing quality score, FASTQ; quality control, QC. 

 
3.2.8 Clinical sample collection from patients presenting with microbial keratitis 
 
Patients (n=2) presenting to the Birmingham and Midland Eye Centre, Birmingham, West 

Midlands, UK with suspected microbial keratitis affecting one eye were recruited to the study. 

Informed written consent was obtained. The research followed the tenets of the Declaration 

of Helsinki and was approved by the Health Research Authority Ethics Committee [Rapid 

Diagnosis of Ocular Infections (RADAR); Reference: 11/EM/0274].  

 

Standard clinical microbiology corneal scrape culture results were compared with nanopore 

sequencing. For each patient, corneal scrapes were taken for standard clinical microbiology 

as per routine clinical practice204. Corneal scrapes were taken at the base and edge of the 

lesion, inoculated onto blood, chocolate and Sabaraud’s agar plates, and processed at the 

Nanopore sequencing (Raw data, FAST5)

Basecalling (FASTQ)

Demultiplexing

Alignment to reference database

Filtering/Indexing

qcat

guppy

minimap2

samtools

QC

nanoplot

Clustering of reference

databases
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local clinical microbiology laboratory [The agar plates were incubated for 5 days – blood and 

chocolate (6% CO2 at 37oC); Sabourand’s (air at 30oC)]. The collection method with the highest 

DNA recovery in the ex vivo porcine study was used to collect corneal, conjunctival and 

negative control samples from the patients. Swabs were taken from the affected cornea and 

unaffected contralateral conjunctiva, together with a negative control ‘air swab’ of the 

examination room at the time point of participant sampling, to exclude contamination. Swabs 

were placed immediately into a ZR BashingBead™ Lysis Tube containing 750ul of DNA Shield™ 

(Zymo Research, Irvine, CA, USA) and stored at -80oC until DNA extraction, as described 

above. Sequence data were compared with the corresponding microbiology culture results of 

the hospital corneal scrapes. In cases where there was no concordance between culture and 

nanopore sequencing results, Illumina MiSeq 16S rRNA V4 sequencing was performed. 

 

3.2.9 Miseq 16S sequencing and bioinformatics 

The V4 variable region of the 16S rRNA gene was amplified from DNA extracts using primer 

sets (515F: GTGCCAGCMGCCGCGGTAA; and 806R: GGACTACHVGGGTWTCTAAT) and 

sequenced on the Illumina MiSeq platform169. Raw data were filtered and analysed with 

Mothur and QIIME software packages, as previously described169,205.  

 

3.2.10 Statistical Analysis 

Comparisons of DNA concentrations and CT across the collection materials were performed 

using Kruskal-Wallis tests. The mean ranks for the DNA concentrations were then used to sort 

the collection material in order, and data were summarised using medians and ranges. All 

analyses were performed using IBM SPSS 22 (IBM Corp. Armonk, NY), with p<0.05 deemed to 

be indicative of statistical significance throughout.  
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3.3 Results  

3.3.1 Evaluation of bioinformatics analysis pipeline on defined mock microbial community 
 
To evaluate the different methods of performing taxonomic assignment for the most reliable 

bacterial taxonomic assignment on 16S rRNA nanopore sequencing reads, I compared the 

effects of removal of unmapped, non-primary and supplementary reads on the taxonomic 

identification of the mock community (Table 3.2, Figure 3.3). Removal of unmapped, non-

primary and supplementary reads provided a more accurate taxonomic assignment of the 

mock community.  

 

Figure 3.3 Bar chart comparing the relative abundances of taxa before and after filtering. 
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W
ithout rem

oval of unm
apped, non-prim

ary and 
supplem

entary reads  
 

W
ith rem

oval of unm
apped, non-prim

ary and 
supplem

entary reads 
Total alignm

ents 
705919 

  
 

Total alignm
ents 

117827 
  

Species 
#M

apped 
Relative 
abundance  

 
Species 

#M
apped 

Relative 
abundance  

Enterococcus avium
* 

204171 
28.92 

 
Enterococcus avium

* 
64172 

54.46 
Klebsiella pneum

oniae* 
183274 

25.96 
 

Klebsiella pneum
oniae* 

32248 
27.37 

Enterococcus pseudoavium
 

81810 
11.59 

 
Staphylococcus aureus* 

14772 
12.54 

Staphylococcus aureus* 
72691 

10.30 
 

Enterococcus m
alodoratus 

913 
0.77 

Enterococcus m
alodoratus 

46019 
6.52 

 
Enterococcus pseudoavium

 
868 

0.74 
Enterococcus devriesei 

21978 
3.11 

 
Enterococcus viikkiensis 

535 
0.45 

Enterococcus viikkiensis 
15614 

2.21 
 

Enterococcus hirae 
410 

0.35 
Staphylococcus sim

iae 
13980 

1.98 
 

Enterococcus devriesei 
294 

0.25 
Enterococcus gilvus 

7862 
1.11 

 
Enterococcus durans 

203 
0.17 

Enterococcus hirae 
6380 

0.90 
 

Enterobacter cloacae 
170 

0.14 
  

 
  

 
  

 
  

Genus 
 

  
 

Genus 
 

  
Enterococcus* 

409683 
58.04 

 
Enterococcus* 

68665 
58.28 

Klebsiella* 
187581 

26.57 
 

Klebsiella* 
32482 

27.57 
Staphylococcus* 

90775 
12.86 

 
Staphylococcus* 

15184 
12.89 

Serratia 
3078 

0.44 
 

Enterobacter 
214 

0.18 
Enterobacter 

3011 
0.43 

 
Serratia 

165 
0.14 

Pectobacterium
 

1238 
0.18 

 
Pectobacterium

 
124 

0.11 
Streptococcus 

763 
0.11 

 
Streptococcus 

83 
0.07 

Citrobacter 
653 

0.09 
 

Citrobacter 
76 

0.06 
Bacillus 

601 
0.09 

 
Bacillus 

73 
0.06 

Lactobacillus 
579 

0.08 
 

Lactobacillus 
51 

0.04 
Table 3.2 Com

parisons of the effects of filtering on taxonom
ic assignm

ent. 

 Com
parison of the effects of rem

oval of unm
apped, non-prim

ary and supplem
entary reads on the taxonom

ic identification of the m
ock com

m
unity. 

*denotes m
ock m

icrobial com
m

unity in the positive control sam
ple – E.avium

, S.aureus and K.pneum
oniae.  
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Clustering of reference databases by a threshold of sequence similarity may reduce search 

time and make mapping faster206. To determine the effects of clustering, the reference 

sequences of three different 16S databases were reviewed (the National Center for 

Biotechnology Information Reference Sequence, NCBI 16S RefSeq; the Ribosomal Database 

Project, RDP; and the SILVA ribosomal RNA gene database) (Table 3.3). For all three 

databases, clustering at a threshold of 99% and above provided more accurate operational 

taxonomic unit assignment (OTU) compared to clustering at 97% similarity. The NCBI 16S 

RefSeq database with reference sequences clustered at 100% similarity provided the most 

accurate OTU assignment, with more than 95% of the reads corresponding to the mock 

community. Based on these results, sequencing reads were aligned to the NCBI 16S RefSeq 

database at 100% similarity (reference database sequences clustered at 100% similarity) and 

removed any unmapped, non-primary or secondary alignments. 
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Relative 
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482900
97%

 sim
ilarity

483062
97%

 sim
ilarity

481985
97%

 sim
ilarity

Enterococcus hirae
183027

37.90
Enterobacter soli

173164
35.85

Klebsiella quasipneum
oniae

114637
23.78

Enterobacter soli
172739

35.77
Enterococcus faecium

123393
25.54

Enterococcus faecium
109825

22.79
Staphylococcus aureus*

99582
20.62

Staphylococcus aureus*
99695

20.64
Staphylococcus aureus*

99153
20.57

Salm
onella enterica

7266
1.50

Enterococcus asini
21726

4.50
Klebsiella pneum

oniae*
54508

11.31
Enterococcus casseliflavus

2761
0.57
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*
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*
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Staphylococcus aureus*
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Staphylococcus aureus*
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Enterococcus hirae
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3.3.2 Optimising sampling technique for collection of microbial keratitis on ex-vivo porcine 

model 

To optimise the sampling technique on ex-vivo porcine model of microbial keratitis, 

comparisons were made between the different collection materials, both pre- and post-

inoculation. Pre-inoculation, the average CT of 16S was not found to differ significantly 

between the collection materials (p=0.909) (Table 3.4).  

  Average CT (cycles) 
 N 16S b-Actin 

Sugi® Eyespear 4 19.93 
(17.71 - 22.81) 

23.26 
(21.71 - 26.18) 

Isohelix™ SK-2S 6 18.26 
(16.82 - 24.03) 

24.04 
(22.53 - 29.76) 

MW1041 Cotton 6 20.61 
(19.27 - 24.20) 

27.19 
(23.51 - 28.45) 

MW1021 Dryswab™ Rayon 6 20.21 
(16.05 - 24.42) 

27.95 
(24.62 - 30.73) 

MW100 Fine tip Dryswab™ Rayon 6 20.76 
(18.06 - 23.79) 

27.45 
(21.51 - 32.02) 

MW840 Hydraflock® Plastic 4 20.68 
(17.69 - 23.98) 

27.77 
(26.76 - 29.76) 

MW130 Hospiswab™ Albumin 4 21.32 
(17.88 - 23.99) 

28.43 
(26.31 - 30.77) 

MW1021D Dryswab™ Polyester 6 20.16 
(13.90 - 23.71) 

29.36 
(24.74 - 31.65) 

MW946 Sigma Swab® Purfoam 4 21.82 
(15.65 - 24.06) 

29.85 
(29.00 - 30.49) 

MW821 Dryswab™ Flock 4 21.07 
(17.68 - 24.16) 

34.65 
(33.39 - 35.00) 

BD Needle 21G 4 23.13 
(21.19 - 24.07) 

32.85 
(28.92 - 35.00) 

Biopore® PTFE  (6mm) 2 23.12 
(23.00 - 23.23) 

31.37 
(27.93 - 34.80) 

Biopore® PTFE (4mm) 4 22.50 
(18.64 - 23.95) 

32.32 
(26.61 - 34.30) 

p-Value  0.909 0.002 
 
Table 3.4 Pre-inoculation average CT by collection material. 

Data are reported as medians and ranges, with p-values from Kruskal-Wallis tests; bold p-values are 
significant at p<0.05. 

 
 
  



Chapter 3  Nanopore Microbial Keratitis 

Page 115 of 230 

Post-inoculation, the DNA concentration was found to differ significantly across the collection 

materials (p<0.001) (Table 3.5 & Figure 3.4). The highest concentrations were observed for 

the Sugi® Eyespear and Isohelix™ SK-2S, with medians of 82.2 and 96.6 ng/ul respectively, 

whilst the lowest concentrations were observed for the PTFE 4mm, at a median of 0.19 ng/ul. 

For the average CT, no significant difference across the collection methods was detected for 

16S (p=0.242). The 16S: b-Actin ratio was consistent across all of the collection materials 

(p=1.000). 

 

   DNA 
Concentration (ng/µl) 

Average CT (cycles) 
 N Order* 16S b -Actin 16S: b-Actin Ratio 
Sugi® 
Eyespear 4 1 82.20 

(32.60 - 261.60) 
16.58 

(15.95 - 17.94) 
23.07 

(20.37 - 29.01) 
0.72 

(0.62 - 0.78) 
Isohelix™ 
SK-2S 6 2 96.60 

(22.80 - 308.00) 
14.96 

(14.46 - 22.04) 
21.55 

(20.18 - 24.01) 
0.73 

(0.65 - 0.92) 
MW1041 
Cotton 6 3 30.00 

(9.82 - 106.00) 
16.14 

(10.44 - 22.45) 
23.40 

(22.44 - 26.49) 
0.71 

(0.47 - 0.93) 
MW1021 Dryswab™ 
Rayon 6 4 22.40 

(4.16 - 172.00) 
15.56 

(13.02 - 22.16) 
23.67 

(22.67 - 29.73) 
0.68 

(0.45 - 0.91) 
MW100 Fine tip 
Dryswab™ Rayon 6 5 17.45 

(7.30 - 31.20) 
17.71 

(11.37 - 20.76) 
23.89 

(23.04 - 29.82) 
0.77 

(0.38 - 0.87) 
MW840 
Hydraflock® Plastic 4 6 15.85 

(5.00 - 21.60) 
18.83 

(14.69 - 22.39) 
24.54 

(23.88 - 26.02) 
0.75 

(0.62 - 0.90) 
MW130 Hospiswab™ 
Albumin 4 7 11.25 

(10.30 - 25.40) 
18.38 

(11.93 - 22.15) 
24.79 

(23.82 - 28.92) 
0.75 

(0.41 - 0.91) 
MW1021D Dryswab™ 
Polyester 6 8 2.37 

(1.32 - 142.40) 
16.48 

(15.21 - 24.23) 
27.83 

(21.44 - 31.12) 
0.76 

(0.49 - 0.86) 
MW946 Sigma Swab® 
Purfoam 4 8 8.42 

(2.14 - 17.50) 
18.34 

(14.71 - 22.45) 
26.65 

(23.60 - 31.05) 
0.72 

(0.47 - 0.90) 
MW821 
Dryswab™ Flock 4 10 9.33 

(4.32 - 11.30) 
17.58 

(12.18 - 23.14) 
27.21 

(24.76 - 29.88) 
0.66 

(0.41 - 0.92) 

BD Needle 21G 4 11 0.92 
(0.12 - 7.76) 

21.46 
(18.63 - 23.02) 

28.53 
(21.59 - 35.00) 

0.73 
(0.57 - 1.07) 

Biopore® PTFE  
(6mm) 2 12 0.95 

(0.91 - 0.98) 
22.26 

(21.79 - 22.72) 
28.34 

(28.14 - 28.54) 
0.79 

(0.76 - 0.81) 
Biopore® PTFE 
(4mm) 4 13 0.19 

(0.11 - 3.18) 
23.75 

(20.57 - 23.99) 
32.82 

(29.93 - 35.00) 
0.73 

(0.59 - 0.79) 
p-Value - - <0.001 0.242 0.017 1.000 

 
Table 3.5 Post-inoculation average CT and DNA concentrations by collection material. 

Data are reported as medians and ranges, with p-values from Kruskal-Wallis tests; bold p -values are 
significant at p<0.05. *The ordering of collection materials, sorted from largest to smallest on the 
mean rank of the DNA concentration. 
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Figure 3.4 Post-inoculation DNA concentration by collection material. 

Collection materials are sorted in order of the mean rank of DNA concentration.  

 

Additional analyses were performed in order to quantify within-material variability, and 

compare this between collection devices. DNA concentration was found to follow a skewed 

distribution, which is why previous analyses had used a non-parametric approach, and used 

medians as summary statistics. Further assessment of the distribution found this to be 

approximately log-normal, hence values were log10-transformed to normalise the 

distribution, and allow parametric analysis. The variances of the log10-transformed data were 

found to differ significantly between collection devices (Levene’s test: p<0.001), implying that 

the within-material variability differed significantly between collection devices. 

In order to visualise this effect, the width of the 95% prediction interval (95% PI) was 

calculated for each material by anti-logging the standard deviation (SD) of the log10 DNA 

concentration, after multiplying by 1.96. As such, it would be expected that 95% of DNA 

concentrations collected from the current model by the stated material would be within the 

range [geometric mean/95% PI width] and [geometric mean*95% PI width]. For example, the 
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Sugi® Eyespear had a geometric mean DNA concentration of 86 and a 95% PI width of 5.5, 

implying that 95% of measurements would be expected to be between 16 (86/5.5) and 473 

(86*5.5). The values for the other materials are reported in the table and figure below. 

The lowest variability was observed for the Biopore® PTFE 6mm, with a 95% PI width of 1.1. 

However, this was only based on N=2 measurements, hence is likely to be unreliable. Of the 

other materials considered, the variability was lowest in the MW130 Hospiswab™ Albumin 

and highest in the BD Needle 21G, with 95% PI widths of 2.3 and 53.1, respectively. 

  N 
Log10 DNA 
Concentration 

95% PI 
Width 

Biopore® PTFE 6mm 2 -0.02 ± 0.02 1.1 
MW130 Hospiswab™ Albumin 4 1.13 ± 0.19 2.3 
MW821 Dryswab™ Flock 4 0.91 ± 0.19 2.3 
MW100 Fine tip Dryswab™ 
Rayon 

6 
1.25 ± 0.23 2.8 

MW840 Hydraflock® Plastic 4 1.10 ± 0.29 3.7 
Sugi® Eyespear 4 1.94 ± 0.38 5.5 
MW1041 Cotton 6 1.43 ± 0.41 6.3 
MW946 Sigma Swab® Purfoam 4 0.81 ± 0.45 7.6 
Isohelix™ SK-2S 6 1.92 ± 0.47 8.5 
MW1021 Dryswab™ Rayon 6 1.33 ± 0.59 14.2 
Biopore® PTFE 4mm 4 -0.48 ± 0.66 20.0 
MW1021D Dryswab™ Polyester 6 0.78 ± 0.82 41.2 
BD Needle 21G 4 -0.16 ± 0.88 53.1 

Table 3.6 Variability in post-inoculation DNA concentrations by collection method 

 
The log10 DNA concentration is reported as mean ± SD. The 95% prediction interval (PI) width was then 
derived by multiplying the SD by 1.96, and anti-logging the result. As such, the resulting value 
represents the fold difference above or below the geometric mean that would include 95% of DNA 
concentrations measured by the stated material. 
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Figure 3.5 Variability in post-inoculation DNA concentrations by collection material 

The 95% prediction interval width is a quantification of variability, as previously described, and is 
plotted on scale with logarithmic spacing. *Variability for the Biopore® PTFE 6mm was estimated from 
only N=2 cases, hence may not be reliable.   

 

Six out of the twelve collection methods provided sufficient DNA yield for 16S Nanopore 

sequencing and 16S copy number quantification – Sugi® Eyespear, Isohelix™ SK-2S, MW1021D 

Dryswab™ Polyester, MW130 Hospiswab™ Albumin, MW1041 Cotton and MW1021 

Dryswab™ Rayon (Figure 3.5). All three species of the mock microbial community inoculated 

onto the ex-vivo porcine eyes were detectable on nanopore sequencing. The Sugi® Eyespear 

swab was chosen for patient sample collection as it provided the highest mean rank DNA 

concentration that was sufficient for nanopore sequencing. 
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Figure 3.6 Comparison of swab collection yield, defined by relative abundances of species normalised 
by 16S copy number.  

 
3.3.3 Proof-of-concept clinical study on microbial keratitis patient samples 

The optimised sampling technique and bioinformatics pipeline were applied directly on two 

test patients with suspected microbial keratitis. Corneal, conjunctival and negative control 

swabs were collected from two consecutive patients presenting to the emergency 

department (Table 3.6 & Supplementary Table 3.2). Patient A had a majority of reads 

(497995 out of total 613482 reads, 81.2%) mapping to Serratia marcescens, which was in 

agreement with culture results. Patient B, who had been started on topical antibiotics prior 

to sampling, had no growth on culture after 5 days, but the majority of reads mapped to 

Bacillus subtilis (33188 out of a total of 92810 reads, 35.8%) on nanopore sequencing. Further 

Illumina Miseq 16S rRNA sequencing confirmed presence of Bacillus in the affected eye of 

Patient B. Control samples from the unaffected contralateral conjunctival swabs and the 

respective negative control ‘air swabs’ had fewer reads (<1%) compared to the number of 

reads generated from the affected eye.   
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Sam
ple 

Total m
apped reads of 

sam
ple (Proportion of 

sam
ple reads/total reads 

in sequencing run)  

Bacterial taxa identified on nanopore 
sequencing 

(num
ber of reads, relative abundance) 

Culture results 

M
ost abundant 

bacterial taxa 
identified on 16S V4 

M
iSeq (relative 
abundance) 

Patient A – Total reads of sequencing run: 1097318 

Affected eye 
(Right cornea) 

613,482 
(55.9%

) 

Serratia m
arcescens (497995, 81.2%

);  
Serratia nem

atodiphila (60000, 9.78%
); 

Klebsiella aerogenes (9247, 1.51%
); 

Kluyvera ascorbate (1981, 0.32%
); 

Cutibacterium
 acnes (1942, 0.32%

) 

Serratia m
arcescens 

- 

Unaffected eye 
(Left conjunctiva) 

28 
(0.0026%

) 

Serratia m
arcescens (6, 21.4%

);  
Streptococcus cristatus (3, 10.7%

); 
Hungateiclostridium

 cellulolyticum
 (2, 7.14%

); 
Streptococcus parauberis  (2, 7.14%

); 
Enterococcus avium

 (2, 7.14%
) 

- 
- 

Negative control  
26 

(0.0024%
) 

Klebsiella pneum
oniae (6, 23.1%

);  
Enterococcus avium

 (4, 15.4%
); 

Serratia m
arcescens (4, 15.4%

);  
Staphylococcus aureus (2, 7.69%

); 
Kluyvera ascorbate (1, 3.85%

) 

- 
- 

Patient B – Total reads of sequencing run: 273987 

Affected eye 
(Left cornea) 

92,810 
(33.9%

) 

Bacillus subtilis (33188, 35.8%
); 

Staphylococcus caprae (5875, 6.3%
); 

Staphylococcus saccharolyticus (5206, 5.61%
); 

Aggregatibacter segnis (4109, 4.43%
); 

Cutibacterium
 acnes (2998, 3.23%

) 

No grow
th in culture after 5 

days 

Bacillus (13.9%
); 

Dialister (8.6%
); 

Actinobacter (6.9%
); 

Rubrobacter (5.5%
); 

Staphylococcus (4.3%
) 

Unaffected eye 
(Right conjunctiva) 

1,301 
(0.45%

) 

Snodgrassella alvi (935, 71.9%
); 

Escherichia fergusonii (48, 3.69%
); 

Anoxybacillus flavitherm
us (35, 2.69%

); 
Eikenella corrodens (24, 1.84%

); 
Therm

icanus aegyptius (20, 1.54%
) 

- 
- 

Negative control 
6 

(0.0022%
) 

Klebsiella pneum
oniae (3, 50%

);  
Staphylococcus aureus (2, 33.3%

);  
Enterococcus avium

 (1, 16.7%
) 

- 
- 

 Table 3.7 Results of culture and 16S rRNA gene sequencing of patient sam
ples aligned to NCBI 16S RefSeq Database at 100%

 sim
ilarity. 
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3.4 Discussion 

I have developed a proof-of-concept study optimising the sample collection method and 

downstream bioinformatics pipeline for full-length 16S rRNA gene identification by nanopore 

sequencing in the setting of microbial keratitis.  

 

The use of different swabs and collection methods for microbial keratitis has a direct effect 

on the DNA yield – the Sugi® Eyespear and Isohelix™ SK-2S swabs provided the highest DNA 

concentration. However, the ratio of host to microbial DNA recovery is similar across all 

collection methods. Differences in the DNA yield could be explained by the absorption 

efficacy of the swabs207. The absorption capacity of the swab materials is dependent upon the 

swab tip dimensions and morphology of the sorbent material - how tightly wound the sorbent 

material is to the shaft207. The Sugi® Eyespear swab, primarily designed for use in ophthalmic 

theatres due to its high tensile strength in absorbing fluids, has been proven to be effective 

in recovering DNA from corneal tissue in our study. Previous studies have also demonstrated 

that DNA recovery is inversely proportional to the fiber density on the swabs208,209. Both Sugi® 

Eyespear and Isohelix™ SK-2S have swab tips made of cellulose fiber, which have high DNA-

binding capacity210. Other limitations of the study include potential variations in the porcine 

eye inoculated model between sampling devices, and performance of a device may vary with 

different concentrations and types of bacteria.  Currently, there is “no model system that is a 

perfect surrogate for the natural human infection” and this includes in vitro, ex vivo or in vivo 

animal systems211. Differences in the eyes (i.e. paired eyes from the same animal, 

contamination from the abattoir or market place), location, size and depth of the corneal 

wound along with stability of the inoculum in the wound, taking into account potential 

spillage, would be important considerations for standardising an eye model of corneal 
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infections212. Study done by Pinnock and associates found that injecting inoculum into the 

stroma resulted in more bacterial recovery compared to corneal wounding in both human 

and rabbit corneas211. Additionally, there were small variations in colony forming units 

following 24 hours of infection compared to 48 hours211.  It would be difficult to control for 

the rate of infection in porcine eyes that have been obtained from the abattoir/food market 

due to high background contamination in those environments. Therefore, use of a synthetic 

sterile model with 3D topology of the human cornea would ideal to control for background 

contamination. The use of varying concentrations and types of microorganisms may also 

impact the use of corneal models for studying bacterial keratitis infections, such as co-

infections with different combinations of bacterial species and fungi/viruses, along with the 

differences in the development of biofilm morphology and adherence to the corneal 

surface212. Further standardisation of a corneal infection eye model could be undertaken with 

considerations of the location, size and depth of wound, sampling pressure and time, along 

with different concentrations and type of microorganisms. 

 

Factors such as adsorption capacity, DNA extraction and recovery efficiency of the type of 

swabs could be considered in future studies on optimising the sampling and collection 

devices, whereby known quantities of corneal epithelial cells (± intact bacterial cells) or pure 

DNA at varying concentrations are directly placed onto the collection devices for comparisons 

between the collection devices. Bruijns and associates have found that the adsorption 

capacity of a collection device is dependent upon the tip dimensions and morphology – swabs 

with larger tip dimensions and woven, more tightly wound fibers (as examined on electron 

microscopy) have better adsorption capacity than swabs with small tips or open, porous, 

sponge-like morphology207. The DNA extraction efficacy, defined as effectiveness of DNA 
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transfer from collection device to the DNA extraction solution, could be influenced by the 

type of swab material, sample type (i.e. epithelial cells vs. intact microorganisms vs. bacterial 

spores), swabbing method and angle, or even swabbing medium and volume207. Rose and 

associates reported high extraction efficacy in rayon swabs (90%) and polyester (80%) on 

direct inoculation with Bacillus anthracis spores, however Bruijns and associates reported less 

than 50% extraction efficacy on direct inoculation with pure DNA207,213. Similarly, Adamowicz 

and associates found that over 50% of the DNA from buccal cells were retained on the cotton 

swab, however, was able to increase the recovered DNA yield by two-folds with alterations 

in the incubation time and by re-suspending the swab tip in the extraction buffer214.  

 

Choice of primers affects the amplification efficiency of the 16S rRNA gene region, with 

primers that amplify the entire 16S rRNA gene spanning the V1-9 variable regions (27F and 

1492R) providing better classification of reads compared to primers that only amplify a 

portion of the 16S rRNA region, as shown in studies by Winand et al and Nygaard et al144,145. 

Therefore, we have used the 27F and 1492R primer pairs provided in the commercially 

available ONT Rapid 16S barcoding kit. Other preliminary studies have also shown that 

sequencing the whole rrn operon (~4300bp), which includes the 16S rRNA gene, internal 

transcribed spacer (ITS) region, and the 23S rRNA gene, may provide better taxonomic 

resolution154. However, as there is a lack of updated and curated rrn operon databases, users 

will need to retrieve and compile whole ribosomal operon reference database for their 

specific usage215, whereas, curated or updated 16S rRNA reference databases are more 

readily available148,150.   
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Another factor influencing the quality of nanopore sequencing is the choice of basecalling 

software134. The Guppy ‘flip-flop’ high accuracy model was used for basecalling, based on 

Wick et al’s study showing that the model, which utilises the recurrent neural network 

algorithm, performed better than the other basecalling programs (Albacore, Scrappie and 

Flappie)216. Using Minimap2202, nanopore sequencing reads were aligned against the three 

different publicly available databases, NCBI 16S RefSeq, RDP and SILVA. Performance matrix 

comparison of thirteen different classification tools by Urban and colleagues revealed that 

Minimap2 provided robust alignments that were closely aligned to their mock community 

taxa217. However, similar to the challenges encountered by Urban et al217, I have had issues 

of high memory usage on Minimap2, which necessitated a reduction in the number bases 

loaded into memory to process in the query batch (command -K 100M). By comparing against 

a defined mock community, differences in the taxonomic assignments were observed 

between the databases - with the NCBI 16S RefSeq database clustered at 100% providing the 

most accurate assignments, which could be attributed to the differences in the database size 

and sequence validation steps218,146. The NCBI 16S RefSeq database is manually curated and 

near full length 16S sequences are preferentially selected148. In the benchmarking steps, the 

CD-HIT program219 was used, which employs heuristic  greedy incremental  clustering 

algorithm to cluster the reference sequences of the databases into 97%, 99% and 100% 

similarity to approximate taxonomic assignments. Schmidt et al assessed different clustering 

programs (hierarchical and heuristic algorithms) and observed that the CD-HIT program was 

robust, computationally efficient and provided reproducible clusterings220. In this study, the 

100% identity threshold provided a more optimal OTU assignment compared to 97% or 99% 

identity thresholds, which is consistent with previously published studies221,222.  
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Nanopore sequencing reads were in concordance with current gold standard clinical 

microbiology culture techniques in Patient A.  In the case of Patient B where cultures were 

negative, in the setting of previous antibiotic use, the nanopore sequencing result was in 

agreement with Illumina short-read sequencing suggesting an identification of a putative 

organism in the context of a false negative culture. The human ocular surface is 

paucibacterial. The conjunctival microbiome predominantly consists of Corynebacteria, 

Propionibacteria, Staphylococcus, and Streptococcus – with “approximately 1 bacterium for 

every 20 human conjunctival epithelial cell collected on conjunctival swab”36. It is likely that 

the presence of Serratia marcescens and Bacillus subtilis at such high relative abundance in 

the patient samples, with correlating clinical signs and symptoms of infective keratitis, would 

constitute a positive test. A major challenge in applying high-throughput sequencing in clinical 

practice is distinguishing between true polymicrobial keratitis, ocular commensal or 

contaminant82.   Hence, meticulous steps have been taken to account for any potential 

contamination in our study - swabs of the unaffected contralateral eye and negative control 

swabs at the same time point and clinical environment of the patient had been taken, 

processed and sequenced in the same manner as the swabs of the affected eye. These 

negative control swabs had significantly fewer reads, less than 1% of the reads from the 

affected eye.  

  

Another challenge in using full-length 16S rRNA sequencing is the difficulty in differentiating 

species and subspecies strains in certain bacterial genera with high sequence homology and 

similarity, notably the Bacillus subtilis species complex223. This is illustrated in Patient B, 

whereby different taxonomic species within the Bacillus subtilis group such as Bacillus 

amyloliquefacians, Bacillus licheniformis, Bacillus velenzensis, and Bacillus halotolerans have 
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been assigned. Classical phenotypic tests by colonial appearance on culture, presence of ß-

haemolysis, or biochemical tests to discriminate between these subspecies are unreliable. 

Other laboratory identification methods such as Matrix-Assisted Laser Desorption Ionisation 

– Time of Flight (MALDI-TOF) mass spectrometry to detect microbial protein composition is 

highly variable dependent upon endospore formation224, whilst Multilocus Sequence Typing 

(MLST), which relies on PCR amplification and sequencing of six or seven well-conserved, 

housekeeping genes within the bacterial genome, is unable to provide distinct phylogenetic 

typing of Bacillus owing to the difficulty in designing primers for genetic sequences with high 

similarity. Although Pulse Field Gel Electrophoresis (PFGE), which utilises endonuclease 

restriction enzymes, subsequent separation of DNA fragments by gel electrophoresis and 

staining under ultraviolet light for bands, is highly discriminatory, it is time consuming (over 

30 hours) and requires specialist laboratory equipment223. Hence, Public Health England 

advocates initial clustering and genus identification by 16S rRNA for Bacillus, which could then 

be followed by more in-depth whole genome sequencing for more accurate strain 

characterisation223. 

 

Nanopore sequencing technology has the potential to provide rapid, real-time diagnosis of 

causative pathogens in a healthcare setting, with relatively low cost. Although in this proof of 

concept study, 16S primers were utilised, which specifically amplify bacterial DNA, non-biased 

deep metagenomic detection of pathogens and its antimicrobial resistance genomes from 

cultured clinical isolates using nanopore sequencing have previously been 

demonstrated132,147. Direct RNA sequencing on the nanopore platform would also enable 

identification of ‘live’ pathogens and host gene profiling for transcriptome signatures related 

to the infection117. However, challenges still remain in terms of limiting background 
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contamination225, reducing the error rates of sequencing and improving base-calling 

algorithms216.  Performing molecular diagnostics on ocular samples is inherently more 

difficult compared to other types of clinical samples, such as blood, urine or cerebrospinal 

fluid, as ocular samples are many magnitudes smaller in volume106 and are highly abundant 

in human cells117.    

 

This is the first study to evaluate the use of full-length 16S nanopore sequencing for detection 

of pathogens in microbial keratitis. I have optimised collection methods and demonstrated 

the bioinformatics pipeline for bacterial microbial keratitis. The study is limited by the small 

sample size of patient cohort and the use of 16S rRNA primers, which specifically amplifies 

bacterial genome. To resolve this, larger clinical sample studies involving unbiased 

metagenomic sequencing are required to determine the compare the clinical utility of 16S 

versus whole genome nanopore sequencing in ocular infections.  
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Chapter 4 Evaluation of full length 16S and whole genome 

nanopore sequencing for detection of pathogens in  

endophthalmitis 

4.1 Introduction 

Endophthalmitis is a severe, sight-threatening intraocular infection and is one of the most 

feared complications for any ocular surgical procedures90. Conventional microbiology 

techniques in endophthalmitis rely heavily on culture-based assays with low sensitivities, 

ranging between 40-70%91,92,107,226 as most causative pathogens are not easily cultured in-

vitro, whilst PCR-based molecular tests require prior hypothesis and target only a few known, 

common pathogens114,227. Deep metagenomic, Illumina whole genome sequencing (WGS) 

techniques have allowed for discovery of novel pathogens and may even provide vital 

prognostic information for clinical outcomes106,107,118. However, samples have to be pooled 

for batch processing at select sequencing centres, due to the prohibitively high costs of 

Illumina sequencing machines, resulting in delayed turnaround time157. One of the latest 

break-throughs in the sequencing field is the introduction of a portable, pocket-sized, 

relatively low-cost nanopore sequencer (Oxford Nanopore Technologies’ MinION 

sequencer)157. This technology measures the translocation of ionic currents as nucleotides 

pass through nanoscopic pores and generates real-time sequencing data for analysis228. In 

comparison to Illumina short-read (~500 base pairs) sequencing platforms, nanopore 

sequencing is capable of generating ultra-long reads (~1500 – 882k bases), allowing for better 

coverage of genomic elements, is portable, and provides real-time sequencing data.229,230 
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The sensitivity of WGS in detecting pathogens decreases with high background noise, either 

originating from host genome or from laboratory/environmental contamination130,157,158. In 

intraocular fluid biopsy samples of endophthalmitis, Kirstahler and associates reported over 

99% of sequence reads mapping to the human genome, with similar proportions described 

by Thuy and associates106,119. Host depletion method using differential lysis of human cells 

with saponins and subsequent DNA degradation with DNase have been developed and 

optimised for clinical samples of larger volumes, such as the cerebrospinal fluid and 

nasopharyngeal aspirate130,158. Several techniques to selectively enrich for microbial reads 

have been developed, such as the use of antibodies targeting the methyl-CpG motifs that are 

present in human/vertebrate DNA but lacking in most microbial DNA and differential lysis of 

host cells using chaotropic buffers followed by degradation of released background DNA with 

DNase158–160. Charalampous and associates have optimised a saponin-based host DNA 

depletion protocol for nanopore sequencing on 41 clinical respiratory samples of patients 

with suspected lower respiratory tract infections and reported up to 10,000 fold depletion or 

99.9% of human DNA130. Firstly, differential centrifugation was used to pellet the host and 

microbial cells. Then, saponin was used to permeabilise host cell membrane by solubilising 

cholesterol with subsequent addition of high concentrations of NaCl to deliver an osmotic 

shock to lyse the damaged host cells130,161. Finally, DNase was added to deplete the released 

host DNA130,158. The respiratory samples in study conducted by Charalampous and associates 

were derived from sputum, endotracheal secretions and bronchoalveolar lavage, and 

therefore, had larger starting volumes of 400µl130. However, these host depletion techniques 

have not been tested on ocular clinical samples that are of much smaller in volume.  
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The aim of this study was to evaluate the utility of nanopore sequencing for identification of 

potential causative pathogen in endophthalmitis. First, the effects of saponification on host 

and microbial DNA was tested on murine peripheral blood mononuclear cells spiked with 

serial dilutions of E.coli cells and quantified by qPCR. Then, the saponification protocol was 

applied to a small subset (n=5) of intraocular fluid biopsy samples from patients with clinically 

suspected endophthalmitis and the proportion of human and non-human reads were 

compared by whole genome nanopore sequencing. Lastly, intraocular fluid biopsy clinical 

samples (n=23) were processed for molecular sequencing and the culture results were 

compared against full-length 16S rRNA nanopore sequencing (16S nanopore) and whole 

genome nanopore sequencing (WGS nanopore) and Illumina whole genome sequencing 

(Illumina WGS). 

 

4.2 Methods 

The study was approved by the United Kingdom Health Research Authority Ethics Committee 

[Rapid Diagnosis of Ocular Infections (RADAR); Reference: 11/EM/0274], the Institutional 

Review Board from the University of Washington, Seattle, Washington, United States of 

America and conducted in accordance with the Declaration of Helsinki. All animal procedures 

were performed in accordance with the Association for Research in Vision and 

Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research 

and approved by the Institutional Animal Care and Use Committee at the University of 

Washington, Seattle, Washington, United States of America. 
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4.2.1 Isolation of murine peripheral blood mononuclear cells  

Peripheral blood mononuclear cells (PBMCs) were isolated using density centrifugation 

(Ficoll-Paque™). Fresh whole blood were collected from the tail vein of mice and placed into 

BD Vacutainer™ Heparin Plasma tube (Thermo Fisher Scientific, Waltham, MA, USA). In a 

15mL conical tube, 1mL of blood was diluted with 3mL of Dulbecco’s Phosphate Buffered 

Saline (PBS) (Gibco™, ThermoFisher Scientific, Waltham, Massachusetts, USA). The diluted 

blood suspension was then carefully layered over 3mL of Ficoll-Paque™ (Cytiva, ThermoFisher 

Scientific, Waltham, Massachusetts, USA) in a 15mL conical tube and centrifuged at 400 x g 

for 25 minutes at room temperature. The buffy coat ‘interphase’ mononuclear cell layer, 

containing PBMCs, was carefully transferred to a new 15mL conical tube filled with 4mL of 

PBS, mixed and centrifuged at 300 x g for 15 minutes at 19oC. The supernatant was carefully 

removed, leaving a pellet containing the PBMCs. The pellet was then resuspended in PBS and 

the number of cells were quantified using a glass haemocytometer and microscope.  

 

4.2.2 Serial dilutions of cultured Escherichia coli  

The NEB® 5-alpha Competent Escherichia coli (New England Biolabs, Ipswich, MA, USA) was 

grown overnight at 37oC in lysogeny broth (LB). Overnight culture was diluted into fresh 

medium to an optical density of 600nm (OD600) of 0.05 and incubated at 37oC with aeration. 

The culture OD600 was measured every 30 minutes for 5 hours using spectrophotometer 

(Nanodrop™ 1000 Spectrophotometer, ThermoFisher Scientific, Waltham, Massachusetts, 

USA). The bacterial growth curve was plotted and the mid-exponential growth phases of the 

sample was taken. For enumeration of bacteria, the E.coli culture was plated onto LB agar 

plates and incubated overnight at 37oC. The colony-forming units (CFUs) was enumerated the 

following day. Serial dilutions of cultured E.coli (10 – 105 CFU/mL) was mixed with 2.4 x 105 of 



Chapter 4  Nanopore Endophthalmitis 

Page 133 of 230 

murine PBMC samples (this concentration was chosen because liquid-based cytology on 

vitreous samples from patients with endophthalmitis were reported to be greater than 

10,000 cells per 200 microliters231) and used to determine the effects of saponification on the 

limit of detection by qPCR for bacteria and host DNA.  

 

4.2.3 Host DNA depletion by saponification 

The protocol for saponin-based host DNA depletion has been previously published130.  The 

volume of the sample (mixture of E.coli with PBMC) was made up to 200µl with PBS (Gibco™, 

ThermoFisher Scientific, Waltham, Massachusetts, USA) and centrifuged at 8,000 x g for 5 

minutes. The supernatant was carefully removed, leaving approximately 50µl of supernatant 

so as not to disturb the pellet. The pellet was then resuspended in 250µl pf PBS, and 200µl of 

5% Saponin (Tokyo Chemical Industry, Tokyo, Japan) was added to a make a final 

concentration of 2.5% Saponin and mixed well. The mixture was incubated in room 

temperature for 10 minutes to promote host cell lysis. After incubation of 10 minutes, 350µl 

of water was added and incubation at room temperature was continued for a further 30 

seconds. To deliver an osmotic shock to lyse the damaged host cell, 12µl of 5M NaCl 

(Invitrogen™, ThermoFisher Scientific, Waltham, Massachusetts, USA) was added to the 

mixture and centrifuged at 6,000 x g for 5 minutes. The supernatant was removed, leaving 

50µl of supernatant and pellet resuspended with 50µl of PBS, giving a total volume of 100µl. 

Equal volume (100µl) of HL-SAN buffer, consisting of 5M NaCl and 100mM MgCl2 

(Invitrogen™, ThermoFisher Scientific, Waltham, Massachusetts, USA) in nuclease-free water, 

with 10µl  (25,000 units) of HL-SAN DNase (Technologies ASA, Tromsø, Norway) was added 

to the mixture and incubated for 15 minutes at 37oC on a shaking plate at 800RPM to allow 

for host DNA digestion. The sample was then centrifuged at 6,000 x g for 3 minutes. Finally, 
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the host DNA depleted sample was washed twice with increasing volumes of PBS (800µl and 

then 1000µl of PBS). After each wash, the sample was centrifuged at 6,000 x g for 3 minutes. 

The supernatant was discarded and pellet resuspended in PBS.  

 

4.2.4 Patient recruitment and sample collection 

Patients presenting to the Birmingham and Midland Eye Centre, Birmingham, United Kingdom 

(n = 11) with suspected endophthalmitis were invited to participate in the study and written 

informed consent was obtained. Patients underwent either intraocular fluid biopsy or pars 

plana vitrectomy according to standard-of-care protocol for endophthalmitis at their 

respective clinical institutions. The vitreous tap was attempted and if unsuccessful, an 

aqueous tap was performed. The samples were sent for routine culture at the clinical 

microbiology laboratory, and remaining samples for research were frozen at -80oC and sent 

frozen on dry ice to the University of Washington. 

 

DNA samples from intraocular fluid biopsy (aqueous humour or vitreous “tap”) of patients 

with suspected endophthalmitis from the previously published USA cohort107 (n = 12) were 

also used in this study.  

 

4.2.5 DNA extraction 

All samples were stored at -80oC until DNA extraction. DNA from the UK cohort was extracted 

with Quick-DNA/RNA™ Microprep Plus Kit (Zymo Research, Irvine, CA, USA) per 

manufacturer’s protocol. Briefly, intraocular biopsy samples were placed directly in 800µl  

DNA/RNA Shield™ (1X) (Zymo Research, Irvine, CA, USA) in ZR BashingBead™ Lysis Tubes® and 

mechanically homogenised at 2500 – 4000 RPM for 45 seconds. Samples were then 
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centrifuged at 16,000 x g for 30 seconds. The supernatant (~600µl) was then transferred into 

an RNase-free tube containing equal volume (~600µl) of DNA/RNA Lysis buffer and mixed 

well.  Sample was transferred into a Zymo-Spin™ IC-XM Column in a Collection Tube and 

centrifuged at 16,000 x g for 30 seconds. The DNA is bound to column. The Zymo-Spin™ IC-

XM Column was transferred into a new collection tube. DNA/RNA Prep Buffer (400µl) was 

added to the column and centrifuged at 16,000 x g for 30 seconds. The flow-through was 

discarded,  and 700µl of DNA/RNA Wash Buffer was added to the sample and centrifuged at 

16,000 x g for 30 seconds. The flow-through was discarded. DNA/RNA Wash Buffer (400µl) 

was added to column and centrifuged at 16,000 x g for 2 minutes to ensure complete removal 

of the wash buffer. The column was carefully transferred into a clean microcentrifuge tube. 

DNase/RNase-Free Water (25µl) was added directly to column matrix and incubated at room 

temperature for 5 minutes. The sample was then centrifuged at 16,000 x g for 30 seconds to 

elute the DNA from the column. DNA concentration was determined fluorometrically using a 

Qubit® dsDNA high-sensitivity assay (Thermo Fisher Scientific, Waltham, MA, USA) on the 

Qubit®2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) . The eluted DNA was 

then stored at -80oC.  

 

DNA from the USA cohort had been previously extracted with Qiagen Blood and Tissue kit 

according to manufacturer’s protocol and published in the American Journal of 

Ophthalmology107. 

 

4.2.6 Quantitative Polymerase Chain Reaction (PCR)  

The quantitative PCR (qPCR) assay to detect b-mouse actin and universal pan-bacterial 16S 

ribosomal DNA  was performed on the Applied Biosystems 7500 Fast Real-Time PCR System 
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(Foster City, CA, USA). The primer sequence pairs for b-mouse actin were 5’-

GCTGCCTCAACACCTCAAC-3’ and 5’-AGGTGACAGCATTGCTTCTG-3’. The primer sequence 

pairs for 16S ribosomal DNA universal primers (Integrated DNA Technologies, San Diego, CA, 

USA) were 5ʹ-GAGGAAGGTGGGGATGACGT-3ʹ and 5ʹ-AGGCCCGGGAACGTATTCAC-3ʹ. The final 

PCR mix consisted of 0.8µl each of forward and reverse primers, 10µl of PowerUp™ SYBR™ 

Green Master Mix (Applied Biosystems, ThermoFisher Scientific, Waltham, Massachusetts, 

USA), 6.4µl of UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen™, ThermoFisher 

Scientific, Waltham, Massachusetts, USA) and 2µl of unamplified genomic DNA. The final 

reaction volume was 20µl. All samples were performed in duplicate. The run consisted of 

initial holding stages at 50°C for 2 minutes and at 95°C for 2 minutes, followed by a cycling 

stage (40 cycles) at 95°C for 15 seconds and 60°C for 1 minute.  

 

Fold changes in the relative quantity of host (b-mouse actin) and bacterial (16S) amplicons 

were calculated based on the CT values, using the following equation: “Fold change  = 2
∆CT 

, 

where ∆CT = (CT un-saponified - CT saponified)”158 

4.2.7 Full-length 16S rRNA nanopore sequencing and bioinformatics  

The full-length 16S rRNA genes (16S sequencing primers: 27F-AGAGTTTGATCMTGGCTCAG; 

1492R-CGGTTACCTTGTTACGACTT) were amplified using the 16S Barcoding Kit (Oxford 

Nanopore Technologies, Oxford, UK). Genomic DNA (10ng) was transferred into a 1.5mL DNA 

LoBind tube (Eppendorf, Hamburg, Germany) and volume was adjusted to 10µl with 

UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen™, ThermoFisher Scientific, 

Waltham, Massachusetts, USA). The mixture was then mixed thoroughly by flicking the tube 

and spun down briefly in a microcentrifuge before transferring into a 0.2mL thin-walled PCR 

tube. For samples with less than 1ng/µl  of genomic DNA, 10µl of genomic DNA was 
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transferred directly into a 0.2mL thin-walled PCR tube. The final PCR mix consisted of 10µl of 

input DNA, 14µl of UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen™, 

ThermoFisher Scientific, Waltham, Massachusetts, USA), 1µl of 16S Barcode at 10µM, and 

25µl of LongAmp Taq 2X master mix (New England BioLabs, Ipswich, Massachusetts, USA). 

The PCR amplification was performed on the Eppendorf Mastercycler® using the following 

cycling conditions: initial denaturation of 1 min at 95oC (1 cycle), followed by 35 cycles of 

denaturation for 20 seconds at 95oC, annealing for 30 seconds at 55oC, extension for 2 mins 

at 65oC , and final extension for 5 minutes at 65oC (1 cycle). The PCR amplicon was then 

transferred to a 1.5mL Eppendorf DNA LoBind tube containing 30µl of AMPure XP beads 

(Beckman Coulter Life Sciences, Indianapolis, Indiana, USA), and incubated on a rotator mixer 

for 5 minutes at room temperature. The sample was then spun down and pelleted on a 

magnet. The supernatant was removed and beads were washed with 200µl of freshly 

prepared 70% ethanol (3 washes in total). Any residual ethanol was removed and the pellet 

was allowed to dry for 30 seconds. The tube was removed from the magnetic rack, 

resuspended in 10µl of 10mM Tris-HCl (Invitrogen™, ThermoFisher Scientific, Waltham, 

Massachusetts, USA) at pH 8.0 with 50mM NaCl (Invitrogen™, ThermoFisher Scientific, 

Waltham, Massachusetts, USA), and incubated for 2 minutes at room temperature. The beads 

were pelleted on a magnet until the elute was clear and colourless. The eluate (10µl) was 

removed and retained in a clean 1.5mL Eppendorf DNA LoBind tube. The DNA concentration 

was determined fluorometrically using a Qubit® dsDNA high-sensitivity assay on the 

Qubit®2.0 Fluorometer. The barcoded samples were then pooled to a total of 150 – 200 

fmoles in 10µl of 10mM Tris-HCl pH 8.0 with 50mM NaCl. The RAP solution (1µl)  was added 

to the barcoded DNA and incubated for 5 minutes at room temperature. The library was 

prepared and loaded onto the primed flow cell with the following reagents: 34µl Sequencing 



Chapter 4  Nanopore Endophthalmitis 

Page 138 of 230 

Buffer, 25.5µl of Loading Buffer, 4.5µl of UltraPure™ DNase/RNase-Free Distilled Water and 

11µl of DNA library. The barcoded 16S libraries were then sequenced on MinION (Oxford 

Nanopore Technologies, Oxford, UK) using the R9 flow cell.  

 

Raw sequence reads were basecalled using ONT’s MinKNOW software Guppy v.3.2.2. Raw 

reads were demultiplexed using qcat version 1.0.1. 16S rRNA database were obtained from 

National  Center for Biotechnology Information (NCBI) 16S RefSeq (Nucleotide search details: 

33175 [BioProject] or 33317 [BioProject]). Reference sequences from the 16S rRNA database 

was then clustered into 100% similarity threshold using heuristic clustering method (greedy 

incremental clustering algorithm) on CD-HIT version 4.8.1 (commands: -c 0.97, 0.99, 1.0, -M 

62900, -d 250). Minimap2 version 2.12-r87 (commands: -K 100M, -ax map-ont) was used to 

align the demultiplexed reads to the 16S database and the resulting files were processed using 

the Sequence Alignment/Map (SAM)tools version 1.9 [commands: samtools view -b -F 2308 

(to remove unmapped, non-primary and supplementary reads), samtools sort, samtools 

index, samtools idxstats]. 

4.2.8 Nanopore Whole Genome Sequencing (Nanopore WGS) and bioinformatics 

The ONT Rapid Barcoding Sequencing kit was used to make DNA libraries for nanopore whole 

genome sequencing. Genomic DNA (5ng) was transferred into a 1.5mL DNA LoBind tube and 

volume adjusted to 3µl  with UltraPure™ DNase/RNase-Free Distilled Water. The mixture was 

then mixed thoroughly by flicking the tube and spun down briefly in a microcentrifuge before 

transferring into a 0.2mL thin-walled PCR tube containing 1µl of FRM solution. For samples 

with less than 1ng/µl of genomic DNA, 3µl of genomic DNA was transferred directly into a 

0.2mL thin-walled PCR tube containing 1µl of FRM solution. The mixture was incubated at 

30oC for 1 minute and then at 80oC for 1 minute in a thermocycler for DNA tagmentation and 
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cooled down in ice briefly. The final PCR mixture contained: 20µl of UltraPure™ DNase/RNase-

Free Distilled Water, 4µl of tagmented DNA, 1µl of RLB barcodes at 10µM and 25µl of 

LongAmp Taq 2X master mix.  The PCR amplification was performed on the Eppendorf 

Mastercycler® using the following cycling conditions: initial denaturation of 3 minutes at 95oC 

(1 cycle), followed by 35 cycles of denaturation for 15 seconds at 95oC, annealing for 15 

seconds at 55oC, extension for 6 minutes at 65oC , and final extension for 6 minutes at 65oC 

(1 cycle). The PCR product was then transferred to a 1.5mL Eppendorf DNA LoBind tube 

containing 30µl of AMPure XP beads, and incubated on a rotator mixer for 5 minutes at room 

temperature. The sample was then spun down and pelleted on a magnet. The supernatant 

was removed and beads were washed with 200µl of freshly prepared 70% ethanol (3 washes 

in total). Any residual ethanol was removed and the pellet was allowed to dry for 30 seconds. 

The tube was removed from the magnetic rack, resuspended in 10µl of 10mM Tris-HCl at pH 

8.0 with 50mM NaCl, and incubated for 2 minutes at room temperature. The beads were 

pelleted on a magnet until the elute was clear and colourless. The eluate (10µl) was removed 

and retained in a clean 1.5mL Eppendorf DNA LoBind tube. The DNA concentration was 

determined fluorometrically using a Qubit® dsDNA high-sensitivity assay on the Qubit®2.0 

Fluorometer. The barcoded samples were then pooled to a total of 150 – 200 fmoles in 10µl 

of 10mM Tris-HCl pH 8.0 with 50mM NaCl. The RAP solution (1µl)  was added to the barcoded 

DNA and incubated for 5 minutes at room temperature. The library was prepared and loaded 

onto the primed flow cell with the following reagents: 34µl Sequencing Buffer, 25.5µl of 

Loading Buffer, 4.5µl of UltraPure™ DNase/RNase-Free Distilled Water and 11µl of DNA 

library. The barcoded nanopore whole genome libraries were then sequenced on MinION 

(Oxford Nanopore Technologies, Oxford, UK) using the R9 flow cell. Raw sequence reads were 

basecalled using ONT’s MinKNOW software Guppy v.3.2.2 and analysed using Epi2ME What’s 
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In My Pot (WIMP) pipeline (v.3.2.1) for metagenomic analysis. For genome alignment to 

predominant microorganism, the basecalled reads were demultiplexed using qcat version 

1.0.1, aligned to the human Genome Reference Consortium Human Build 38 patch release 13 

(GRCh18.p13) using minimap2 and unassigned (i.e. non-human reads) were exported to bam 

file using SAMtools (v.1.9) with the flag (-f 4) and converted back to fasta file with the 

command (fasta). Further downstream analysis for genome coverage to the predominant 

microorganism was performed using minimap2 with the parameters for ONT long-read data 

(-ax map -ont); SAMtools [commands: samtools view -b -F 2308 -q 30 (to remove unmapped, 

non-primary, supplementary, low-quality reads), samtools sort, samtools index, samtools 

idxstats]; and bedtools (v.2.28.0) with the following parameter: genomecov -ibam. 

Bioinformatics scripts are available in the Supplementary material 4.1 – 4.3.  

 

4.2.9 Illumina Whole Genome Sequencing (Illumina WGS) and bioinformatics 

The libraries for Illumina WGS was prepared using Illumina Nextera™ XT DNA Flex Library Prep 

(Illumina Inc, San Diego, California, USA). Genomic DNA (30ng) was transferred to a 96-well 

PCR plate and volume adjusted to a total of 30µl with UltraPure™ DNase/RNase-Free Distilled 

Water. For samples with less than 1ng/µl of genomic DNA, 30µl of genomic DNA was 

transferred to a 96-well PCR plate. The tagmentation master mix, consisting of 10µl of BLT 

and 10µl of TB1 per reaction, was mixed well with each sample. The plate was incubated at 

55oC for 15 minutes followed by a 10oC hold. For the post-tagmentation clean up, 10µl of TSB 

was added to the tagmentation reaction and further incubated at 37oC for 15 minutes on the 

Eppendorf Mastercycler®. The plate was then placed on a magnet, supernatant removed and 

washed with 100µl of TWB (for a total of two washes). The tagmented DNA is then amplified 

with the PCR master mix consisting of 20µl pf EPM and 20µl of UltraPure™ DNase/RNase-Free 
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Distilled Water per reaction. Index adapters, 5µl each of i5 and i7 adapters, from the 

Nextera™ DNA CD Indexes (Illumina Inc, San Diego, California, USA) were added to each 

sample, and ran in the Eppendorf Mastercycler® with the following programme: 68oC for 3 

minutes, 98oC for 3 minutes, 14 cycles of 98 oC for 45 seconds, 62 oC for 30 seconds, 68 oC for 

2 minutes, and then 68 oC for 1 minute and held at 10 oC. After the PCR cycling, the plate was 

centrifuged at 280 x g for 1 minute and placed onto the magnet until the supernatant was 

clear. The PCR supernatant (45µl) was transferred to fresh midi plate and 85µl of diluted SPB 

solution was added to each PCR product. The mixture was incubated at room temperature 

for 5 minutes and placed onto the magnet. The supernatant (125µl) was transferred to new 

midi plate containing 17µl of SPB and incubated at room temperature for 5 minutes. The midi 

plate was placed on the magnet until clear, supernatant discarded, washed with 300µl of 80% 

ethanol and wash repeated for a total of two washes. The beads were left to airdry on the 

magnet for 5 minutes, and 32µl of RSB were added to resuspend the beads. The mixture was 

incubated at room temperature for 2 minutes, and placed back onto the magnet until clear. 

The supernatant (30µl) was transferred to a new plate. The DNA concentration of each 

individual library was determined fluorometrically using a Qubit® dsDNA high-sensitivity 

assay on the Qubit®2.0 Fluorometer. The libraries were pooled with RSB to a concentration 

of 4 nM. Then, 5µl of the pooled library (at 4nM) was added to 5µl of 0.2N NaOH and 

incubated at room temperature for 5 minutes. After the incubation, HTI buffer (990µl) was 

added and 900µl of the mixture was mixed with 100µl of PhiX control (20pM). The final 

loading concentration of the pooled library was 4pM. The pooled library was sequence on the 

Illumina MiSeq platform. The bioinformatics analysis of Illumina MiSeq FASTQ files were 

performed using the Scalable Metagenomic Analysis Research Tool (SMART) pipeline232 at the 

University of Washington. Bioinformatics script available in the Supplementary material 4.4. 
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4.2.10 Negative controls 

Negative control DNA extraction and sequencing was performed on reagents without a DNA 

template and processed in the same manner as the clinical intraocular fluid biopsy samples 

to account for any potential contamination.  

 

4.2.11 Definitions 

The microorganism was considered to be a potential pathogen or credible ‘hit’ on sequencing 

taking into account the background contamination (i.e. sequences present in the negative 

control samples) and if  

1. “the organism was known to be potentially pathogenic given the clinical context of 

the particular patient”106 

2. the organism represented the highest bacterial load (for WGS) or most abundant 

reads (for 16S) in the sample105,106 

 

Bacterial load is defined as “the median number of the presumed pathogen per recovered 

human genome by whole genome sequencing”107, calculated as:  

Bacterial load =
Total number of pathogen reads

Total number of human reads
 × 

Size of human genome 

Size of pathogen genome
 

 

Alignment breadth is calculated as107: 

Alignment breadth = 
Number of bases with ≥1 aligned base 

Size of reference pathogen genome
 

 

Alignment depth is calculated as107:  
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Alignment depth = 
Sum of all aligned bases of the query sequence

Length of regions with ≥1 aligned base of	the reference sequence
 

 

Coverage is calculated as107:  

Coverage = Alignment depth × Alignment breadth 

 

4.2.12 Statistical analyses 

Comparisons of the proportion of human and non-human reads on saponified and un-

saponified samples were performed using Mann-Whitney tests. Data were summarised using 

medians and ranges. Statistical analyses were performed using GraphPad Prism version 8.3.1 

(GraphPad Software, San Diego, California, USA), with p<0.05 deemed to be indicative of 

statistical significance throughout.  
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4.3 Results 

4.3.1 Effects of differential centrifugation and saponification on host DNA depletion and 

bacterial DNA recovery 

To examine the effects of saponification on host DNA depletion by qPCR, murine peripheral 

blood mononuclear cells (PBMCs) were spiked with varying concentrations of E.coli. There 

was minimal bacterial DNA loss between saponified and un-saponified samples, with 

difference in quantification cycles (∆ CT)  of less than 2 [Figure 4.1]. A median of 1573-fold 

(range in ∆ CT mouse actin : 9.01 – 11.67) depletion of host DNA (median CT of  mouse actin in 

saponified samples: 36.54 vs. non-saponified samples: 25.92, p<0.0001) was observed [Figure 

4.2].  

 

 

Figure 4.1 Bar graph comparing the effects of saponification on 16S bacterial recovery by PCR in 

murine peripheral blood mononuclear cells (PBMC) samples spiked with varying E.coli 

concentrations, ranging from 101 to 105 colony-forming units (CFU)/ml. 
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Figure 4.2 Bar graph comparing the effects of saponification on murine actin recovery in murine 

peripheral blood mononuclear cells (PBMC) samples spiked with varying E.coli concentrations, 

ranging from 101 to 105 colony-forming units (CFU)/ml. 
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To compare the effects of saponification on host DNA depletion by whole genome nanopore 

sequencing, vitreous samples from a subset of patients with endophthalmitis (n=5) were split 

into two aliquots: one aliquot of vitreous subjected to saponification and another aliquot had 

no saponification. The proportion of human reads in the saponified clinical samples were 

lower compared to un-saponified samples  [median %human reads in saponified samples was 

71.35% (range: 28.9% - 97.95%) vs 99.41% (range: 97.7% - 99.63% in un-saponified samples 

(p=0.016)]. Saponified samples had higher proportion of bacterial reads (calculated by 

sequencing) compared to un-saponified samples [median of bacterial load in saponified 

samples: 92.5 (range: 9.7 – 6019.1) vs 2.9 (range: 0.04 – 9.49) in un-saponified samples 

(p=0.016)] Table 4.1.  

 

The predominant microbial organism detected by whole genome nanopore sequencing 

agreed with culture results in all saponified samples (4/4 culture positive saponified samples) 

and in 3 of 4 un-saponified samples. The predominant genus identified in a saponified vitreous 

sample (NSEQ005) was Pseudomonas, which agreed with the culture results, however, the 

un-saponified vitreous from the same sample (NSEQ005) did not detect any significant taxon 

by nanopore sequencing.  

 

As saponification was shown to reduce the proportion of host DNA without inadvertent loss 

in bacterial DNA, the process of saponification was applied to the intraocular fluid biopsy 

samples from the UK. The samples from the USA had already undergone DNA extraction, 

therefore, the process of saponification could not be applied to these samples.  
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Sam
ple 

ID 
Saponification 

Total 
Reads 

Total hum
an 

reads 
%

hum
an 

reads 
Total non-

hum
an reads 

%
non-

hum
an 

reads 
Pathogen detected 

(Genus) 
Bacterial 

load 
N

SEQ
004 

Saponified 
89829 

64089 
71.35 

25740 
28.65 

Pseudom
onas 

104.74 
N

SEQ
004 

N
o saponin 

1091540 
1087541 

99.63 
3999 

0.37 
Pseudom

onas 
0.04 

N
SEQ

005 
Saponified 

615898 
603270 

97.95 
12628 

2.05 
Pseudom

onas 
9.76 

N
SEQ

005 
N

o saponin 
1066266 

1059948 
99.41 

6,318 
0.60 

N
o significant taxon 

N
/A

 
N

SEQ
006 

Saponified 
58172 

54851 
94.29 

3321 
5.71 

N
o significant taxon 

N
/A

 
N

SEQ
006 

N
o saponin 

631793 
628238 

99.44 
3555 

0.56 
N

o significant taxon 
N

/A
 

N
SEQ

007 
Saponified 

596285 
172340 

28.90 
423945 

71.10 
Staphylococcus 

6019.91 
N

SEQ
007 

N
o saponin 

848392 
843164 

99.38 
5228 

0.62 
Staphylococcus 

2.92 
N

SEQ
011 

Saponified 
335668 

171558 
51.11 

164110 
48.89 

Escherichia 
80.36 

N
SEQ

011 
N

o saponin 
652640 

637609 
97.70 

15031 
2.30 

Escherichia 
9.49 

 
Table 4.1 Com

parisons of the effects of saponification on proportion of hum
an, non-hum

an reads and bacterial load 
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4.3.2 Sequences detected in negative controls 

Sequences detected in the negative controls (extraction blanks as no template control) for 

full-length 16S rRNA nanopore, whole genome nanopore and Illumina sequencing runs are 

summarized in Supplementary Table 4.1 – 4.3. Microorganisms commonly found in plants 

such as Mesorhizobium loti and Sinorhizobium meliloti were detected in negative control 

samples that have been undergone saponification. Contaminating sequences that match 

water- and soil-associated genera were also detected including Strenotrophomonas, 

Acinetobacter, Pseudomonas and Burkholderia. Other contaminating sequences associated 

with skin commensal bacteria, such as Streptococcus spp. and Cutibacterium acnes were 

detected in the negative controls. The composition of the contaminating sequences varied 

greatly between the sequencing platforms and runs. 

 

4.3.3 Clinical samples 

A total of 23 samples were used in the study, 22 of which were vitreous samples and 1 

aqueous humour. Samples were derived from patients with a median age of 68.5 years 

(range: 47 – 88 years) and 14 (61%) were male. The most common preceding clinical history 

was post-intravitreal injection (43%) followed by post-cataract surgery (39%). The majority of 

the patients presented with visual acuity worse than 6/60 (87%) [Table 4.2].  
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Sam
ple ID 

Gender 
Age 
(years) 

Laterality 
Clinical history 

VA at presentation 

N
SEQ

004 
M

 
84 

Right 
2 days post cataract surgery &

 IO
L insertion 

HM
 

N
SEQ

005 
F 

88 
Left 

10 days post-left IO
L exchange (Artisan lens) &

 anterior vitrectom
y for 

subluxed IO
L (previous bilateral cataract surgery in 2008) 

PL 

N
SEQ

006 
F 

54 
Right 

2 days post-IVT injection 
HM

 
N

SEQ
007 

M
 

83 
Left 

3 days post-IVT injection  
HM

 

N
SEQ

011 
F 

47 
Left 

Endogenous endophthalm
itis secondary to E.coli septicaem

ia treated w
ith 

antibiotics. PM
H of renal transplant on im

m
unosuppression 

6/18 

N
SEQ

003 
M

 
59 

Left 
14 days post-corneal graft surgery 

HM
 

N
SEQ

014 
F 

75 
Right 

5 days post cataract surgery &
 IO

L insertion 
HM

 
N

SEQ
015 

F 
87 

Left 
11 days post-IVT injection  

N
PL 

N
SEQ

008 
M

 
56 

Left 
3 days post-traum

atic (w
ire from

 grinding w
heel) penetrating eye injury w

ith 
full-thickness corneal laceration 

HM
 

N
SEQ

009 
M

 
66 

Left 
3 days h/o m

icrobial keratitis and hypopyon treated w
ith topical antibiotics. 

PM
H Rheum

atoid arthritis on M
ethotrexate and Hydroxychloroquine 

PL 

N
SEQ

012 
M

 
62 

Left 
7 days post-IVT injection  

6/60 
W

E164D 
M

 
76 

Left 
3 days post-IVT injection 

HM
 

W
E25D 

M
 

73 
Left 

8 days post cataract surgery &
 IO

L insertion 
HM

 
W

E6D 
F 

65 
Right  

18 days post cataract surgery &
 IO

L insertion 
HM

 
W

E13D 
F 

85 
Right  

5 days post cataract surgery &
 IO

L insertion 
LP 

W
E26D 

F 
76 

Right  
4 days post cataract surgery &

 IO
L insertion 

CF 
W

E141D 
F 

61 
Left 

2 days post cataract surgery &
 IO

L insertion 
HM

 
W

E152D 
M

 
54 

Left 
1 day post-IVT injection  

CF 
W

E27D 
M

 
70 

Right  
9 days post-IVT injection  

6/12 
W

E30D 
M

 
61 

Right  
4 days post-IVT injection  

6/7.5 
W

E23D 
M

 
73 

Left 
5 days post cataract surgery &

 IO
L insertion 

HM
 

W
E155D 

F 
51 

Right  
5 days post-IVT injection  

HM
 

W
E164D 

M
 

76 
Left 

3 days post-IVT injection 
HM

 
W

E135D 
M

 
67 

Left 
6 days post cataract surgery &

 IO
L insertion 

CF 
 Table 4.2 Dem

ographics of patient participants. 

Abbreviations: history of, h/o; intraocular lens, IO
L; intravitreal injection, IVT; past m

edical history, PM
H; hand m

ovem
ent, HM

; perception of light, PL; 
counting fingers, CF. 
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4.3.4 Agreement between microbial culture and full-length 16S rRNA nanopore sequencing 

A total of 18 samples were culture-positive and 5 were culture negative. The most commonly 

cultured organism was Staphylococcus epidermidis, followed by other Staphylococcus spp, 

Streptococcus spp and Pseudomonas spp (Table 4.3).  

 

Twenty samples had sufficient volume for full-length 16S rRNA nanopore sequencing. The 

predominant organism detected by full-length 16S rRNA nanopore sequencing agreed with 

culture result in 15 cases (15/20, 75%) (Table 4.4).  

 

Two culture-positive cases did not yield any significant organism on 16S rRNA nanopore 

sequencing -  NSEQ004 grew Pseudomonas aeruginosa, whilst NSEQ003 grew 

Propionibacterium acnes. In two culture-negative cases, 16S rRNA nanopore sequencing 

detected potential pathogens including Staphylococcus epidermidis in sample WE25D and 

polymicrobial Massillia oculi and Cutibacterium acnes in sample WE27D. These 2 culture-

negative samples were tested by Illumina WGS and the results agreed with 16S rRNA 

nanopore sequencing results. Staphylococcus epidermidis was detected by Illumina WGS in 

sample WE25D. In sample WE27D, Propionibacterium acnes (previous name for 

Cutibacterium acnes) was detected by Illumina WGS in sample WE27D, but Massillia oculi was 

not detected. One sample (NSEQ011) grew  Escherichia coli in culture while  the predominant 

organism detected by 16S nanopore sequencing was Staphylococcus sanguinis. WGS 

Nanopore for NSEQ011 detected polymicrobial Escherichia coli and Streptococcus mitis, 

however no significant taxon was detected by WGS Illumina.  
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Sam
ple ID 

Organism
 cultured by conventional 

m
icrobiology 

Organism
 detected from

 16S rRNA 
nanopore sequencing 

Organism
 detected from

 w
hole genom

e 
nanopore sequencing 

Organism
 detected by Illum

ina 
M

iseq 
N

SEQ
004 

Pseudom
onas aeruginosa 

N
o significant taxon 

Pseudom
onas sp. LPH1 

Pseudom
onas flourescences 

N
SEQ

005 
Pseudom

onas aeruginosa 
Pseudom

onas aeruginosa 
Pseudom

onas pseudoalcaligenes 
Pseudom

onas aeruginosa 
 

N
SEQ

006 
N

o grow
th 

N
o significant taxon 

N
o significant taxon 

N
o significant taxon 

N
SEQ

007 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis  

N
SEQ

011 
Escherichia coli 

Streptococcus sanguinis 
Escherichia coli 

Streptococcus m
itis 

N
o significant taxon 

N
SEQ

003 
Propionibacterium

 acnes 
N

o significant taxon 
Cutibacterium

 acnes 
N

o significant taxon 

N
SEQ

014 
Staphylococcus epiderm

idis 
Staphylococcus saccharolyticus 

Staphylococcus epiderm
idis 

Staphylococcus aureus 
N

o significant taxon 

N
SEQ

015 
Staphylococcus aureus 

Staphylococcus aureus 
Staphylococcus aureus 

Phietavirus  
(Staphylococcus bacteriophage) 

Staphylococcus aureus 

N
SEQ

008 
N

o grow
th 

N
o significant taxon 

N
o significant taxon 

N
o significant taxon 

N
SEQ

009 
N

o grow
th 

N
o significant taxon 

N
o significant taxon 

N
o significant taxon 

N
SEQ

012 
Staphylococcus aureus 

Staphylococcus aureus 
Staphylococcus aureus 

Staphylococcus aureus 
W

E13D 
Alpha-haem

olytic streptococcus 
Streptococcus sanguinis 

Streptococcus sanguinis 
Streptococcus sanguinis 

W
E141D 

Streptococcus m
itis 

Streptococcus sanguinis 
Streptococcus sanguinis 

Streptococcus sanguinis 
W

E152D 
Enterococcus faecalis 

Enterococcus faecalis 
Enterococcus faecalis 

Enterococcus faecalis 
W

E164D 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 
W

E23D 
Staphylococcus epiderm

idis 
N

/A 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 

W
E155D 

Staphylococcus epiderm
idis 

N
/A 

Staphylococcus epiderm
idis 

Phietavirus  
(Staphylococcus bacteriophage) 

Staphylococcus epiderm
idis 

W
E135D 

Coagulase-negative Staphylococcus 
N

/A 
Cutibacterium

 acnes 
Staphylococcus haem

olyticus 
Staphylococcus haem

olyticus 

W
E25D 

N
o grow

th 
Staphylococcus epiderm

idis 
N

/A 
Staphylococcus epiderm

idis 
W

E6D 
Staphylococcus lugdunesis 

Staphylococcus lugdunesis 
N

/A 
Staphylococcus lugdunesis 

W
E26D 

Staphylococcus epiderm
idis 

Staphylococcus epiderm
idis 

N
/A 

Staphylococcus epiderm
idis 

W
E27D 

N
o grow

th 
M

assillia oculi 
Cutibacterium

 acnes 
N

/A 
Propionibacterium

 acnes 

W
E30D 

Staphylococcus epiderm
idis 

Staphylococcus epiderm
idis 

N
/A 

Staphylococcus epiderm
idis 

Table 4.3 Sum
m

ary of predom
inant m

icroorganism
 detected by culture, 16S rRN

A nanopore sequencing, w
hole genom

e nanopore and Illum
ina sequencing. 

N
/A denotes insufficient sam

ple to be processed for sequencing. 
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16S Nanopore 

 
Nanopore W

GS 
 

Illum
ina W

GS 
 

Positive 
Negative 

Total 
 

Positive 
Negative 

Total 
 

Positive 
Negative 

Total 
Culture 
Positive 

13 
2 

15 
 

15 
0 

15 
 

15 
3 

18 

Culture 
Negative 

2 
3 

5 
 

0 
3 

3 
 

2 
3 

5 

Total  
15 

5 
20 

 
15 

3 
18 

 
17 

6 
23 

  Table 4.4 Com
parison of m

icrobial culture, full-length 16S nanopore sequencing,  nanopore and Illum
ina w

hole genom
e sequencing (W

GS) results for 
endophthalm

itis. 

 
 



Chapter 4  Nanopore Endophthalmitis 

Page 153 of 230 

4.3.5 Agreement between microbial culture and nanopore whole genome sequencing  

A total of 18 samples had sufficient volume for whole genome nanopore sequencing (WGS 

Nanopore). The predominant genus detected by Nanopore WGS agreed with culture results 

in all of the cases (18/18). Speciation by Nanopore WGS agreed with culture results in 16 out 

of the 18 cases.  

 

Nanopore sequencing reads of culture-positive cases were aligned to the corresponding 

reference genome of the predominant organism detected by Nanopore WGS (Table 4.5).  Low 

levels of alignment breadth were observed in samples from the United Kingdom (NSEQ003 – 

NSEQ015), ranging from 0.17% to 12.89%, and could be due to DNA degradation as the frozen 

samples thawed to room temperature during the shipment process. These UK samples had 

relatively high bacterial load (by sequencing reads), with a median of 608.4 (range: 5.62 – 

418445.89). The samples from the USA cohort (WE13D – WE164D) had higher levels of 

alignment breadth, ranging from 6.96% to 88.77%, compared to the UK samples.  
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Sam
ple 

ID 
Organism

 detected by culture 
Organism

 detected by W
GS 

Nanopore 

Size of 
reference 
genom

e 

Bacterial 
load 

Alignm
ent 

breadth 
Alignm

ent 
depth 

Coverage 

N
SEQ

003 
Propionibacterium

 acnes 
Cutibacterium

 acnes 
2560265 

1311.80 
2.54%

 
1824 

46.36 

N
SEQ

004 
Pseudom

onas aeruginosa 
Pseudom

onas sp LPH 
5229495 

104.74 
0.17%

 
950 

1.64 

N
SEQ

005 
Pseudom

onas aeruginosa 
Pseudom

om
nas oleovarans a 

5005894 
5.62 

0.09%
 

94 
0.08 

N
SEQ

007 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 
2564615 

4386.11 
7.58%

 
1817 

137.83 

N
SEQ

011 
Escherichia coli 

Escherichia coli 
4641652 

79.39 
0.37%

 
1445 

5.4 

N
SEQ

012 
Staphylococcus aureus 

Staphylococcus aureus 
2821361 

919.11 
0.87%

 
463 

4.05 

N
SEQ

014 
Staphylococcus epiderm

idis 
Staphylococcus epiderm

idis 
2564615 

297.70 
0.91%

 
1 

0.01 

N
SEQ

015 
Staphylococcus aureus 

Staphylococcus aureus 
2821361 

418445.89 
12.89%

 
9906 

1277.15 

W
E13D 

Alpha-hem
olytic streptococcus 

Streptococcus sanguinis 
2388435 

0.75 
6.96%

 
1 

0.07 

W
E23 

Staphylococcus epiderm
idis 

Staphylococcus epiderm
idis 

2564615 
4.94 

71.84%
 

2 
1.55 

W
E135D 

Coagulase-negative 

Staphylococcus 
Staphylococcus haem

olyticus 
2560146 

0.09 
0.32%

 
8 

0.02 

W
E141D 

Streptococcus m
itis 

Streptococcus sanguinis 
2388435 

199.32 
88.77%

 
82 

72.96 

W
E152D 

Enterococcus faecalis 
Enterococcus faecalis 

3359974 
753.79 

75.89%
 

154 
116.64 

W
E155D 

Staphylococcus epiderm
idis 

Staphylococcus epiderm
idis 

2564615 
234.21 

15.60%
 

167 
26.17 

W
E164D 

Staphylococcus epiderm
idis 

Staphylococcus epiderm
idis 

2564615 
5.53 

8.59%
 

15 
1.27 

 Table 4.5 Com
parisons of bacterial load, m

ean alignm
ent breadth, depth and genom

ic coverage. 



Chapter 4  Nanopore Endophthalmitis 

Page 155 of 230 

4.3.6 Agreement between culture and Illumina whole genome sequencing (Illumina WGS)  

All 23 samples were processed for Illumina WGS. The predominant organism detected by 

Illumina WGS agreed with culture results in 18 cases (78%). Illumina WGS detected the 

cultured pathogen as the predominant genus in 15 of 18 (83%) culture-positive samples. The 

remaining 3 culture-positive samples grew Escherichia coli (NSEQ011), Propionibacterium 

acnes (NSEQ003), and Staphylococcus epidermidis (NSEQ014) respectively and were detected 

but did not constitute the most abundant read by WGS Illumina as the predominant 

sequences were similar to the sequences in the negative controls. 

 

4.4 Discussion 

This is the first study to evaluate the utility of full length 16S and whole genome nanopore 

sequencing for the identification of pathogen in patients with endophthalmitis.  In this pilot 

study, saponification was able to reduce the proportion of host DNA, without inadvertent loss 

in bacterial DNA, thereby improving the sensitivity of identifying the pathogen.  Incorporation 

of the negative ‘no-template’ control into each saponification, DNA extraction and 

sequencing run was useful in the limiting over-interpretation of the sequencing results. In two 

cases of culture-negative endophthalmitis, full-length 16S rRNA nanopore sequencing was 

able to detect the potential causative pathogen and the results were confirmed by Illumina 

sequencing. Finally, whole genome nanopore sequencing performed better than full-length 

16S rRNA nanopore sequencing in detecting the predominant organism in endophthalmitis. 

Taken together, these results suggest that WGS nanopore sequencing may provide useful 

information on the pathogens associated with endophthalmitis. 
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Charalampous and associates have optimised a saponin-based host DNA depletion protocol 

for nanopore sequencing on 41 clinical respiratory samples of patients with suspected lower 

respiratory tract infections and reported up to 10,000 fold depletion or 99.9% of human 

DNA130. The respiratory samples in study conducted by Charalampous and associates were 

derived from sputum, endotracheal secretions and bronchoalveolar lavage, and therefore, 

had larger starting volumes of 400µl. In contrast, the starting volumes from the intraocular 

fluid biopsy samples in this study were much smaller, of around 30µl.  The performance of 

the saponin-based host depletion in this study was modest, with up to 70% reduction in 

human DNA, and in one case (NSEQ005), the pathogen was detectable in the saponified 

sample but not in the un-saponified sample. However, there was an increase in the 

background contamination with Mesorhizobium spp. and Sinorhizobium spp. (bacteria 

commonly found in soil and aquatic legume roots233) in negative ‘no-template’ control and 

clinical samples that have undergone saponification. Saponins are foaming agents, commonly 

derived from plant extracts234. This suggests that the use of additional reagents in the 

saponin-based host DNA depletion may have paradoxically increased the exogenous 

background contamination in those samples. Furthermore, saponin-based host DNA 

depletion may limit the sensitivity for detecting nucleic acid from viruses, microorganisms 

without cell walls (e.g. parasites or Mycoplasma spp.), or free nucleic acid (i.e. cell-free DNA) 

from dead organisms that have either been cleared by the host immune system or through 

antimicrobial treatments157. A potential solution to improve the detection of viral and other 

cell-free nucleic acid in ocular clinical samples could be by retaining the supernatant fraction 

from the initial differential centrifugation step130. Another feasible hybrid option could be 

combining both targeted and untargeted sequencing, by spiking in variably sized primers to 
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enrich for a specific organism of interest whilst simultaneously sequencing other untargeted 

organisms to retain broad metagenomic sensitivity157,235. 

 

Other methods of host DNA enrichment/depletion include cell-free DNA extraction by 

differential centrifugation at 16,000g, selective host DNA degradation and lysis by enzymes 

such as benzonase (QIAamp DNA Microbiome kit), MolDNaseB (Molzym Ultra-Deep 

Microbiome Prep) or Proteinase K (HostZERO Microbial DNA kit), immunoprecipitation and 

magnetic bead capture of methylated eukaryotic host DNA (NEBNext Microbiome DNA 

Enrichment) or osmotic lysis of host cells and subsequent use of propidium monoazide for 

covalent attachment to extracellular DNA158,236,237. However, there are varying efficiencies 

across these host DNA removal methods dependent upon sample type237. For example, 

selective enzymatic degradation and osmotic lysis was shown to be effective for clinical 

samples from nasal aspirates, but not for milk substrates due to high fat and protein 

content130,237,238. Therefore, it is imperative to tailor the host depletion method to the desired 

clinical sample.  

 

In dealing with samples of low biomass, which are inherent in ocular samples, the presence 

of contaminating DNA, either from the time of sample collection, handling, storage, 

laboratory reagents and kits, can generate misleading false positive results239. In this study, 

the composition of the contaminating sequences varied between the batches of DNA 

extraction and sequencing runs. Consistent with previous studies, the contaminating 

sequences were mainly derived from water- and soil-associated bacteria, such as 

Acinetobacter, Pseudomonas, Stenotrophomonas, Bradyrhizobium, Burkholderia and 

Ralstonia, and human-skin associated organisms, such as Corynebacterium, and 
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Propionibacterium 239,240. Salter and associates performed 16S rRNA gene sequencing and 

shotgun metagenomic sequencing on a dilutional series of Salmonella bongori (acting as 

positive control) along with concomitant blank ‘no template’ negative control extracted with 

four commercially available DNA extraction kits at three different sites. Their study 

demonstrated that the profile of contaminating sequences varied greatly between different 

sites, extraction kits and even kit batches. Samples with low biomass, of less than 104 

Salmonella bongori cells, were critically impacted, as the predominant sequencing reads were 

mainly derived from the background contamination239. As the negative controls were 

processed concomitantly with the clinical samples, the sequencing results or “hits” were 

compared against the profile of the contaminating sequences to ensure that the sequencing 

results were not driven by over-amplified background DNA contamination.  

 

The concordance of whole genome nanopore sequencing results with cultured organism was 

excellent, with 100% agreement (15/15). There was good agreement between culture results 

and 16S nanopore (13/15, 87%) and Illumina whole genome sequencing (15/18, 83%). 

Identification of organisms using targeted 16S sequencing is restricted by the primer 

sequence used and quantification can be challenging given the highly variable per-genome 

copy number of the 16S rRNA gene144,241. Whole genome sequencing provides better bacterial 

taxonomic resolution to the level of species- or strain compared to 16S sequencing, which is 

usually limited to genus level classifications154. Furthermore, by sequencing the entire 

community of genomes, the sequences of all organisms including viruses and fungi, could be 

captured, along with their functional genomic capacity and phylogeny. To illustrate, in this 

study, the bacteriophage Staphylococcus phietavirus was identified in two cases of 

Staphylococcus endophthalmitis through whole genome sequencing but not on 16S amplicon 
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sequencing. In terms of taxa classification, Pearman and associates reported that longer reads 

improved the accuracy in taxa classification compared to short reads, albeit being having 

higher sequencing error rates242. This might explain the higher agreement rates between 

culture and WGS nanopore compared to WGS Illumina seen in this study.  

 

Two of the five culture-negative samples in this study revealed potential organisms on 

molecular sequencing. The 16S nanopore sequencing results were in agreement with Illumina 

short-read sequencing suggesting an identification of a putative organism in the context of a 

false negative culture. The cause of endophthalmitis in the three culture- and sequencing-

negative cases is unknown and could either be due to clearance of the organism by the host 

immune system prior to biopsy, extra-ocular source of infection not present in the aqueous 

or vitreous humour, or pathogen undetected due to potential bias in the study laboratory or 

bioinformatics workflow such as RNA virus or parasite107,130.  

 

Molecular sequencing technology has the potential in advancing diagnostics for ocular 

infections106,107,117–119. Using metagenomic deep sequencing, Thuy and associates were able 

to detect the presence of RV virus (Rubivirus genus) in the intraocular fluid sample of a patient 

with a 16-year history of idiopathic uveitis. By performing phylogenetic analysis of the 

genomic sequence in comparison to other RV strains deposited in public repositories 

(GenBank), along with estimates of the nucleotide substitution rate,  they were able to 

approximate the time and place of when the patient might have been exposed to the virus106. 

Seminal work by Lee and associates, on 50 patients (24 culture-positive and 26 culture-

negative) enrolled prospectively, demonstrated that detection of pathogens and their 

bacterial load by Illumina whole genome sequencing and directed PCR had prognostic 
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significance for clinical outcomes in post-procedural endophthalmitis107. In comparison to the 

large and expensive Illumina sequencing platforms, the nanopore MINion sequencer is 

pocket-sized, weighing less than 450g, costs less than £1000 and is able to provide rapid 

sequencing results228. In the present study, Nanopore WGS was able to reliably detect the 

pathogen and its bacterial load directly from intraocular fluid biopsy samples. This suggests 

that with further optimisation, the future use of the portable, real-time nanopore sequencing 

technology as a point-of-care testing for pathogen identification and quantification may be 

beneficial in the initial management of endophthalmitis107.  

 

There were several limitations to this study. First, there was limited sample size and small 

amounts of ocular samples available for molecular sequencing. The present study included 

ocular samples from the USA cohort that have previously been processed for Illumina WGS 

and other molecular testing, therefore in certain cases there was insufficient DNA leftover to 

perform both 16S and WGS nanopore sequencing. Additionally, there could be potential 

impact from the shipping process as frozen samples from the UK cohort thawed during 

shipment, and impact from the different DNA extraction kits used for both cohorts. However, 

the nanopore and Illumina sequencing protocol were completed in a single centre to minimise 

any potential sequencing bias.  

 

In summary, this study demonstrated the utility of nanopore sequencing in identifying 

potential pathogens and its bacterial load in endophthalmitis. Further optimisation through 

the use of internal spike-in controls to determine the limit of detection, single-use flow-cell 

(Nanopore Flongle) to reduce cost and minimise risk of contamination between samples, 

miniaturisation of laboratory steps through microfluidic devices, and automation of 
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bioinformatic workflow may facilitate the adoption of nanopore sequencing as a point-of-

care testing in a clinical environment157. The combination of transcriptomic analyses of host 

immune responses and pathogenic virulence may elucidate the pathophysiologic 

mechanisms underpinning poor clinical outcomes and provide personalised, targeted 

treatment in endophthalmitis. 
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dissect the host-microbiome interact traditionally rely on animal models, typically involving 

germ-free or specific pathogen free mice, however these models have limited human 

translational or reproducible capabilities as the microbiota of laboratory mice are divergent 

from ‘wild’ mice and humans, the ‘normal’ mucosal immunity requires priming and 

stimulation by the gut microbiome and is further compounded by wide inter- and intra-

individual gut microbial heterogeneity18,187,243. Therefore, metagenomic temporal and spatial 

surveys of the effects of disrupting ‘take-away’ and reconstituting ‘add-back’ the immune 

system would be highly informative, as exemplified in a seminal study conducted by Schluter 

and associates, whereby tracking day-by-day changes in the peripheral immune cell counts 

after auto-faecal microbiota transplant following allogeneic haematopoietic cell transplant, 

showed higher relative abundances of Akkermansia, Ruminococcus, and Faecalibacterium 

were associated with increased neutrophil rates244. There is also emerging evidence 

suggesting that the gut microbiome modulates the host response to immunotherapies and 

mediates immunotherapy-related toxicity, specifically immune checkpoint inhibitors in 

cancer treatments185,189,245.  Manipulation of the gut microbiome could be a pathway to 

improve the efficacy, prolong remission and reduce the toxicity of immunosuppressive 

treatments in patients with inflammatory eye disease.  

 

In addition to gut microbiome, the ocular surface microbiome is also thought to modulate the 

immune responses in ocular inflammatory diseases and could potentially serve as reservoir 

for opportunistic and recurrent infections in microbial keratitis5,37,246. However, 

approximately 40% of clinically suspected microbial keratitis are culture-negative either due 

to poor sampling techniques, difficulty in culturing fastidious microorganisms, inactivation or 

clearance of microorganisms by the host immune system or prior use of antibiotics82,85,107. 
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Therefore, culture-independent techniques using molecular sequencing of the microbial DNA 

might be useful in the rapid identification of pathogens in microbial keratitis82. Sequencing of 

ocular samples are technically challenging, owing to the high proportion of background host 

DNA compared to microbial genome. The overcome this background ‘noise’, the sample 

would need to be sequenced deeply, which could be cost prohibitive105. Therefore, an 

alternative cost-effective method would be to perform targeted sequencing of the bacterial 

16S rRNA genome247. In the second results chapter, sample collection method of the ocular 

surface was optimised on an ex vivo porcine model of microbial keratitis. Using a defined 

mock microbial community, a full-length nanopore 16S rRNA sequencing bioinformatics 

pipeline was evaluated and benchmarked. Applying the sampling technique that provided the 

highest DNA recovery and optimised bioinformatics pipeline directly to samples from patients 

with suspected microbial keratitis, the bacterial pathogens were detectable by full-length 

nanopore 16S rRNA sequencing.  

 

Metagenomic sequencing using a untargeted approach allows for the discovery of novel 

pathogens. In the third results chapter, intraocular fluid biopsy samples of endophthalmitis 

were optimised (host depletion by saponification) for whole genome and 16S nanopore 

sequencing. Results showed that metagenomic nanopore sequencing was able to detect 

potential pathogens directly from clinical ocular samples and performed better than culture. 

Removal of host cell contamination by saponification could also be utilised for metagenomic 

sequencing workflow in microbial keratitis. Corneal and conjunctival samples are thought to 

compose of larger proportion of host cells compared to microbial cells compared to vitreous 

or aqueous samples, hence steps to deplete host cells would be of utmost importance to 

improve the sensitivity of sequencing in detecting causative pathogens in these infections82. 
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Another approach would be utilising the host sequencing data to establish host-specific 

responses to different microbial infections through differential gene expressions117. With 

optimisation of the sequencing and bioinformatics workflow, future large prospective studies 

comparing whole genome nanopore and Illumina sequencing with culture and 16S 

sequencing results in microbial keratitis could be undertaken. 

 

Gu and associates have shown that cell-free metagenomic DNA nanopore sequencing 

coupled with real-time computational analyses enabled pathogen identification in body fluids 

(pleural, peritoneal, abscess, cerebrospinal fluid, joint aspirate, bronchial alveolar lavage and 

urine) within 6 hours196. The portability of the nanopore sequencing platform, MinION, has 

been demonstrated through in-field studies of Ebola virus in Guinea, Zika virus in Brazil, and 

have been utilised for antimicrobial resistance gene surveillance in Malawi and 

Catalan126,128,248,249. Recent advances in the nanopore platform has enabled native RNA 

sequencing, without the need for prior cDNA generation, and has revealed novel insights to 

viral pathogen transcriptomes that were not previously detectable by recoded short-read 

RNA (Illumina) sequencing alone250. Incorporating both the host and microbial gene 

expression transcriptomic and proteomic data would be useful in identifying pathogen-

specific host responses and discriminating between non-infectious vs infectious ocular 

inflammation117,251. Taken together, nanopore sequencing offers a rapid, accurate and 

portable technology for identifying microbial species and their antimicrobial resistance genes 

in ocular infectious and inflammatory diseases. 

At present, there are still limitations of interpreting sequencing results from clinical samples, 

including difficulty in distinguishing contamination from true or polymicrobial infections, 

quality control across multi-sequencing sites and standardisation of bioinformatics analysis. 
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Overcoming these challenges will be essential before sequencing is adopted in routine clinical 

practice.  

 

5.1 Future directions 

Integrating clinical metagenomics into routine clinical care will revolutionise the delivery of 

personalised medicine. Figure 5.1 summarises the potential implementation of clinical 

metagenomic workflow in the management of an unwell patient.   
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Figure 5.1 Potential metagenomic workflow in the management of an unwell patient in the clinical 
setting. 

 
When a patient presents with an acute illness, clinical samples will be collected, with stringent 

measures to reduce contamination. Samples from the surrounding environment or adjacent 

body site, such as the skin around the eye for a case of potential endophthalmitis, will be 
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collected and processed as negative controls. An aliquot of the clinical sample will sent for 

parallel routine microbiology culture to test for phenotypic – genotypic correlations.  

 

With the remaining aliquot, nucleic acid will be extracted and library preparation performed 

using standardised protocol on automated microfluidic devices that are portable and requires 

the least hands-on time. Reference standards for positive and negative controls will be 

incorporated, along with spike-in material to quantify microbial load on a standard curve, and 

to control for any assay inhibitors.  

 

Sequencing on a portable nanopore sequencer using smaller, single-use flow-cells (i.e. one 

flow cell per patient) will enable the generation of real-time sequencing data that is cost-

effective without the need to batch samples from multiple patients for sequencing. Although 

still under development, native RNA nanopore sequencing of both microbial and host 

transcriptomic data may enable detection of potential ‘live’ microbial nucleic acid along with 

host responses. For samples with low bio-mass additional microbial enrichment, host 

depletion, and targeted sequencing steps may be necessary.  

 

Real-time bioinformatic analyses conducted in a user-friendly graphical interface software on 

a curated and updated reference database, supported by secure computational infrastructure 

either local or remote ‘cloud’ network, will enable actionable metagenomic data (microbial 

taxonomic identification and predicted antimicrobial genetic susceptibility) to be reported 

quickly and directly to the clinical team. A multidisciplinary team discussion involving the 

treating physician, clinical microbiologist, and bioinformatician will then interpret the 

sequencing results to guide therapeutic management in the context of the individual patient 
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case. Anonymised metadata on the patient’s risk factors, and response to treatment will then 

feedback to a centralised database. 

 

As for the clinical sample aliquot that was sent for culture and microbiology testing, 

improvements in culture techniques will enable isolation of the causative pathogen and 

further functional and antimicrobial susceptibility tests to be performed in vitro. Nucleic acid 

from the isolated pathogen will then be extracted and sequenced in dedicated sequencing 

hubs. Genomic data correlated with information on the microbial phenotype, will be 

deposited in curated microbial reference databases. 

 

Longitudinal host-microbial genomic studies complemented with clinical data on patient 

response to therapy is currently lacking. The true power of clinical metagenomics will come 

from integrating curated microbial genomic-phenotypic data with high-quality metadata on 

patient clinical outcomes, similar to the Cancer Genome Atlas initiative252, and provide the 

necessary training dataset for future AI predictive modelling to prognosticate and guide 

therapeutic interventions. Additionally, real-time sequencing and clinical data will facilitate 

genomic surveillance in the event of an outbreak within a geographical area, similar to 

national initiative developed by the COVID-19 Genomics UK consortium253.  

 

Advances in user-friendly hand-held sequencing technologies complemented with portable 

communications technologies, such as the smartphone, drive the emergence of mobile 

healthcare, whereby self-testing at the convenience of the patient’s own home would be a 

possibility in the future254. To illustrate, a patient obtains a swab, performs nucleic acid 

extraction, library preparation and sequencing on a portable, automated, hand-held 
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microfluidic and sequencing device in their own home. Data uploads directly onto a remote 

computational network for real-time analysis and informs the clinical team who will run a 

parallel virtual clinical consultation with the patient. Based on the predictive modelling and 

clinical indication, clinicians can make an informed clinical judgement on whether the patient 

should admitted to the hospital or could be treated at home with the appropriate 

antimicrobial therapies. On-going monitoring continues for the patient until resolution of 

infection. This integration of multi-omic data along with real-time clinical data provides vital 

information for longitudinal genomic surveillance and for discovery of biomarkers indicative 

of early disease, whereby subclinical inflammation and infection can be detected before onset 

of symptoms. Adoption of these new technologies into routine clinical care has the potential 

to accelerate precision, personalised medicine for all255.   
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Appendices 
 
Supplementary for Chapter 2 
 
Supplementary material  2.1 R script for generating principle coordination analysis plots.  

Pcoa_script.R written by Liying Low. 

 
library(tidyverse) 
library(readxl) 
library(ggplot2) 
pcoa <- read_tsv(file="raw_data/inputfileMMPHC.opti_mcc.thetayc.0.03.lt.ave.pcoa.axes") 
metadata <- read_excel(path = "raw_data/MMP_HC_metadata.xlsx") 
metadata_pcoa <- inner_join(metadata, pcoa, by=c('16SID' = 'group')) 
 
ggplot(metadata_pcoa, aes(x=axis1, y=axis2, color=Cohort)) +  
  geom_point(shape=19, size=2) +  
  scale_color_manual(name=NULL, 
                     values=c("#CC79A7", "#0072B2"), 
                     breaks=c("Ocular Mucous Membrane Pemphigoid", "Healthy volunteer"), 
                     labels=c("Ocular Mucous Membrane Pemphigoid (n=49)", "Healthy volunteer 
(n=38)")) +  
  coord_fixed() + 
  labs(title="PCoA of ThetaYC Distances between Faecal Samples", 
       x = "PCo Axis 1 (12.3%)", 
       y = "PCo Axis 2 (9.3%)") + 
  theme_classic() +  
  theme(legend.position = "top") 
   
ggsave(file  = "MMP_HC_ordination.png", dpi = 300) 
 
ggplot(metadata_pcoa, aes(x=axis1, y=axis2, color=Tetracycline)) +  
  geom_point(shape=19, size=2, alpha = 0.6) +  
  scale_color_manual(name=NULL, 
                     values=c("blue", "red", "purple", "grey"), 
                     breaks=c("Never used", "Previously used medication, but now stopped", 
"Currently using tetracycline", "Healthy volunteer"), 
                     labels=c("Never used (n=24)", "Previously used medication, but now stopped 
(n=7)", "Currently using tetracycline (n=18)", "Healthy volunteer (n=38)")) +  
  coord_fixed() + 
  labs(title="PCoA of ThetaYC Distances between Faecal Samples", 
       x = "PCo Axis 1", 
       y = "PCo Axis 2") + 
  theme_classic() 
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ggsave("tetracycline_ordination_with_HC.pdf") 
 
ggplot(metadata_pcoa, aes(x=axis1, y=axis2, color=Cohort, shape=Sex)) +  
  geom_point(size=2, alpha = 0.7) +  
  scale_color_manual(name=NULL, 
                     values=c("#CC79A7", "#0072B2"), 
                     breaks=c("Ocular Mucous Membrane Pemphigoid", "Healthy volunteer"), 
                     labels=c("Ocular Mucous Membrane Pemphigoid (n=49)", "Healthy volunteer 
(n=38)")) +  
  scale_shape_manual(name = NULL, 
                     values =c(19,17), 
                     breaks = c("Female", "Male")) + 
  coord_fixed() + 
  labs(title="PCoA of ThetaYC Distances between Faecal Samples", 
       x = "PCo Axis 1", 
       y = "PCo Axis 2") + 
  theme_classic() 
 
ggsave("gender_ordination.pdf") 
 
summary(metadata) 
count(metadata_pcoa, Biopsy) 
 
ggplot(metadata_pcoa, aes(x=axis1, y=axis2, color=Biopsy)) +  
  geom_point(shape=19, size=2, alpha = 0.6) +  
  scale_color_manual(name=NULL, 
                     values=c("blue", "red"), 
                     breaks=c("Negative", "Positive"), 
                     labels=c("Negative (n=15)", "Positive (n=34)")) +  
  coord_fixed() + 
  labs(title="PCoA of ThetaYC Distances between Faecal Samples", 
       x = "PCo Axis 1", 
       y = "PCo Axis 2") + 
  theme_classic() 
 
ggsave("biopsy_ordination_with_HC.pdf") 
 
summary(metadata_pcoa,OSDI) 
count(metadata_pcoa, Current_Systemic_Immunotherapy) 
count(metadata_pcoa, Tetracycline) 
count(metadata_pcoa, Systemic _Immunosuppression_Ever) 
count(metadata_pcoa, Systemic_Steroids) 
count(metadata_pcoa, DMARDS) 
count(metadata_pcoa, Cohort) 
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Supplementary material  2.2 R script for processing 16S taxonomic data. 

Processing_taxonomy_data.R written by Liying Low 

 
library(tidyverse) 
library(readxl) 
library (ggplot2) 
 
metadata <- read_excel(path="raw_data/MMP_HC_metadata.xlsx") 
 
taxonomy <- read_tsv(file="raw_data/inputfileMMPHC.taxonomy_v2.txt") %>% 
  rename_all(tolower) %>% 
  mutate(taxonomy=str_replace_all(string=taxonomy, pattern ="\\(\\d*\\)", replacement = 
"")) %>% 
  mutate(taxonomy=str_replace_all(string=taxonomy, pattern =";$", replacement="")) %>% 
  separate(taxonomy, into=c("kingdom", "phylum", "class", "order", "family", "genus"), 
sep=";") 
 
otu_data <- read_tsv("raw_data/inputfileMMPHC.opti_mcc.0.03.subsample.shared", 
col_types = cols(Group=col_character())) %>% 
  select(-label, -numOtus) %>% 
  rename(sample=Group) %>% 
  pivot_longer(cols=-sample, names_to="otu", values_to="count") %>% 
  mutate(rel_abund=count/25000) 
 
otu_data %>% group_by(sample) %>% summarize(n=sum(count)) %>% summary() 
 
agg_phylum_data <- inner_join(otu_data, taxonomy) %>% 
  group_by(sample, phylum) %>% 
  summarize(agg_rel_abund=sum(rel_abund)) %>% 
  inner_join(., metadata, by = "sample") %>% 
  ungroup() 
 
top_phyla <- agg_phylum_data %>%  
  group_by(phylum) %>% 
  summarize(median = median(agg_rel_abund)) %>% 
  arrange((desc(median))) %>% 
  top_n(5, median) %>% 
  pull(phylum) 
 
agg_phylum_HC <- agg_phylum_data %>% 
  group_by(phylum) %>% 
  filter(Cohort == "Healthy volunteer") %>% 
  summarize(enframe(quantile(agg_rel_abund*100, c(0.25, 0.5, 0.75)), "quantile", 
"agg_rel_abund")) 
  
agg_phylum_MMP <- agg_phylum_data %>% 
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  group_by(phylum) %>% 
  filter(Cohort == "Ocular Mucous Membrane Pemphigoid") %>% 
  summarize(enframe(quantile(agg_rel_abund*100, c(0.25, 0.5, 0.75)), "quantile", 
"agg_rel_abund")) 
 
 
agg_phylum_data %>% 
  filter(phylum %in% top_phyla) %>% 
  mutate(phylum=factor(phylum, levels = top_phyla)) %>% 
  mutate(agg_rel_abund=agg_rel_abund + 1/21000) %>% 
  ggplot(aes(x=phylum, y=agg_rel_abund, color=Cohort)) +  
  geom_hline(yintercept=1/10530, color="gray") + 
  geom_boxplot() +  
  scale_color_manual(name=NULL,  
                     values=c("#0072B2", "#CC79A7"), 
                     breaks=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                     labels=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid")) + 
  labs(title="Phylum level", 
       x=NULL,  
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  theme_classic() + 
  theme(axis.text.x = element_text(angle=45, hjust=1)) 
 
ggsave(file = "phlya.png", dpi=300) 
 
 
library(broom) 
library(purrr) 
 
phylum_tests <- agg_phylum_data %>% 
  nest(sample_data = c(-phylum)) %>% 
  mutate(test = map(sample_data, ~tidy(kruskal.test(agg_rel_abund~Cohort, data=.)))) %>% 
  unnest(test) %>% 
  mutate(p.value.adj=p.adjust(p.value, method="BH")) %>% 
  arrange(p.value.adj) 
 
sig_phyla <- phylum_tests %>% 
  filter(p.value.adj <= 0.05) %>% 
  pull(phylum) 
 
####class 
 
agg_class_data <- inner_join(otu_data, taxonomy) %>% 
  group_by(sample, class) %>% 
  summarize(agg_rel_abund=sum(rel_abund)) %>% 
  inner_join(., metadata, by = "sample") %>% 
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  ungroup() 
 
top_class <- agg_class_data %>%  
  group_by(class) %>% 
  summarize(median = median(agg_rel_abund)) %>% 
  arrange((desc(median))) %>% 
  top_n(10, median) %>% 
  pull(class) 
 
view(top_class) 
 
agg_class_data %>% 
  filter(class %in% top_class) %>% 
  mutate(class=factor(class, levels = top_class)) %>% 
  mutate(agg_rel_abund=agg_rel_abund + 1/21000) %>% 
  ggplot(aes(x=class, y=agg_rel_abund, color=Cohort)) +  
  geom_hline(yintercept=1/10530, color="gray") + 
  geom_boxplot() +  
  scale_color_manual(name=NULL,  
                     values=c("#0072B2", "#CC79A7"), 
                     breaks=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                     labels=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid")) + 
  labs(title="Relative abundance in class-level between OcMMP and HC", 
       x=NULL,  
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  theme_classic() + 
  theme(axis.text.x = element_text(angle=45, hjust=1)) 
 
ggsave("class.png") 
 
library(broom) 
library(purrr) 
 
class_tests <- agg_class_data %>% 
  nest(sample_data = c(-class)) %>% 
  mutate(test = map(sample_data, ~tidy(kruskal.test(agg_rel_abund~Cohort, data=.)))) %>% 
  unnest(test) %>% 
  mutate(p.value.adj=p.adjust(p.value, method="BH")) %>% 
  arrange(p.value.adj) 
 
sig_class <- class_tests %>% 
  filter(p.value.adj <= 0.05) %>% 
  pull(class) 
 
#### deepest 
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deep_taxonomy <- read_tsv(file="raw_data/inputfileMMPHC.taxonomy_v2.txt") %>% 
  rename_all(tolower) %>% 
  mutate(taxonomy=str_replace_all(string=taxonomy, pattern ="\\(\\d*\\)", replacement = 
"")) %>% 
  mutate(taxonomy=str_replace_all(string=taxonomy, pattern = "_unclassified*", 
replacement = "")) %>% 
  mutate(taxonomy=str_replace_all(string=taxonomy, pattern =";$", replacement="")) %>% 
  mutate(taxonomy=str_replace_all(string=taxonomy, pattern=".*;", replacement="")) 
 
agg_deep_data <- inner_join(otu_data, deep_taxonomy) %>% 
  group_by(sample, taxonomy) %>% 
  summarize(agg_rel_abund=sum(rel_abund)) %>% 
  inner_join(., metadata, by = "sample") %>% 
  ungroup() 
 
agg_deep_HC <- agg_deep_data %>% 
  group_by(taxonomy) %>% 
  filter(Cohort == "Healthy volunteer") %>% 
  summarize(enframe(quantile(agg_rel_abund*100, c(0.25, 0.5, 0.75)), "quantile", 
"agg_rel_abund")) 
 
agg_deep_MMP <- agg_deep_data %>% 
  group_by(taxonomy) %>% 
  filter(Cohort == "Ocular Mucous Membrane Pemphigoid") %>% 
  summarize(enframe(quantile(agg_rel_abund*100, c(0.25, 0.5, 0.75)), "quantile", 
"agg_rel_abund")) 
 
 
deep_tests <- agg_deep_data %>% 
  nest(sample_data = c(-taxonomy)) %>% 
  mutate(test=map(sample_data, ~tidy(kruskal.test(agg_rel_abund~Cohort, data=.)))) %>% 
  unnest(test) %>% 
  mutate(p.value.adj=p.adjust(p.value, method="BH")) %>% 
  arrange(p.value.adj) 
 
sig_deep <- deep_tests %>% 
  filter(p.value.adj <= 0.05) %>% 
  pull(taxonomy) 
 
view(sig_deep) 
 
agg_deep_data %>% 
  filter(taxonomy %in% sig_deep) %>% 
  mutate(taxonomy = factor (taxonomy, levels=sig_deep)) %>% 
  mutate(agg_rel_abund = agg_rel_abund + 1/25000) %>% 
  ggplot(aes(x=taxonomy, y=agg_rel_abund, color=Cohort)) + 
  geom_boxplot() +  
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  scale_color_manual (name=NULL, 
                      values = c("#0072B2", "#CC79A7"), 
                      breaks = c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                      labels = c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid" )) + 
  labs(title = "Populations associated with OcMMP", 
       x=NULL, 
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  coord_flip() + 
  theme_classic() 
 
###### 
 
sig_deep_lefse <- c("Eggerthella", "Lachnoclostridium", "Streptococcus") 
 
view(sig_deep_lefse)   
 
agg_deep_data %>% 
  filter(taxonomy %in% sig_deep_lefse) %>% 
  mutate(taxonomy = factor (taxonomy, levels=sig_deep_lefse)) %>% 
  mutate(agg_rel_abund = agg_rel_abund + 1/25000) %>% 
  ggplot(aes(x=taxonomy, y=agg_rel_abund, color=Cohort)) + 
  geom_boxplot() +  
  scale_color_manual (name=NULL, 
                      values = c("#0072B2", "#CC79A7"), 
                      breaks = c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                      labels = c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid" )) + 
  labs(title = "Taxa with significantly higher relative abundances in OcMMP", 
       x=NULL, 
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  coord_flip() + 
  theme_classic() 
 
ggsave("relative_abundance_higher_MMP.png") 
 
#### 
 
sig_deep_lefse_lower <- c("Ruminococcaceae_ge", "UCG-005", "Roseburia", 
"NK4A214_group", "Clostridia_UCG-014_ge", "Coprococcus", "Lachnospiraceae", 
"Oscillospiraceae", "UCG-003", "Christensenellaceae_R-7_group", "UCG-002", "Oxalobacter" 
) 
 
agg_deep_data %>% 
  filter(taxonomy %in% sig_deep_lefse_lower) %>% 
  mutate(taxonomy = factor (taxonomy, levels=sig_deep_lefse_lower)) %>% 
  mutate(agg_rel_abund = agg_rel_abund + 1/25000) %>% 
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  ggplot(aes(x=taxonomy, y=agg_rel_abund, color=Cohort)) + 
  geom_boxplot() +  
  scale_color_manual (name=NULL, 
                      values = c("#0072B2", "#CC79A7"), 
                      breaks = c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                      labels = c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid" )) + 
  labs(title = "Taxa with significantly lower relative abundances in OcMMP", 
       x=NULL, 
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  coord_flip() + 
  theme_classic() 
 
ggsave("relative_abundance_lower_MMP.png") 
 
agg_deep_data %>% 
  filter(taxonomy %in% sig_deep_lefse) %>% 
  mutate(taxonomy = factor (taxonomy, levels=sig_deep_lefse)) %>% 
  nest(data = -Cohort) %>% 
  mutate(summary_data=map(data, ~summary(.x$taxonomy) %>% tidy)) %>% 
  unnest(cols=summary_data) 
 
### 
rel_abund_data <- read_excel(path="raw_data/inputfileMMPHC.opti_mcc.0.03.subsample-
1.relabund_v2.xlsx") %>% 
  select(Group, Otu0021, Otu0055, Otu0062, Otu0063, Otu0071, Otu0072, Otu0086, 
Otu0099, Otu0100, Otu0108, Otu0113, Otu0115, Otu0129, Otu0134, Otu0158, Otu0164, 
Otu0168, Otu0194, Otu0215, Otu0237, Otu0277, Otu0357, Otu0359, Otu0441) 
 
rel_abund_metadata <- inner_join(rel_abund_data, metadata, by = c("Group" = "sample"))  
 
summary(rel_abund_metadata) 
 
colnames(rel_abund_metadata)   
glimpse(rel_abund_metadata) 
 
rel_abund_metadata <- col_types=c(Group = "text", Otu0021 = "numeric", Otu0055 = 
"numeric", 
                                  Otu0062 = "numeric", Otu0063 = "numeric", Otu0071 = "numeric", 
                                  Otu0072 = "numeric", Otu0086 = "numeric", Otu0099 = "numeric", 
                                  Otu0100 = "numeric", Otu0108 = "numeric", Otu0113 = "numeric", 
                                  Otu0115 = "numeric", Otu0129 = "numeric", Otu0134 = "numeric", 
                                  Otu0158 = "numeric", Otu0164 = "numeric", Otu0168 = "numeric", 
                                  Otu0194 = "numeric", Otu0215 = "numeric", Otu0237 = "numeric", 
                                  Otu0277 = "numeric", Otu0357 = "numeric", Otu0359 = "numeric", 
                                  Otu0441 = "numeric", ID = "text", `StudyID(STUDIOUS)` = "text", 
                                  `StudyID(Biopsy)` = "text", Age = "numeric", Sex = "text", 
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                                  Cohort = "text", BMI = "numeric", Ethnicity = "text", 
                                  PPI_use = "text", Antacid = "text", Diet = "text", 
                                  `Duration of dx` = "numeric", OSDI = "numeric", 
                                  OSS_staining = "numeric", Biopsy = "text", 
Current_Systemic_Immunotherapy = "text", 
                                  `Systemic _Immunosuppression_Ever` = "text", Systemic_Steroids = 
"text", 
                                  DMARDS = "text", Biologics = "text", Tetracycline = "text") 
 
 
library("xlsx") 
 
write.xlsx(rel_abund_metadata, file = "rel_abund_metadata.xlsx") 
                                   
lefse <- read_excel(path="raw_data/lefse.xlsx") 
 
glimpse(lefse) 
 
head(lefse) 
 
 
   
 
ggplot(lefse, aes(x= reorder(Genus, LDA) , y=LDA, fill=Class))  + 
  scale_fill_manual(name=NULL, 
                    values = c("#0072B2", "#CC79A7"), 
                    breaks = c("HC", "MMP"), 
                    labels = c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid" )) + 
  geom_bar(stat="identity") + 
  labs(y = expression(Log[10]~LDA~score),  
       x = NULL)+ 
  coord_flip()+ 
  theme_classic() + 
  theme(legend.position = "top") 
 
ggsave("lefse.png") 
 
#### order 
agg_order_data <- inner_join(otu_data, taxonomy) %>% 
  group_by(sample, order) %>% 
  summarize(agg_rel_abund=sum(rel_abund)) %>% 
  inner_join(., metadata, by = "sample") %>% 
  ungroup() 
 
top_order <- agg_order_data %>%  
  group_by(order) %>% 
  summarize(median = median(agg_rel_abund)) %>% 
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  arrange((desc(median))) %>% 
  top_n(5, median) %>% 
  pull(order) 
 
view(top_order) 
 
agg_order_data %>% 
  filter(order %in% sig_order) %>% 
  mutate(order=factor(order, levels = sig_order)) %>% 
  mutate(agg_rel_abund=agg_rel_abund + 1/21000) %>% 
  ggplot(aes(x=order, y=agg_rel_abund, color=Cohort)) +  
  geom_hline(yintercept=1/10530, color="gray") + 
  geom_boxplot() +  
  scale_color_manual(name=NULL,  
                     values=c("#0072B2", "#CC79A7"), 
                     breaks=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                     labels=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid")) + 
  labs(title="Order level", 
       x=NULL,  
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  theme_classic() + 
  coord_flip() 
 
ggsave(file = "order.png", dpi=300) 
 
library(broom) 
library(purrr) 
 
order_tests <- agg_order_data %>% 
  nest(sample_data = c(-order)) %>% 
  mutate(test = map(sample_data, ~tidy(kruskal.test(agg_rel_abund~Cohort, data=.)))) %>% 
  unnest(test) %>% 
  mutate(p.value.adj=p.adjust(p.value, method="BH")) %>% 
  arrange(p.value.adj) 
 
sig_order <- order_tests %>% 
  filter(p.value.adj <= 0.05) %>% 
  pull(order) 
 
sig_order 
 
#### family 
agg_family_data <- inner_join(otu_data, taxonomy) %>% 
  group_by(sample, family) %>% 
  summarize(agg_rel_abund=sum(rel_abund)) %>% 
  inner_join(., metadata, by = "sample") %>% 
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  ungroup() 
 
top_family <- agg_family_data %>%  
  group_by(family) %>% 
  summarize(median = median(agg_rel_abund)) %>% 
  arrange((desc(median))) %>% 
  top_n(10, median) %>% 
  pull(family) 
 
view(top_family) 
 
agg_family_data %>% 
  filter(family %in% sig_family) %>% 
  mutate(family=factor(family, levels = sig_family)) %>% 
  mutate(agg_rel_abund=agg_rel_abund + 1/21000) %>% 
  ggplot(aes(x=family, y=agg_rel_abund, color=Cohort)) +  
  geom_hline(yintercept=1/10530, color="gray") + 
  geom_boxplot() +  
  scale_color_manual(name=NULL,  
                     values=c("#0072B2", "#CC79A7"), 
                     breaks=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                     labels=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid")) + 
  labs(title="Family-level", 
       x=NULL,  
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  theme_classic() + 
  coord_flip() 
 
ggsave("family.png") 
 
library(broom) 
library(purrr) 
 
family_tests <- agg_family_data %>% 
  nest(sample_data = c(-family)) %>% 
  mutate(test = map(sample_data, ~tidy(kruskal.test(agg_rel_abund~Cohort, data=.)))) %>% 
  unnest(test) %>% 
  mutate(p.value.adj=p.adjust(p.value, method="BH")) %>% 
  arrange(p.value.adj) 
 
sig_family <- family_tests %>% 
  filter(p.value.adj <= 0.05) %>% 
  pull(family) 
 
#### genus 
agg_genus_data <- inner_join(otu_data, taxonomy) %>% 
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  group_by(sample, genus) %>% 
  summarize(agg_rel_abund=sum(rel_abund)) %>% 
  inner_join(., metadata, by = "sample") %>% 
  ungroup() 
 
top_genus <- agg_genus_data %>%  
  group_by(genus) %>% 
  summarize(median = median(agg_rel_abund)) %>% 
  arrange((desc(median))) %>% 
  top_n(10, median) %>% 
  pull(genus) 
 
view(top_genus) 
 
agg_genus_data %>% 
  filter(genus %in% sig_genus) %>% 
  mutate(genus=factor(genus, levels = sig_genus)) %>% 
  mutate(agg_rel_abund=agg_rel_abund + 1/21000) %>% 
  ggplot(aes(x=genus, y=agg_rel_abund, color=Cohort)) +  
  geom_hline(yintercept=1/10530, color="gray") + 
  geom_boxplot() +  
  scale_color_manual(name=NULL,  
                     values=c("#0072B2", "#CC79A7"), 
                     breaks=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid"), 
                     labels=c("Healthy volunteer", "Ocular Mucous Membrane Pemphigoid")) + 
  labs(title="Genus-level", 
       x=NULL,  
       y="Relative abundance (%)") + 
  scale_y_log10(breaks=c(1e-4, 1e-3, 1e-2, 1e-1, 1), labels=c(1e-2, 1e-1, 1, 10, 100)) + 
  theme_classic() + 
  coord_flip() 
 
ggsave("genus.png") 
 
library(broom) 
library(purrr) 
 
genus_tests <- agg_genus_data %>% 
  nest(sample_data = c(-genus)) %>% 
  mutate(test = map(sample_data, ~tidy(kruskal.test(agg_rel_abund~Cohort, data=.)))) %>% 
  unnest(test) %>% 
  mutate(p.value.adj=p.adjust(p.value, method="BH")) %>% 
  arrange(p.value.adj) 
 
sig_genus <- genus_tests %>% 
  filter(p.value.adj <= 0.05) %>% 
  pull(genus)  
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Supplem
entary m

aterial  2.3 Cicatrising Conjunctivitis Assessm
ent Tool reproduced from

 O
ng et al 50.  
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Supplem
entary m

aterial 2.3 (cont) 
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Supplementary for Chapter 3 
 
Supplementary Table 3.1 Pilot data comparing DNA yield of dry vs. pre-moistened swab at different 
time points 

Inoculum Condition Duration 
DNA 

concentration 
(ng/µl) 

No inoculum (negative control) Dry swab 30 mins 1.27 
With inoculum Dry swab 30 mins 10.9 
With inoculum Pre-moistened swab 30 mins 1.97 

No inoculum (negative control) Dry swab 12 hours 65.6 
With inoculum Dry swab 12 hours 96.4 
With inoculum Pre-moistened swab 12 hours 22.2 

 
Freshly enucleated porcine eyes (Sus scrofa domestica) were obtained as a by-product of the 

meat industry and transported to the laboratory under storage at 4oC. Each eye was 

disinfected with Povidone-iodine 10% w/w for 1 minute, followed by two rinses of sterile 0.9% 

Sodium Chloride for 1 minute, and placed in an individual chamber of sterile 6-well culture 

plate (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). Using stereoscopic surgical loupes, 

a 4mm trephine punch (Acu-Punch®, Acuderm, Fort Lauderdale, USA) was used to create a 

single central anterior stromal corneal lesion (with debridement of the central 4mm). Each 

eye was then inoculated with 20 µL of 1x105 CFU/ml each of the mock community 

(Enterococcus avium, Staphylococcus aureus, and Klebsiella pneumoniae). Negative control 

eyes were not inoculated with the mock community. The area was re-sampled with the 

respective swab conditions (dry swab vs. pre-moistened swab with sterile 0.9% Sodium 

Chloride) at two time points (30 minutes vs. 12 hours) using Purflock® Ultra Standard (MWE 

Medical Wire, Corsham, UK) at room temperature, and placed immediately into a ZR 

BashingBead™ Lysis Tube containing 750 µl of DNA Shield™ (Zymo Research, Irvine, CA, USA) 

and stored at -80oC until DNA extraction. DNA was extracted using ZymoBIOMICS DNA 

Miniprep kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s instructions. 

DNA concentration was determined fluorometrically using a Qubit dsDNA high-sensitivity 

assay (Thermo Fisher Scientific, Waltham, MA, USA). 
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Supplementary material  3.1 Bioinformatics script written in python for clustering of reference 
databases using the CD-HIT software. 

cd-hit_clustering.py written by Liying Low 

 
# coding: UTF-8 
#! /usr/bin/python 
import sys 
import re 
import time 
import os 
 
def main(): 
    script = sys.argv[0] 
    for filename in sys.argv[1:]: 
        print(filename) 
        x = filename.rsplit ('.', 1)[0] 
        #the .rsplit function splits the filename at the '.' and returns the first chunk before the '.', because I have specified it to 
be [0] 
        print(x) 
        command = "cd-hit-est -i " + str(filename) + " -o " + str(x) + "_cluster_100.fasta -c 1.0 -T 8 -M 62900 -d 250" + " ; " 
        os.system(command) 
        #print(command) 
        command = "cd-hit-est -i " + str(filename) + " -o " + str(x) + "_cluster_99.fasta -c 0.99 -T 8 -M 62900 -d 250" + " ; " 
        os.system(command) 
        #print(command) 
        command = "cd-hit-est -i " + str(filename) + " -o " + str(x) + "_cluster_97.fasta -c 0.97 -T 8 -M 62900 -d 250" + " ; " 
        os.system(command) 
        #print(command) 
main() 
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Supplementary material  3.2 Bioinformatics script written on python for read alignment using 
minimap2. 

Nanopore_minimap2_submitjob_database.py written by Liying Low 

 
# coding: utf-8 
#! /usr/bin/python 
import os 
import re 
import time 
import sys 
 
def main(): 
    script = sys.argv[0] 
    for database in sys.argv[1:]: 
        print(database) 
        db = database.rsplit('.',1)[0] 
        print(db) 
        filepath = "/data/gridion/swabcomparison/qcat_output_folder/" 
        filelist = os.listdir(filepath) 
        print(filelist) 
        filelist = [] 
        count = 0 
        filelist = os.listdir(filepath) 
        print (filelist) 
        for fname in filelist: 
            print(fname) 
            file = (fname) 
            x = file.strip (".fastq") 
            print(x) 
            command = "minimap2 -K 100M -t 8 -ax map-ont " + str(database) + " " + str(filepath) + str(fname) + " > " + 
"alignments/" + str(x) + "_aligned_" + str(db) + ".sam" + " ; "  
            os.system(command) 
            #print(command) 
            print("Finished") 
 
main() 
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Supplementary material  3.3 Bioinformatics script written in python for read filtering, sorting, and 
indexing using SAMtools. 

samtools_submit_job_divided_filtered_not_q30_v2.py written by Liying Low 

 
 # coding: utf-8 
#! /usr/bin/python 
import os 
import re 
import time 
 
alignmentpath = "./alignments/" 
print (alignmentpath) 
 
bamoutputpath = "./bam_output_filtered_not_q30_ncbi/" 
print (bamoutputpath) 
 
command = "mkdir " + str(bamoutputpath) 
os.system(command) 
#print(command) 
 
txtoutputpath = "./txt_output_filtered_not_q30_ncbi/" 
 
command = "mkdir " + str(txtoutputpath) 
os.system(command) 
#print(command) 
 

txtoutputpath_divided = "./txt_output_filtered_divided_not_q30/" 
command = "mkdir " + str(txtoutputpath_divided) 
os.system(command) 
#print(command) 
 
alignmentlist = os.listdir(alignmentpath) 
print (alignmentlist) 
 

for aname in alignmentlist: 
    print(aname) 
    alignment = (aname) 
    y = re.sub(".sam", "", aname) 
    print(y) 
    command = "samtools view --threads 8 -b -F 2308 " + str(alignmentpath) + str (aname) + " -o " + str(bamoutputpath) +   
str(y) + "_combinedflags_notq30.bam" + " ; " 
    os.system(command) 
#    print(command) 
 
#SAM flag 2308: read unmapped (0X4), not primary alignment (0x100) and supplementary alignment (0x800) 
 
    command = "samtools sort " + str(bamoutputpath) + str(y) + "_combinedflags_notq30.bam" + " -o " + 
str(bamoutputpath) + str(y) + "_combinedflags_notq30_sorted.bam" + " ; " 
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    os.system(command) 
#    print(command)  
 
    command = "samtools index " + str(bamoutputpath) + str(y) + "_combinedflags_notq30_sorted.bam" + " ; " 
    os.system(command) 
#    print(command) 
 
    command = "samtools idxstats " + str(bamoutputpath) + str(y) + "_combinedflags_notq30_sorted.bam" + " > " + 
str(txtoutputpath) + str(y) + "_combinedflags_notq30_sorted.txt" + " ; " 
    os.system(command) 
#    print(command) 
 
#    keyword = 'RDP' 
#    if keyword in aname: 
#        command = "python3 divide_by_underscore_RDP.py " + str(txtoutputpath) + str(y) +  
"_combinedflags_notq30_sorted.txt" + " > " + str(txtoutputpath_divided) + str(y) + 
"_combinedflags_notq30_sorted_dividedbyunderscores.txt" + " ; " 
#        os.system(command) 
#        print(command) 
 
#    keyword_1 = 'SILVA' 
#   if keyword_1 in aname: 
#        command = "sed '$d' " + str(txtoutputpath) + str(y) + "_combinedflags_notq30_sorted.txt"  + " > " + 
str(txtoutputpath) + str(y) + "_combinedflags_notq30_sorted_last_line_removed.txt ; " 
#        os.system(command) 
#        print(command) 
#        command = "rm " + str(txtoutputpath) + str(y) + " ; " 
#        os.system(command) 
#        print(command) 
     
#        command = "python3 divide_by_underscore_SILVA.py " + str(txtoutputpath) + str(y) + 
"_combinedflags_notq30_sorted_last_line_removed.txt" + " > " + str(txtoutputpath_divided) + str(y) + 
"_combinedflags_notq30_sorted_last_line_removed_dividedbyunderscores.txt" + " ; " 
#        os.system(command) 
#        print(command) 
 
    keyword_2 = 'ncbi' 
    if keyword_2 in aname: 
        command = "python3 divide_by_underscore.py " + str(txtoutputpath) + str(y) +  "_combinedflags_notq30_sorted.txt" 
+ " > " + str(txtoutputpath_divided) + str(y) + "_combinedflags_notq30_sorted_dividedbyunderscores.txt" + " ; " 
        os.system(command) 
#        print(command) 
        print("Finished") 
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Supplementary material  3.4 Bioinformatics script written in python for removing the last redundant 
line on SILVA reference database. 

SILVA_remove_last_line.py written by Liying Low 

 
# coding: UTF-8 
#! /usr/bin/python 
 
import os 
import re 
import sys 
 
 

script = sys.argv[0] 
inputpath = sys.argv[1] 
print(inputpath) 
outputpath = sys.argv[2] 
print(outputpath) 
command = "mkdir " + str(outputpath) 
os.system(command) 
#print(command) 
 
filelist = os.listdir(inputpath) 
#print(filelist) 
 
for filename in filelist: 
    print(filename) 
    x = re.sub(".txt", "", filename) 
    print(x) 
 
    command = "sed '$d' " + str(inputpath) + "/" + str(filename) + " > " + str(outputpath) + "/" + str(x) + 
"_last_line_removed.txt ;" 
    os.system(command) 
    #print(command) 
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Supplementary material  3.5 Python script for dividing the taxonomic assignments into genus and 
species groupings. 

divide_by_underscore.py script obtained from Prof Nicholas Loman. 

 
 
import sys 
import csv 
 
for rec in csv.reader(open(sys.argv[1]), dialect='excel-tab'): 
    #print (rec) 
 
    header_line = rec[0] 
 
    columns = header_line.split("_") 
    if len(columns) > 2: 
        genus = columns[2] 
        species = columns[2] + " " + columns[3] 
 
        print ("\t".join([genus, species, rec[1], rec[2], rec[3]])) 
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Supplementary material  3.6 Python script for calculating relative abundances of taxa from 16S 
nanopore output. 

nanopore_MK_genus_species_assignment_by_directory.py written by Liying Low 
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Supplem
entary Table 3.2 Com

paring the effects of using N
CBI 16S, RD

P and SILVA databases at different levels of clustering (97%
, 99%

 and 100%
 sim

ilarity) 
on patient sam

ples 

 

 
  

 

Patient A Affected Eye - Culture: Serratia m
arcescens

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
N

um
ber 

of reads
Cluster

#M
apped

Relative 
abundance

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
612600

97%
 sim

ilarity
612792

97%
 sim

ilarity
610279

97%
 sim

ilarity
Enterobacter soli

425586
69.47

Pectobacterium
 aroidearum

291442
47.56

Serratia m
arcescens

561823
92.06

Serratia rubidaea
60511

9.88
Enterobacter soli

240393
39.23

Lelliottia am
nigena

6084
1.00

Serratia liquefaciens
39320

6.42
Serratia vespertilionis

18516
3.02

Klebsiella pneum
oniae

4185
0.69

G
ibbsiella dentisursi

27820
4.54

Serratia rubidaea
17540

2.86
Kluyvera ascorbata

4006
0.66

Serratia odorifera
20522

3.35
G

ibbsiella dentisursi
14993

2.45
Staphylococcus aureus

2345
0.38

613214
99%

 sim
ilarity

613244
99%

 sim
ilarity

610876
99%

 sim
ilarity

Serratia m
arcescens

550188
89.72

Serratia m
arcescens

555615
90.60

Serratia m
arcescens

408294
66.84

Klebsiella aerogenes
12622

2.06
Kluyvera ascorbata

6236
1.02

Serratia nem
atodiphila

150295
24.60

Citrobacter gillenii
3770

0.61
Citrobacter gillenii

4522
0.74

Klebsiella pneum
oniae

4160
0.68

Raoultella ornithinolytica
3126

0.51
Enterobacter soli

3404
0.56

Kluyvera ascorbata
3463

0.57
Kluyvera ascorbata

2573
0.42

Citrobacter m
urliniae

3075
0.50

Raoultella ornithinolytica
2250

0.37

613482
100%

 sim
ilarity

613385
100%

 sim
ilarity

610637
100%

 sim
ilarity

Serratia m
arcescens

497995
81.18

Serratia m
arcescens

499687
81.46

Serratia m
arcescens

510738
83.64

Serratia nem
atodiphila

60000
9.78

Serratia nem
atodiphila

64090
10.45

Escherichia coli
41634

6.82
Klebsiella aerogenes

9247
1.51

Kluyvera ascorbata
5039

0.82
Klebsiella pneum

oniae
5054

0.83
Kluyvera ascorbata

1981
0.32

Citrobacter gillenii
2624

0.43
Serratia ureilytica

3399
0.56

Cutibacterium
 acnes

1942
0.32

Propionibacterium
 acnes

1942
0.32

Serratia nem
atodiphila

2787
0.46

N
CBI 16S 

RD
P 

SILVA 
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Supplem
entary Table 3.2 (cont)  

  

 
  

 

Patient A - U
naffected Eye

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
N

um
ber 

of reads
Cluster

#M
apped

Relative 
abundance

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
28

97%
 sim

ilarity
28

97%
 sim

ilarity
29

97%
 sim

ilarity
Enterobacter soli

7
25.00

Enterobacter soli
4

14.29
Serratia m

arcescens
7

24.14
Streptococcus cristatus

3
10.71

Pectobacterium
 aroidearum

4
14.29

Clostridiales bacterium
2

6.90
Enterococcus hirae

2
7.14

Clostridium
 aldrichii

2
7.14

Streptococcus cristatus
2

6.90
Peptoniphilus duerdenii

2
7.14

Peptoniphilus duerdenii
2

7.14
Peptoniphilus duerdenii

2
6.90

Streptococcus iniae
2

7.14
Enterococcus phoeniculicola

2
7.14

Streptococcus parauberis
1

3.45

28
99%

 sim
ilarity

28
99%

 sim
ilarity

29
99%

 sim
ilarity

Serratia m
arcescens

8
28.57

Serratia m
arcescens

8
28.57

Serratia m
arcescens

5
17.24

Streptococcus cristatus
3

10.71
Streptococcus cristatus

3
10.71

Streptococcus cristatus
3

10.34
Hungateiclostridium

 cellulolyticum
2

7.14
Streptococcus parauberis

2
7.14

Enterococcus devriesei
2

6.90
Enterococcus avium

2
7.14

Enterococcus avium
2

7.14
Clostridiales bacterium

2
6.90

Streptococcus parauberis
2

7.14
Peptoniphilus duerdenii

2
7.14

Peptoniphilus duerdenii
2

6.90

28
100%

 sim
ilarity

28
100%

 sim
ilarity

29
100%

 sim
ilarity

Serratia m
arcescens

6
21.43

Serratia m
arcescens

7
25.00

Serratia m
arcescens

7
24.14

Streptococcus cristatus
3

10.71
Streptococcus cristatus

3
10.71

Streptococcus cristatus
3

10.34
Hungateiclostridium

 cellulolyticum
2

7.14
Enterococcus avium

2
7.14

Enterococcus avium
3

10.34
Streptococcus parauberis

2
7.14

Acetivibrio cellulolyticus
2

7.14
Peptoniphilus duerdenii

2
6.90

Enterococcus avium
2

7.14
Streptococcus parauberis

2
7.14

Streptococcus parauberis
2

6.90

N
CBI 16S 

RD
P 

SILVA 
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Supplem
entary Table 3.2 (cont) 

  

 
    

 

Patient A - N
egative control sw

ab

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
N

um
ber 

of reads
Cluster

#M
apped

Relative 
abundance

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
26

97%
 sim

ilarity
26

97%
 sim

ilarity
27

97%
 sim

ilarity
Enterobacter soli

13
50.00

Enterobacter soli
12

46.15
Serratia m

arcescens
6

22.22
Enterococcus hirae

4
15.38

Staphylococcus aureus
3

11.54
Klebsiella quasipneum

oniae
4

14.81
Staphylococcus aureus

3
11.54

M
elissococcus plutonius

1
3.85

Enterococcus faecium
3

11.11
M

oraxella osloensis
1

3.85
Corynebacterium

 m
astitidis

1
3.85

Staphylococcus aureus
3

11.11
M

ethylorubrum
 thiocyanatum

1
3.85

M
ethylobacterium

 thiocyanatum
1

3.85
Klebsiella pneum

oniae
2

7.41

26
99%

 sim
ilarity

26
99%

 sim
ilarity

26
99%

 sim
ilarity

Klebsiella pneum
oniae

6
23.08

Klebsiella pneum
oniae

7
26.92

Klebsiella pneum
oniae

6
23.08

Serratia m
arcescens

5
19.23

Serratia m
arcescens

5
19.23

Serratia m
arcescens

5
19.23

Enterococcus avium
4

15.38
Enterococcus avium

4
15.38

Enterococcus avium
3

11.54
Staphylococcus aureus

2
7.69

Staphylococcus aureus
2

7.69
Staphylococcus aureus

2
7.69

Staphylococcus saccharolyticus
1

3.85
Corynebacterium

 m
astitidis

1
3.85

synthetic construct
1

3.85

26
100%

 sim
ilarity

26
100%

 sim
ilarity

27
100%

 sim
ilarity

Klebsiella pneum
oniae

6
23.08

Serratia m
arcescens

5
19.23

Klebsiella pneum
oniae

6
22.22

Enterococcus avium
4

15.38
Enterococcus avium

4
15.38

Serratia m
arcescens

4
14.81

Serratia m
arcescens

4
15.38

Klebsiella quasipneum
oniae

3
11.54

Staphylococcus aureus
3

11.11
Staphylococcus aureus

2
7.69

Klebsiella pneum
oniae

3
11.54

Enterococcus avium
3

11.11
Kluyvera ascorbata

1
3.85

Staphylococcus argenteus
2

7.69
bacterium

 N
TL235

1
3.70

RD
P 

SILVA 
N

CBI 16S 
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Supplem
entary Table 3.2 (cont)  

 

 
   

 

Patient B Affected Eye - Culture: N
egative

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
N

um
ber 

of reads
Cluster

#M
apped

Relative 
abundance

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
92702

97%
 sim

ilarity
92725

97%
 sim

ilarity
89250

97%
 sim

ilarity
Bacillus velezensis

35498
38.29

Bacillus licheniform
is

33919
36.58

Bacillus subtilis
32176

36.58
Staphylococcus aureus

12430
13.41

Staphylococcus aureus
12497

13.48
Staphylococcus caprae

10072
13.48

Aggregatibacter segnis
4238

4.57
Aggregatibacter segnis

4558
4.92

Aggregatibacter segnis
5061

4.92
Cutibacterium

 acnes
3018

3.26
Propionibacterium

 acnes
3023

3.26
Telluria m

ixta
2996

3.26
M

oraxella osloensis
2658

2.87
Erw

inia billingiae
2666

2.88
Propionibacterium

 acnes
2985

2.88

92786
99%

 sim
ilarity

92813
99%

 sim
ilarity

84071
99%

 sim
ilarity

Bacillus halotolerans
29589

31.89
Bacillus am

yloliquefaciens
31441

33.88
Bacillus subtilis

26535
33.88

Staphylococcus saccharolyticus
12063

13.00
Staphylococcus caprae

11801
12.71

Staphylococcus epiderm
idis

9352
12.71

Bacillus velezensis
5794

6.24
Aggregatibacter segnis

4505
4.85

Aggregatibacter segnis
5092

4.85
Aggregatibacter segnis

4189
4.51

Bacillus subtilis;
3995

4.30
Propionibacterium

 acnes
2858

4.30
Cutibacterium

 acnes
3002

3.24
Propionibacterium

 acnes
3017

3.25
Erw

inia billingiae
2308

3.25

92810
100%

 sim
ilarity

92844
100%

 sim
ilarity

86792
100%

 sim
ilarity

Bacillus subtilis
33188

35.76
Bacillus subtilis

25842
11.22

Bacillus subtilis
27889

11.22
Staphylococcus caprae

5875
6.33

Staphylococcus caprae
10413

9.72
Staphylococcus capitis

8881
9.72

Staphylococcus saccharolyticus
5206

5.61
Bacillus am

yloliquefaciens
9021

4.94
Aggregatibacter segnis

5061
4.94

Aggregatibacter segnis
4109

4.43
Aggregatibacter segnis

4584
3.25

Staphylococcus epiderm
idis

3054
3.25

Cutibacterium
 acnes

2998
3.23

Propionibacterium
 acnes

3018
0.00

M
assilia putida

2180
0.00

N
CBI 16S 

RD
P 

SILVA 
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Supplem
entary Table 3.2 (cont)  

  

 
  

 

Patient B - U
naffected Eye

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
N

um
ber 

of reads
Cluster

#M
apped

Relative 
abundance

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
1302

97%
 sim

ilarity
1301

97%
 sim

ilarity
1270

97%
 sim

ilarity
Snodgrassella alvi

970
74.5

Snodgrassella alvi
972

74.71
Snodgrassella alvi

931
73.31

Escherichia fergusonii
64

4.92
Shigella sonnei

65
5.00

Escherichia coli
57

4.49
Anoxybacillus kam

chatkensis
50

3.84
Anoxybacillus kam

chatkensis
50

3.84
Anoxybacillus gonensis

47
3.70

Therm
icanus aegyptius

20
1.54

Eikenella corrodens
22

1.69
Vitreoscilla stercoraria

31
2.44

Bacillus toyonensis
18

1.38
Therm

icanus aegyptius
20

1.54
Therm

icanus aegyptius
20

1.57

1300
99%

 sim
ilarity

1301
99%

 sim
ilarity

1236
99%

 sim
ilarity

Snodgrassella alvi
948

72.92
Snodgrassella alvi

958
73.64

Snodgrassella alvi
900

72.82
Escherichia fergusonii

55
4.23

Shigella sonnei
60

4.61
Escherichia coli

59
4.77

Anoxybacillus flavitherm
us

45
3.46

Anoxybacillus flavitherm
us

45
3.46

Anoxybacillus pushchinoensis
35

2.83
Therm

icanus aegyptius
20

1.54
Therm

icanus aegyptius
20

1.54
Therm

icanus aegyptius
20

1.62
Eikenella corrodens

20
1.54

Eikenella corrodens
19

1.46
Eikenella corrodens

16
1.29

1301
100%

 sim
ilarity

1302
100%

 sim
ilarity

1230
100%

 sim
ilarity

Snodgrassella alvi
935

71.87
Snodgrassella alvi

950
72.96

Snodgrassella alvi
861

70.00
Escherichia fergusonii

48
3.69

Escherichia/Shigella flexneri
49

3.76
Anoxybacillus flavitherm

us
51

4.15
Anoxybacillus flavitherm

us
35

2.69
Anoxybacillus flavitherm

us
45

3.46
Escherichia coli

51
4.15

Eikenella corrodens
24

1.84
Therm

icanus aegyptius
20

1.54
Eikenella corrodens

37
3.01

Therm
icanus aegyptius

20
1.54

Eikenella corrodens
18

1.38
Therm

icanus aegyptius
20

1.63

N
CBI 16S 

RD
P 

SILVA 
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Supplem
entary Table 3.2 (cont)  

  

 
 

 

Patient B - N
egative control sw

ab

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
N

um
ber 

of reads
Cluster

#M
apped

Relative 
abundance

N
um

ber 
of reads

Cluster
#M

apped
Relative 

abundance
6

97%
 sim

ilarity
6

97%
 sim

ilarity
6

97%
 sim

ilarity
Enterobacter soli

2
33.33

Enterobacter soli
3

50.00
Klebsiella quasipneum

oniae
2

33.33
Staphylococcus aureus

2
33.33

Staphylococcus aureus
2

33.33
Staphylococcus aureus

2
33.33

Salm
onella enterica

1
16.67

Enterococcus faecium
1

16.67
Klebsiella pneum

oniae
1

16.67
Enterococcus hirae

1
16.67

Enterococcus faecium
1

16.67

6
99%

 sim
ilarity

6
99%

 sim
ilarity

6
99%

 sim
ilarity

Klebsiella pneum
oniae

3
50.00

Klebsiella pneum
oniae

3
50.00

Klebsiella pneum
oniae

3
50.00

Staphylococcus aureus
2

33.33
Staphylococcus aureus

2
33.33

Staphylococcus aureus
2

33.33
Enterococcus avium

1
16.67

Enterococcus avium
1

16.67
Enterococcus avium

1
16.67

6
100%

 sim
ilarity

6
100%

 sim
ilarity

6
100%

 sim
ilarity

Klebsiella pneum
oniae

3
50.00

Klebsiella pneum
oniae

3
50.00

Klebsiella pneum
oniae

3
50.00

Staphylococcus aureus
2

33.33
Staphylococcus aureus

2
33.33

Staphylococcus aureus
2

33.33
Enterococcus avium

1
16.67

Enterococcus avium
1

16.67
Enterococcus avium

1
16.67

N
CBI 16S 

RD
P 

SILVA 
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Supplem
entary for Chapter 4  

Supplem
entary Table  4.1 Sequences detected in negative controls for full-length 16S rRN

A nanopore sequencing runs. 

 

 

Barcode 
(M

apped reads 
(%

total reads in 
run)

N
C - Saponin (30/7/19)

R
un 1

Barcode 
(M

apped reads 
(%

total reads in 
run)

N
C - 8/9/19

R
un 2

Barcode 
(M

apped reads 
(%

total reads 
in run)

N
C -20190610 D

neasy Q
iagen

R
un 3

16S06
Species

#M
apped

%
R

elative 
abundance

16S04
Species

#M
apped

%
R

elative 
abundance

16S01
Species

#M
apped

%
R

elative 
abundance

94504 (0.99%
)

A
literella antarctica

29631
31.35

7528 (0.546%
)

H
aem

ophilus parainfluenzae
1975

26.24
67 (0.001%

)
Lactobacillus ferm

entum
24

35.82

Sphingom
onas m

etalli
4500

4.76
Streptococcus parasanguinis

594
7.89

Burkholderia contam
inans

23
34.33

Sphingom
onas roseiflava

3328
3.52

Streptococcus m
itis

593
7.88

Burkholderia m
etallica

4
5.97

Truepera radiovictrix
3286

3.48
Streptococcus oralis

477
6.34

Burkholderia lata
3

4.48

Rubrobacter radiotolerans
2360

2.50
N

eisseria perflava
347

4.61
Burkholderia arboris

2
2.99

Rhodocytophaga aerolata
2251

2.38
Streptococcus salivarius

338
4.49

Escherichia fergusonii
2

2.99

Potam
olinea m

agna
1823

1.93
V

eillonella parvula
336

4.46
Streptococcus sanguinis

2
2.99

Cylindrosperm
um

 stagnale
1789

1.89
V

eillonella dispar
236

3.13
Bacillus subtilis

2
2.99

Kallotenue papyrolyticum
1735

1.84
N

eisseria sicca
227

3.02
Enterococcus faecalis

1
1.49

Sphingom
onas m

ali
1534

1.62
V

eillonella infantium
159

2.11
M

oraxella osloensis
1

1.49

G
enus

#M
apped

%
R

elative 
abundance

G
enus

#M
apped

%
R

elative 
abundance

G
enus

#M
apped

%
R

elative 
abundance

A
literella

29631
31.35

Streptococcus
2500

33.21
Burkholderia

33
49.25

Sphingom
onas

17839
18.88

H
aem

ophilus
2045

27.17
Lactobacillus

24
35.82

Truepera
3286

3.48
V

eillonella
853

11.33
Bacillus

3
4.48

Brasilonem
a

3051
3.23

N
eisseria

764
10.15

Escherichia
2

2.99

Potam
olinea

2528
2.68

Cam
pylobacter

211
2.80

Streptococcus
2

2.99

Rubrobacter
2401

2.54
G

ranulicatella
177

2.35
Salm

onella
1

1.49

Rhodocytophaga
2251

2.38
Sphingom

onas
171

2.27
M

oraxella
1

1.49

Cylindrosperm
um

1796
1.90

G
em

ella
80

1.06
Enterococcus

1
1.49

Kallotenue
1735

1.84
A

ggregatibacter
63

0.84

N
itratireductor

1456
1.54

Capnocytophaga
61

0.81



 
 

 

Page 222 of 230 

  Supplem
entary Table  4.2 Sequences detected in negative controls for w

hole genom
e nanopore sequencing runs. 

 

 

Sam
ple ID

N
C - saponified - 30/7/2019

Sam
ple ID

N
C - N

o saponin  01/08/2019
Sam

ple ID
N

C - 8/8/19
Run 

N
anopore W

G
S Run 1 

Run 
N

anopore W
G

S Run 1 
Run 

N
anopore W

G
S Run 2

Barcode
RLB-BC06

Barcode
RLB-BC12

Barcode
RLB-BC06

Total Reads
381789

Total Reads
197

Total Reads
180068

Total hum
an reads

130153
Total hum

an reads
169

Total hum
an reads

21495
%

hum
an reads

34.09
%

hum
an reads

85.7868
%

hum
an reads

11.94
Total non-hum

an reads
251636

Total non-hum
an reads

28
Total non-hum

an reads
158573

%
non-hum

an reads
65.91

%
non-hum

an reads
14.2132

%
non-hum

an reads
88.06

Genus
# Genus 
Reads

%
Relative 

abundance
Genus

# Genus 
Reads

%
Relative 

abundance
Genus

# Genus 
Reads

%
Relative 

abundance
A

cinetobacter
42264

16.80
Cutibacterium

6
21.43

M
esorhizobium

20273
12.78

Escherichia
11684

4.64
Staphylococcus

2
7.14

Rhizobium
8543

5.39
G

lutam
icibacter

5954
2.37

Cyanothece
1

3.57
Phyllobacterium

4591
2.90

Colw
ellia

4573
1.82

Singulisphaera
1

3.57
A

grobacterium
4005

2.53
O

scillatoria
3118

1.24
Planctom

yces
1

3.57
Chelativorans

3534
2.23

Phialophora
2225

0.88
Sinorhizobium

3401
2.14

M
icrocystis

2163
0.86

Bacillus
2951

1.86
Chroococcidiopsis

1707
0.68

Cutibacterium
2726

1.72
Therm

osynechococcus
1338

0.53
A

m
inobacter

2486
1.57

Exophiala
1217

0.48
Kocuria

2437
1.54

Species
# Species 
Reads

%
Relative 

abudance
Species

# Species 
Reads

%
Relative 

abudance
Species

# Species 
Reads

%
Relative 

abudance
Escherichia coli

11679
4.64

Staphylococcus epiderm
idis

1
3.57

M
esorhizobium

 loti
9186

5.79
A

cinetobacter schindleri
10683

4.25
Staphylococcus aureus

1
3.57

Phyllobacterium
 sp. Tri-48

4591
2.90

G
lutam

icibacter arilaitensis
5954

2.37
M

esorhizobium
 australicum

3804
2.40

A
cinetobacter baum

annii
4805

1.91
Chelativorans sp. BN

C1
3534

2.23
Colw

ellia sp. M
T41

4461
1.77

Bacillus subtilis
2833

1.79
A

cinetobacter junii
4278

1.70
Cutibacterium

 acnes
2725

1.72
A

cinetobacter pittii
3365

1.34
A

m
inobacter am

inovorans
2486

1.57
O

scillatoria nigro-viridis
3118

1.24
Kocuria rhizophila

2423
1.53

A
cinetobacter sp. TG

L-Y2
2781

1.11
M

esorhizobium
 ciceri

2300
1.45

Phialophora attae
2225

0.88
Rhizobium

 legum
inosarum

2224
1.40
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Supplem
entary Table 4.2 (cont)  

 

 

Sam
ple ID

N
C - 8/9/19

Sam
ple ID

N
C - 02/07/2019

Sam
ple ID

N
C - saponin 14/08/19

Run 
N

anopore W
G

S Run 2
Run 

N
anopore W

G
S Run 3

Run 
N

anopore W
G

S Run 3
Barcode

RLB-BC10
Barcode

RLB-BC01
Barcode

RLB-BC12

Total Reads
239920

Total Reads
9

Total Reads
34

Total hum
an reads

140863
Total hum

an reads
8

Total hum
an reads

30
%

hum
an reads

58.71
%

hum
an reads

88.89
%

hum
an reads

88.235294
Total non-hum

an reads
99057

Total non-hum
an reads

1
Total non-hum

an reads
4

%
non-hum

an reads
41.29

%
non-hum

an reads
11.11

%
non-hum

an reads
11.764706

Genus
# Genus 
Reads

%
Relative 

abundance
Genus

# Genus 
Reads

%
Relative 

abundance
Genus

# Genus 
Reads

%
Relative 

abundance
Cutibacterium

23760
23.99

Staphylococcus
1

100
Staphylococcus

3
75

A
cinetobacter

5299
5.35

Phietavirus
1

25
Pseudom

onas
2643

2.67
Salm

onella
1166

1.18
Brevibacterium

1160
1.17

N
ovosphingobium

843
0.85

Sphingom
onas

659
0.67

Planococcus
639

0.65
Burkholderia

576
0.58

A
rthrobacter

549
0.55

Species
# Species 
Reads

%
Relative 

abudance
Species

# Species 
Reads

%
Relative 

abudance
Species

# Species 
Reads

%
Relative 

abudance
Cutibacterium

 acnes
23755

23.98
Staphylococcus epiderm

idis
1

100
Staphylococcus epiderm

idis
2

50
Escherichia coli

403
0.41

Staphylococcus aureus
1

25
A

rthrobacter sp. LS16
258

0.26
Staphylococcus virus PH

15
1

25
A

rthrobacter sp. YC-RL1
245

0.25
Sphingom

onas w
ittichii

199
0.20

N
ovosphingobium

 sp. PP1Y
101

0.10
Corynebacterium

 falsenii
67

0.07
M

icrosporum
 canis

57
0.06

Eutypa lata
40

0.04
Kocuria rhizophila

39
0.04
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 Supplem
entary Table  4.3 Sequences detected in negative controls for w

hole genom
e Illum

ina sequencing runs. 

 

 
 

 

Sam
ple ID 

NC-80919
Sam

ple ID 
NC-RUN1

Sam
ple ID 

NC-RUN2
Run 

Illum
ina W

GS Run 3 
Run 

Illum
ina W

GS Run 1
Run 

Illum
ina W

GS Run 2
Total non-m

am
m

alian reads
1264931

Total non-m
am

m
alian reads

152590
Total non-m

am
m

alian reads
1903374

Species
#Reads

%
Relative 

abundance
Species

#Reads
%

Relative 
abundance

Species
#Reads

%
Relative 

abundance
M

esorhizobium
 loti

174950
13.83

Stenotrophom
onas m

altophilia
9091

5.96
Elaeophora elaphi

147817
7.77

Sinorhizobium
 m

eliloti
139193

11.00
Delftia sp. Cs1-4

7059
4.63

Stenotrophom
onas m

altophilia
129088

6.78
Delftia sp. Cs1-4

137585
10.88

Delftia acidovorans
6878

4.51
Delftia sp. Cs1-4

101048
5.31

M
ethylobacterium

 oryzae
124577

9.85
Pseudom

onas fluorescens
6603

4.33
Delftia acidovorans

100261
5.27

Burkholderia lata
59309

4.69
m

arine m
etagenom

e
4870

3.19
Pseudom

onas fluorescens
91119

4.79
Delftia acidovorans

46079
3.64

Actinoplanes utahensis
4362

2.86
M

esorhizobium
 loti

71456
3.75

Rhizobium
 legum

inosarum
36113

2.85
M

ethylobacterium
 populi

3123
2.05

Sinorhizobium
 m

eliloti
49069

2.58
m

arine m
etagenom

e
27585

2.18
M

ethylobacterium
 extorquens

3084
2.02

M
ethylobacterium

 populi
45154

2.37
Burkholderia am

bifaria
21596

1.71
Actinoplanes friuliensis

3024
1.98

M
ethylobacterium

 extorquens
39715

2.09
Ralstonia m

annitolilytica
20896

1.65
Pseudom

onas aeruginosa
2701

1.77
M

esorhizobium
 huakuii

37906
1.99
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Supplementary material  4.1 Bioinformatics script written in python for alignment and subsequent 
removal of human reads using minimap2 and SAMtools. 

nanopore_minimap2_submitjob_endophalmitis_wgs_GRCh38v1.py written by Liying Low 

 
# coding: utf-8 
#! /usr/bin/python 
import os 
import re 
import time 
import sys 
 
filepath = 
"/data/endophthalmitis_wgs/20190805_WGS_Nanopore_UK_Endo_Run1/qcat_output_folder" 
print(filepath) 
filelist = os.listdir(filepath) 
print(filelist) 
filelist = [] 
count = 0 
filelist = os.listdir(filepath) 
print (filelist) 
for fname in filelist: 
    print(fname) 
    file = (fname) 
    x = file.strip (".fastq") 
    print(x) 
    command = "minimap2 -K 100M -t 8 -ax map-ont 
/data/endophthalmitis_wgs/GRCh38.mmi " + str(filepath) + str(fname) + " > " + 
"alignments/" + str(x) + "_aligned_GRCh38" + ".sam" + " ; "  
    #os.system(command) 
    print(command) 
    print("Finished") 
#  
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Supplementary material  4.2 Bioinformatics script written in python for alignment of reads to 
reference genomes using minimap2 and SAMtools. 

nanopore_minimap2_submitjob_endophalmitis_wgs_GRCh38v1.py written by Liying Low 

 
# coding: utf-8 
#! /usr/bin/python 
import os 
import re 
import time 
 
alignmentpath = "./alignedto_referencegenome_nseq004_005/" 
print (alignmentpath) 
 
bamoutputpath = "./bam_output_filtered_nseq004_005/" 
print (bamoutputpath) 
 
command = "mkdir " + str(bamoutputpath) 
os.system(command) 
#print(command) 
 
txtoutputpath = "./txt_output_filtered_nseq004_005/" 
 
command = "mkdir " + str(txtoutputpath) 
os.system(command) 
#print(command) 
 
bedtools_outputpath = "./bedtools_output_nseq004_005/" 
command = "mkdir " + str(bedtools_outputpath) 
os.system(command) 
#print(command) 
 
alignmentlist = os.listdir(alignmentpath) 
print (alignmentlist) 
 

for aname in alignmentlist: 
    print(aname) 
    alignment = (aname) 
    y = re.sub(".sam", "", aname) 
    print(y) 
    command = "samtools view --threads 8 -b -F 2308 -q 30 " + str(alignmentpath) + 
str (aname) + " -o " + str(bamoutputpath) +   str(y) + "_combinedflags_q30.bam" + " 
; " 
    os.system(command) 
#    print(command) 
 
#SAM flag 2308: read unmapped (0X4), not primary alignment (0x100) and 
supplementary alignment (0x800) 
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    command = "samtools sort " + str(bamoutputpath) + str(y) + 
"_combinedflags_q30.bam" + " -o " + str(bamoutputpath) + str(y) + 
"_combinedflags_q30_sorted.bam" + " ; " 
    os.system(command) 
#    print(command)  
 
    command = "samtools index " + str(bamoutputpath) + str(y) + 
"_combinedflags_q30_sorted.bam" + " ; " 
    os.system(command) 
#    print(command) 
 
    command = "samtools idxstats " + str(bamoutputpath) + str(y) + 
"_combinedflags_q30_sorted.bam" + " > " + str(txtoutputpath) + str(y) + 
"_combinedflags_q30_sorted.txt" + " ; " 
    os.system(command) 
#    print(command) 
 
    command = "bedtools genomecov -ibam " + str(bamoutputpath) + str(y) + 
"_combinedflags_q30_sorted.bam -d -split > " + str(bedtools_outputpath) + str(y) + 
"_combinedflags_q30_sorted_split" 
    os.system(command) 
#    print(command) 
 
    print("Finished") 
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Supplementary material  4.3 Python script for calculating breadth of coverage, mean alignment 
depth and coverage. 

Alignment_to_histogram_trial_by_directory.py written by Liying Low 
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Supplementary material  4.4 Python script for calculating relative abundances of taxa from Illumina 
WGS output. 

Illumina_WGS_genus_by_directory.py written by Liying Low 
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Low L, et al. Evaluation of Full-Length Nanopore 16S Sequencing for Detection of Pathogens 
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