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ABSTRACT 

Introduction: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) pathogenesis is 

thought to be multisystemic, including the immune and gastrointestinal systems. A proportion of 

patients experience gastrointestinal disturbances with evidence suggesting a leaky gut. It was 

hypothesised that a leaky gut and microbial translocation causes a breach in immune tolerance, 

promoting inflammation and autoimmunity. 

Aims: A) determine whether severe ME/CFS patients have increased systemic and mucosal 

immunoglobulin (Ig) reactivity to the intestinal microbiome, and B) determine which intestinal 

microbes serum IgG was directed against. 

Methods: Serum and stool samples were collected from five pairs of severe ME/CFS patients and 

matched household controls. Enzyme linked immunosorbent assays were developed to quantify 

IgG in serum, bound and non-bound IgA in stool and serum IgG levels reactive with autologous and 

heterologous stool bacteria. Flow cytometry methods were developed to quantify both stool 

microbial load and the proportion of stool microbes reactive with mucosal IgA and serum IgG. A 

‘bug FACS’ method was developed to identify and quantify serum IgG reactivity to stool bacteria 

and fungi. 

Results: The main finding was that severe ME/CFS patients have significantly lower levels of serum 

IgG reactive to heterologous stool bacteria compared to their matched household controls. In 

addition, severe ME/CFS patients do not have higher levels of serum IgG reactive to heterologous 

stool bacteria than autologous stool bacteria. Severe ME/CFS patients also have a non-significant 

increase of IgG binding to Campylobacter jejuni and Pseudomonas viridiflava compared to their 

matched household controls. Analysis of mucosal IgA found ME/CFS patients with a long disease 

duration had higher microbe bound IgA concentrations compared to their matched household 

controls.    

Conclusion: This thesis presents results from the first ME/CFS study to investigate serum IgG 

immune reactivity to stool microbes. Findings suggest ME/CFS patients have an impaired serum IgG 

immune response to the intestinal microbiome. 
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1 CHAPTER ONE: INTRODUCTION 

1.1 WHAT IS MYALGIC ENCEPHALOMYELITIS/CHRONIC FATIGUE SYNDROME?  

1.1.1 Overview  

Myalgic encephalomyelitis (ME) is also known as chronic fatigue syndrome (CFS) and is often 

referred to as ME/CFS. It is a chronic, heterogenous disease which leaves patients unable to 

undertake their pre-morbid work, sport and social activities. The disease is characterised by 

disabling fatigue and symptoms related to neurologic, neurocognitive, neuroendocrine, autonomic 

and immune dysfunction which worsen following physical, mental or emotional exertion. ME and 

CFS are currently listed under post viral fatigue syndrome (PVFS) and classified as a neurological 

disease by the World Health Organization (WHO) (ICD-11, 2022).  

1.1.2 A historical perspective  

In the 1930s outbreaks of neuromyasthenia with a striking resemblance to poliomyelitis began to 

emerge (Acheson, 1959). However, unlike poliomyelitis a cause by an infectious agent was not 

confirmed. These outbreaks of atypical poliomyelitis were characterised by the acute onset of 

headaches, muscular pain (myalgia) and muscle weakness (paresis), symptoms which indicated 

damage to the central or peripheral nervous system, as well as psychological symptoms and a low 

or absent fever. A proportion of patients did not recover after the acute phase of the illness and 

later went on to have long term health problems, suffering from myalgia, paresis, cognitive 

dysfunction with the worsening of symptoms during cold weather, menstruation and following 

exertion.  

In 1955 there was a similar outbreak seen amongst staff in the Royal Free Hospital in London with 

nearly 300 recorded cases (The Medical Staff Of The Royal Free Hospital, 1957). The clinical 

presentation of these cases was heterogenous, with the predominant symptoms being headaches, 

sore throat, malaise, fatigue and dizziness. Despite the resemblance to an infectious disease, an 

aetiological agent could not be confirmed. This outbreak was named benign ME because of the 

signs of brain inflammation seen in the absence of death (Lindan, 1956). A follow up study found 

one subset did not recover and another subset did recover but experienced relapses in symptoms 

(Ramsay, 1978). Other outbreaks were recorded in the 1980’s and referred to as ‘chronic Epstein-

Barr virus syndrome’ and ‘post viral fatigue syndrome (PVFS)’ (Lim and Son, 2020).  

In 1986 the first case definition of ME was made to encompass chronic long-term symptoms 

following infectious outbreaks (Ramsay, 1986). In 1988 the Centers for Disease Control and 

Prevention (CDC) renamed the disease as chronic fatigue syndrome (CFS) due to insufficient 

evidence surrounding a viral component to the disease (Holmes et al., 1988). In 2003 the Canadian 
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Consensus Criteria (CCC) was published and encompassed both ME and CFS which were 

consequently named ME/CFS (Carruthers et al., 2003). In 2015 the Institute of Medicine (IOM) 

proposed the term systemic exertion intolerance disease (SEID) (IOM, 2015). In addition, the term 

neuro-inflammatory and oxidative fatigue (NIOF) was also proposed in 2015 as a replacement for 

ME/CFS (Maes, 2015). Each name was altered in an attempt to better reflect the disease aetiology.  

It is important to note that these outbreaks and case definitions have also been met with 

scepticism. The lack of evidence for an aetiological agent in these outbreaks led to the proposal 

that the outbreaks were instead mass hysteria with a psychosocial phenomenon and were referred 

to as myalgia nervosa (McEvedy and Beard, 1970). In the 1980s ME was referred to as ‘yuppie flu’ 

within the media (Blease and Geraghty, 2018). 20 % of US news articles published between 1987 

and 2013 about ME/CFS trivialised the illness by instead referring to it as fatigue or a psychosomatic 

related disease (Siegel et al., 2018). The psycho-behavioural interventions put forward for ME/CFS 

treatment such as cognitive behavioural therapy (CBT) and graded exercise therapy (GET) has 

meant that the psychological stigma surrounding ME/CFS remains to this day (Sharpe, 1991, 

Wessely, 1996).    

1.1.3 Epidemiology 

To date there are 45 articles published that investigate the prevalence (disease frequency in a 

population at one time point) of ME/CFS from which there are 56 sets of prevalence data (Lim et 

al., 2020). The average prevalence from all of these studies was 1.40 %, with large variations across 

studies. Inconsistencies arose due to studies using different recruitment methods, case definitions, 

diagnostic methods and patient demographics (Table 1.1). Interestingly, the average prevalence of 

ME/CFS was greater in females than males and adults than in children and adolescents. However, 

incidence rates (frequency of newly diagnosed cases within a specified time period) were greater 

in children and adolescents than adults (Nacul et al., 2011, Rimes et al., 2007). Discrepancies 

between prevalence and incidence can be explained by the peak ages of onset; 10- to 19-years and 

30- to 39-years (Bakken et al., 2014, Rowe et al., 2017). It is important to note the variation in 

prevalence rates seen by different case definitions. Nacul et al. (2011) applied the CDC-1994 case 

definition, the CCC-2003 and the epidemiological case definition (ECD) to the same study 

population and found different prevalence’s in ME/CFS. This demonstrates that ME/CFS case 

definitions define different groups of participants which could impact research findings (discussed 

further in section 1.1.4.4).    
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Table 1.1: The study design aspects leading to differential prevalence rates of ME/CFS. Adapted 

from (Lim et al., 2020). 

Study design aspect Average prevalence 
of all studies (%) 

Recruitment method 
Community 
Primary care 

 
1.56 ± 1.80 
1.16 ± 1.13 

Diagnostic method 
Interview (with medical test) 
Interview (without medical test) 
Physician diagnosis 
Medical records 

 
2.03 ± 2.13 
1.17 ± 0.77 
0.10 ± 0.05 
1.25 ± 1.00 

Case definition 
CDC-1994 
Holmes 
Australian 
Oxford 
CCC, ECD, PVFS, NICE 

 
1.46 ± 1.34 
0.34 ± 0.04 
2.52 ± 2.99 
1.73 ± 1.35 
0.53 ± 0.77 

Country 
Western 
Asian  
Othera 

 
1.32 ± 1.45 
1.51 ± 1.74 
2.65 ± 2.37 

Age 
≥ 18 years 
< 18 years 

 
1.45 ± 1.68 
0.89 ± 0.82 

Gender 
Female 
Male 

 
2.24 ± 2.59  
1.11 ± 1.05 

aOther countries included India and Nigeria 

1.1.4 Case definitions 

To date, 26 case definitions for ME, CFS, ME/CFS and SEID exist globally (Table 1.2) (Lim and Son, 

2020, NICE, 2021). More than one case definition for ME, CFS and ME/CFS exist. In research the 

most widely used case definitions for ME, CFS and ME/CFS are the International Consensus Criteria 

(ICC)-2011, CDC-1994 criteria and the CCC-2003 respectively (Brurberg et al., 2014).  

1.1.4.1 CDC-1994 criteria for CFS 

The CDC-1994 criteria for CFS requires patients to have sudden onset of fatigue that has lasted for 

a minimum of 6 months and that is of a persistent or relapsing nature (Fukuda et al., 1994). In 

addition, a minimum of 4 additional symptoms are required for CFS diagnosis. These symptoms are 

as follows: 1) impaired memory or concentration, 2) sore throat, 3) tender cervical or axillary lymph 

nodes, 4) muscle pain, 5) joint pain, 6) headache, 7) unrefreshing sleep and 8) post-exertional 

malaise (PEM). Conditions that exclude a patient from CFS diagnosis include active medical 

conditions that cause chronic fatigue, chronic viral infections, major depressive disorder, substance 

abuse and severe obesity.  
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1.1.4.2 CCC-2003 for ME/CFS 

The CCC-2003 criteria for ME/CFS requires patients to have sudden or gradual onset of persistent 

or relapsing physical and mental fatigue that results in a substantial reduction in activity level and 

has been present for a minimum of 6 months (Carruthers et al., 2003). PEM, sleep dysfunction and 

musculoskeletal pain also have to be present in patients for diagnosis. In addition, two or more 

neurological or cognitive symptoms have to be present; confusion, impaired concentration, 

impaired short-term memory, disorientation, impaired information processing, spatial instability, 

inability to focus vision, ataxia, paresis and sensory overload. Patients must also have at least one 

symptom from two of the following three categories: autonomic, neuroendocrine and immune 

manifestations. Autonomic symptoms listed were orthostatic intolerance, light-headedness, 

extreme pallor, gastrointestinal (GI) symptoms, genitourinary (GU) symptoms, heart palpitations 

and shortness of breath. Neuroendocrine symptoms listed were loss of thermostatic stability, 

feverishness and cold extremities, intolerance to extreme temperatures, anorexia and worsening 

of symptoms with stress. Immune symptoms listed were tender lymph nodes, recurrent sore 

throat, flu-like symptoms, general malaise, food, medication or chemical sensitivity. Illnesses that 

can cause fatigue, sleep disturbance, pain and cognitive dysfunction were listed as exclusionary 

conditions. Interestingly depression was listed as a comorbidity of ME/CFS.   

1.1.4.3 ICC-2011 criteria for ME 

The ICC-2011 criteria for ME were based upon the CCC-2003 ME/CFS definition (Carruthers et al., 

2011). Instead of patients having to have fatigue present for a minimum of 6 months, patients can 

be diagnosed immediately if the fatigue experienced results in at least a 50 % reduction in 

premorbid activity. In addition, postexertional neuroimmune exhaustion is required for diagnosis. 

This is described as physical and/or cognitive fatigue in response to minimal exertion, which can be 

immediate or delayed, takes longer than 24 hours to recover from and causes ME symptom 

exacerbation. Patients must also present with at least one of the following neurological impairment 

symptoms; difficulty processing information, short-term memory loss, headaches, significant 

musculoskeletal pain, disturbed sleep patterns, unrefreshing sleep, sensory sensitivity or paresis. 

Patients must also present with at least one immune (e.g. flu-like symptoms), GI (e.g. irritable bowel 

syndrome (IBS)) or GU (e.g. altered urinary urgency) symptom. Finally, patients must have at least 

one of the following energy production impairments; orthostatic intolerance, hypotension, postural 

orthostatic tachycardia syndrome (POTS), palpitations, light-headedness, laboured breathing, 

fatigue of chest wall muscles, feeling feverish, cold extremities and intolerance of extreme 

temperatures. Exclusionary conditions include primary psychiatric disorders, somatoform disorder 

and substance abuse. 
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Table 1.2: Timeline of the development of case definitions for ME/CFS. Adapted from (Lim and Son, 

2020). ME = myalgic encephalomyelitis, CFS = chronic fatigue syndrome, CDC = Centers for Disease 

Control and Prevention, PVFS = post viral fatigue syndrome, NIH = National Institutes of Health, CCC 

= Canadian Consensus Criteria, ME/CFS = myalgic encephalomyelitis/chronic fatigue syndrome, 

NICE = National Institute for Health and Care Excellence, ICC = International Consensus Criteria, CF 

= chronic fatigue, IOM = Institute of Medicine, SEID = systemic exertion intolerance disease, NIOF = 

neuro-inflammatory and oxidative fatigue 

Year Case definition Country  Reference 

1986 Ramsay’s definition for ME UK (Ramsay, 1986) 

1988 CDC-1988 definition for CFS US (Holmes et al., 1988) 

1990 London-1990 definition for ME UK (Dowsett et al., 
1990) 

Ho-yen Do definition for PVFS  UK (Ho-Yen, 1990) 

Australian definition for CFS Australia (Lloyd et al., 1990) 

1991 Oxford definition for CFS UK (Sharpe et al., 1991) 

1992 NIH definition for CFS US (Schluederberg et 
al., 1992) 

1994 London-1994 definition for ME UK (Dowsett et al., 
1994) 

CDC-1994 definition for CFS US (Fukuda et al., 1994) 

1996 Working case definition for CFS US (Komaroff et al., 
1996) 

1998 CFS-1998 definition for CFS US (Hartz et al., 1998) 

2003 CCC-2003 for ME/CFS Canada (Carruthers et al., 
2003) 

2005 CDC-2005 empirical definition for CFS US (Reeves et al., 2005) 

2007 NICE-2007 guidelines for ME/CFS UK (Baker and Shaw, 
2007) 

Empirical-2007 definition for CFS US (Jason et al., 2007) 

The Nightingale definition for ME Canada (Hyde, 2007) 

Brighton Collaboration definition for CFS US (Jones et al., 2007) 

Epidemiological case definition for ME/CFS UK (Osoba et al., 2007) 

2010 Revised CCC-2010 definition for ME Canada (Jason et al., 2010) 

2011 ICC definition for ME  Canada (Carruthers et al., 
2011) 

2012 ME-2011 for ME, ME/CFS US (Jason et al., 2012) 

Maes criteria for ME, CFS, CF Thailand (Maes et al., 2012b) 

2015 IOM diagnostic criteria for SEID US (IOM, 2015) 

Maes criteria for NIOF Australia (Maes, 2015) 

Empirical case definition for CFS US (Jason et al., 2015) 

2021 NICE-2021 guidelines for ME/CFS UK (NICE, 2021) 
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1.1.4.4 Similarities and differences between ME, CFS and ME/CFS case definitions 

Whether ME and CFS are the same illness and can be classified as ME/CFS or are two distinct 

illnesses is still widely disputed. The CCC-2003 was the first case definition to merge ME and CFS 

together as ME/CFS. They explained that this was done because ME and CFS case definitions 

emphasise different aspects of what is “probably the same illness” and that in Canada ME and CFS 

definitions were used interchangeably (Carruthers et al., 2003). Indeed, the ICC-2011 ME criteria, 

CDC-1994 CFS criteria and CCC-2003 ME/CFS criteria share similarities. Fatigue, flu-like symptoms, 

sore throat, joint pain, tender lymph nodes, headache, myalgia, sleep disturbances, cognitive 

impairment and PEM are all listed as symptoms for ME, CFS and ME/CFS (Figure 1.1). But the CCC-

2003 ME/CFS criteria and the ICC-2011 ME criteria also require additional symptoms for diagnosis 

which suggests the CDC-1994 CFS criteria is less stringent.  

However, Maes et al. (2012b) argued that CFS is an umbrella term that also encompassed ME 

patients as PEM is a requirement for ME criteria to be met whereas PEM is a symptom but not a 

requirement for CFS diagnosis. Indeed only 65 % of patients who met the CDC-1994 criteria for CFS 

also met the ICC-2011 ME criteria (Brown et al., 2013). In addition, ME patients (those meeting the 

CDC-1994 CFS criteria and the ICC-2011 ME criteria) were more functionally impaired and 

experienced more severe neurocognitive symptoms, pain, sleep disturbances, neurosensory, 

perceptual and motor disturbances, immune impairment, GI and GU symptoms, cardiovascular 

symptoms and thermostatic stability than CFS patients (those meeting the CDC-1994 CFS criteria 

but not the ICC-2011 ME criteria). In light of these findings, an alternative view is that ME is a 

subgroup of severe CFS patients.  

The name ME/CFS suggests a broader case definition including aspects of ME and CFS diagnostic 

criteria. However, only 50 % of the patients meeting the CDC-1994 CFS criteria also met the CCC-

2003 ME/CFS criteria, despite the name suggesting a broader case definition (Jason et al., 2012). 

Interestingly, the UK diagnostic criteria are based on the National Institute for Health and Care 

Excellence (NICE) guidelines which refer to the illness as ME/CFS (see section 1.1.4.5). 

This thesis subsequently refers to the illness as ME/CFS because of the following reasons: 1) the 

overlap observed between ME and CFS case definitions and 2) diagnosis of ME/CFS in the UK.  
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Figure 1.1: Overlap in symptom criteria for the most commonly used ME, CFS and ME/CFS case 

definitions. Adapted from (Lim and Son, 2020). ME/CFS = myalgic encephalomyelitis/ chronic 

fatigue syndrome, ME = myalgic encephalomyelitis, CFS = chronic fatigue syndrome, CCC = Canadian 

Consensus Criteria, ICC = International Consensus Criteria, CDC = Centers for Disease Control and 

Prevention, GI = gastrointestinal, GU = genitourinary, PEM = post exertional malaise.   
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1.1.4.5 UK diagnostic criteria 

The NICE guidelines are used for diagnosing ME/CFS in the NHS. On the 29th of October 2021 NICE 

updated their guidelines (NG206) for the diagnosis and management of ME/CFS (NICE, 2021). These 

guidelines state that a diagnosis of ME/CFS can be made if all of the following symptoms persist for 

a minimum of three months: fatigue that is debilitating, made worse by activity and not alleviated 

by rest, PEM after activity which can last days or weeks, unrefreshing sleep and/or disturbed sleep 

where the patient still feels exhausted on waking, and cognitive difficulties which patients describe 

as ‘brain fog’ and lead to problems with communication, short-term memory and concentration. 

Symptoms have to impact the patient’s life to such an extent that a reduction in their ability to 

participate in activities, both occupational and social, when compared to pre-illness levels, would 

be observed. Unlike many other illnesses, ME/CFS does not have diagnostic tests and instead 

diagnosis is based upon medical assessment to exclude generalised anxiety disorder or depression, 

physical examination and laboratory tests to exclude any other causes of symptoms (Table 1.3) 

(Bansal, 2016, Rowe et al., 2017). 
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Table 1.3: Laboratory measures used in the NHS prior to ME/CFS diagnosis to exclude other 

conditions that could cause symptoms. Information collected from (Baker and Shaw, 2007, Bansal, 

2016, Rowe et al., 2017). 

Laboratory measure Exclusionary condition 

Full blood count Anaemia, polycythaemia, haematological 
malignancy 

Erythrocyte sedimentation rate Elevated levels indicative of immune 
activation 

C-reactive protein concentration Elevated levels in inflammation 

Bilirubin, alkaline phosphatase, gamma 
glutamyl transaminase, aspartate 
transaminase, urea, creatinine, electrolytes 

Liver function 

Thyroid stimulating hormone and free 
thyroxine (free T4) 

Hypo or hyperthyroidism 

Autoimmune profile on a tissue block Autoimmune diseases e.g. Sjogren’s 
syndrome, early primary biliary cirrhosis, 
autoimmune hepatitis and atopic gastritis 

Antinuclear antibodies Autoimmune disease 

Anti-tissue transglutaminase or endomysia 
antibodies 

Coeliac disease 

Urine dipstick analysis (level of red blood 
cells, white blood cells, protein, glucose, 
urea) 

Renal inflammation/infection and renal 
tumours 

Immunoglobulins and serum proteins 
electrophoresis 

Elevated levels in chronic 
inflammation/infection, reduced levels in 
antibody deficiency 

Calcium, serum iron, serum transferrin, 
serum ferritin, vitamin B12, folate, vitamin 
D3, 25-hydroxycholecalciferol 

Vitamin and minerals deficiency 

Fasting blood glucose Diabetes  

 

1.1.5 Symptoms 

Symptoms experienced by ME/CFS patients include those required for diagnosis as well as those 

not specific to ME/CFS. They fall into five categories; autonomic, muscular, cognitive, neurological 

and immune symptoms (Castro-Marrero et al., 2017). Cognitive symptoms such as impaired 

concentration, information processing and memory were commonly reported in ME/CFS patients, 

at a prevalence of 81.7 %. 79.5 % of patients had neurological disturbances including sensory 

sensitivities, poor coordination and blurred vision. Muscular symptoms were seen in 75 % of 

patients and included muscle weakness, generalised chronic pain and myoclonic jerks. Autonomic 

symptoms were seen in 62.8 % of patients and included dizziness, orthostatic hypotension, 

palpitations, vertigo and IBS. Finally, immune symptoms were seen in 42.9 % of patients and 

included recurrent fever, recurrent sore throat, painful lymph nodes and intolerance to foods. It is 

important to also note the clinical heterogeneity seen amongst patients as they did not experience 

the same combinations or severity of symptoms. Interestingly, as the illness progressed the 
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symptoms experienced by patients changed with immune and muscular symptoms becoming less 

common in patients whereas cognitive symptoms and sensitivity to noise became more common 

(Chu et al., 2019). This adds another complexity when researching ME/CFS as patients have 

different clinical presentations at different time points.  

1.1.6 Severity 

ME/CFS patients can be categorised into four groups of severity based on the impact symptoms 

have on their ability to undertake activities of daily living (NICE, 2021). Patients who are able to care 

for themselves, undertake light domestic tasks and maintain work or education by stopping all 

leisure and social activities are classed as mild ME/CFS. Moderate ME/CFS patients have reduced 

mobility, are restricted in activities of daily living, unable to work or attend school, have poor quality 

sleep and require rest periods throughout the day. Severe ME/CFS patients are housebound, may 

be wheelchair dependent, unable to perform activities of daily living, suffer from severe cognitive 

difficulties and are extremely sensitive to light and sound. Very severe ME/CFS patients are 

bedbound and require full time care, sometimes needing to be tube fed. 25 % of ME/CFS patients 

are house- or bed-bound and fall into the severe and very severe ME/CFS categories (Pendergrast 

et al., 2016).   

1.1.6.1 Measuring symptom severity 

Symptom severity is an outcome often measured to determine whether patients have had a 

response to a clinical intervention (Kim et al., 2020). In addition, measuring symptom severity is 

also important for other research not involving clinical trials as correlations between symptom 

severity and biological alterations have been noted (Montoya et al., 2017). To date the most 

commonly used tools for measuring symptom outcome are the 36-item short form health survey 

(SF-36) which assesses functional impairment, and the checklist individual strength and Chalder 

fatigue questionnaire (CFQ) which both assess fatigue severity (Kim et al., 2020). However, these 

questionnaires are subjective as they are based on patient reported outcome measures, which are 

subject to inter-individual variability and ceiling effects (where more than 40 % of patients report 

the maximum score) (Haywood et al., 2012, Murdock et al., 2017). Another limitation is the use of 

patient reported outcome measures that were not specifically designed for use in ME/CFS patients. 

For example, the CFQ was not developed specifically for ME/CFS and consequently scores were 

unable to differentiate patients with ME/CFS from other illnesses with fatigue as a symptom such 

as multiple sclerosis, lupus and depression (Jason et al., 2011). However, the CFQ has been 

validated in ME/CFS and is a reliable measurement used to discriminate patients from controls 

(Jason et al., 2011). To overcome the aforementioned limitations, objective measures of symptom 

severity have now been developed and tested for ME/CFS, such as tracking physical activity and 

measuring oxygen consumption and saturation during exercise (van Campen et al., 2020b).   
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1.1.7 Comorbid illnesses 

ME/CFS rarely occurs in isolation as more than 80 % of patients have at least one other illness 

(Castro-Marrero et al., 2017). There have been more than 30 recorded comorbid illnesses in 

ME/CFS patients which include autoimmune, cardiovascular, endocrine, GI, gynaecological, 

hematological, neurological, respiratory, rheumatological and psychological illnesses (Rowe et al., 

2017). Interestingly, the aforementioned comorbid illnesses had a greater prevalence in ME/CFS 

patients than the general population (Chu et al., 2019).  

Castro-Marrero et al. (2017) reported that the most common comorbid illness in ME/CFS patients 

was sicca syndrome, also known as Sjögren’s syndrome, which is an autoimmune disease that 

affects fluid secretions in the body and presents as dry eyes and dry mouth. In contrast, Chu et al. 

(2019) grouped the prevalence of Sjögren’s syndrome together with other autoimmune diseases 

(including Hashimoto’s thyroiditis, coeliac disease, ulcerative colitis and multiple sclerosis) and 

found only 27 % of ME/CFS patients had a comorbid autoimmune disease. Discrepancies in the 

prevalence of comorbid illnesses across these two studies could have arisen due to the different 

use of ME/CFS case definitions in participant recruitment and also study design: Castro-Marrero et 

al. (2017) recorded the presence of comorbid illnesses following clinical assessment of all patients 

for all illnesses, whereas Chu et al. (2017) relied on previous diagnoses of the comorbid illnesses. 

Interestingly, the presence of comorbid illnesses was found to contribute to the subgrouping of 

ME/CFS patients (Castro-Marrero et al., 2017). To date studies analysing the prevalence of 

comorbid illnesses in ME/CFS patients have been retrospective. It would be interesting to perform 

prospective studies to determine whether these comorbid illnesses usually occur before, in parallel 

to, or following ME/CFS onset as it could provide valuable information for the aetiology of ME/CFS.  

1.1.8 Treatment 

There is currently no cure for ME/CFS. Instead, there are pharmacological and non-pharmacological 

treatments advised by the NHS for symptom management (NICE, 2021). These include 

management of sleep, physical functioning and mobility, orthostatic intolerance and pain. Chu et 

al. (2019) reported that over half of ME/CFS patients take medication for sleep, pain management 

and endocrine issues and 35 % take medication for GI disturbances such as pro- and pre- biotics, 

digestive enzymes and sodium bicarbonate. In addition, 36 % of patients take medication for 

anxiety, depression and general mental health.  

The recent update of NICE guidelines in the diagnosis and management of ME/CFS has recognised 

that GET is of no benefit and is often harmful to patients, with a high proportion of patients 

experiencing relapses and symptom worsening following GET treatment which lasted months or 

years (McPhee et al., 2021, NICE, 2021). GET was an outdated approach based on theories that 

ME/CFS patients have reversible physiological changes due to deconditioning and exercise 
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avoidance (Bavinton et al., 2004). NICE have also updated their view on CBT and say that instead of 

being offered to patients as a treatment to instead offer it as a supportive therapy (NICE, 2021).  

1.1.9 Course of illness 

1.1.9.1 Onset 

Many researchers propose that ME/CFS onset is initiated by an infectious disease (Blomberg et al., 

2018, Underhill, 2015). The occurrence of ME/CFS outbreaks and sporadic cases across the world is 

suggestive of an infectious trigger (Acheson, 1959). However, a pathogen has not been identified 

that was associated with these outbreaks. Prospective studies following patients who had the acute 

viral infections Epstein-Barr virus (EBV) and Ross River virus (RRV) and the acute Coxiella burnetii 

bacterial infection found a subset of patients went on to develop ME/CFS (Hickie et al., 2006, Katz 

et al., 2009). In addition, a retrospective study found patients reported the following infections 

preceded ME/CFS onset, in order of decreasing prevalence: respiratory infection, non-specific 

infection presenting as fever, chills, sweats and muscle aches, GI infection and GU infection (Chu et 

al., 2019).  This suggests the clinical end result of ME/CFS is triggered by more than one infectious 

disease. Interestingly, the SARS-CoV-2 pandemic has seen the emergence of a sister illness termed 

long COVID, with 16.8 % of long COVID patients fulfilling ME/CFS diagnostic criteria (Tokumasu et 

al., 2022). 

Furthermore, only 64 % of patients reported an infectious trigger for the onset of ME/CFS (Chu et 

al., 2019). Other triggers of ME/CFS onset reported by patients include stress or a major life event, 

exposure to a chemical or environmental toxin, recent international or domestic travel, vaccination 

and surgery. This demonstrates the wide variety of events that preceded the onset of ME/CFS.     

1.1.9.2 Prognosis 

The prognosis for ME/CFS is poor, with less than 5 % of patients recovering their premorbid levels 

of activity and functioning (Chu et al., 2019). However, more than half of patients report 

fluctuations in the severity of illness, and a subset of patients experienced complete remission for 

more than one month. Events triggering relapses in ME/CFS were infectious illnesses and periods 

of stress. In addition, in females the menstrual cycle, pregnancy and menopause also exacerbated 

symptoms and could lead to relapses. More than half of females reported their monthly menstrual 

cycle negatively impacted their ME/CFS, and pregnancy and the menopause also impacted a 

significant proportion of females’ ME/CFS. Interestingly, a follow up study 25 years after 

adolescents received an ME/CFS diagnosis found that 95 % of participants were no longer 

diagnosed with ME/CFS (Brown et al., 2012). However, they did not return to premorbid level of 

health as they were still significantly more impaired than healthy controls. This suggests that 
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ME/CFS has long term consequences on both patients who maintain a diagnosis and patients who 

improve to a point they no longer fit the ME/CFS diagnostic criteria.      

1.1.10 A multisystemic disease 

The pathophysiological changes that occur in ME/CFS patients affect multiple systems leading to 

immunological abnormalities, mitochondrial dysfunction and disturbances of GI, neurological, 

endocrine and metabolic systems (Missailidis et al., 2019). It is not known when these changes 

occur in the course of the illness, whether it is prior to or following the onset of ME/CFS (Nacul et 

al., 2020). Pathophysiology contributes to the heterogeneity of the disease as patients do not have 

dysfunction in all reported systems. This thesis focusses on pathophysiological changes in the 

immune system and GI system and how abnormalities in these two systems could be connected. 

The evidence for dysfunction in metabolism, mitochondria, the nervous system and the endocrine 

system are summarised in Table 1.4.   

Table 1.4: A brief overview of the metabolic, mitochondrial, neurological and endocrine 

disturbances found in ME/CFS patients. HPA = hypothalamic-pituitary-adrenal, RAAS = renin-

angiotensin-aldosterone system, HPT = hypothalamic-pituitary-thyroid. 

Disturbance Brief summary of key findings in 
ME/CFS patients 

References 

Metabolic  Blood metabolic disturbances in the 
following major biochemical pathways 
were found in more than one study: 
energy metabolism (e.g. amino acid 
metabolism, glycolysis), lipid 
metabolism, nucleotide metabolism and 
the urea pathway 

(Germain et al., 2020, Germain et 
al., 2018, Nagy-Szakal et al., 2018, 
Germain et al., 2017, Yamano et 
al., 2016, Fluge et al., 2016, 
Armstrong et al., 2015, Armstrong 
et al., 2012, Jones et al., 2005) 

Urinary metabolite abnormalities, not 
consistent across studies 

(Armstrong et al., 2015, Jones et 
al., 2005) 

Mitochondrial  Lower mitochondrial membrane 
potential  

(Mandarano et al., 2020, Missailidis 
et al., 2020) 

Lower proton leak (Mandarano et al., 2020, Tomas et 
al., 2017) 

Greater proton leak (Missailidis et al., 2020) 

Lower ATP production (Mandarano et al., 2020, Tomas et 
al., 2017) 

Lowered complex V activation of ATP 
synthesis 

(Missailidis et al., 2020) 

Lower respiratory reserve capacity (Tomas et al., 2017) 

Greater respiratory reserve capacity (Missailidis et al., 2020) 

Greater oxygen consumption rate (Missailidis et al., 2020) 

Lower basal and maximal respiration (Tomas et al., 2017) 

Lower levels of coenzyme Q10 (Castro-Marrero et al., 2013, Maes 
et al., 2009) 
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Table 1.4 continued 

Disturbance Brief summary of key findings in 
ME/CFS patients 

References 

Neurological Reduced cerebral blood flow (van Campen et al., 2020, van 
Campen et al., 2020a, van Campen 
et al., 2020c, van Campen et al., 
2021, Yoshiuchi et al., 2006) 

Intracranial hypotension (Bragée et al., 2020) 

Neuroinflammation (Nakatomi et al., 2014) 

Reduced heart rate variability (Escorihuela et al., 2020) 

Reduced serotonin receptors in different 
regions of the brain  

(Cleare et al., 2005) 

Structural differences in the brain 
(reduction in grey matter volume, 
reduction in white matter volume and 
white matter atrophy) 

(Okada et al., 2004, Shan et al., 
2016, de Lange et al., 2004, Puri et 
al., 2012, Barnden et al., 2011, 
Barnden et al., 2015, Finkelmeyer 
et al., 2018, Shan et al., 2017) 

Altered electrical activity in the brain 
during sleep and wakefulness  

(Decker et al., 2009, Le Bon et al., 
2012, Sherlin et al., 2007, Zinn et 
al., 2016, Wu et al., 2016, Zinn et 
al., 2018, Flor-Henry et al., 2010) 

Altered functional connectivity between 
brain regions 

(Boissoneault et al., 2018, Zinn et 
al., 2016, Kim et al., 2015, 
Boissoneault et al., 2016) 

Endocrine HPA axis disturbances (Hypocortisolism, 
hypo responsiveness to stimuli, elevated 
glucocorticoid negative feedback) 

(Tak et al., 2011, Roberts et al., 
2004, Jerjes et al., 2005, Gur et al., 
2004, Demitrack et al., 1991, Scott 
et al., 1999, Scott et al., 1998, 
Dinan et al., 1997, Jerjes et al., 
2007, Visser et al., 2001, Visser et 
al., 2000, Powell et al., 2013, Nijhof 
et al., 2014) 

RAAS system disturbances (lower renin 
activity, aldosterone and antidiuretic 
hormone) 

(Miwa, 2017, Thomas et al., 2022) 

HPT axis disturbances (hypothyroidism) (Ruiz-Núñez et al., 2018) 

1.2 THE IMMUNE SYSTEM INVOLVEMENT IN ME/CFS 

1.2.1 Impaired pathogen clearance 

1.2.1.1 Impaired cell cytotoxicity 

The most consistent finding of immune abnormalities in ME/CFS patients is reduced natural killer 

(NK) cell cytotoxicity (Eaton-Fitch et al., 2019). NK cells are part of the innate immune system and 

involved in removal of virus-infected cells and tumour cells (Vivier et al., 2008). CD56dimCD16+ NK 

cells are the main cytolytic NK cells making up 90 % of the NK cells in the peripheral blood. Reduced 

NK cell cytotoxicity in ME/CFS patients was not due to a reduced number of cytotoxic NK cells 

because the numbers of circulating CD56dimCD16+ NK cells does not vary between ME/CFS patients 

and controls (Brenu et al., 2010, Brenu et al., 2011, Huth et al., 2016a). Therefore, the CD56dimCD16+ 
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NK cells must instead have functional impairment. NK cell cytotoxicity involves NK cell activation, 

granule polarisation, immune synapse formation and the release of cytotoxic granules (Krzewski 

and Coligan, 2012).  

NK cell receptor and cell marker expression was assessed by multiple groups to determine the 

activation status of NK cells in ME/CFS patients. NK cells express activator receptors NKG2B, NKp46, 

NKp30 and NKp44 and signalling lymphocytic activation molecules which induce cytotoxic activity 

following target cell recognition (Chen et al., 2020). NK cells also express inhibitory killer-cell 

immunoglobulin-like receptors. NK cell phenotyping studies to determine the expression levels of 

the aforementioned receptors and cellular markers yielded conflicting results. Studies reported 

increased (Hardcastle et al., 2015c, Hardcastle et al., 2015a, Curriu et al., 2013), decreased 

(Hardcastle et al., 2015a, Hardcastle et al., 2015c, Rivas et al., 2018) and no significant differences 

(Huth et al., 2014, Brenu et al., 2014) in both activator and inhibitory receptor expression in ME/CFS 

patients. In addition, in ME/CFS patients increased expression of the activation marker CD69 (Curriu 

et al., 2013, Rivas et al., 2018) and increased expression of the maturation marker CD57 (Huth et 

al., 2016a) were reported. This suggests NK cells in ME/CFS patients are chronically activated. 

Indeed, chronic viral infections such as human herpesvirus have been reported in ME/CFS patients 

(Lee et al., 2021) which could contribute to the chronic activation of NK cells. In light of these 

findings the impaired NK cell cytotoxicity in ME/CFS patients appears not to be due to impaired NK 

cell activation.  

There is evidence of impaired NK cell granule polarisation in ME/CFS patients. This process is 

dependent upon calcium (Ca2+) ion mobilisation (Schwarz et al., 2013). The influx of Ca2+ through 

transient receptor potential melastatin (TRPM) ion channels and the expression of these ion 

channels have been investigated in ME/CFS patients. Reduced Ca2+ mobilisation was found in NK 

cells from ME/CFS patients (Nguyen et al., 2016a). In addition, impaired TRPM3 function (Cabanas 

et al., 2019, Cabanas et al., 2018), reduced surface expression of TRPM3 (Nguyen et al., 2016b) and 

TRPM2 overexpression (Balinas et al., 2019) was seen. Balinas et al. (2019) suggested TRPM2 

overexpression on NK cells may be a compensatory mechanism for reduced Ca2+ mobilisation.  

Cytotoxic granules contain perforin and granzymes (Prager and Watzl, 2019). Perforin forms pores 

in the membrane of target cells which facilitate the influx of granzymes which activate apoptosis of 

target cells. Therefore, a reduction in these cytolytic proteins could reduce NK cell cytotoxic activity. 

Indeed, decreased levels of granzyme B (Brenu et al., 2014, Huth et al., 2014), granzyme A (Brenu 

et al., 2011), granzyme K (Brenu et al., 2011) and perforin (Maher et al., 2005) have been observed 

in ME/CFS patients. However, this was not consistently found across studies, with the majority of 

studies reporting no significant differences (Brenu et al., 2014, Brenu et al., 2010, Brenu et al., 2011, 

Hardcastle et al., 2015a, Huth et al., 2016a, Huth et al., 2016b).  
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In addition, CD8+ T cell cytotoxicity was also impaired in ME/CFS patients, as seen by a reduced 

percentage of lysed tumour cells incubated with CD8+ T cells (Brenu et al., 2011). CD8+ T cells, also 

known as cytotoxic T lymphocytes, are a part of the adaptive immune system and are involved in 

the clearance of intracellular pathogen infected cells and tumour cells (Zhang and Bevan, 2011). A 

reduction in granzyme A expression in the CD8+ T cells from ME/CFS patients was seen which could 

be a possible mechanism for the reduced cytotoxic activity of CD8+ T cells (Brenu et al., 2011).  

In conclusion, impaired NK cells cytotoxicity and impaired CD8+ T cells cytotoxicity by the 

aforementioned mechanisms could mean ME/CFS patients have impaired mechanisms to clear 

virally infected cells, enabling viral persistence.  

1.2.1.2 Complement impairment 

Another aspect of impaired pathogen clearance in ME/CFS patients involves complement 

activation. Complement can be activated by three pathways (classical, lectin and alternative 

pathways) and results in the opsonisation and lysis of pathogens (Dunkelberger and Song, 2010). 

Activation of the complement cascade via the classical pathway involves antigen-antibody immune 

complexes binding to C1q, C1r and C1s. Impairment in the classical pathway in ME/CFS patients is 

suggested as immunoglobulin (Ig)G1 and IgG3 deficiency occurs in a subset of ME/CFS patients 

(Guenther et al., 2015, Peterson et al., 1990). Indeed, when ME/CFS patients with IgG deficiency 

were treated with subcutaneous IgG therapy, the frequency and severity of infections reduced in 

90 % of patients (Scheibenbogen et al., 2021).  

In addition, deficiencies in the lectin pathway have been found in ME/CFS patients. Activation of 

the complement cascade via the lectin pathway involves the recognition of and binding to pathogen 

associated molecular patterns (PAMPS) by mannose-binding lectin (MBL) (Dunkelberger and Song, 

2010). Studies analysing the MBL levels in ME/CFS patients found reduced levels (Guenther et al., 

2015, Lutz et al., 2021). One study found 32 % of ME/CFS patients had reduced MBL levels and 7 % 

of patients fulfilled the criteria for MBL deficiency (Lutz et al., 2021). A second study found 12-15 % 

of ME/CFS patients had MBL deficiency (Guenther et al., 2015). MBL deficiency is known to cause 

susceptibility to infectious diseases (Hoeflich et al., 2009). Indeed 47-55 % of ME/CFS patients with 

MBL deficiency had increased susceptibility to upper and lower respiratory tract infections 

(Guenther et al., 2015). However, approximately 30 % of ME/CFS patients without MBL deficiency 

also had increased susceptibility to upper and lower respiratory tract infections.  

1.2.2 Chronic inflammation  

1.2.2.1 Circulating cytokines 

Cytokines are cell signalling molecules which have immunomodulatory effects. Circulating cytokine 

levels in ME/CFS patients have been extensively analysed and provides evidence of low-level 
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chronic inflammation in patients, despite most studies yielding conflicting results. Elevated levels 

of interleukin (IL)-1, IL-6 and tumour necrosis factor (TNF)-α were reported in a number of studies 

and as these cytokines have pro-inflammatory effects authors concluded ME/CFS patients have 

chronic inflammation (Maes et al., 2012c, Maes et al., 2013, Maes et al., 2012d, Fletcher et al., 

2009). However, Blundell et al. (2015) reported that IL-1, IL-6 and TNF-α were the most researched 

cytokines in ME/CFS patients and that 71-80 % of studies reported no significant differences in the 

levels of these cytokines. This systematic review reported the most consistent finding was elevated 

levels of transforming growth factor (TGF)-β in ME/CFS patients, found in 63 % of studies. In 

addition, Strawbridge et al. (2019) performed a meta-analysis of 42 studies which found elevated 

levels of TGF-β, TNF-α, IL-4 and IL-2 in ME/CFS patients compared to healthy controls. However, 

Blundell et al. (2015) rated 50 % of cytokine studies as poor quality because they failed to account 

for the following confounding variables of cytokine studies: age, activity level, gender, body mass 

index (BMI), menstrual cycle, psychiatric disorders and anti-depressants.  

Inconsistent findings of cytokine abnormalities across studies could also reflect disease 

heterogeneity. Hardcastle et al. (2015b) grouped ME/CFS patients based on disease severity and 

identified cytokine differences between moderate and severe ME/CFS patients. Moderate ME/CFS 

patients had higher levels of IL-1B and regulated upon activation, normal cell expressed and 

presumably secreted (RANTES) and lower levels of IL-6 compared to severe ME/CFS patients. Severe 

ME/CFS patients had higher levels of interferon (IFN)-γ, IL-8 and IL-7 compared to moderate ME/CFS 

patients. In addition, another study found the levels of 13 proinflammatory cytokines, including 

IFN-γ, IL-7 and IL-8, had a positive correlation with disease severity (Montoya et al., 2017). These 

findings suggests that the level of chronic inflammation could determine disease severity.  

The correlation of cytokine levels with symptom severity has also been investigated. Jonsjö et al. 

(2020) found a positive correlation between the severity of PEM and beta-nerve growth factor (β-

NGF) levels. β-NGF also positively correlated with the severity of impaired cognitive processing, as 

well as CC motif chemokine ligand 11 (CCL11). In addition, β-NGF, IL-7 and TGF-β positively 

correlated with severity of musculoskeletal pain. The severity of flu-like symptoms correlated with 

the level of TNF-α, which was also confirmed in other studies (Maes et al., 2012c, Maes et al., 

2012d). In contrast, conflicting cytokines were correlated with fatigue severity in different studies. 

Jonsjö et al. (2020) found levels of β-NGF correlated with levels of fatigue whereas Maes et al. 

(2012c, 2012d) found the levels of IL-1 and TNF-α correlated with levels of fatigue. Finally, poorer 

sleep quality correlated with higher levels of proinflammatory cytokines IL-1β, IL-6 and TNF-α 

(Milrad et al., 2017). However, elevated levels of circulating TNF-α and IL-6 occur as a consequence 

of sleep deprivation (Irwin et al., 2006). 
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Horning et al. (2015) demonstrated that stratifying ME/CFS patients based on illness duration 

identifies further cytokine abnormalities. When comparing unstratified ME/CFS patients to 

controls, decreased levels of anti-inflammatory cytokines (IL-10 and colony-stimulating factor 1 

(CSF1)) as well as decreased levels of pro-inflammatory cytokines (IL-17A, IL-8, IL-6, TNF-β, 

interferon gamma-induced protein 10 (IP-10) and soluble Fas ligand (sFasL)) were found. When 

ME/CFS patients were stratified into short illness duration (up to three years) and long illness 

duration (over three years) additional cytokine abnormalities were identified. ME/CFS patients with 

short illness duration had elevated levels of IFN-γ and IL-12p40 and depleted levels of TNF-α, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-12p70. In addition, more than 

half of the measured cytokines were elevated in short illness duration but depleted in long illness 

duration.  

1.2.2.2 T cells 

The differentiation of naïve CD4+ T cells into T helper (Th) cell subsets following T cell receptor (TCR) 

stimulation is influenced by cytokines (Figure 1.2) (Jiang and Dong, 2013). In addition, different Th 

cell subsets produce different cytokines. As mentioned in section 1.2.2.1 the most consistent 

finding is elevated TGF-β in ME/CFS patients. Elevated TGF-β levels could lead to the polarisation 

of naïve CD4+ T cells into either regulatory T cells (Tregs) or Th17 cells, suggesting ME/CFS patients 

may have elevated levels of circulating Tregs and Th17 cells. The percentage of FOXP3+ Tregs in the 

CD4+ T cells population was found to be both increased (Brenu et al., 2011) and decreased (Rivas et 

al., 2018) in ME/CFS patients compared to healthy controls. Another study found no significant 

difference in the percentage of CD4+ T cells producing IL-10 between ME/CFS patients and healthy 

controls (Skowera et al., 2004). Instead, they found an increased proportion of IL-4 and IFN-γ 

producing CD4+ T cells in ME/CFS patients. Following polyclonal activation of CD4+ T cells the 

proportion of IL-4, but not IFN-γ producing CD4+ T cells, was higher in ME/CFS patients compared 

to controls. In contrast, another study measured the concentration of cytokines produced by CD4+ 

T cells following activation of the TCR and found elevated levels of both anti-inflammatory (IL-10) 

and proinflammatory (IFN-γ and TNF-α) cytokines produced by ME/CFS patients’ CD4+ T cells (Brenu 

et al., 2011). Therefore, the contribution of CD4+ T cells to chronic inflammation in ME/CFS patients 

is not clear.  

Like naïve CD4+ T cells, the differentiation of naïve CD8+ T cells into effector cell (Tc) subsets is 

influenced by the cytokine environment (St. Paul and Ohashi, 2020) (Figure 1.3). The percentage of 

CD8+ T cells producing IL-4, IL-10 and IFN-γ were higher in ME/CFS patients than healthy controls 

which reflects higher levels of Tc1, Tc2 and CD8+ regulatory T cells (Skowera et al., 2004). Whereas 

only the percentage of activated CD8+ T cells producing IL-4 was higher in ME/CFS patients than 

healthy controls.  
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Therefore, the contribution of T cells to the maintenance of chronic inflammation in ME/CFS 

patients is controversial as T cells producing both pro- and anti-inflammatory cytokines are 

elevated.  

1.2.2.3 Inflammatory markers 

In addition to cytokines there are other inflammatory markers in the blood, including C-reactive 

protein (CRP), polymorphonuclear (PMN) elastase and lysozyme. CRP is an acute phase protein 

secreted by the liver following detection of inflammatory cytokines (Du Clos, 2000). Levels of 

circulating CRP in ME/CFS patients has been investigated and found to be higher in ME/CFS patients 

compared to healthy controls (Groeger et al., 2013, Spence et al., 2008, Sulheim et al., 2014). High 

sensitivity CRP (hsCRP) has also been measured, with elevated levels seen in ME/CFS patients 

(Groven et al., 2019) and no differences between ME/CFS patients and healthy controls also found 

(Giloteaux et al., 2016a, Ruiz-Núñez et al., 2018). Another study found ME/CFS patients had 

significantly higher plasma hsCRP before, but not after, adjustment for confounding variables such 

as age, gender, race, geographical location and BMI (Raison et al., 2009).  

PMN elastase is a protease secreted by neutrophils during inflammation and lysozyme is a marker 

for monocyte/macrophage activity in inflammation and both proteins have been found to be 

elevated in ME/CFS patients (Maes et al., 2012c). In addition, levels of PMN elastase positively 

correlated with disease severity and flu-like malaise.         

1.2.2.4 Inflammation in the central nervous system 

Evidence for neuroinflammation in ME/CFS has been found using positron emission tomography 

(PET) scans of the brain (Nakatomi et al., 2014). Cytokines in cerebrospinal fluid (CSF) have also 

been assessed to confirm inflammation in the central nervous system (CNS). Peterson et al. (2015) 

investigated the levels of 27 cytokines in the CSF of 18 ME/CFS patients and 5 healthy controls and 

found patients had significantly lower levels of IL-10. Hornig et al. (2016) investigated 51 cytokines 

in the CSF in a larger cohort comprising 32 ME/CFS patients and 19 healthy controls. They found 

that as well as IL-10, 19 other cytokines were also significantly lower in ME/CFS patients compared 

to controls. These included both pro- and anti-inflammatory cytokines. In addition, two pro-

inflammatory chemokines were elevated in ME/CFS patients.  

In addition, Hornig et al. (2017) compared cytokine abnormalities in the CSF of classical ME/CFS 

patients to atypical ME/CFS patients. They classified classical ME/CFS as patients with acute onset 

of illness following an infection. Atypical ME/CFS was classified as patients with less common modes 

of onset and who also experienced subsequent onset of co-morbidities such as seizures, atypical 

multiple sclerosis, cancer, autoimmune disorders and inflammatory disorders. They found classical 

ME/CFS patients had higher levels of CSF IL-17A and CXCL9 compared to atypical ME/CFS patients. 
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This demonstrates that ME/CFS patients with different illness onset have different 

pathophysiology.   

 

Figure 1.2: The polarisation of naïve CD4+ T cells into T helper subsets and their subsequent 

functions. Upon activation of their T cell receptor, naïve CD4+ T cells differentiate into Th1, Th2, Th9, 

Th17, Th22, Tfh or Tregs. Cytokines within the environment at the time of activation determine the 

subset CD4+ T cells are polarised into. The Th1, Th2, Th9, Th17, Th22, Tfh and Tregs cell subsets are 

characterised by their transcription factor and the combination of cytokines they produce. Each CD4+ 

T cell subset has a distinct function in adaptive immunity. Tfh = follicular T-helper cells, Tregs = CD4+ 

regulatory T cells. This figure was sourced from Jiang and Dong (2013).  
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Figure 1.3: The polarisation of naïve CD8+ T cells into effector CD8+ T cell subsets. Upon activation 

naïve CD8+ T cells differentiate into Tc1, Tc2, Tc9, Tc17, Tc22 and regulatory CD8+ T cells (not shown). 

Environmental cytokines determine the subset CD8+ T cells differentiate into. Each effector CD8+ T 

cell subset produces a distinct combination of cytokines which aid identification of each cell subset. 

This figure was sourced from St. Paul and Ohashi (2020).  

  



 

48 
 

1.2.3 Autoimmunity  

1.2.3.1 Autoantibodies in ME/CFS 

In an autoimmune disease there is a loss of self-tolerance and the generation of autoreactive T and 

B cells and autoantibodies. Multiple research groups have investigated the presence of 

autoantibodies in ME/CFS patients to provide evidence of an autoimmune component to the 

disease. Loebel et al. (2016) measured the levels of serum IgG antibodies to human α and β 

adrenergic receptors (AdR), muscarinic 1-5 acetylcholine receptors (aChR), endothelin receptors, 

dopamine receptors, serotonin receptors, angiotensin receptors, thyreoperoxidase (TPO)/ 

thyreoglobulin (TG) and anti-nuclear antibodies (ANA). They found ME/CFS patients had 

significantly higher levels of autoantibodies to β2-AdR, M3/4-aChR, TPO/TG and ANA. Similarly, 

Bynke et al. (2020) measured the levels of IgG antibodies to α1/2 AdR, β1-3 AdR and M1-5 aChR in 

two cohorts of ME/CFS patients. One ME/CFS cohort had elevated IgG antibodies to β1/2 AdR and 

M3/4 AChR whereas the second ME/CFS cohort just had elevated IgG antibodies to M3/4 AChR 

only. Abnormal levels of autoantibodies to AdR and aChR occurred more frequently in ME/CFS 

patients (79-91 %) compared to controls (29.5 %) (Bynke et al., 2020). In addition, anti-pituitary 

antibodies (APA) and anti-hypothalamic antibodies (AHA) were present in 56 % and 33 % of ME/CFS 

patients, respectively, and absent in controls (De Bellis et al., 2021). This suggests that 

autoimmunity is present only in a subset of ME/CFS patients. Blomberg et al. (2018) proposed that 

autoimmunity in ME/CFS patients developed following an infectious trigger seen at the time of 

onset. As only a proportion of ME/CFS patients have an infectious disease prior to the onset of 

ME/CFS it suggests that in patients without an infectious onset the pathophysiology does not 

involve autoimmunity.  However, a recent study found no significant difference between the level 

of autoantibodies in ME/CFS patients with infectious onset compared to ME/CFS patients without 

infectious onset (Freitag et al., 2021). Alternatively, the chronic inflammation seen in a subset of 

ME/CFS patients (detailed in section 1.2.2) could promote the development of autoimmunity. 

Indeed, in ME/CFS patients with serotonin autoantibodies there were significantly higher levels of 

IL-1, TNF-α and neopterin, compared to ME/CFS patients without serotonin autoantibodies (Maes 

et al., 2013).  

Maes et al. (2012a) investigated whether autoantibodies contribute to the pathophysiology of 

ME/CFS. They compared the levels of IgM antibodies to anchorage molecules (palmitic acid, 

myristic acid, 5-farnesyl-L-cysteine), acetylcholine, NO adducts (NO-tyrosine, NO-phenylalanine, 

NO-aspartate, NO-histidine and NO-creatine) and oxidatively modified anchorage molecules 

(palmitic acid and myristic acid) between ME/CFS patients, chronic fatigue patients, major 

depressive disorder (MDD) patients and healthy controls. Although all IgM antibodies were higher 

in ME/CFS patients than healthy controls, only IgM antibodies to anchorage molecules, NO-
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phenylalanine and oxidatively modified neoepitopes were significantly higher in ME/CFS patients 

than MDD patients. The severity of physio-somatic symptoms (aches and pains, muscular tension, 

fatigue, neurocognitive difficulties, IBS and flu-like malaise), but not depressive symptoms (sadness, 

irritability, sleep disturbances and autonomic symptoms), correlated with elevated IgM to self and 

neo-epitopes. Another study found the severity of fatigue and other somatic symptoms in ME/CFS 

patients with infectious onset also correlated with levels of IgG antibodies to neuropeptide and 

hormone receptors (Freitag et al., 2021).   

For an autoantibody to contribute to symptom severity it needs to have functional consequences. 

Autoantibodies can induce pathology through the following mechanisms: agnostic or antagonistic 

effects on receptors or enzymes, cause direct cell lysis or induce inflammation (Ludwig et al., 2017). 

The functional consequence of AHA and APA in ME/CFS patients was investigated by measuring the 

levels of circulating hormones produced by the hypothalamic-pituitary-adrenal (HPA) axis (De Bellis 

et al., 2021). ME/CFS patients with high levels of AHA and/or APA had lower levels of 

adrenocorticotropin/cortisol and growth hormone peak/insulin-like growth factor-1 than patients 

without AHA or APA. Therefore, AHA and APA could contribute to the dysfunctional HPA-axis 

reported in ME/CFS patients. In addition, antibodies to β1/2-AdR also correlated with structural 

alterations in the brain of ME/CFS patients (Fujii et al., 2020). This suggests that these 

autoantibodies could bind to β1/2-AdR in the brain and cause damage.  

1.2.3.2 Effectiveness of autoimmune therapies in ME/CFS 

Evidence for a link between autoantibodies and ME/CFS symptom manifestation suggests 

therapeutic interventions aimed to reduce the level of autoantibodies could be of benefit. 

Rituximab is a monoclonal anti-CD20 antibody which depletes B cell numbers. Clinical trials of 

Rituximab therapy in ME/CFS began following evidence of clinical improvement in three patients 

(Fluge and Mella, 2009). The first clinical trial undertaken was a randomised placebo-controlled 

phase II study (Fluge et al., 2011). In 67 % of patients an overall clinical response to Rituximab 

treatment emerged 2 months following infusions. A second open-label phase II clinical trial 

reported 62 % of patients had an overall clinical response (Fluge et al., 2015). Again, this trial 

reported a lag phase following treatment during which no clinical improvement was seen. The lag 

phase in patients with a major response was shorter than the lag phase in patients with a moderate 

response, being an average of 23 and 53 weeks respectively. In both trials the level of circulating B 

cells depleted one month following treatment, regardless of a clinical response. The authors 

hypothesised that the delay in response could be due to the presence of long-lived autoantibodies. 

Indeed, clinical response was linked to the depletion of autoantibodies to β2-AdR and M3/4 AChR 

following treatment (Loebel et al., 2016). However, when Rituximab was trialled in a larger cohort 

of ME/CFS patients during a randomised, double-blind, placebo-controlled phase III study there 
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were negative findings (Fluge et al., 2019). A clinical response was seen in 35.1 % of the placebo 

group but only 26 % of the rituximab group. This halted all further clinical trials of Rituximab therapy 

in ME/CFS patients. The authors noted that rituximab therapy is not suitable for the treatment of 

all autoimmune diseases. Therefore, the negative findings of Rituximab as a treatment for ME/CFS 

does not disprove an autoimmune component in the disease. 

An alternative therapy for reducing autoantibody levels is immunoadsorption. This therapy 

selectively removes IgG from the blood. A pilot study in ME/CFS showed that immunoadsorption 

significantly reduced the levels of β1/2 AdR autoantibodies 6 months after treatment, but M3/4 

AChR autoantibodies were not significantly different from pre-treatment levels (Scheibenbogen et 

al., 2018). Despite only reducing the levels of some, but not all, IgG autoantibodies 7/10 patients 

had a rapid improvement of symptoms during immunoadsorption, with 3 patients sustaining 

symptom improvement for more than 12 months. Placebo-controlled trials of immunoadsorption 

need to be undertaken before clinical response in ME/CFS patients due to the treatment can be 

confirmed.  

1.3 INTESTINAL ORIGIN OF ME/CFS 

1.3.1 Microbiome  

1.3.1.1 Overview 

The GI tract harbours approximately 100 trillion microbes which together with their genetic 

material form the intestinal microbiome (Rinninella et al., 2019). The intestinal microbiome 

contributes to human health by aiding digestion of food (Oliphant and Allen-Vercoe, 2019), inducing 

tolerance to food (Tordesillas and Berin, 2018), contributing to the development of the immune 

system (Gensollen et al., 2016) and providing protection against pathogen colonisation of the GI 

tract (Pickard et al., 2017). However, an altered intestinal microbiome and a reduction in microbial 

diversity, referred to as dysbiosis, can initiate or propagate disease (DeGruttola et al., 2016). 

Microbial dysbiosis is seen in both intestinal diseases such as Crohn’s disease (CD) (Pascal et al., 

2017) and IBS (Wang et al., 2020) and extraintestinal diseases such as multiple sclerosis (MS) (Noto 

and Miyake, 2022) and depression (Sanada et al., 2020).  

1.3.1.2 Alterations in the ME/CFS intestinal microbiome  

Microbial dysbiosis is also seen in ME/CFS with patients having reduced microbial diversity in their 

stool samples (Giloteaux et al., 2016a). In addition, several studies used sequencing technologies 

to investigate the bacterial composition of the intestinal microbiome in ME/CFS patients and 

provided evidence for bacterial dysbiosis (König et al., 2021). However, only a small number of 

significant findings were replicated in more than one study (Table 1.5). Only two studies analysed 

microbiome changes at the family-level and the relative abundance of Lachnospiraceae was 
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depleted in ME/CFS patients compared to healthy controls in both studies (Lupo et al., 2021, Nagy-

Szakal et al., 2017). In contrast, microbiome changes at the genus-level were analysed in all seven 

studies. The most remarkable finding was a depletion in the relative abundance of Faecalibacterium 

replicated in five studies (Giloteaux et al., 2016a, Guo et al., 2021, Kitami et al., 2020, Lupo et al., 

2021, Nagy-Szakal et al., 2017). In addition, Faecalibacterium prausnitzii was depleted in two 

studies (Guo et al., 2021, Nagy-Szakal et al., 2017). F. prausnitzii is important in GI health as it 

produces anti-inflammatory metabolites (Ferreira-Halder et al., 2017). A reduction in F. prausnitzii 

is also seen in other diseases, such as CD (Björkqvist et al., 2019). Therefore, a reduction in F. 

prausnitzii could contribute to the initiation or propagation of intestinal inflammation. In addition, 

the enrichment of Coprobacillus was found in four studies (Giloteaux et al., 2016a, Kitami et al., 

2020, Lupo et al., 2021, Nagy-Szakal et al., 2017). This could also contribute to the initiation or 

propagation of intestinal inflammation as elevated Coprobacillus is associated with a high fat diet 

in mice and intestinal inflammation (Terzo et al., 2020, Wang et al., 2018).  

Despite four studies analysing microbiome changes at the species-level, significant differences were 

not replicated in more than two studies. An enrichment of Ruminococcus torques (Nagy-Szakal et 

al., 2017, Raijmakers et al., 2020) and Ruminococcus bromii (Lupo et al., 2021, Raijmakers et al., 

2020) and a depletion of Alistipes putredinis (Nagy-Szakal et al., 2017, Raijmakers et al., 2020) 

Eubacterium rectale (Guo et al., 2021, Nagy-Szakal et al., 2017) and Faecalibacterium prausnitzii 

(Guo et al., 2021, Nagy-Szakal et al., 2017) in ME/CFS patients were found. However, Raijmakers et 

al. (2020) found an enrichment of E. rectale and F. prausnitzii in ME/CFS patients reducing certainty 

of these findings. Newberry et al. (2018) explained that these discrepancies could be caused by 

both methodological restrictions (differing sequencing depth, the use of different sequencing 

platforms and bioinformatics pipelines) and study design (small sample sizes, different diagnostic 

criteria, patient selection criteria, and choice of control).  

Furthermore, relative microbiome profiling (RMP) using shotgun metagenomic and 16S ribosomal 

ribonucleic acid (rRNA) sequencing is limited in its interpretation of microbial composition because 

the relative abundance of one taxon is affected by the relative abundance of other taxa present 

within the microbial community and is therefore not strictly quantitative (Vandeputte et al., 2017, 

Galazzo et al., 2020). In addition, relative abundances do not account for microbial load. Whereas 

quantitative microbiome profiling (QMP) is not constrained by the aforementioned factors and is 

subsequently gaining interest. QMP involves the conversion of relative abundances to counts using 

microbial loads (quantified using quantitative polymerase chain reaction (q-PCR) or flow cytometry 

enumeration). To date, QMP on ME/CFS patients has only been performed in one study which used 

q-PCR and found increased total bacteria in stool from ME/CFS patients and lower quantities of 
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Roseburia, Eubacterium and F. prausnitzii (Guo et al., 2021). These findings need to be confirmed 

in future studies.   

Table 1.5: Compilation of previously reported significant alterations in the intestinal microbiome 

of ME/CFS patients. Upward arrows indicate taxa whose relative abundance was significantly 

higher in ME/CFS patients compared to controls and downward arrows indicate taxa whose relative 

abundance was significantly lower in ME/CFS patients compared to controls. Taxa with the same 

alterations reported in two or more papers were highlighted in grey. 

 Taxa Fremont 
et al. 
(2013) 

Giloteaux 
et al. 
(2016a)  

Nagy-
Szakal 
et al. 
(2017)  

Raijmakers 
et al. (2020) 

Kitami 
et al. 
(2020) 

Lupo 
et al. 
(2021)  

Guo et 
al. 
(2021) 

Phylum 
    

 
  

Bacteroidetes 
    

 ↑ 
 

Class 
    

 
  

Bacteroidia 
    

 ↑ 
 

Clostridia  
    

 ↓ 
 

Order 
    

 
  

Bacteroidales 
    

 ↑ 
 

Clostridiales 
    

 ↓ 
 

Pasteruellales 
  

↓ 
 

 
  

Pseudomonadales 
  

↑ 
 

 
  

Family 
    

 
  

Bacteroidaceae 
    

 ↑ 
 

Barnesiellaceae 
    

 ↑ 
 

Clostridiaceae 
  

↑ 
 

 
  

Lachnospiraceae  
  

↓ 
 

 ↓ 
 

Pasteruellaceae 
  

↓ 
 

 
  

Pseudomonadaceae 
  

↑ 
 

 
  

unclassified Bacillales  
  

↓ 
 

 
  

Genus 
    

 
  

Aggregatibacter 
 

↓ 
  

 
  

Alistipes  
    

 
  

Anaerostipes 
  

↑ 
 

 ↓ 
 

Anaerotruncus 
 

↑ 
  

 
  

Asaccharobacter 
    

 
  

Atopobium 
 

↓ 
  

 
  

Bacteroides 
    

 ↑ 
 

Bifidobacterium 
 

↓ 
  

 
  

Blauti 
    

↑ ↑ 
 

Clostridium 
 

↓ ↑ 
 

 
  

Collinsella 
 

↓ 
  

↓ ↓ 
 

Coprobacillus 
 

↑ ↑ 
 

↑ ↑ 
 

Coprococcus 
  

↓ 
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Table 1.5 continued         

 Taxa Fremont 
et al. 
(2013) 

Giloteaux 
et al. 
(2016a)  

Nagy-
Szakal 
et al. 
(2017)  

Raijmakers 
et al. (2020) 

Kitami 
et al. 
(2020) 

Lupo 
et al. 
(2021)  

Guo et 
al. 
(2021) 

Genus        

Dialister 
    

 
  

Dorea 
  

↓ 
 

 
 

↓ 

Eggerthella 
 

↑ 
  

↑ ↑ 
 

Eubacterium 
    

 
 

↓ 

Faecalibacterium 
 

↓ ↓ 
 

↓ ↓ ↓ 

Fusicatenibacter  
    

 
 

↓ 

Gemella 
  

↓ 
 

 
  

Gemmiger 
    

 
 

↓ 

Haemophilus 
 

↓ ↓ 
 

 
  

Holdemania 
    

 
  

Lachnoclostridium 
    

 
 

↑ 

Lachnospira 
    

↓ ↓ 
 

Lactococcus 
 

↑ 
  

 
  

Lactonifactor ↑ 
   

 
  

Marvynbryantia  
  

↑ 
 

 
  

Odoribacter 
  

↓ 
 

 
  

Oscillospira 
 

↑ 
  

 
  

Peptococcus 
 

↓ 
  

 
  

Phascolarctobacterium 
    

 ↑ 
 

Pseudoflavonifractor 
  

↑ 
 

 
  

Pseudomonas 
  

↑ 
 

 
  

Roseburia 
  

↓ 
 

 
 

↓ 

Ruminococcus 
 

↓ 
  

 
  

Suturella 
 

↓ 
  

 
  

Syntrophococcus 
    

 
  

Unclassified Bacteria 
 

↓ 
  

 
  

Unclassified 
Clostridiaceae 

 
↓ 

  
 

  

Unclassified 
Clostridiales 

 
↓ 

  
 

  

Unclassified 
Coriobacteriaceae 

 
↓ 

  
 

  

Unclassified 
Dehalobacteriaceae  

 
↑ 

  
 

  

Unclassified ML615J-28 
 

↓ 
  

 
  

Unclassified 
Mogibacteriaceae 

 
↓ 

  
 

  

Unclassified 
Ruminococcaceae 

 
↓ 

  
 

  

Species 
    

 
  

Alistipes finegoldii 
   

↓  
  

Alistipes indistinctus 
   

↓  
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Table 1.5 continued        

Taxa Fremont 
et al. 
(2013) 

Giloteaux 
et al.  
(2016a) 

Nagy- 
Szakal 
et al. 
(2017) 

Raijmakers 
et al. 
(2020) 

Kitami  
et al. 
(2020) 

Lupo 
et al. 
(2021) 

Guo et 
al. 
(2021) 

Species        

Alistipes onderdonkii  
   

↓  
  

Alistipes putredinis  
  

↓ ↓  
  

Alistipes shahii 
   

↓  
  

Alistipes sp AP11  
   

↓  
  

Alistipes unclassified    ↓    

Anaerostipes caccae 
  

↑ 
 

 
  

Bacterioidales 
bacterium ph8 

   
↓  

  

Bacteroides 
cellulosilyticus 

   
↓  

  

Bacteroides 
massiliensis 

   
↓  

  

Bacteroides ovatus 
   

↓  ↑ 
 

Bacteroides stercoris 
   

↓  
  

Bacteroides uniformis 
   

↓  ↑ 
 

Bifidobacterium 
adolescentis 

   
↑  

  

Bifidobacterium 
bifidum 

   
↑  

  

Bifidobacterium 
longum 

   
↑  

  

Bilophila unclassified 
   

↓  
  

Clostridium 
asparagiforme 

  
↑ 

 
 

  

Clostridium bolteae 
  

↑ 
 

 
  

Clostridium scindens 
  

↑ 
 

 
  

Clostridium symbiosum  
  

↑ 
 

 
  

Collinsella aerofaciens 
   

↑  
  

Coprobacillus 
bacterium 

  
↑ 

 
 

  

Coprococcus catus 
  

↓ 
 

 
  

Coprococcus comes 
   

↑  
  

Coprococcus sp ART55 
1 

   
↑  

  

Dorea formicigenerans 
  

↓ ↑  
  

Dorea longicatena 
  

↓ ↑  
  

Eubacterium biforme 
   

↑  
  

Eubacterium hallii 
  

↓ ↑  
  

Eubacterium rectale 
  

↓ ↑  
 

↓ 

Eubacterium 
ventriosum 

  
↓ 

 
 

  

Faecalibacterium cf 
  

↓ 
 

 
  

Faecalibacterium 
prausnitzii 

  
↓ ↑  

 
↓ 
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Table 1.5 continued        

Taxa Fremont et 
al. (2013) 

Giloteaux 
et al.  
(2016a) 

Nagy- 
Szakal 
et al. 
(2017) 

Raijmakers 
et al. 
(2020) 

Kitami  
et al. 
(2020) 

Lupo 
et al. 
(2021) 

Guo et 
al. 
(2021) 

Species        

Fusicatenibacter 
saccharivorans 

    
 

 
↓ 

Gemminger formicilis 
    

 
 

↓ 

Haemophilus 
parainfluenzae 

  
↓ 

 
 

  

Lachnospiraceae 
bacterium 1 1 57FAA 

   ↑    

Marvynbryantia 
formatexigens 

  
↑ 

 
 

  

Methanobrevibacter 
smithii 

   
↓  

  

Odoribacter splanchnicus 
  

↓ 
 

 
  

Oscillibacter unclassified  
   

↓  
  

Parabacteroides 
distasonis 

  
↓ 

 
 

  

Parabacteroides merdea 
  

↓ 
 

 
  

Paraprevotella 
unclassified 

   
↓  

  

Pseudoflavonifractor 
capillosus 

  
↑ 

 
 

  

Roseburia inulivorans 
  

↓ ↑  
  

Ruminococcus bromii 
   

↑  ↑ 
 

Ruminococcus gnavus 
  

↑ 
 

 
  

Ruminococcus lactaris 
   

↑  
  

Ruminococcus obeum 
  

↓ ↑  
  

Ruminococcus sp 5 1 
30BFAA 

   
↑  

  

Ruminococcus torques 
  

↑ ↑  
  

Streptococcus 
thermophilus 

   
↑  

  

Sutterella 
wadsworthensis 

   
↓  

  

unclassified Alistipes 
  

↑ 
 

 
  

unclassified Bacteroides 
  

↑ 
 

 
  

unclassified Dorea 
  

↑ 
 

 
  

unclassified 
Faecalibacterium 

  
↓ 
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1.3.1.3 Geographical location affects microbiome biomarkers for ME/CFS  

The composition of the microbiome is affected by environmental factors such as diet (Redondo-

Useros et al., 2020), geography (Conlon and Bird, 2014) and genetics (Goodrich et al., 2014). Lupo 

et al. (2021) demonstrated the importance of accounting for environment induced microbiome 

changes in ME/CFS microbiome studies through the use of internal (relatives of the patient) and 

external controls. Comparing ME/CFS patients to internal controls reduced the number of taxa 

found to be differentially abundant between patients and external controls. For example, at the 

genus-level the abundance of Bacteroides, Anaerostipes and Phascolarctobacterium were 

significantly different between ME/CFS patients and external controls, but only Bacteroides and 

Anaerostipes were significantly different between ME/CFS patients and internal controls. In 

addition, the utilisation of internal controls also enabled the identification of ME/CFS associated 

microbiome changes that were masked by environmental differences.   

Another study recruited ME/CFS patients and healthy controls from Norway and Belgium and 

demonstrated the composition of stool microbiome differed both regionally and in disease 

(Frémont et al., 2013). In the Belgian population stool samples from ME/CFS patients had an 

enrichment of Lactonifactor and a depletion of Asaccharobacter. Whereas in the Norwegian 

population ME/CFS patients had enriched Alistipes and Lactonifactor and a depletion of 

Holdemania, Roseburia and Syntrophococcus. Only an enrichment of Lactonifactor was found in 

both geographical locations which could suggest a pivotal role of this microbe in ME/CFS. However, 

enrichment of Lactonifactor was not found in any other microbiome study in ME/CFS patients 

(Table 1.5).  

1.3.1.4 Comorbid IBS affects microbiome biomarkers for ME/CFS 

Gastrointestinal disturbances, such as IBS, affect 38 % of ME/CFS patients (Chu et al., 2019). IBS 

patients have alterations in their intestinal microbiome, with small intestinal bacterial overgrowth 

(SIBO) occurring in patients with diarrhoea predominant IBS (IBS-D) and increased abundance of 

the archaea Methanobrevibacter smithii in patients with constipation predominant IBS (IBS-C) 

(Pimentel and Lembo, 2020). This suggests ME/CFS patients with co-morbid IBS may have different 

microbiome alterations to those ME/CFS patients without co-morbid IBS.  

Indeed, Nagy-Szakal et al. (2017) demonstrated the importance of stratifying the ME/CFS patient 

population into those with and those without IBS as this enabled microbial differences found within 

the unstratified ME/CFS patient population to be assigned to IBS comorbidity or ME/CFS. When 

comparing the unstratified ME/CFS patient population to healthy controls 23 bacterial species were 

differentially abundant. 7 of these were associated with IBS comorbidity as they were only seen 

when comparing ME/CFS patients with comorbid IBS to controls but not when comparing ME/CFS 
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patients without co-morbid IBS to controls. 12 bacterial species were associated with the disease 

itself as they were seen in both the ME/CFS cohort with and without comorbid IBS.  

In contrast, Guo et al. (2021) did not find the stratification of ME/CFS patients into those with and 

those without comorbid IBS aided the discovery of additional bacterial species differentially 

abundant in ME/CFS. Instead, Faecalibacterium prausnitzii and Eubacterium rectale were the only 

two bacterial species differentially abundant in the unstratified ME/CFS cohort and they were also 

the only two bacterial species differentially abundant when comparing ME/CFS patients without 

comorbid IBS to controls. These bacterial species were also depleted in the ME/CFS with IBS cohort, 

along with 13 other microbial changes. Whereas Nagy-Szakal et al. (2017) only found a depletion of 

E. rectale in the unstratified ME/CFS cohort and found a depletion of F. prausnitzii in the unstratified 

ME/CFS cohort and the ME/CFS with IBS cohort, but not the ME/CFS without IBS cohort.         

1.3.1.5 The neglected components of the intestinal microbiome 

Thus far the bacterial composition of the intestinal microbiome in ME/CFS patients has been 

discussed. However, the intestinal microbiome is also inhabited by both viruses and eukaryotes 

(Rinninella et al., 2019). Viruses outnumber bacterial cells in the intestine by 10:1 (Mukhopadhya 

et al., 2019). Despite the abundance of viruses in the intestine, virome research is still in its infancy 

due to laboratory and computational limitations hindering its characterisation. In addition, 

microbiome studies have overlooked eukaryotes because of their low genetic content within stool 

samples (Qin et al., 2010). Recent technological advances and evidence of eukaryome involvement 

in health and disease has meant these components of the microbiome are gaining traction (Khan 

Mirzaei et al., 2021, Tiew et al., 2020). Given reports of the onset of ME/CFS following enteroviral 

and eukaryotic infections in some patients, investigation of the virome and eukaryome in ME/CFS 

patients is of interest (Mørch et al., 2013, O'Neal and Hanson, 2021).  

To date, a limited number of studies have investigated the intestinal virome of ME/CFS patients. 

One study investigated alterations of eukaryotic viruses in intestinal biopsies and found an 

increased abundance and frequency of Parvovirus B19 (Frémont et al., 2009). Another study 

investigated the relative abundance of bacteriophages in a pair of monozygotic twins, one with and 

one without ME/CFS, and found an increased relative abundance of Siphoviridae and Myoviridae 

in stool samples (Giloteaux et al., 2016b). However, the former study did not report statistical 

measures and the latter study’s sample size was not large enough to perform statistical tests and 

therefore conclusions from these studies are limited. 

The mycobiome in ME/CFS patients is also poorly characterised. One study using a culture-based 

technique identified an increased abundance of Candida albicans in the faecal samples of ME/CFS 

patients during the acute phase of the disease compared to when that patient was in remission 
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(Evengård et al., 2007). Interestingly, C. albicans was also elevated in the active phase in CD 

patients, but not in those who were in remission (Qiu et al., 2020). Another study used 18S rRNA 

marker gene sequencing to investigate the composition of eukaryotes in stool samples from 

ME/CFS patients (Mandarano et al., 2018). They found a non-significant increase in the ratio of 

Basidiomycota to Ascomycota in ME/CFS patients, which was also found in the CD patients (Li et 

al., 2014).    

1.3.1.6 Microbiome targeted therapeutic interventions 

Therapeutic interventions aiming to reverse intestinal microbial dysbiosis, referred to as 

bacteriotherapy, have been trialled in ME/CFS patients. Bacteriotherapy’s include probiotics, 

prebiotics and faecal microbe transplantation (FMT). Probiotics are defined by the Food and 

Agriculture Organization of the United Nations (FAO) and the WHO as “live microorganisms which 

when administered in adequate amounts confer a health benefit on the host” (Hill et al., 2014). 

Oral administration of Bifidobacterium infantis 35624 was able to reduce the significantly elevated 

levels of systemic inflammation as evidenced by the reduction of CRP, TNF-α and IL-6 levels in the 

blood of ME/CFS patients (Groeger et al., 2013).  

70 % of ME/CFS patients were reported to have a clinical response to probiotic intake (a mixture of 

13 non-pathogenic enteric bacteria from the Bacteroidetes phylum, Clostridia phylum and 

Escherichia coli) defined as the resolution of sleep disturbances and fatigue, which was sustained 

in 58 % of participants at 15-20 years follow up (Borody et al., 2012). In contrast, Sullivan et al. 

(2009) found an improvement in neurocognitive functions but no significant improvements in 

fatigue severity or physical activity levels following administration of Lactobacillus paracasei ssp. 

Paracasei F19, Lactobacillus acidophilus NCFB 1748 and Bifidobacterium lactis Bb12. The 

discrepancies in improvement of fatigue following probiotic intervention seen in these two papers 

could reflect the administration of different probiotic bacteria, which could have different functions 

in the human body. In contrast, the administration of different probiotic bacteria could result in the 

same clinical outcome due to functional redundancy of probiotic bacteria. For example, an 

improvement in anxiety and depressive symptoms were seen in ME/CFS patients following 

probiotic intervention with Lactobacillus casei Shirota (Rao et al., 2009) and a combination of 

Enterococcus faecium, Saccharomyces boulardii, Bifidobacterium longum, Bifidobacterium breve, 

Bifidobacterium bifidum, Bifidobacterium infantis, B. longum AR81, L. casei, B. lactis, Lactobacillus 

rhamnosus GG and L. acidophilus (Venturini et al., 2019). Interestingly, one study compared FMT to 

a mixture of probiotic and prebiotic intake and found greater clinical improvement in ME/CFS 

patients treated with FMT (Kenyon et al., 2019). The difference in clinical improvement between 

the two interventions could be because FMT is not restricted to bacteriotherapy as faecal samples 

also contain viruses and eukaryotes. It is worth noting that a systematic review of bacteriotherapy 
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interventions in ME/CFS patients regarded the majority of these studies as poor quality and 

concluded more research was required before bacteriotherapy can be used as a treatment for 

ME/CFS (Corbitt et al., 2018).  

1.3.2 Leaky gut 

1.3.2.1 Overview 

A consequence of microbial dysbiosis is the initiation of intestinal inflammation which results in a 

leaky gut (Kinashi and Hase, 2021). A leaky gut is the term used to describe the increased 

permeability of the gut barrier. When the integrity of the intestinal barrier is compromised systemic 

translocation of enteric microbes and their products can occur which can initiate or propagate 

systemic inflammation. This is witnessed in intestinal diseases such as IBS (Singh et al., 2019), 

autoimmune diseases (Kinashi and Hase, 2021) and major depressive disorders (Ohlsson et al., 

2019). In addition, a leaky gut alters the bidirectional communications along the gut-brain axis as 

the systemic inflammation can disrupt the blood-brain barrier enabling the translocated microbes 

and microbial products to reach the brain and activate neuroinflammation (Houser and Tansey, 

2017). It is also worth noting that a transient breach in the intestinal barrier can also occur in health 

during periods of stress (Kiecolt-Glaser et al., 2018), intensive exercise (Karhu et al., 2017), acute 

binge drinking (Bala et al., 2014) and a high-fat diet (Rohr et al., 2019).  

1.3.2.2 Evidence for a leaky gut in ME/CFS  

There is evidence for microbial dysbiosis and autoimmunity in ME/CFS patients, as described earlier 

(see section 1.3.1.2 and section 1.2.3). In addition, there is evidence for a leaky gut. ME/CFS 

patients had elevated levels of leaky gut biomarkers such as lipopolysaccharide (LPS) binding 

protein (LBP) and soluble CD14 (sCD14) (Giloteaux et al., 2016a). Maes et al. (2007) investigated 

the levels of serum IgA and IgM to the LPS of the following seven Gram-negative enterobacteria: 

Hafnia alvei, Pseudomonas aeruginosa, Morganella morganii, Proteus mirabilis, Pseudomonas 

putida, Citrobacter koseri and Klebsiella pneumoniae. They found over 70 % of ME/CFS patients had 

abnormally high IgA levels to the LPS of at least one Gram-negative enterobacteria and 40 % of 

ME/CFS patients had abnormally high IgM levels to the LPS of at least one Gram-negative 

enterobacteria. Elevated levels of serum antibodies to the LPS of Gram-negative enterobacteria 

could reflect higher circulating endotoxin levels as a consequence of a leaky gut. Indeed, higher 

concentrations of LPS in the blood of ME/CFS patients were found (Giloteaux et al., 2016a). In 

addition, following exercise the abundance of Bacilli in the blood significantly increased in ME/CFS 

patients but not healthy controls (Shukla et al., 2015). This suggests that exercise induced intestinal 

permeability is greater in ME/CFS patients than in healthy controls.  

Bacterial translocation has also been linked to the severity of other common ME/CFS symptoms. 

There was a significant positive correlation between the level of serum IgA to the LPS of Gram-
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negative enterobacteria and the severity of the following symptoms: irritable bowel, muscle 

tension, fatigue, impaired concentration and failing memory (Maes et al., 2007). Another study 

found higher serum IgA and IgM antibodies to the LPS of Gram-negative enterobacteria in patients 

with GI disturbances compared to those without (Maes et al., 2014). In addition, clinical 

improvement of ME/CFS symptom severity, measured using the fibromyalgia and chronic fatigue 

syndrome rating scale, was seen in ME/CFS patients after having a leaky gut diet (dairy free, gluten 

free and low carbohydrate intake) and taking natural anti-inflammatory and anti-oxidative 

substances (e.g. glutamine, N-acetyl cysteine and zinc) (Maes and Leunis, 2008). 63.5 % of patients 

were clinical responders to this treatment and they had significantly lower IgM levels against P. 

aeruginosa, P. putida and H. alvei and significantly lower IgA levels against C. koseri compared to 

non-responders. In addition, clinical responders to the leaky gut diet had a shorter duration of 

ME/CFS suggesting a leaky gut and bacterial translocation could be involved in the early stages of 

the illness, such as disease initiation. Furthermore, events which predispose the onset of ME/CFS 

such as infection, stress and surgery can disrupt the intestinal epithelial barrier.  

However, measuring serum IgM and IgA reactivity to enterobacteria gives limited information 

about the systemic immune response that occurs as a consequence of a leaky gut and bacterial 

translocation. IgM functions during primary immune responses where there is a small window of 

IgM production which has low specificity for antigens (Keyt et al., 2020). Therefore, measuring 

serum IgM to enterobacteria only provides information about the presence of non-specific 

antibody reactivity.  The majority of IgA is produced at mucosal sites, such as the gastrointestinal 

tract, and therefore is not suitable for studying systemic immune responses (de Sousa-Pereira et 

al., 2019). In contrast, IgG is the predominant immunoglobulin subclass in serum and is the main 

antibody in secondary immune responses (immunological memory) (Schroeder et al., 2010). This 

was the rationale for developing a method to determine IgG reactivity to intestinal microbes in 

chapter 3.  

1.3.2.3 Potential mechanisms for the induction of a leaky gut in ME/CFS  

Many factors affect the integrity of the intestinal barrier including genetic susceptibility, drugs (e.g. 

antibiotics), inflammation (e.g. cytokines and pattern recognition receptor (PRR) engagement), 

pathogenic microorganisms and microbiome alterations (Chelakkot, et al. 2018). This section 

discusses the microbiome alterations in ME/CFS patients which have independently been shown to 

affect intestinal permeability.  

A leaky gut in ME/CFS patients could be caused by reduced levels of butyrate producing bacteria 

and reduced levels of butyrate in the stool (König et al., 2021). Butyrate is a short-chain fatty acid 

(SCFA) which is utilised by intestinal epithelial cells as a source of energy, generating a hypoxic 

environment which stabilises the transcription factor hypoxia-inducible factor-1 (HIF-1) (Kelly et al., 
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2015). HIF-1 transcribes tight junction (TJ) proteins claudin-1 and occludin which maintain the 

epithelial barrier. Decreased butyrate levels result in a reduction of stabilised HIF-1, which in turn 

would reduce the production of TJ proteins, increasing the permeability of the intestinal epithelial 

barrier.  

The mucus layer in the intestine protects the epithelial barrier integrity (Paone and Cani, 2020). 

Butyrate increases mucus production and secretion by inducing the transcription of MUC2 (Burger-

van Paassen et al., 2009). Therefore, decreased butyrate levels can lead to mucus layer impairment 

which enables commensal and pathogenic microorganisms to reach the intestinal epithelium, 

triggering inflammation (Paone and Cani, 2020). Therefore, the reduced butyrate producing 

bacteria and butyrate levels in stool of ME/CFS patients could contribute to the breakdown of the 

mucosal and epithelial barrier in the intestine. However, one study found increased butyrate levels 

in the stool of ME/CFS patients, suggesting other mechanisms also contribute to a leaky gut in these 

patients (Armstrong et al., 2016). 

Proinflammatory cytokines regulate TJs and, therefore, epithelial barrier integrity (Capaldo and 

Nusrat, 2010). Elevated levels of TGF-β, TNF-α, IL-4 and IL-2 are frequently found in ME/CFS patients 

(Strawbridge et al., 2019). TNF-α and IL-4 have been shown to increase intestinal permeability 

whereas TGF-β decreases intestinal permeability (Capaldo and Nusrat, 2010). In addition, cytokines 

also regulate mucus production and therefore the mucus barrier (Paone and Cani, 2020). TNF-α can 

signal through the JNK pathway to reduce MUC2 expression and secretion, leading to mucus layer 

impairment. However, TNF-α along with IL-4 can increase MUC2 expression and secretion, which 

enhances the mucus barrier. Therefore, it is difficult to conclude whether altered cytokine levels 

contribute to the induction of a leaky gut in ME/CFS patients. 

LPS stimulation of Toll-like receptor (TLR)-4 on the basolateral (in interstitial fluid) but not apical 

(luminal) side of intestinal epithelial cells increases intestinal epithelial TJ permeability (Guo et al., 

2013). LPS is therefore not thought to initiate intestinal permeability but instead perpetuate it as a 

defective TJ barrier is required for the paracellular flux of LPS from the apical to basolateral side of 

the intestinal epithelial barrier. Hence elevated LPS in the blood of ME/CFS patients (Giloteaux et 

al., 2016a) could contribute to the chronicity of ME/CFS by perpetuating a leaky gut.        

1.3.2.4 Leaky gut and autoimmunity in ME/CFS 

Evidence for a leaky gut and autoimmunity in ME/CFS patients has been provided. A leaky gut is 

also witnessed in other autoimmune diseases such as MS (Buscarinu et al., 2018), ankylosing 

spondylitis (Ciccia et al., 2017), rheumatoid arthritis (RA) (Tajik et al., 2020) and type 1 diabetes 

(Harbison et al., 2019). Whether a leaky gut is a cause or consequence of these autoimmune 

diseases is still being debated. However, ME/CFS patients with a leaky gut have a higher incidence 
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of serotonin autoimmunity than those without, suggesting a leaky gut could contribute to the 

initiation or propagation of autoimmunity in ME/CFS patients (Maes et al., 2013).  

Systemic inflammation following a leaky gut and microbial translocation leads to elevated levels of 

oxidative and nitrosative stress and the formation of neoepitopes (Morris and Maes, 2014). 

Oxidation can alter the structure and function of self-epitopes, converting them to neoepitopes 

which are recognised as ‘foreign’ by the immune system (James et al, 2018). The generation of 

neoepitopes is an example of epitope spreading, which is one mechanism of autoimmune 

development (James et al., 2018). As discussed in section 1.2.3.1 ME/CFS patients have elevated 

levels of antibodies to neoepitopes, suggesting patients have elevated neoepitope levels. 

Therefore, the leaky gut seen in ME/CFS patients could cause epitope spreading and an 

autoimmune response.  

Systemic inflammation caused by a leaky gut and microbial translocation into the systemic 

circulation could cause or augment autoimmune responses through bystander activation of T or B 

cells in a pro-inflammatory environment through antigen non-specific mechanisms (Pacheco et al., 

2019). These mechanisms involve innate immune responses, for example recognition of PAMPs and 

the secretion of cytokines. ME/CFS patients had a positive correlation between the levels of IgA to 

the LPS of Gram-negative enterobacteria and the levels of IL-1, TNF-α, and elastase (markers of 

inflammation) and neopterin (a marker of cell-mediated immune activation) (Maes et al., 2012d). 

This indicates that the leaky gut in ME/CFS patients causes the systemic inflammation which is a 

suitable environment in which bystander activation could occur.   

Another mechanism through which a leaky gut could cause autoimmunity is molecular mimicry. 

Molecular mimicry can generate cross reactive T cells, B cells and autoantibodies. For example, T 

cells reactive to Ro60 and Sjögren’s syndrome antigen A, two autoantigens in Sjögren’s syndrome, 

share structural similarity with four peptides from gut-derived commensal bacteria (Szymula et al., 

2014). In addition, RA patients have autoantibodies to anti-citrullinated α-enolase which can cross 

react with the homologous P. gingivalis derived α-enolase (Lundberg et al., 2008). P. gingivalis is an 

oral pathogen that can cause intestinal dysbiosis and inflammation if ingested (Arimatsu et al., 

2014). Evidence for molecular mimicry as a mechanism for leaky gut induced autoimmunity in 

ME/CFS patients is limited as cross-reactive autoantibodies, B cells and T cells have yet to be 

explored.     

1.3.3 The gut-brain axis 

1.3.3.1 Overview 

The gut is able to bidirectionally communicate with other organs such as the liver (Konturek et al., 

2018) and brain (Cryan et al., 2019). Microbial dysbiosis and a leaky gut disturbs these bidirectional 
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communications and can contribute to extra-intestinal diseases (Di Tommaso et al., 2021). The gut-

brain axis, also referred to as the microbiome-gut-brain axis, involves the bidirectional 

communication between the central nervous system and the GI tract and is mediated by four main 

routes: I) neural, II) endocrine, III) immune and VI) metabolic pathways (Cryan et al., 2019). The 

microbiome is able to produce neuropeptides, hormones and metabolites which can directly or 

indirectly impact the CNS along these four routes influencing sleep, mood, memory and cognition. 

The gut-brain axis is implicated in the pathogenesis of many diseases including, but not limited to, 

neuropsychiatric diseases (depression (Liang et al., 2018) and autism spectrum disorder (ASD) (Yu 

and Zhao, 2021)), neurodegenerative diseases (Parkinson’s disease (Klann et al., 2022), Alzheimer’s 

disease (Megur et al., 2020) and multiple sclerosis (Parodi and Kerlero de Rosbo, 2021)) and GI 

diseases (IBS (Tait and Sayuk, 2021)).  

1.3.3.2 Evidence for altered gut-brain axis in ME/CFS  

As fatigue, disturbed sleep, impaired memory, poor concentration and low mood are experienced 

in patients with ME/CFS it is speculated that the dysregulation of the gut-brain axis is involved in 

pathogenesis. To date, evidence of a dysregulated gut-brain axis in ME/CFS is limited and the role 

of the gut-brain axis in ME/CFS pathogenesis has not been directly investigated. This is primarily 

due to the progression of gut-brain axis research being driven by the use of animal models (Cryan 

et al., 2019) and there is not yet an animal model that reflects the clinical aspects of ME/CFS to be 

able to research disease pathogenesis (Lee et al., 2020). Instead, human trials using bacteriotherapy 

indirectly provide evidence of the involvement of the gut-brain axis because upon altering the 

intestinal microbiome there is an improvement in neurocognitive symptoms (detailed in section 

1.3.1.6).    

1.4 HYPOTHESIS  

The working hypothesis for the research presented within this thesis is that the microbial dysbiosis 

witnessed in ME/CFS patients causes intestinal inflammation, resulting in a leaky gut which enables 

the systemic translocation of small quantities of microbes and microbial products into the 

circulation. This results in an increased immune response to enteric microbes, promoting 

inflammation and ultimately autoimmunity by either bystander activation, epitope spreading or 

molecular mimicry.   
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1.5 AIMS AND OBJECTIVES 

The primary aim of this thesis was to demonstrate that ME/CFS patients have an elevated systemic 

immune response to the microbiome. The secondary aim was to determine which enteric microbes 

the immune response was directed against. The thesis had the following objectives: 

1. To set up a human study recruiting severe ME/CFS patients and matched household 

controls for the collection of blood and stool samples (chapter 2), 

2. To use blood and stool samples to develop methods to identify enteric microbes reacting 

to circulating antibodies (chapter 3), 

3. Determine the level and specificity of stool IgA and serum IgG for the microbiome in severe 

ME/CFS patients compared to their matched household controls (chapter 4), 

4. To identify differences in the reactivity of stool microbes to serum IgG in severe ME/CFS 

patients compared to their matched household controls (chapter 5). 
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2 CHAPTER TWO: HUMAN STUDY PROTOCOL 

2.1 SUMMARY 

The results presented within this thesis were obtained using samples collected from the human 

study “Defining autoimmune aspects of myalgic encephalomyelitis/chronic fatigue syndrome 

(ME/CFS) (AI-ME/CFS)”. This was a case control pilot study recruiting severe ME/CFS patients from 

the Epsom and St Helier (ESTH) CFS Service and the East Coast Community Healthcare Centre 

(ECCHC) ME/CFS Service. Matched household controls were recruited through severe ME/CFS 

patients interested in participating in this study.  

2.2 ETHICAL CONSIDERATIONS 

An application for the ethical approval of the study “Defining autoimmune aspects of myalgic 

encephalomyelitis/chronic fatigue syndrome (ME/CFS) (AI-ME/CFS)” was submitted through the 

Integrated Research Application System (IRAS) to the Health Research Authority (HRA). The 

application was reviewed by and received HRA approval from London Hampstead regional ethics 

committee (REC) on the 19th of July 2017, reference number 17/LO/1102 (Appendix I).  

All research undertaken for this human study complied with the Declaration of Helsinki seventh 

version (2013) and ICH-Good Clinical Practice (GCP). All data was handled in accordance with the 

EU General Data Protection Regulation (GDPR) and the UK Data Protection Act 2018. 

2.3 STUDY PERSONNEL 

Tracey Moulton, Contracts Manager at the University of East Anglia (UEA), was appointed study 

sponsor until 2019. In 2019, sponsorship of the study was transferred to the Quadram Institute 

Bioscience (QIB), where Dr Antonietta Melchini, Human Studies Lead, assumed the post. 

As the chief investigator of this human study, it was my responsibility to design the study, acquire 

ethical approval and set up the study. I also corresponded with eligible participants who had 

expressed interest in study participation, coordinated and attended study visits and obtained 

written informed consent from participants. 

Blood sample collection was undertaken at participants’ homes by Shelina Rajan, QIB, or by 

research nurses from St Helier Hospital.  

The processing of samples for long term storage was aided by the PhD students Shen-Yuan Hsieh 

and Fiona Newberry.  
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2.4 STUDY OBJECTIVES 

This human study was set up to investigate the hypothesis that ME/CFS is an autoimmune disease 

initiated or sustained by microbial dysbiosis which drives intestinal inflammation, leading to a 

breakdown in the epithelial barrier and subsequent exposure of the intestinal microbiome to the 

immune system.  

2.5 SAMPLE SIZE 

Four assumptions were made in the power calculation: 1) The McNemar’s exact test with a two-

sided significance level of 5 % was used in the main analysis, 2) the presence of immune reactivity 

to intestinal microbiome is in less than 10 % of the general population, 3) the presence of immune 

reactivity to intestinal microbiome is in more than 70 % of the severe ME/CFS population (based on 

Maes et al. (2007) findings that more than 70 % of ME/CFS patients had elevated IgM levels to the 

LPS of Gram-negative enterobacteria), 4) there is a weak correlation of outcome between cases and 

controls (phi < 0.1). Based upon these assumptions, ten pairs of patients and household controls 

would give an 80 % chance of proving the hypothesis and concluding a difference between patients 

and household controls, with 95 % statistical power. 

2.6 STUDY PROCEDURES 

2.6.1 Participant identification 

2.6.1.1 Patient cohort 

The patient cohort for this study were severe ME/CFS patients between the ages of 18 and 70 years. 

Jason et al (2005) reviewed the importance of subgrouping patients when undertaking ME/CFS 

research.  For this study patients were sub grouped by severity of the illness, recruiting severe 

ME/CFS patients as they have a more homogeneous clinical presentation than mild and moderate 

subgroups of patients (Collin et al., 2016). 

Participant identification was undertaken at the ESTH CFS Service by Dr Amolak Bansal, and at the 

ECCHC ME/CFS Service by occupational therapists. These services identified ME/CFS patients 

meeting the eligibility criteria (Table 2.1).  

Participants had to fulfil the 2007 NICE guidelines’ clinical diagnostic criteria for ME/CFS (CG53): 

sudden onset of disabling fatigue present for a minimum of four months, experiencing symptoms 

such as disturbed sleep, musculoskeletal pain, severe headaches, sore throat and glands in the 

absence of swelling, memory and concentration deficit, flu-like symptoms, dizziness, nausea, heart 

palpitations or post exertional malaise (Baker and Shaw, 2007).  In addition, participants had to be 

classified as severe. Categorisation of severity was based on a patient’s ability to undertake 
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activities of daily living, such as bathing, dressing, mobility, eating and toileting. Patients in the 

severe category were unable to perform the activities of daily living, were wheelchair dependent 

or bed-bound, and experienced severe cognitive impairment and sensitivity to light and sound.   

Table 2.1: Patient cohort eligibility criteria. 

Inclusion Exclusion  

18-70 years old Antibiotic consumption 

Confirmed ME/CFS diagnosis Probiotic capsule consumption 

Severe ME/CFS symptoms Anxiety diagnosis 

Able to provide informed consent Depression diagnosis 

 

2.6.1.2 Control cohort 

Matched household controls were used for this study. This cohort was chosen because of the 

increased power of detecting disease associated alterations relating to the intestinal microbiome, 

which is strongly influenced by environmental factors (Norman et al., 2015). For the purpose of this 

study, a matched household control was defined as a relative or non-relative, living with or caring 

for the patient.  Household controls had to fulfil the inclusion/exclusion criteria (Table 2.2), which 

was confirmed with an eligibility questionnaire completed prior to recruitment (Appendix VI). This 

cohort was identified through interested patient cohort participants.  
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Table 2.2: Control cohort eligibility criteria. 

Inclusion Exclusion  

18-70 years old Antibiotic consumption 

Able to provide informed consent  Probiotic capsule consumption 

Living with or caring for the patient Long term medical condition affecting the 

stomach or bowel 

Healthy Autoimmune disease diagnosis 

 Anxiety diagnosis 

 Depression diagnosis 

 Recipient of immunomodulatory drugs, statins, 

beta blockers or steroids 

 

2.6.2 Participant recruitment 

Once clinicians and occupational therapists at the ESTH CFS Service and the ECCHC ME/CFS Service 

identified patients fulfilling the severe ME/CFS eligibility criteria, they mailed them a cover letter 

explaining the study (Appendix II), a summary patient information sheet (Appendix III), a full 

patient information sheet (Appendix IV) and a household control information sheet (Appendix V). 

Patients interested in participating in the study were asked to identify and inform eligible household 

controls about the study using the relevant participant information sheets.  

Pairs of participants interested in being a part of the study contacted me to express their interest. 

To ensure participants were fully informed and made their own independent decision, telephone 

interviews were carried out to explain the study further and ensure all their questions were 

answered. Following this they had a 72-hour consideration period prior to booking a consenting 

appointment.  

2.6.3 Study visits 

Study visits were undertaken at participants’ homes, due to the severity and the nature of the 

patient cohort’s illness.  

2.6.4 Informed consent  

Prior to 16th March 2020 consent appointments were undertaken during study visits. Following the 

national COVID lockdown on the 26th of March 2020, all consent appointments were undertaken 

remotely. Participants chose whether they gave their remote consent through a telephone 

appointment or a video conference call, using a paper or an electronic copy of the consent form 

(Appendix VII and VIII).  
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Prior to the appointment for informed consent participants were given a copy of the consent form, 

to ensure they fully understood what they were being asked to do. During their consent 

appointment, participants were given the opportunity to ask any further questions. When 

participants received satisfactory answers, a GCP trained member of the research team guided 

participants through the consenting process. Consent forms consisted of required and optional 

sections. Optional sections enabled participants to decide whether they wanted their samples to 

be transferred to the Norwich Research Park (NRP) Biorepository at the end of the study for long 

term storage and use in other research projects and whether they were happy for samples to be 

used in ethically approved animal research. Participants were asked to complete two copies of the 

consent form, one for the research team and one for the individual to keep.  

2.6.5 Sample collection 

During a 24-hour window of the scheduled sample collection appointment, participants collected a 

stool sample. Following printed instructions (Appendix IX) participants defecated into a 

Fecotainer® (AT Medical BV, catalogue number: 39233000), added an Oxoid™ AnaeroGen™ 

compact sachet (Thermo Scientific™, catalogue number: AN0020D) and sealed the Fecotainer®. 

Samples were stored at 4 °C by the participant until their appointment.  

During the home visit a trained phlebotomist collected a total of 50 ml of blood by venepuncture 

using BD Vacutainer® push button blood collection set with pre-attached holder (Becton Dickinson 

UK LTD, catalogue number: 367355 and 367354). 30 ml of blood was collected into BD Vacutainer® 

plastic whole blood tube with spray-coated K2EDTA (Thomas Scientific, catalogue number: 366643) 

and 20 ml of blood was collected into BD Vacutainer® plus plastic SST tube with double polymer gel 

(Thomas Scientific, catalogue number: 367985).  

2.6.6 Sample processing  

2.6.6.1 Stool 

The consistency of stool samples was scored according to the Bristol stool form scale (BSFS) by a 

member of the research team (Table 2.3). Stool samples were homogenised by mixing. 100 mg ±10 

mg aliquots were stored at -80 °C. Stool microbial glycerol stocks were made by diluting 1.5 g of 

stool sample 10 % w/v with sterile phosphate buffered saline (PBS) (Sigma Aldrich), homogenised 

by vortexing, centrifugated for 5 minutes at 300 x g and the supernatant was diluted 1:1 with 80 % 

v/v glycerol. Stool microbial glycerol stocks were aliquoted and stored at -80 °C. 
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Table 2.3: The seven types of stool consistency defined by the Bristol stool form scale (Lewis and 

Heaton, 1997). 

Type Description 

1 Separate hard lumps, like nuts 

2 Sausage shaped, formed by hard lumps 

3 Sausage shaped, with a cracked surface 

4 Smooth and soft sausage shape 

5 Soft, clear-cut blobs 

6 Fluffy pieces with ragged edges and no clear form 

7 Watery 

 

2.6.6.2 Peripheral blood mononuclear cells  

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood collected in BD 

Vacutainer® plastic whole blood tubes with spray coated K2EDTA. EDTA anticoagulated blood was 

diluted three-fold with sterile Dulbecco’s phosphate buffered saline solution (Merck Life Sciences 

UK Limited, catalogue number: D8537). Ficoll-Paque™ PLUS (GE Healthcare Life Sciences, catalogue 

number: 17-1440-03) was used for density gradient centrifugation. 15 ml was added to a 

Leucosep™ tube (Greiner Bio-one International) and subsequently centrifuged for 1 minute at 1000 

x g at 20 °C. Diluted blood was poured into the Leucosep™ tubes to form an overlay. Leucosep™ 

tubes were centrifuged at 800 x g for 20 minutes at 20 °C with the break switched off. PBMCs were 

recovered from the buffy coat and washed three times with sterile PBS, centrifuging once at 600 x 

g and twice at 300 x g for 5 minutes each. PBMCs were resuspended in 1 ml of 10 % dimethyl 

sulfoxide (Sigma-Aldrich) in heat inactivated foetal bovine serum (Biosera). They were then 

cryopreserved using Nalgene® Mr. Frosty® cryo 1 °C freezing containers (Nalgene Nunc 

International, Rochester, New York) which when placed at -80 °C lowers the temperature of the 

PBMCs at a rate of 1 °C/min. PBMCs were stored long term at -80 °C. 

2.6.6.3 Plasma 

Plasma was isolated from whole blood during the density gradient centrifugation process described 

in section 2.6.6.2. It was recovered from the upper phase, aliquoted and stored long term at -80 °C. 

2.6.6.4 Serum 

BD Vacutainer® plus plastic SST tubes with double polymer gel were centrifuged at 1000 x g for 10 

min. The upper phase was aliquoted and stored long term at -80 °C. 
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2.6.7 Obtaining clinical metadata 

ME/CFS is a complex illness with numerous events reported to occur prior to onset and different 

combinations of symptoms and disability, it was important therefore to collect clinical information 

relating to the patient cohort’s ME/CFS diagnoses to enable associations to be made between 

clinical aspects and research findings. Clinical metadata was obtained using the following tools used 

in clinic for ME/CFS diagnosis: shortened SF-36 (Appendix X), CFQ (Appendix XI), hospital anxiety 

and depression scale (HADS) (Appendix XII), self-efficacy questionnaire, (Appendix XIII), visual 

analogue pain rating scale (Appendix XIV) and the Epworth sleepiness scale (Appendix XV). ME/CFS 

symptoms experienced, duration of illness and mode of onset were also provided using the studies 

CFS/ME symptom questionnaire (Appendix XVI). Either clinicians at ESTH CFS Service or 

occupational therapists at the ECCHC ME/CFS Service provided participant scores for each 

questionnaire, or participants completed the questionnaires and returned them to the research 

team where the chief investigator scored the questionnaires.  

2.7 STUDY OUTCOMES 

2.7.1 Enrolment  

At the time of participant identification, there were 3812 ME/CFS patients registered with the ESTH 

CFS Service and the ECCHC ME/CFS Service, 36 of which were invited to the study with a response 

rate of 58.3 %. Of the 21 pairs responding to study invitation, only 12 pairs were eligible to 

participate due to one or more of the following reasons:  1) patients not having a matched 

household control, 2) household control or patients were recipients of medication excluding them 

from the study, 3) patient unable to provide written informed consent. Of the 12 eligible pairs 6 

were consented and the other 6 withdrew their interest or could not be contacted again. Samples 

from one pair of consented participants were unable to be collected because they were enrolled 

onto the study just before the COVID-19 national lockdown was announced. This meant a total of 

5 pairs of severe ME/CFS patients and matched household controls donated samples to this study 

(Figure 2.1).  
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Figure 2.1: Flowchart of the AI-ME/CFS study population recruited through the Epsom and St 

Helier CFS Service and the East Coast Community Healthcare Centre ME/CFS Service. 
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2.7.2 Demographics 

Table 2.4 describes the demographic information collected from each pair of participants. 

Table 2.4: Demographics of participant pairs recruited onto AI-ME/CFS human study. 

Pair Gender Age Recruitment Site Relation 

Patient Control Patient Control 

1 Female male 59 62 ECCHC spouse 

2 Female male 38 38 ECCHC spouse 

3 Female female 22 57 ESTH parent 

4 Female male 26 23 ESTH spouse 

5 Male male 24 22 ESTH sibling 

Mean 

(±SD) 

  33.8 

(13.76) 

40.4 

(16.67) 

  

 

The patient cohort varied in length of illness and age of onset (Table 2.5). All patients experienced 

a sudden onset of fatigue, three reported onset after viral infection, one following vaccination and 

another following surgery. All patients experienced post exertional malaise, disturbed sleep, 

cognitive difficulties and sensitivity to light or sound (Table 2.6). Scores from ME/CFS 

questionnaires confirmed the severity of ME/CFS experienced by the patient cohort (Table 2.7). 

Table 2.5: Age of onset and length of illness in the severe ME/CFS patient cohort. 

 
Mean (SD) Range 

Age of onset (years) 25.0 (9.34) 12-38 

Length of ME/CFS (years) 8.4 (6.83) 2-21 
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Table 2.6: ME/CFS symptoms experienced by the AI-ME/CFS human study patient cohort. 

Symptom Affected 

Post exertional malaise 100 % 

Non-restorative sleep 100 % 

Headaches of a new onset, pattern and severity 80 % 

Recurrent sore throat  40 % 

Impaired concentration 100 % 

Impaired memory 80 % 

Joint pain 60 % 

Muscle pain 80 % 

Visual and/or auditory hypersensitivity 100 % 
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Table 2.7: AI-ME/CFS human study patient cohort scores in questionnaires relating to patients’ 

diagnosis.  

Questionnaire (maximum score) Mean (SD) Range 

Shortened SF-36 (30) * 11.0 (1.73) 10-14 

Chalder fatigue – physical (28) * 24.0 (3.67) 18-27 

Chalder fatigue – mental (16) * 13.5 (1.12) 12-15 

HADS – anxiety (21) * 7.8 (4.55) 3-15 

HADS – depression (21) * 6.5 (5.50) 3-16 

Self-efficacy (60) ** 12.0 (7.35) 3-21 

Visual analogue (100) * 62.5 (36.31) 0-90 

Epworth sleepiness (24) *** 7.5 (14) 1-14 

* questionnaire completed by 4 patients 
** questionnaire completed by 3 patients 
*** questionnaire completed by 2 patients 

  

 

2.7.3 Gastrointestinal health 

All ME/CFS patients and no matched household controls reported symptoms of GI complaints, such 

as IBS. Interestingly, the BSFS score of 60 % of severe ME/CFS patients was normal, compared with 

40 % of matched household controls (Table 2.8). 

Table 2.8: Consistency of stool samples from severe ME/CFS patients and matched household 

controls recruited onto the AI-ME/CFS human study. BSFS = Bristol stool form scale. 

Stool form (BSFS type) patients  controls 

hard (1-2) 2 1 

normal (3-5) 3 2 

loose (6-7) 0 2 
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2.7.4 Limitations  

During the implementation of the AI-ME/CFS study unanticipated difficulties were encountered 

which required changes to the study design. The original study design submitted through IRAS for 

ethical review was longitudinal with six sample collection time points. However, as sample 

collection was undertaken at participants’ homes, there were a limited number of appointments 

where trained phlebotomists were available for home visits and so 30 study visits were unable to 

be scheduled. To overcome this, a substantial amendment was submitted to the HRA (approved 

22/01/20) to change the study to a single time point study, prioritising resources for collecting 

samples from the target population size. Unfortunately, the target number was not met. This was 

because only a small pool of patients were eligible for the study, as severe ME/CFS patients make 

up 25 % of the ME/CFS population (Pendergrast et al., 2016). Furthermore, because of the 

difficulties arranging study visits, time had lapsed between participants expressing interest in the 

study and the sample collection appointments, during which 6 pairs of participants were lost to 

follow up. Future research should focus on recruitment of moderately affected patients, who make 

up 50 % of the ME/CFS population, as this would increase the pool of eligible patients, and study 

visits would be more accessible as they would be undertaken at NHS or research centres, negating 

the issue of phlebotomist availability.  
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3 CHAPTER THREE: OPTIMISING A FLUORESCENT ACTIVATED CELL 

SORTING PROTOCOL TO IDENTIFY CELLS IN THE INTESTINAL 

MICROBIOME REACTIVE WITH SYSTEMIC IMMUNOGLOBULIN G 

3.1 INTRODUCTION 

3.1.1 ME/CFS and the leaky gut  

ME/CFS is a complex, multi-factorial disease. Up to 92 % of ME/CFS patients experience comorbid 

GI disturbances, such as IBS, which contribute to the morbidity these patients experience (Sperber 

and Dekel, 2010). Maes et al. (2007) proposed that patients with ME/CFS have a leaky gut. Leaky 

gut syndrome is a phenomenon which is thought to occur in many autoimmune diseases (Kinashi 

and Hase, 2021). It is characterised by dysbiosis of the intestinal microbiome leading to an increase 

in pathobionts (opportunistic microbes) and a decrease in symbionts (health promoting microbes). 

This causes inflammation in the GI tract, which reduces the integrity of TJs, leading to a breach of 

the intestinal epithelial barrier. Consequently, metabolites, microbial cell wall components and 

viable microbes can translocate into the circulation and trigger systemic inflammation (McPherson 

et al., 2021). This hypothesis is supported by findings that ME/CFS patients have increased pro-

inflammatory and decreased anti-inflammatory microbes within the intestinal microbiota 

(Giloteaux et al., 2016a), elevated inflammatory proteins CRP, TNF-α and IL-6 in blood plasma 

(Groeger et al., 2013) and elevated serum IgA and IgM to the LPS of Gram-negative enterobacteria 

(Maes et al., 2007, Maes et al., 2012d).  

Another hallmark of a leaky gut and microbial translocation is the presence of serum IgGs specific 

for gut microbes (Balmer et al., 2014). However, serum IgG recognition of gut bacteria is not just 

seen in inflammatory disorders such as inflammatory bowel disease (IBD) (Adams et al., 2008, Haas 

et al., 2011, Harmsen et al., 2012, Landers et al., 2002, Macpherson et al., 1996, Targan et al., 2005) 

and systemic lupus erythematosus (SLE) (Azzouz et al., 2019), but it is also seen in healthy 

individuals (Christmann et al., 2015, Fadlallah et al., 2019, Haas et al., 2011, Harmsen et al., 2012, 

Sterlin et al., 2020). One theory as to how anti-microbiota IgGs arises in health is that antigen 

recognition occurs within the intestine leading to the generation of memory B cells which can enter 

and circulate in the blood. This theory was formulated from the finding that memory B cells to gut 

bacteria arising from a single progenitor cell were found in both lamina propria and in the blood 

(Rollenske et al., 2018). However, the presence of LPS and bacterial DNA in the serum of healthy 

individuals following a high-fat meal, which can induce a temporary breach of the epithelial barrier, 

raises the possibility of antibody priming in the periphery (Mannon, 2019). Furthermore, transient 
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increases in intestinal permeability can also be induced by other environmental factors such as 

excessive alcohol consumption and use of drugs such as proton pump inhibitors (PPIs) and non-

steroidal anti-inflammatory drugs (NSAIDs). Zeng et al. (2016) speculated that this temporary 

increase was insufficient to cause disease but could generate humoral immune memory. Indeed, 

healthy individuals have anti-microbiota IgG antibodies that persist for years within the serum 

(Haas et al., 2011).  

The contribution of anti-microbiota IgG to health and disease is not yet fully understood, but 

previous studies have suggested both a protective and pathogenic role for these antibodies. Anti-

microbiota IgG is transferred passively from mother to baby through breast milk and contributes to 

immunomodulation in early life (Sterlin et al., 2020). Furthermore, serum IgG reacting to 

commensal bacteria can recognise conserved antigens and protect against systemic infections 

through opsonisation (Zeng et al., 2016). Interestingly, Fadlallah et al. (2019) showed that serum 

anti-microbiota IgG was able to bind both pathobionts and symbionts, with a stronger response to 

the latter. More evidence that anti-microbiota IgG has a protective role in health was that there 

was a negative correlation between levels of systemic anti-microbiota IgG and inflammation 

(Fadlallah et al., 2019). Disputing this was the finding that serum IgG antibodies to Sacchromyces 

cerevisiae were a clinical biomarker of disease activity in CD (Vasiliauskas et al., 2000) with IBD 

patients having an elevated (Harmsen et al., 2012) and biased (Haas et al., 2011) anti-microbiota 

IgG response. Furthermore, translocated bacteria could initiate or worsen autoimmune diseases, 

such as RA (Lundberg et al., 2008) and antiphospholipid syndrome (Ruff et al., 2019), as patients 

have systemic anti-microbiota IgG that is cross-reactive with autoantigens. Given the pathogenic 

role systemic anti-microbiota IgGs may play in autoimmune diseases and the potential of using 

them as a clinical biomarker, investigating the serum anti-microbiota IgG response in ME/CFS could 

provide insight into the pathogenesis of this disease and has yet to be fully explored. 

3.1.2 Investigating systemic anti-microbiota IgG response 

A range of in vitro assays have been used to investigate systemic anti-microbiota IgG responses. 

These include enzyme linked immunosorbent assays (ELISA), immunoblotting, leverage phage 

immunoprecipitation sequencing (PhIP-Seq) (Vogl et al., 2021) and fluorescence activated cell 

sorting (FACS). Methods are split into two categories based on whether they investigate low affinity, 

cross-reactive antibodies for conserved intracellular antigens or high affinity and specificity 

antibodies for microbe specific outer membrane antigens (Zimmermann et al., 2012). ELISA and 

immunoblotting can measure serum IgG levels to cell lysates which contain intracellular antigens 

obtained through the sonication of cells. Alternatively, PhIP-Seq can identity the specific antigen 

with which serum IgG is reacting by using phage to present libraries of synthetic oligonucleotides 

encoding microbiota derived peptide antigens (Vogl et al., 2021). ELISA can also measure levels of 
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serum IgG levels to cell surface antigens by coating plates with intact, whole cells (Haas et al., 2011). 

Similarly, FACS is a liquid phase assay that can be used to analyse serum IgG response to live cells. 

The source of antigens or whole cells used for investigating anti-microbiota IgG responses can either 

be from cells grown in a pure culture or mixed microbial populations from stool samples (Fadlallah 

et al., 2019). An advantage of using pure cultures is the ability to identify the species/strains serum 

IgG reacts against and quantify the specific IgGs. However, Harmsen et al. (2012) highlighted the 

importance of using autologous intestinal microbes, as it was found that where CD patients had 

higher levels of anti-microbiota IgG, it was due to the composition of microbes present in the stool 

rather than the composition of anti-microbiota IgG antibodies in sera.  

Palm et al. (2014) developed a method called IgA-SEQ, also referred to as ‘bug FACS’, which 

identified bacterial taxa from stool that were reactive with secretory IgA. Fadlallah et al. (2019) 

adapted this method to enable identification of bacterial taxa from stool reactive with serum IgG. 

Briefly, stool microbes incubated with serum were separated into ‘IgG positive’ and ‘IgG negative’ 

fractions using FACS and 16s rRNA sequencing was performed on each fraction for taxonomic 

classification. However, 16S rRNA gene sequencing only enables the identification of bacterial taxa 

reactive with serum IgG, which was insufficient given the aforementioned clinical relevance of anti-

fungi serum IgG in CD. Doron et al. (2021) developed this method further, creating multi-kingdom 

antibody profiling (multiKAP), a method that also detects serum antibody reactivity to fungi within 

stool samples using fungal specific fluorescent probes and internal transcribed spacer (ITS) rRNA 

sequencing.  

3.1.3 Identifying bacterial and fungal cells during ‘bug FACS’  

To date analysis of antibody reactivity to intestinal microbes using ‘bug FACS’ has primarily focussed 

on the bacterial counterpart. Previous studies prepared stool samples by homogenisation, 

separation of microbes from debris using centrifugation or filtration and thereafter referred to the 

cells as ‘bacteria’ (Fadlallah et al., 2019, Harmsen et al., 2012, Huus et al., 2021, Jackson et al., 2021, 

Janzon et al., 2019, Liu et al., 2020, Palm et al., 2014, Shapiro et al., 2021, Sugahara et al., 2017, 

Zeng et al., 2016). This could be because authors preferentially isolated bacteria from stool by using 

either: 1) low centrifugal speeds that only pelleted larger cells meaning only bacteria were 

recovered in the supernatant, or 2) by using a filter size that only allowed the passage and therefore 

recovery of cells as small as bacteria. Interestingly, Doron et al. (2021) used a 35 µm cell strainer to 

isolate microbes from stool in a study analysing bacteria and fungi, whereas a 70 µm cell strainer 

was used in studies analysing bacteria only (Huus et al., 2021, Jackson et al., 2021). Following 

filtration to remove stool debris, Doron et al. (2021) performed centrifugation at a speed of 900 x 

g for the separation of bacterial cells from fungal cells (recovered from the supernatant and pellet 

respectively). Studies focussing on bacterial cells used lower centrifugal speeds, ranging from 50 to 
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700 x g, to separate bacterial cells in the supernatant from stool debris in the pellet (Harmsen et 

al., 2012, Liu et al., 2020, Palm et al., 2014, Shapiro et al., 2021, Sugahara et al., 2017).  

Another way in which previous studies utilising ‘bug FACS’ focussed on bacterial cells could be 

through the use of bacterial specific parameters on FACS. The identification of bacterial cells 

isolated from stool sample using FACS has been performed in previous studies using four different 

approaches: 1) use of light scatter properties to discriminate cellular events from background noise 

(Janson et al., 2019, Liu et al., 2020, Palm et al., 2014, Shapiro et al., 2021, Sugahara et al., 2017), 

2) use of a permeable nucleic acid stain to identify live and dead cells (Doron et al., 2021, Huus et 

al., 2021, Jackson et al., 2021), 3) use of an impermeable nucleic acid stain which stains dead cells 

allowing identification of live cells (Harmsen et al., 2012, Zeng et al., 2016) and 4) use of primary 

amine stain to monitor cell proliferation (Fadlallah et al., 2019). In contrast, the identification of 

fungal cells isolated from stool has been less commonly performed (Doron et al., 2021, Moreno-

Sabater et al., 2020). Doron et al. (2021) used SYBR™ green I nucleic acid gel stain and calcofluor 

white stain, a fungal specific extracellular stain that binds chitin and cellulose, for the identification 

of fungi. Whereas Moreno-Sabater et al. (2020) used calcofluor white stain and light scatter 

properties.  

The structure of the cell wall is different in Gram-positive bacteria, Gram-negative bacteria, and 

fungi (Huang et al., 2008, Garcia-Rubio et al., 2020). A crucial step in DNA extraction is the disruption 

of the cell wall using mechanical, enzymatic or chemical lysis. The efficiency of cell lysis of each 

technique varies depending on the structure of the cell wall. DNA extraction kits fall into a further 

two categories: 1) extraction of DNA from a small concentration of cells from the same taxonomic 

domain, 2) extraction of DNA from biological material which is high in cell number and contains 

more than one taxonomic domain. Previous ‘bug FACS’ studies focussing on bacteria have used 

QIAGEN’s DNeasy® PowerSoil® HTP 96 kit (Khan et al., 2019), MO BIO’s PowerSoil®-htp 96-well soil 

DNA isolation kit (Bunker et al., 2017, Bunker et al., 2015, Janzon et al., 2019) or used phenol-

chloroform extraction (Jackson et al., 2021, Palm et al., 2014, Shapiro et al., 2021). Whereas 

QIAGEN’s QIAamp® DNA mini kit (Doron et al., 2021) was used when studying bacteria and fungi. 

With the exception of phenol-chloroform extraction, all of the methods utilised were kits designed 

to isolate DNA from a large number of cells within a biological sample, despite the number of cells 

per fraction collected ranging from 5 x 104 to 2 x 106 cells only (Fadlallah et al., 2019, Huus et al., 

2021, Janzon et al., 2019, Palm et al., 2014, Shapiro et al., 2021). Based on the average bacterial 

genome size (Nayfach and Pollard, 2015), 5 x 104 to 2 x 106 cells would extract 0.27 ng and 10.8 ng 

of DNA respectively with 100 % DNA extraction efficiency. However, DNA yield recovered using 

different DNA extraction procedures varies (Fiedorová et al., 2019, Huseyin et al., 2017). Following 

DNA extraction, taxonomic classification of bacteria and fungi when performing ‘bug FACS’ was 



 

81 
 

carried out by sequencing the 16S and ITS rRNA marker genes respectively (Doron et al., 2021).  

However, 16S rRNA and ITS rRNA sequencing are limited due to their ability to only resolve 

sequence identification to the genus-level, whereas whole genome shotgun sequencing (WGS) 

enables species level taxonomic identification and profiling of the functional potential of microbial 

communities (Ma et al., 2014).  

Therefore, the following elements of ‘bug FACS’ could be optimised for the analysis of both bacterial 

and fungal cells: 1) isolation of cells from stool debris, 2) FACS identification and 3) DNA extraction.  

3.1.4 Confounding variables of ‘bug FACS’ 

The microbial load in stool samples varies between individuals (Vandeputte et al., 2017). If two 

individuals have the same levels of serum antibody reactive to the microbiome but a different 

microbial load, the individual with the lower microbial load would have a higher proportion of 

microbes coated with antibody when incubated with serum. This means that microbial load is a 

confounding variable and therefore it was imperative to ensure serum was incubated with 

consistent microbial concentrations. This requires quantifying microbial load in stool samples. 

Methods to quantify bacterial or fungal cells in pure cultures include counting colony forming unit 

(CFU), measuring optical density, q-PCR, counting cells using a microscope with a hemacytometer 

and FACS enumeration (Hazan et al., 2012). CFUs and optical density cannot be used to quantify 

the total number of cells in mixed microbial populations, such as those extracted from stool 

samples, because different species require different culture conditions and the optical densities 

change with different species. FACS and q-PCR have previously been used for the quantification of 

bacteria in stool (Galazzo et al., 2020), however, q-PCR cannot be used to simultaneously quantify 

bacteria and fungi as it requires the use of a marker gene.  

3.1.5 Aims and objectives 

The primary aim of the work discussed in this chapter was to develop a protocol, based on ‘bug 

FACS’, able to identify fungal and bacterial microbes, at the species level, reactive with serum IgG 

(Figure 3.1) with the following objectives:  

1. Optimise the isolation of bacteria and fungi from stool samples 

2. Optimise the detection of bacterial and fungal cells by flow cytometry 

3. Optimise the incubation procedure for serum IgG binding to stool microbes 

4. Determine the optimal number of ‘IgG positive’ and ‘IgG negative’ cells to be collected 

during cell sorting  

5. Optimise DNA extraction from bacterial and fungal cells 
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← Figure 3.1: Optimised protocol for cell sorting ‘IgG positive’ stool microbes from IgG negative 

stool microbes. Stool microbes were diluted 1 % w/v, homogenised, and filtered through a 70 µm 

cell strainer. Microbes were stained with SYBR™ green I nucleic acid gel stain, diluted 1 in 1600, 1 in 

3200 and 1 in 6400 and concentration of microbes was measured using the Guava® easyCyte™ HT 

system. Microbes were resuspended to 106 cells/ml and incubated with 1 in 100 complement 

inactivated serum. Microbes were stained for identification using 10-3 SYBR™ green I nucleic acid gel 

stain and anti-human IgG-APC/Cy7. 106 ‘sybr green high’ cells bound by IgG (‘IgG positive’) and not 

bound by IgG (‘IgG negative’) were collected using the Sony SH800S cell sorter. DNA was extracted 

using the modified Gram-positive bacteria genomic DNA protocol from the GeneJET genomic DNA 

purification kit and DNA was amplified using QIAGEN’s REPLI-g advanced DNA single cell kit to 

ensure sufficient DNA quantity for shotgun sequencing. Figure created with BioRender.com. 
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3.2 METHODS 

3.2.1 Study population 

Stool and serum samples used for method development were acquired from the study population 

and were collected and processed as described in chapter 2 section 2.6.  

3.2.2 Microbe isolation from stool 

3.2.2.1 Centrifugation 

100 mg ±10 mg frozen stool aliquots were thawed on ice and diluted 1 % w/v with FACS buffer 

(0.22µm-filter sterilised PBS + 0.1 % w/v bovine serum albumin (BSA) fraction V (Sigma-Aldrich)). 

Samples were homogenised using a Kimble™ Kontes™ Pellet Pestle™ Cordless Motor and then 

centrifuged at 300 x g for 5 minutes and the supernatant was recovered.  

3.2.2.2 Filtration  

100 mg ±10 mg frozen stool aliquots were thawed on ice and diluted 1 % w/v with FACS buffer. 

Samples were homogenised using a Kimble™ Kontes™ Pellet Pestle™ Cordless Motor and then 

filtered through a 70 µm cell strainer (Falcon™). 

3.2.3 Complement inactivation of serum 

Aliquots of serum were thawed and heated to 56 °C for 30 minutes and then centrifuged at 16,100 

x g for 5 minutes. The supernatant was recovered.  

3.2.4 Cell culture 

3.2.4.1 Bacteria  

Bifidobacterium bifidum and Bifidobacterium longum were cultured in BD Difco™ Lactobacilli MRS 

broth (Fisherscientific) + 50 mg/l mupirocin (USP) pure, pharma grade (PanReac AppliChem) + 0.5 

g/l cysteine (L- Cysteine Hydrochloride, Sigma Life Science) at 37 °C for 3 days under anaerobic 

conditions. Cell concentrations were calculated using the growth of colony forming units on solid 

agar BD Difco™ Lactobacilli MRS broth (Fisherscientific) + FORMEDIUM agar + 50 mg/l mupirocin 

(USP) pure, pharma grade (PanReac AppliChem) + 0.5g/l cysteine (L- Cysteine Hydrochloride, Sigma 

Life Science), at 37 °C for 2 days under anaerobic conditions.  

E. coli was cultured aerobically in a shaking incubator in lysogeny broth + 100 mg/ml ampicillin 

(Sigma Aldrich) at 37 °C, 889.4 x g, overnight. To calculate cell concentration, the optical density of 

the culture was measured. An OD600 nm of 1.0 was equivalent to 8 x 108 cells/ml.  
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Bacteroides fragilis was cultured anaerobically in Bacteroides phage recovery medium (BPRM) 

broth (Table 3.1) at 37 °C overnight. To calculate cell concentration, the optical density of the 

culture was measured. An OD600 nm of 1.0 was equivalent to 1.4 x 109 cells/ml.  

Bacteroides thetaiotaomicron was cultured anaerobically in brain heart infusion salt broth + 5 µg/ml 

erythromycin + 50 ug/ml gentamycin at 37 °C overnight. To calculate cell concentration, the optical 

density of the culture was measured. An OD600 nm of 1 was equivalent to 1 = 1.4 x 109 cells/ml.  

Bacillus subtilis was cultured aerobically in a shaking incubator in lysogeny broth at 37 °C, 567.94 x 

g, overnight. Cell concentration was measured using a hemacytometer.  

Prior to use in downstream experiments, culture medias were washed from bacterial cells with PBS 

by centrifugation at 6000 x g for 10 minutes. 

Table 3.1: Constituents of the Bacteroides phage recovery medium (BPRM) broth. All reagents 

except for those highlighted grey were added before autoclaving. Reagents highlighted in grey were 

filter sterilised and added to the medium after autoclaving. 

Reagent Concentration 

Peptone 10 g/l 

Tryptone 10 g/l 

Yeast Extract 2 g/l 

NaCl 5 g/l 

L-cysteine 0.5 mg/l 

Glucose 1.8 g/l 

CaCl2 0.45 mM 

Na2CO3  25 mM/l 

Hemin (dissolved with 1 M/L NaOH) 0.001 % w/v 

 

3.2.4.2 Yeast  

Candida albicans, Candida glabrata and S. cerevisiae were cultured at 37 °C in Sabouraud dextrose 

broth (40 g/l dextrose, 10 g/l peptone) under aerobic conditions for 3 days. Cell concentrations 

were measured using a hemacytometer.    

Prior to use in downstream experiments, the culture media was washed from 1 ml aliquots of yeast 

cells with PBS by centrifugation at 800 x g for 5 minutes. 
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3.2.5 Guava® easyCyte™ HT system  

The Guava® easyCyte™ HT system is a benchtop FACS designed to be used for accurate absolute 

cell counting. It was equipped with a 488 nm (blue) laser and had the following bandpass filters and 

their respective detectors: 488/16 (Side Scatter), 525/30 (Green-B), 583/26 (Yellow-B), 695/50 

(Red-B). Prior to each experiment, the Guava® easyCyte™ HT system was cleaned following 

manufacturer’s instructions and calibrated using the Guava® easyCheck™ kit. Then the threshold 

parameter was set on side scatter (SSC) using FACS buffer. Forward scatter (FSC) and SSC gain were 

adjusted using unstained stool microbes and the gain for the Green-B parameter was adjusted using 

stool microbes stained with SYBR™ green I nucleic acid gel stain (Thermofischer Scientific). Prior to 

sample acquisition, cell suspensions were diluted using FACS buffer to ensure the concentration did 

not exceed 250 cells/µl. A minimum of 104 events were acquired for downstream analysis using 

Guava® Suite Software version 3.3.    

3.2.5.1 Comparing light scatter properties of yeast, bacteria, and stool samples 

Pure cultures of B. bifidum and E. coli were grown, counted, and washed using methods described 

in section 3.2.4.1. Pure cultures of C. albicans and C. glabrata were grown, counted, and washed 

using methods described in section 3.2.4.2. Bacteria and yeast isolates were resuspended to a 

concentration of 2.5 x 106 cells/ml. Microbes were isolated from stool samples using filtration (see 

section 3.2.2.2) and then diluted 5000-fold. Following set up of the Guava® easyCyte™ HT system 

and sample acquisition (explained in section 3.2.5), FSC and SSC were used to compare the size and 

internal complexity, respectively, of pure bacteria populations, yeast populations and mixed 

microbial populations isolated from stool.   

3.2.5.2 Stool microbe concentration optimisation 

An optimal stool dilution was defined by the concentration of measured ‘sybr green’ events halved 

when the dilution of stool microbes doubled. At high concentrations of stool microbes this pattern 

would not be seen as multiple cells could pass through the laser simultaneously and register as a 

single event, meaning the number of events the machine can register reaches saturation. At low 

concentrations replicates could have high variation. Microbes were extracted from a single 

homogenised stool sample using filtration (see section 3.2.2.2). The microbial suspension was 

diluted 1 in 200 with FACS buffer, followed by two-fold serial dilutions. 200 µl of each of the 

following dilutions were plated in triplicate and incubated with 10 µl of 1:100 SYBR™ green I nucleic 

acid gel stain for 30 minutes: 1 in 400, 1 in 800, 1 in 1600, 1 in 3200, 1 in 6400, 1 in 12800, 1 in 

25600, 1 in 51200, 1 in 102400 and 1 in 204800. The concentration of microbes at each stool dilution 

was measured using the Guava® easyCyte™ HT system. The optimal stool dilutions were 

determined through performing linear regression analysis on every combination of three dilutions. 
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3.2.5.3 Measuring microbe concentration in stool suspension 

Microbes were isolated from stool samples using filtration (see section 3.2.2.2). Filtered microbial 

suspensions were diluted 1 in 1600, 1 in 3200 and 1 in 6400. 200 µl of each dilution was plated in 

triplicate and incubated with 10 µl of 1 in 100 SYBR™ green I nucleic acid gel stain (Thermofischer 

Scientific) for 30 minutes, prior to sample acquisition. To determine the concentration of microbes 

acquired by the Guava® easyCyte™ HT system, data was analysed according to the gating strategy 

(Figure 3.2). The original concentration of microbes in the homogenised stool suspension was 

calculated using Equation 3.1. 

3.2.6 BD LSRFortessa™  

The BD LSRFortessa™ equipped with BD FACS diva software version 7.0 was used for microbial FACS 

experiments. The laser and filters on the BD LSRFortessa™ are described in Table 3.2. Prior to each 

experiment, the threshold and voltages on the BD LSRFortessa™ were optimised. The threshold was 

set on SSC using FACS buffer. The FSC and SSC voltages were set using microbial samples. When 

required, the voltage on the blue (488 nm) laser was set using microbes stained with SYBR™ green 

I nucleic acid gel stain and the voltage on the red (633 nm) laser was set using either anti-human 

IgG-APC/Cy7 antibody stained UltraComp ebeads™ Compensation beads (Invitrogen) or anti-

human IgA-APC antibody stained UltraComp ebeads™ Compensation beads and compensation for 

spectral overlap between channels was calculated. Prior to sample acquisition, cell suspensions 

were diluted using FACS buffer to ensure the event rate did not exceed 1 x 103 events per second. 

A minimum of 1 x 104 events were acquired for downstream analysis using the software FlowJo™ 

v10.7.1.     

3.2.6.1 Centrifuged vs filtered 

The BD LSRFortessa™ was used to profile the FSC and SSC of microbes isolated from stool by 

centrifugation (3.2.2.1) and microbes isolated from stool by filtration (3.2.2.2). 1 % w/v microbial 

suspensions were diluted 100-fold in FACS buffer and then fixed with 1 % paraformaldehyde (PFA) 

(Santa Cruz Biotechnology). Following set up of the BD LSRFortessa™ and sample acquisition 

(explained in section 3.2.6), FSC was used to compare the cells isolated from centrifuged and 

filtered stool microbes, as FSC enables the discrimination of cells by size.    

3.2.6.2 Optimising SYBR™ green I nucleic acid gel stain concentration 

B. fragilis was grown, counted and washed using methods described in section 3.2.4.1. Cells were 

resuspended to 1 x 106 cells/ml and incubated with SYBR™ green I nucleic acid gel stain diluted 1 in 

50, 1 in 100 and 1 in 1000 for 30 minutes in the dark at 20 °C, then fixed with 1 % PFA for acquisition 

and analysis on the BD LSRFortessa™.  
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3.2.6.3 Comparing cellular stains for fungal identification  

Pure cultures of two strains of S. cerevisiae were grown, counted and washed using methods 

described in section 3.2.4.2. Microbes from two stool samples were isolated (see section 3.2.2.2) 

and the cell concentration was measured (see section 3.2.5.3). Yeast isolates and stool microbes 

were resuspended to 1 x 106 cells/ml then stained with 10-3 SYBR™ green I nucleic acid gel stain or 

25 µM calcofluor white (Biotium) for 30 minutes in the dark. Cells were then fixed with 1 % PFA for 

acquisition and analysis on the BD LSRFortessa™.   

3.2.6.4 Serum concentration optimisation  

Serum samples were complement inactivated (see section 3.2.3) and diluted 1 in 50, 1 in 100, 1 in 

200, 1 in 400 and 1 in 800 with FACS buffer. Microbes were isolated from stool samples using 

filtration (see section 3.2.2.2) and quantified (see section 3.2.5.3). 200 µl of 1 x 106 cells/ml stool 

microbes were incubated with 500 µl of each serum dilution for 30 minutes at 20 °C. Samples were 

centrifuged for 5 minutes at 13,400 x g and resuspended in 100 µl of FACS buffer. 50 µl of each 

reaction was incubated with anti-human IgG-APC/Cy7 (Biolegend UK Ltd) and 10-3 SYBR™ green I 

nucleic acid gel stain. The remainder of each reaction was incubated with APC/Cy7 mouse IgG2a, κ 

isotype control antibody (Biolegend UK Ltd) and 10-3 SYBR™ green I nucleic acid gel stain. Samples 

were incubated with stains for 30 minutes in the dark at 20 °C, then fixed with 1 % PFA. Set up and 

sample acquisition on the BD LSRFortessa™ was undertaken as described in section 3.2.6. Results 

were normalised by subtracting the isotype control value from the values of corresponding 

samples. 
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Figure 3.2: Stool microbe quantification gating strategy. Representative data of microbes isolated 

from stool samples. Microbes isolated from stool samples were stained with SYBR™ green I nucleic 

acid gel stain and ‘sybr green’ events were counted on the Guava® easCyte HT system in triplicate. 

At least 1 x 104 ‘sybr green’ events were acquired. Gates were drawn using InCyte 3.3 software. A) 

FSC versus SSC plot allowed cells to be gated and debris and noise to be excluded based on light 

scatter properties of cells. B) Events from the cell scatter region were plotted as SSC-A versus SSC-H 

to gate singlets. C) A non-stained sample was used to set the ‘sybr green region’ on singlets. D) An 

example of a stained sample with events falling into the ‘sybr green region’ which was used to 

calculate the concentration of microbes per stool sample.   
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Equation 3.1: Formula for calculating cell concentration in a liquid suspension 

 

Table 3.2: Laser and filter configurations of the BD LSRFortessa™. 

Laser (nm) Long Pass Filter Band Pass Filter 

UV (355) 505 530/30 

NA 379/28 

Violet (405) 750 780/60 

685 705/70 

630 660/20 

595 610/20 

505 552/50 

NA 450/45 

Blue (488) 670 695/40 

NA 552/50 

NA 530/30 

Yellow/Green (561) 750 780/60 

635 670/30 

600 610/20 

NA 582/12 

Red (633)  750 780/60 

685 730/45 

NA 670/14 

 

3.2.7 Sony SH800S cell sorter 

The Sony SH800S cell sorter was operated within a category II biosafety cabinet for aerosol 

management. The Sony SH00S cell sorter has four excitation lasers: 488 nm (blue), 405 nm (violet), 

638 nm (red) and 651 nm (yellow/green). The detectors and filters are described in Table 3.3. Sterile 

deionised water was used for sheath fluid. The Sony SH800S cell sorter set up was done according 

to the manufacturer’s instructions. In brief, ‘automated alignment and sort setup’ was done to align 

the 100 µm sorting chip and to check the fluidics for sheath fluid droplet formation, followed by 

‘autocalibration’ using the sort calibration beads (Sony). Prior to sample acquisition, the system was 

cleaned using 1 % sodium hypochlorite. The threshold parameter was then set on back scatter (BSC) 
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using FACS buffer, FSC and BSC gain were adjusted using unstained stool microbes, and the gain for 

FL2 detector was adjusted using stool microbes stained with SYBR™ green I nucleic acid gel stain.    

Sample tubes were maintained at 4 °C and the agitation setting was selected to ensure a 

homogenous cellular suspension. Collection tubes were maintained at 4 °C.   

3.2.7.1 Collecting known quantities of microbes from centrifuged and filtered stool  

Microbes were isolated from stool by centrifugation (see 3.2.2.1) and filtration (see 3.2.2.2) and 

cell concentrations were measured (see 3.2.5.3). Cells were resuspended to 1 x 107 cells/ml prior 

to acquisition. Set up of the Sony SH800S cell sorter was performed as described in section 3.2.7. 

The gating parameters (Figure 3.3) were used to collect 103, 104, 105, 106, 2.5 x 106 and 5 x 106 

microbes isolated from stool by centrifugation and filtration. After collection cells were snap frozen 

at -20 °C.    

3.2.7.2 Cell sorting ‘sybr green high’, ‘sybr green low’ and ‘all’ microbes from stool  

Microbes were isolated from stool using filtration (see 3.2.2.2) and the concentration of cells was 

measured (see 3.2.5.3). Cells were resuspended to 1 x 106 cells/ml before incubation with 10-3 

SYBR™ green I nucleic acid gel stain for 30 minutes in the dark at 20 °C. Cells were resuspended to 

1 x 107 cells/ml prior to acquisition. Set up of the Sony SH800S cell sorter was performed as 

described in section 3.2.7. The gating parameters (Figure 3.4) were used to collect approximately 

106 cells in the ‘sybr green high’ gate, ‘sybr green low’ gate and ‘all’ gate. After collection cells were 

snap frozen at -20 °C.    

Table 3.3: Sony SH800S cell sorter filter configurations and their respective detectors. 

Detector Long Pass Filter Band Pass Filter 

FL1 487.5 450/50 

FL2 487.5 525/50 

FL3 561.0 600/60 

FL4 685.0 665/30 

FL5 685.0 720/60 

FL6 752.0 785/60 
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Figure 3.3: Gating strategy for optimising stool microbe isolation protocol. Prior to microbe 

acquisition a buffer only control was acquired on the Sony SH800S cell sorter to set a background 

noise gate on forward scatter (FSC) versus back scatter (BSC) plot. Microbes were acquired on the 

Sony SH800S cell sorter and a ‘cells’ gate was drawn around events with a larger FSC than 

background noise. 1 x 103, 1 x 104, 1 x 105, 1 x 106, 2.5 x 106 and 5 x 106 events acquired from 

centrifuged and filtered stool samples falling in the ‘cells’ gate were collected for downstream 

analysis. 
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Figure 3.4: Gating strategy for the separation and collection of ‘sybr green high’, ‘sybr green low’ 

and ‘all’ microbes. A buffer only control was first acquired on the Sony SH800S cell sorter to set a 

background noise gate on the forward scatter (FSC) versus back scatter (BSC) plot. Microbes were 

acquired and a ‘cells’ gate was drawn. Events falling in the ‘cells’ gate were plotted on BSC versus 

FITC and microbes stained with SYBR™ green I nucleic acid gel stain were used to draw a gate on 

‘sybr green high’ and ‘sybr green low’ populations. ‘All’ microbes were acquired from the ‘cells gate’, 

‘sybr green high’ microbes were acquired from the ‘sybr green high’ gate and ‘sybr green low’ 

microbes were acquired from the ‘sybr green low’ gate.   
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3.2.8 DNA extraction 

DNA extraction kits fall into two categories: 1) DNA extraction from a small concentration of cells 

from the same taxonomic domain, 2) DNA extraction from biological material which is high in cell 

number and contains more than one taxonomic domain.   

3.2.8.1 Gram-positive bacteria genomic DNA purification protocol  

The Gram-positive bacteria genomic DNA purification protocol from the GeneJET DNA genomic 

DNA purification kit (Thermoscientific) was designed to extract DNA from up to 2 x 109 Gram-

positive bacterial cells. The protocol was followed according to manufacturer’s guidelines: cells 

were pelleted by centrifuging for 10 minutes at 5000 x g. The pellet was resuspended in 180 µl of 

Gram-positive bacteria lysis buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 1.2 % Triton X-100, 20 

mg/ml lysozyme) and incubated for 30 minutes at 37 °C. 200 µl of lysis solution and 20 µl of 

proteinase K were then added and incubated at 56 °C for 30 minutes and vortexed at 10-minute 

intervals. 20 µl of RNase A solution was added and incubated for 10 minutes at 20 °C. 400 µl of 50 

% ethanol was added, the mixture was vortexed and then transferred to a GeneJET genomic DNA 

purification column inserted into a collection tube. The column was centrifuged for 1 minute at 

6000 x g and then placed into a new collection tube. The column was washed once with 500 µl of 

wash buffer I by centrifugation for 1 minute at 8000 x g and then once with 500 µl of wash buffer II 

by centrifugation for 3 minutes at 12000 x g. The column was then transferred to a sterile 1.5 ml 

microcentrifuge tube. DNA was eluted into the microcentrifuge tube by the addition of 200 µl of 

elution buffer to the membrane of the column which was then incubated for 2 minutes at 20 °C and 

centrifuged for 1 minute at 8000 x g.   

3.2.8.2 Gram-negative bacteria genomic DNA purification protocol 

The Gram-negative bacteria genomic DNA purification protocol from the GeneJET genomic DNA 

purification kit was designed to extract DNA from up to 2 x 109 Gram-negative bacterial cells. Briefly, 

cells were pelleted by centrifugation for 10 minutes at 5000 x g. The pellet was resuspended in 180 

µl of digestion solution and 20 µl of proteinase K solution, vortexed and then incubated at 56 °C for 

30 min, vortexing at 10-minute intervals. This was then incubated at 20 °C for 10 minutes with 20 

µl of RNase A solution. 200 µl of lysis solution was added and the sample was vortexed for 15 

seconds. 400 µl of 50 % ethanol was added, the mixture was vortexed and then transferred to a 

GeneJET genomic DNA purification column inserted into a collection tube. The column was 

centrifuged for 1 minute at 6000 x g and placed into a new collection tube, then washed once with 

500 µl of wash buffer I by centrifugation for 1 minute at 8000 x g. The second wash step was with 

500 µl of wash buffer II by centrifugation for 3 minutes at 12000 x g. The column was then 

transferred to a sterile 1.5 ml microcentrifuge tube. DNA was eluted into the microcentrifuge tube 



 

95 
 

by the addition of 200 µl of elution buffer to the membrane of the column which was then 

incubated for 2 minutes at 20 °C and centrifuged for 1 minute at 8000 x g.   

3.2.8.3 Modified Gram-positive bacteria genomic DNA purification protocol  

The Gram-positive bacteria genomic DNA purification protocol (as described in 3.2.8.1) was 

performed with the modifications described in Table 3.4. 

Table 3.4: Modification of the Gram-positive bacteria genomic DNA purification protocol from the 

GeneJET genomic DNA purification kit. The Gram-positive bacteria genomic DNA purification 

protocol was optimised by altering the Gram-positive bacterial lysis buffer and extending the length 

of time for chemical and enzymatic lysis. 

Step Manufacturer’s instructions Modification 

Composition of Gram-

positive bacteria lysis buffer 

20 mM Tris-HCl, pH 8.0, 2 mM 

EDTA, 1.2 % Triton X-100, 

lysozyme 20 mg/ml. 

20 mM Tris-HCl, pH 8.0, 2 mM 

EDTA, 1.2 % Triton X-100, 

lysozyme 20 mg/ml, 

achromopeptidase 0.52 

kU/ml. 

Incubation period with 

Gram-positive bacteria lysis 

buffer 

30 minutes 60 minutes  

Incubation period with lysis 

solution and proteinase K 

30 minutes 50 minutes 

 

3.2.8.4 QIAamp® PowerFecal® Pro DNA Kit 

The QIAamp® PowerFecal® pro DNA kit (QIAGEN) was designed to extract DNA from up to 250 mg 

of stool. The kit was followed according to manufacturer’s guidelines. Cells for DNA extraction were 

mixed with 800 µl of solution CD1 in the PowerBead pro tube by vortexing. The tube was vortexed 

at maximum speed for 10 minutes and then centrifuged at 15,000 x g for 1 minute. The supernatant 

was transferred to a clean 2 ml microcentrifuge tube. 200 µl of solution CD2 was added, vortexed 

for 5 seconds and then centrifuged at 15,000 x g for 1 minute. The supernatant was transferred to 

a clean 2 ml microcentrifuge tube and mixed with 600 µl of solution CD3 by vortexing for 5 seconds 

and then 650 µl was transferred onto an MB spin column. This was centrifuged at 15,000 x g for 1 

minute, the flow-through was discarded and then centrifugation was repeated. The MB spin column 

was then transferred to a clean 2 ml collection tube. 500 µl of solution EA was added to the MB 

spin column and centrifuged at 15,000 x g for 1 minute and the flow-through was discarded. 500 µl 

of solution C5 was added and the MB spin column was centrifuged at 15,000 x g for 1 minute, before 
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being placed in a new 2 ml collection tube. After centrifugation at 16,000 x g for 2 minutes, the MB 

spin column was transferred to a 1.5 ml elution tube. DNA was eluted into the elution tube by the 

addition of 50 µL of solution C6 which was centrifuged for 1 minute at 15,000 x g.  

3.2.8.5 FastDNA™ Spin Kit for Soil 

The FastDNA™ spin kit for soil (MP Bio) was designed to extract DNA from up to 500 mg of soil. The 

kit was used according to manufacturer’s guidelines. Cells, 978 µl sodium phosphate buffer and 122 

µl MT buffer were added to a lysing matrix E tube, then vortexed on the FastPrep instrument for 40 

seconds at speed setting 6.0. Then the lysing matrix E tube was centrifuged at 14,000 x g for 15 

minutes. The supernatant was mixed with 250 µl protein precipitation solution in a clean 2 ml 

microcentrifuge tube by inverting 10 times. This was then centrifuged at 14,000 x g for 10 minutes 

and the supernatant was transferred to a 15 ml tube and mixed with 1 ml binding matrix solution 

by inverting for 2 minutes. Then the 15 ml tube was left for 3 minutes to allow the silica matrix to 

settle. 500 µl of the supernatant was removed and the binding matrix was resuspended in the 

remaining supernatant. 600 µl of the mixture was transferred to a SPIN™ filter and centrifuged at 

14,000 x g for 1 minute. The catch tube was emptied, and the remaining mixture was transferred 

to the SPIN™ filter and centrifuged at 14,000 x g for 1 minute. The pellet formed on the membrane 

of the SPIN™ filter was resuspended in 500 µl of SEWS-M. This was then centrifuged twice at 14,000 

x g for 5 minutes, emptying the catch tube between spins. The SPIN™ filter was transferred to a 

clean 1.5 ml Eppendorf DNA LoBind® tube and air dried for 5 minutes at 20 °C. The binding matrix 

was then resuspended with 50 µl of DNase/pyrogen-free water, incubated at 20 °C for 5 minutes 

and then the DNA was eluted by centrifugation at 14,000 x g for 1 minute.  

3.2.9 DNA quantification  

Microbial DNA quantities were measured on a Qubit™ 4 Fluorometer (Thermofischer Scientific) 

either using the Qubit™ dsDNA broad range assay kit or the Qubit™ dsDNA high sensitivity assay 

kit, depending on whether the quantity of DNA present was expected to be above or below 100 

ng/µl respectively. 

3.2.9.1 DNA extraction efficiency 

The amount of DNA expected from a given number of cells was calculated using Equation 3.2.  

Equation 3.2: Formula for calculating DNA mass within a known cell quantity. Where x = cell 

number, n = genome length, 650 g/mol = average mass of 1 base pair of double stranded DNA. 

 

The efficiency of DNA extraction was calculated using Equation 3.3.  
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Equation 3.3: Formula for calculating DNA extraction efficiency. 

 

3.2.10 DNA precipitation 

Glycogen (Thermoscientific) was used to precipitate DNA from diluted solutions, following the 

manufacturer’s protocol. First, 1 in 10 volume of 3 M sodium acetate, pH 5.2, was added to the 

nucleic acid solution, then glycogen was added to a final concentration of 1 µg/µl and then 1 volume 

of isopropanol was added. The solution was mixed and incubated for 1 hour at -20 °C before 

centrifuging at 12,000 x g at 4 °C for 15 minutes. Supernatant was discarded and the pellet was air 

dried for 10 minutes, then dissolved in 4 µl of TE buffer, pH 8.     

3.2.11 Whole genome amplification 

The REPLI-g advanced DNA single cell kit (QIAGEN) was used to perform whole genome 

amplification (WGA) on precipitated DNA. 2.5 µl of precipitated DNA was mixed with 2.5 µl of buffer 

D1 in a 0.2 ml reaction tube by vortexing before incubation at 20 °C for 3 minutes. 5 µl of buffer N1 

was added, mixed by vortexing, and then stored on ice. Then 40 µl of master mix (9 µl H2O sc + 29 

µl REPLI-g advanced sc reaction buffer + 9 µl REPLI-g sc DNA polymerase) was added and incubated 

at 30 °C for 2 hours, then immediately incubated at 65 °C for 3 minutes. Amplified DNA was stored 

at -20 °C.  

3.2.12 16S rRNA and ITS rRNA DNA sequencing 

David Baker from the QIB Core Sequencing team performed the amplification of 16S rRNA and ITS 

rRNA genes (see 3.2.12.1), prepared the DNA libraries for sequencing (see 3.2.12.2) and performed 

paired-end sequencing on the DNA libraries (see 3.2.12.3). Dr Andrea Telatin and Dr Rebecca 

Ansorge, bioinformaticians at the QIB, performed the processing and taxonomic classification of 

sequencing reads (see 3.2.12.4).  

3.2.12.1 Polymerase chain reaction  

The following procedure was used for both the amplification of the V3+V4 16S rRNA gene and the 

amplification of the ITS1 sub-region of the ITS rRNA gene, using the primers from Sigma Aldrich 

detailed in Table 3.5. Extracted microbial DNA was normalised to 5 ng/µl using 10 mM Tris-HCl. A 

polymerase chain reaction (PCR) master mix was made of 4 µl KAPA2G buffer, 0.4 µl of 10 mM KAPA 

dNTP mix, 0.08 µl of 5U/µl KAPA2G robust DNA polymerase, 13.72 µl of PCR-grade water from the 

KAPA2G robust PCR kit (Sigma Aldrich), 0.4 µl 10µM forward primer and 0.4 µl 10 µM reverse 

primer. 19 µl of PCR master mix was used per reaction, with 1 µl of 5 ng/µl DNA. The following PCR 

protocol was then used to amplify the 16S rRNA gene and the ITS rRNA gene: 95°C for 1 minute, 30 
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cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds, followed by a final 

extension at 72°C for 5 minutes.  

Table 3.5: Primers sourced from Sigma Aldrich used for 16S rRNA and ITS rRNA sequencing. 

Primer name Gene Primer 

direction 

Sequence 

16S_V3-4_F 16S rRNA Forward 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

16S_V3-4_R 16S rRNA Reverse  5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 

ITS1F ITS rRNA Forward CTTGGTCATTTAGAGGAAGTAA 

ITS2 ITS rRNA Reverse GCTGCGTTCTTCATCGATGC 

 

3.2.12.2 Library preparation and quality control 

A 0.7X solid phase reversible immobilisation bead clean-up was performed on amplified DNA using 

KAPA pure beads (Roche), eluting DNA into 20 µl 10 mM Tris-HCl.  

A PCR master mix was made of 4 µl KAPA2G buffer, 0.4 µl of 10 mM KAPA dNTP mix, 0.08 µl of 

5U/µl KAPA2G robust DNA polymerase, and 6.52 µl of PCR-grade water from the KAPA2G robust 

PCR kit. 11 µl was used per reaction. 2 µl of P5 index primer and 2 µl of P7 index primer from Nextera 

XT index kit (Illumina) were added to each reaction. 5 µl of cleaned DNA from section 3.2.12.1 was 

added. A PCR was run using the following cycling protocol: 95°C for 5 minutes, 10 cycles of 95°C for 

30 seconds, 55°C for 30 seconds and 72°C for 30 seconds, followed by a final extension at 72°C for 

5 minutes.  

The Quanti-iT™ dsDNA high sensitivity assay kit (Fisher Scientific) was used to quantify libraries on 

the FLUOstar Optima plate reader. Libraries were pooled in equal quantities and a 0.7X solid phase 

reversible immobilisation bead clean-up was performed using KAPA pure beads. The final pool was 

quantified using the Qubit™ dsDNA high sensitivity assay kit (see 3.2.9). Molarity of the final pool 

was measured on a high sensitivity D1000 screen tape (Agilent) using the Agilent TapeStation 4200.   

3.2.12.3 Amplicon sequencing  

The final pool was run at a concentration of 8pM on an Illumina MiSeq instrument using MiSeq® 

reagent kit v3 (600-cycle) (Illumina) for sequencing 2 x 300 bp paired end readings. A 20 % PhiX 

control v3 (Illumina) spike was run in a separate lane for validation. The raw reads generated were 

in FASTQ format. 
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3.2.12.4 Processing sequenced data 

Quality control was undertaken using Fastp (version 0.20.0) (Chen et al., 2018), where low-quality 

reads containing ambiguous bases were removed. Adapters were removed using SeqFu (version 

0.96) (Telatin et al., 2021).  

Operational taxonomic units (OTUs) were identified and classified using the LotuS tool (version 

1.64) (Hildebrand et al., 2014). The reads remaining after low-quality filtering were clustered using 

UPARSE (Edgar, 2013). Taxonomic annotation of OTUs was performed using the Ribosomal 

Database Project by aligning OTUs against a reference database (Cole et al., 2005). The SILVA 

database (Quast et al., 2013) was used for 16S ribosomal sequences and the UNITE database for 

ITS1 sequences (Nilsson et al., 2019).  

Following analysis using LotuS, ITS1 unclassified OTUs were analysed using blastn, and taxonomy 

was assigned to OTUs that had 100 % query cover and 100 % percentage identity.      

3.2.13 Taxonomic analysis  

The Rhea pipeline developed by Lagkouvardos et al. (2017) was implemented in R for the analysis 

of OTU tables. The pipeline was composed of 6 R scripts: 1) normalisation, 2) alpha-diversity, 3) 

beta-diversity, 4) taxonomic-binning, 5) serial group comparisons and 6) correlations.  This section 

describes how the Rhea pipeline was used to transform sequence counts, compare relative 

abundances of taxa, measure alpha and beta diversity and compare abundance of individual taxa 

between sample groups.  

3.2.13.1 Normalisation  

A common artifact of sequencing is that individual samples from the same sequencing run have 

different sequencing depths, meaning the feature table generated has different numbers of 

sequences per sample (Knight et al., 2018). Normalisation is a form of data transformation which 

was used to remove the confounding effects of different numbers of read counts per sample.  

The read counts were normalised by dividing by their sample size and then multiplying by the size 

of the smallest sample using the ‘normalization’ script from the Rhea pipeline. This script produced 

a second table which also contained relative abundances. 

3.2.13.2 Taxonomic binning 

Taxonomic binning is the process of amalgamating OTUs sharing the same root at each taxonomic 

level. This enables the comparison of relative abundances at each taxonomic level across samples.  

The ‘taxonomic-binning’ script from the Rhea pipeline was used to split the OTUs into 5 tables for 

each taxonomic level: kingdom, phylum, class, order, family and genus. Bubble plots were then 
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created to compare the relative abundance of the top 10 taxa per sample at the families and genus-

level, which was done in R independently of the Rhea pipeline.     

3.2.13.3 Alpha diversity 

Alpha diversity is a measure of diversity within a sample. There are alpha diversity measures that 

enumerate the number of taxa within a sample (richness) or the variation of taxa abundance within 

a sample (evenness). There are also alpha diversity measures that capture community structure 

with an emphasis on rare taxa (Shannon) or an emphasis on the most abundant taxa (Simpson). 

Shannon and Simpson diversity indices are not linear and can be converted into intuitive scores by 

calculating the effective diversities (Jost, 2006).   

Richness, evenness and Shannon effective scores were calculated for normalised counts with a 

value of 0.5 or higher using the ‘alpha-diversity’ script from the Rhea pipeline.  

3.2.13.4 Beta diversity 

Beta diversity is a measure of variance across samples, expressed as distances based on feature 

similarity. There are many distance metrics that can be used to generate a distance matrix, for 

example Jaccard index, Bray-Curtis index and UniFrac distances (Knight et al., 2018). The Jaccard 

index is limited in its ability to measure variance across samples as it is based on presence and 

absence data only (Lozupone et al., 2007). UniFrac is superior to Bray-Curtis analysis as it accounts 

for the phylogenetic distance between OTUs. There are two versions of UniFrac distances: 

unweighted and weighted. Weighted UniFrac considers OTU relative abundances whereas 

unweighted UniFrac does not and they are therefore sensitive to dominant and rare lineages 

respectively. Chen et al. (2012) developed a generalised UniFrac distance metric which has more 

power to detect changes in taxa present at low, moderate and high abundances.  

The ‘beta-diversity’ script from the Rhea pipeline was used to generate a matrix of generalised 

UniFrac distances which were visualised in two dimensions on a multi-dimensional scaling (MDS) 

plot and a permutational multivariate analysis of variance (PERMANOVA) test was performed to 

determine the significance of group separation. The hierarchical clustering of samples was assessed 

using Ward’s clustering method (Murtagh and Legendre, 2014) and presented as a dendrogram.     

3.2.13.5 Differential abundance analysis  

Differential abundance analysis is the process of comparing the abundance of individual taxa in 

each group. There are two types of differential abundance analysis, univariate and multivariate, 

which compare the abundance of taxa between groups based on one and many variables, 

respectively. Due to small sample sizes, univariate differential analysis was performed using non-

classical analysis of variance (ANOVA) which does not assume normality of distribution.  
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ANOVA was performed using the ‘serial group comparisons’ script from the Rhea pipeline. For the 

experiment comparing ‘filtered’ and ‘centrifuged’ microbes, the non-parametric Kruskal-Wallis rank 

sum test was used to calculate the likelihood of the abundance of an OTU in the two groups being 

from different distributions. For the experiment comparing ‘sybr green high’, ‘sybr green low’ and 

‘all’ microbes, the non-parametric Mann-Whitney test was used to analyse pairwise differences in 

abundances of OTUs. P-values were corrected for multiple testing using the Benjamini-Hochberg 

method (Benjamini and Hochberg, 1995). 

The following parameters were used for analysis: 1) at least 50 % of a sample group must have the 

OTU present at a relative abundance of 0.1 % to be considered for analysis, 2) OTUs with a relative 

abundance less than 0.1 % were treated as missing values and removed from statistical calculations, 

3) OTUs had to have a median relative abundance of 0.1 % across all groups to be considered for 

analysis.   

3.3 RESULTS  

3.3.1 Optimising bacteria and fungi isolation from stool  

A method was first sought which isolated all microbes from stool, including fungi. The two methods 

compared were centrifugation and filtration. When comparing light scatter properties of microbes 

isolated from aliquots of one stool sample using centrifugation or filtration, the percentage of larger 

cells isolated by centrifugation was 12.2 % compared to 16.6 % from the filtered stool samples. In 

addition, there were events with higher FSC from filtered stool samples (Figure 3.5).  
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Figure 3.5: Comparison of the size of microbes isolated from aliquots of the same stool sample 

using A) centrifugation and B) filtration. Two aliquots of the same frozen stool sample underwent 

centrifugation or filtration to isolate microbes from stool debris and forward scatter and side scatter 

were analysed using the BD LSRFortessa™. The ‘large cells’ gate was set to the same position on 

forward scatter as this measurement is proportional to the diameter of a cell. The percentage of 

cells falling in this gate was measured.    
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A comparison of the bacterial taxonomic composition of cells isolated from a single stool sample by 

centrifugation or by filtration was carried out. At the family-level it was found that 9 of the 10 most 

abundant taxa per sample were shared between 5 x 106 cells sampled from the centrifuged and the 

filtered stool microbes: Lachnospiraceae (43.4 % vs 39.1 %), Ruminococcaceae (26.8 % vs 22.7 %), 

Bacteroidaceae (6.5 % vs 2.9 %), Bifidobacteriaceae (6.4 % vs 12.0 %), Xanthomonadaceae (5.0 % 

vs 4.9 %), Rhizobiaceae (4.3 % vs 13.5 %), Veillonellaceae (2.2 % vs 1.6 %), Rikenellaceae (0.7 % vs 

0.4 %) and Clostridiaceae 1 (0.7 % vs 0.3 %) (Figure 3.6). In both the centrifugation and filtration 

method the abundance of Xanthomonadaceae and Rhizobiaceae decreased as the number of cells 

sampled increased and the abundance of Ruminococcaceae, Lachnospiraceae, Bifidobacteriaceae 

and Bacteroidaceae increased.  

At the genus-level, 9 of the 10 most abundant taxa per sample were shared between 5 x 106 cells 

sampled from centrifuged and filtered stool microbes: unclassified Lachnospiraceae (16.1 % vs 11.7 

%), Faecalibacterium (14.8 % vs 9.1 %), Lanchnospira (11.4 % vs 7.8 %), Blautia (9.6 % vs 14.9 %), 

Bacteroides (6.5 % vs 2.9 %), Bifidobacterium (6.4 % vs 12.0 %), Lysobacter (5.0 % vs 4.9 %), 

Subdoligranulum (4.2 % vs 5.8 %), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (3.4 % vs 

11.5 %) and Dialister (2.2 % vs 1.6 %) (Figure 3.7). In both the centrifugation method and filtration 

method the abundance of Lysobacter decreased as the number of cells sampled increased and the 

abundance of unclassified Lachnospiraceae, Lachnospira, Faecalibacterium and Blauti increased.  

The taxonomic composition of fungi isolated from a single stool sample using centrifugation and 

filtration had greater variation than bacteria. The top 10 taxa per sample at the family and genera 

taxonomic level varied in composition and relative abundance at different cell concentrations and 

with different microbe isolation methods. At the family-level 103 cells were dominated by one 

taxon, which was different for centrifuged and filtered cells: Mrakiaceae (83.6 %) and 

Fomitopsidaceae (98.1 %) respectively (Figure 3.8). At the genus-level: Mrakia, which is part of the 

Mrakiaceae family, dominated 103 cells sampled from centrifuged microbes (83.6 %) and 

Piptoporus, which is part of the Fomitopsidaceae family, dominated 103 cells sampled from filtered 

microbes (98.1 %) (Figure 3.9). At the family-level only 4 of the 10 most abundant fungal taxa were 

shared between 5 x 106 cells sampled from the centrifuged and filtered stool microbes: 

Saccharomycodaceae (99.0 % vs 30.5 %), Malasseziaceae (0.7 % vs 35.1 %), Fomitopsidaceae (0.01 

% vs 0.02 %) and Cordycipitaceae (0.3 % vs 0.007 %). At the genus-level 4 out of 10 most abundant 

taxa were shared between 5 million cells sampled from centrifuged and filtered stool microbes: 

Piptoporus (0.01 % vs 0.02 %), Malassezia (0.7 % vs 35.1 %), Hanseniaspora (99.0 % vs 30.5 %) and 

Engyodontium (0.3 % vs 0.007 %). 

The alpha diversity within bacterial and fungal communities of microbes isolated from a single stool 

sample using centrifugation or filtration was then analysed (Figure 3.10). The following measures 
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were used to analyse the diversity of taxa within a sample: Shannon effective, richness and 

evenness. All three measures followed the same trend for bacterial communities from both 

centrifuged and filtered stool samples: scores increased from 1 x 103 cells to 1 x 106 cells where 

they reached saturation. Shannon effective indices, evenness scores and richness scores were 

higher from the filtered stool sample compared to the centrifuged stool sample at the following cell 

numbers: 1 x 103 to 2.5 x 106 cells, 1 x 103 to 1 x 106 cells and 1 x 103 to 1 x 106 cells respectively.    

Alpha diversity scores of fungal taxa did not follow the same trend as their bacterial counterparts. 

Scores varied across cell concentration measured and neither microbe isolation method had 

consistently higher scores compared to the other. It is worth noting that the range of Shannon 

effective scores measured from fungal taxa was 0.07-1.6 whereas Shannon effective scores 

measured from bacterial taxa ranged from 0.4-3.4. In addition, richness scores from fungal 

communities ranged from 5-20 whereas richness scores from bacterial communities ranged from 

82-253. 

Finally, the similarity between fungal and bacteria communities from centrifuged and filtered stool 

microbes was analysed. Beta diversity was measured using the generalised UniFrac distance metric 

and distances between samples were visualised using a MDS plot (Figure 3.11). PERMANOVA 

analysis showed there were no significant differences between centrifuged and filtered microbes 

in the bacterial or fungal communities (p=0.634 and p=0.729). In addition, differential abundance 

analysis of bacteria and fungi did not find the abundance of any taxa significantly different between 

the two methods of microbe isolation. 
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←Figure 3.6: Relative abundances of the top 10 bacterial families of microbes isolated from a 

stool sample using centrifugation (left) or filtration (right). Two aliquots of the same stool sample 

underwent centrifugation or filtration to isolate microbes from stool debris. 1 x 103, 1 x 104, 1 x 105, 

1 x 106, 2.5 x 106 and 5 x 106 cells from each method were collected on the Sony SH800S cell sorter 

for comparison. 16S rRNA gene sequencing was used for identification of bacterial microbes and 

relative abundances were calculated from classified reads that were rarefied to the minimum 

sequencing depth.
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← Figure 3.7: Relative abundances of the top 10 bacterial genera of microbes isolated from a 

stool sample using centrifugation (left) or filtration (right). Two aliquots of the same stool sample 

underwent centrifugation or filtration to isolate microbes from stool debris. 1 x 103, 1 x 104, 1 x 105, 

1 x 106, 2.5 x 106 and 5 x 106 cells from each method were collected on the Sony SH800S cell sorter 

for comparison. 16S rRNA gene sequencing was used for identification of bacterial microbes and 

relative abundances were calculated from classified reads that were rarefied to the minimum 

sequencing depth. 
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← Figure 3.8: Relative abundances of the top 10 fungal families of microbes isolated from a stool 

sample using centrifugation (left) or filtration (right). Two aliquots of the same frozen stool sample 

underwent centrifugation or filtration to isolate microbes from stool debris. 1 x 103, 1 x 104, 1 x 105, 

1 x 106, 2.5 x 106 and 5 x 106 cells from each method were collected on the Sony SH800S cell sorter 

for comparison. ITS rRNA gene sequencing was used for identification of fungal microbes and 

relative abundances were calculated from classified reads that were rarefied to the minimum 

sequencing depth.
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← Figure 3.9: Relative abundances of the top 10 fungal genera of microbes isolated from a stool 

sample using centrifugation (left) or filtration (right). Two aliquots of the same frozen stool sample 

underwent centrifugation or filtration to isolate microbes from stool debris. 1 x 103, 1 x 104, 1 x 105, 

1 x 106, 2.5 x 106 and 5 x 106 cells from each method were collected on the Sony SH800S cell sorter 

for comparison. ITS rRNA gene sequencing was used for identification of fungal microbes and 

relative abundances were calculated from classified reads that were rarefied to the minimum 

sequencing depth.
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←Figure 3.10: Alpha diversity of bacterial and fungal communities of microbes isolated from a 

stool sample using centrifugation (pink) or filtration (blue). Aliquots of the same stool sample 

underwent centrifugation or filtration. 16S rRNA and ITS rRNA gene sequencing of extracted DNA 

from 1 x 103, 1 x 104, 1 x 105, 1 x 106, 2.5 x 106 and 5 x 106 cells from each method were performed 

and then Shannon effective (A+D), evenness (B+E) and richness (C+F) were analysed. Each point 

represents a single measurement. 



 

115 
 

 



 

116 
 

← Figure 3.11: Beta diversity of bacterial (A) and fungal (B) communities within microbes 

extracted from a stool sample using centrifugation (red) or filtration (blue). Aliquots of the same 

stool sample underwent centrifugation or filtration, followed by 16s rRNA and ITS rRNA gene 

sequencing on DNA extracted from 1 x 103, 1 x 104, 1 x 105, 1 x 106, 2.5 x 106 and 5 x 106 cells collected 

using the Sony SH800S cell sorter. Generalised UniFrac distances were used to generate a MDS plot 

for visualising dissimilarity between centrifuged and filtered microbes. ‘D’ is a measure of 

dissimilarity. Significance was measured using PERMANOVA.  
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3.3.2 Optimising the detection of bacterial and fungal cells by flow cytometry 

To perform FACS on intestinal microbes a reliable parameter was needed in order to segregate 

intestinal microbes from background noise caused by debris. Initially, the use of light refraction 

properties for identification of bacteria and fungi within stool samples were investigated (Figure 

3.12). The yeast isolates Candida albicans and Candida glabrata had higher forward and side scatter 

levels than bacterial isolates Bifidobacterium bifidum and Escherichia coli. When comparing the 

light scatter profile of stool microbes, both samples had events with low forward and side scatter 

levels similar to those seen in bacteria, and fewer events with high forward and side scatter levels 

similar to those seen in yeast. Both stool samples had a high proportion of background noise seen 

in the ‘noise’ gate. Forward scatter levels of bacteria overlapped with background noise, therefore 

light refraction properties were not able to accurately segregate microbes from background noise.  

Fluorescent dyes were analysed for their ability to segregate intestinal microbes from background 

noise and identify bacterial and fungal cells. The concentration of SYBR™ green I nucleic acid gel 

stain was optimised for staining bacterial cells by comparing the percentage of ‘sybr green 

positive’ events at three dilutions (Table 3.6). The highest dilution tested, 1 x 10-3, had the highest 

staining capacity, staining 92.8 % of B. fragilis cells. Next, SYBR™ green I nucleic acid gel stain and 

calcofluor white stain were tested for their staining capacity of stool microbes and yeast (Figure 

3.13).  SYBR™ green I nucleic acid gel stain stained a higher proportion of yeast than calcofluor 

white stain, 74.7 % and 49.0 % respectively. Calcofluor white stained 34.9 % of stool microbes. As 

only 66.0 % of stool microbes were stained with the optimised concentration of SYBR™ green I 

nucleic acid gel stain, it was hypothesised that some microbes were resistant to staining with 

SYBR™ green I nucleic acid gel stain.  

To test this hypothesis, microbes were separated into ‘sybr green high’ and ‘sybr green low’ 

populations and also ‘all’ microbes were collected based on their light scatter properties. Stool 

samples from two pairs of severe ME/CFS patients and their matched household controls were 

analysed. Cell populations were sequenced using the 16S rRNA gene and the ITS rRNA gene to 

profile bacterial and fungal populations respectively.  

Initially, the bacterial taxonomic composition of ‘sybr green high’, ‘sybr green low’ and ‘all’ microbes 

were analysed. When comparing the families present in every sample, 5 of the 10 most abundant 

taxa were shared: Xanthomonadaceae, Ruminococcaceae, Lachnospiraceae, Bifidobacteriaceae 

and Bacteroidaceae (Figure 3.14). In addition to the 5 aforementioned taxa, all cell populations 

from participant pair one also shared a further 2 taxa (Veillonellaceae and Christensellaceae) and 

all cell populations from participant pair two shared one further taxon (Acidaminococcaceae). Each 

participant had a high proportion of the top 10 bacterial families shared by their ‘sybr green high’, 

‘sybr green low’ and ‘all’ cell populations: 8 taxa were shared between cell populations in patient 
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one, 8 taxa were shared between cell populations in control one, 9 taxa were shared between cell 

populations in patient two and 9 taxa were shared between cell populations in control two. At the 

genus-level, 5 of the 10 most abundant taxa were shared across all samples: unclassified 

Lachnospiraceae, Subdoligranulum, Lysobacter, Faecalibacterium and Blautia (Figure 3.15). In 

addition, all cell populations from pair one also shared a further 2 taxa: Lachnospira and 

Bacteroides. As seen with the top 10 families, each participant had a high proportion of the top 10 

genus shared across their ‘sybr green high’, ‘sybr green low’ and ‘all’ populations. 9 taxa were 

shared between cell populations in patient one, 9 taxa were shared between cell populations in 

control one, 7 taxa were shared between cell populations in patient two and 8 taxa were shared 

between cell populations in control two.  

Unlike the bacterial taxonomic composition, the fungal taxonomic composition of the top 10 

families and genera was more heterogenous between samples. Only one of the top 10 most 

abundant families per sample was shared across all samples: Davidiellaceae (Figure 3.16). 

Cladosporium, a genus in the Davidiellaceae family, was the only genus from the top 10 abundant 

taxa shared across all samples (Figure 3.17). The number of top 10 fungal taxa shared across a 

participant’s ‘sybr green high’, ‘sybr green low’ and ‘all’ cell populations was also lower. At the 

family-level, patient one had 2, control one had 4, patient two had 3 and control two had 3 out of 

the 10 most abundant taxa shared between their ‘sybr green high’, ‘sybr green low’ and ‘all’ cell 

populations. At the genus-level, patient one had 2, control one had 4, patient two had 3 and control 

two had 3 out of the 10 most abundant taxa shared between their ‘sybr green high’, ‘sybr green 

low’ and ‘all’ cell populations.  

The number and diversity of taxa within bacterial and fungal communities in ‘sybr green high’, ‘sybr 

green low’ and ‘all’ populations were then analysed using three alpha diversity measures: Shannon 

effective, richness and evenness (Figure 3.18). The ‘all’ population had the highest alpha diversity 

scores, which was the case with fungal taxa as the average diversity scores were higher in the ‘all’ 

fraction compared to ‘sybr green high’ and ‘sybr green low’ populations. But for bacterial taxa, the 

‘sybr green high’ population had the highest average richness score and the ‘sybr green low’ 

population had the highest average evenness and Shannon effective scores. 

Next, the richness scores were compared between ‘sybr green high’ cells and ‘sybr green low’ cells 

isolated from the same participant to determine whether SYBR™ green I nucleic acid gel stain 

identified more or less taxa than cells remaining unstained. In pair one, the richness scores for 

bacterial taxa were higher in the ‘sybr green high’ cell population than the ‘sybr green low’ cell 

population (Figure 3.18). Patients had higher richness scores for fungal taxa in their ‘sybr green 

high’ cell population compared to their ‘sybr green low’ cell population. Whereas controls had 
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higher richness scores for fungal taxa in their ‘sybr green low’ cell population compared to their 

‘sybr green high’ cell population. 

Next, the hierarchical clustering of samples based on their bacterial and fungal communities using 

phylograms based on Ward’s minimum variance were analysed (Figure 3.19). Bacterial 

communities clustered based on sample origin: the ‘sybr green high’, ‘sybr green low’ and ‘all’ cell 

populations originating from the same participant shared the highest similarity. For all participants, 

the ‘sybr green high’ and ‘all’ cell populations shared the most similarity. The distance between 

samples based on fungal communities was greater with no clear grouping based on cell population, 

participant, disease status or participant pairing.  

The beta diversity of the bacterial and fungal communities isolated from ‘sybr green high’, ‘sybr 

green low’ and ‘all’ cell populations was then analysed (Figure 3.20). To analyse the effect of cell 

population on the composition of microbial profiles similarities were calculated using the 

generalised UniFrac distance metric. Distance matrices were plotted on a MDS plot and significance 

was calculated using PERMANOVA. There were no significant differences between ‘sybr green high’, 

‘sybr green low’ and ‘all’ cells in the bacterial or fungal communities (p=0.958 and p=0.852), with 

there being smaller dissimilarities between the cell populations in the bacterial communities (5 % 

dissimilarity) compared to the fungal communities (20 % dissimilarity).  

To perform taxonomic classification of ‘IgG positive’ and ‘IgG negative’ stool microbes as much DNA 

as possible was required. The DNA extraction efficiencies from ‘sybr green high’, ‘sybr green low’ 

and ‘all’ stool microbes (Table 3.7) were measured using the DNA extraction method optimised in 

section 0. As 90 % of the microbiome is made up of bacteria, the average bacterial genome size of 

5 Mb (Nayfach and Pollard, 2015) was used to calculate DNA extraction efficiency. For all 

participants the DNA extraction efficiency was highest from ‘sybr green high’ microbes and 

therefore the optimised protocol would isolate ‘IgG positive’ and ‘IgG negative’ microbes from the 

‘sybr green high’ cell population.  

To summarise, SYBR™ green I nucleic acid gel stain stained a greater proportion of fungal cells than 

the eukaryotic cell specific dye calcofluor white stain. By comparing the bacterial composition of 

‘sybr green high’ and ‘sybr green low’ cells it was determined that there were no significant 

differences or bacteria resistant to staining with SYBR™ green I nucleic acid gel stain but it could 

instead reflect the genetic content of live and dead bacterial cells respectively. Conclusions on ‘sybr 

green high’ and ‘sybr green low’ fungal cells were unable to be drawn and this was assumed to be 

due to low fungal content in stool samples. As SYBR™ green I nucleic acid gel stain was the best 

stain for the detection of fungal cells and ‘sybr green high’ cell populations yielded higher DNA 

concentrations, ‘sybr green high’ cell populations were chosen to be used in the optimised protocol.  
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Figure 3.12: Flow cytometry detection of yeast and bacteria using forward and side scatter 

profiles. Aliquots of two bacterial species (A+B), two yeast species (C+D) and two stool samples (E+F) 

were analysed on the Guava® easCyte HT system and forward and side scatter properties of each 

sample were collected. A buffer only control was used to set the noise gate, Escherichia coli was 

used to set the bacteria gate and Candida albicans was used to set the fungi gate. 
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Table 3.6: Optimising the SYBR™ green I nucleic acid gel stain concentration for bacterial staining. 

Bacteroides fragilis cells were stained with different concentrations of SYBR™ green I nucleic acid 

gel stain and then analysed on the BD LSRFortessa™ to measure the percentage of sybr green 

positive cells. 

SYBR™ green I nucleic acid gel 

stain dilution (concentration) 
‘SYBR green positive’ (%) 

2 x 10⁻² (200 X) 84.2 

1 x 10⁻² (100 X) 85.8 

1 x 10⁻ᶟ (10 X) 92.8 
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Figure 3.13: Comparing SYBR™ green I nucleic acid gel stain’s and calcofluor white’s staining of 

faecal microbes and yeast isolates. Two stool samples and two strains of S. cerevisiae were stained 

with SYBR™ green I nucleic acid gel stain and calcofluor white stain, a stain which binds cellulose 

and chitin in the cell wall of fungi. The percentage of cells positive for each stain was analysed using 

the BD LSRFortessa™. Error bars on the graph show the range.  
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Figure 3.14: Relative abundances of the top 10 bacterial families that stain high and low with 

SYBR™ green I nucleic acid gel stain. Stool microbes from two pairs of severe ME/CFS patients and 

their matched household controls (n=4) were stained with SYBR™ green I nucleic acid gel stain and 

analysed on the Sony SH800S cell sorter. Cells were sorted into ‘sybr green high’ populations, ‘sybr 

green low’ populations and ‘all’ events in the scatter gate were also collected. DNA from each cell 

population was sequenced by 16S rRNA gene sequencing and relative abundances at the family 

taxonomic rank were visualised using a bubble plot.  
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Figure 3.15: Relative abundances of the top 10 bacterial genera that stain high and low with 

SYBR™ green I nucleic acid gel stain. Stool microbes from two pairs of severe ME/CFS patients and 

their matched household controls (n=4) were stained with SYBR™ green I nucleic acid gel stain and 

analysed on the Sony SH800S cell sorter. Cells were sorted into ‘sybr green high’ populations, ‘sybr 

green low’ populations and ‘all’ events in the scatter gate were also collected. DNA from each cell 

population was sequenced by 16S rRNA gene sequencing and relative abundances at the genera 

taxonomic rank were visualised using a bubble plot.  
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Figure 3.16: Relative abundances of the top 10 fungal families that stain high and low with SYBR™ 

green I nucleic acid gel stain. Stool microbes from two pairs of severe ME/CFS patients and their 

matched household controls (n=4) were stained with SYBR™ green I nucleic acid gel stain and 

analysed on the Sony SH800S cell sorter. Cells were sorted into ‘sybr green high’ populations, ‘sybr 

green low’ populations and ‘all’ events in the scatter gate were also collected. DNA from each cell 

population was sequenced by ITS rRNA gene sequencing and relative abundances at the family 

taxonomic rank were visualised using a bubble plot. 
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Figure 3.17: Relative abundances of the top 10 fungal genera that stain high and low with SYBR™ 

green I nucleic acid gel stain. Stool microbes from two pairs of severe ME/CFS patients and their 

matched household controls (n=4) were stained with SYBR™ green I nucleic acid gel stain and 

analysed on the Sony SH800S cell sorter. Cells were sorted into ‘sybr green high’ populations, ‘sybr 

green low’ populations and ‘all’ events in the scatter gate were also collected. DNA from each cell 

population was sequenced by ITS rRNA gene sequencing and relative abundances at the genera 

taxonomic rank were visualised using a bubble plot. 
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Figure 3.18: Alpha diversity of bacterial and fungal communities staining high and low with 

SYBR™ green I nucleic acid gel stain.  Stool microbes from two pairs of severe ME/CFS patients and 

their matched household controls (n=4) were stained with SYBR™ green I nucleic acid gel stain and 

analysed on the Sony SH800S cell sorter. Cells were sorted into ‘sybr green high’ populations, ‘sybr 

green low’ populations and ‘all’ events in the scatter gate were also collected. 16S rRNA and ITS 

rRNA gene sequencing of each sample were analysed using Shannon effective (A+D), evenness (B+E) 

and richness (C+F). Each point represents a single measurement. 
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Figure 3.19: Hierarchical clustering of ‘sybr green high’ (red), ‘sybr green low’ (blue) and ‘all’ 

(green) stool microbes. Stool microbes from two pairs of severe ME/CFS patients and their matched 

household controls (n=4) were stained with SYBR™ green I nucleic acid gel stain and separated into 

‘sybr green high’, ‘sybr green low’ and ‘all’ cell populations using the SH800S cell sorter. 16S rRNA 

and ITS rRNA gene sequencing were performed. Ward’s minimum variance was used to generate 

phylograms of A) bacterial communities identified using 16S rRNA gene sequencing and B) fungal 

communities identified using ITS rRNA gene sequencing. 
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← Figure 3.20: Beta diversity of bacterial (A) and fungal (B) communities of ‘sybr green high’ (red), 

‘sybr green low’ (blue) and ‘all’ (green) stool microbes. Stool microbes from two pairs of severe 

ME/CFS patients and their matched household controls (n=4) were stained with SYBR™ green I 

nucleic acid gel stain and separated into ‘sybr green high’, ‘sybr green low’ and ‘all’ cell populations 

using the Sony SH800S cell sorter. 16S rRNA and ITS rRNA gene sequencing were performed. 

Generalised UniFrac distances were used to generate a MDS plot for visualising dissimilarity 

between centrifuged and filtered microbes. ‘D’ is a measure of dissimilarity. Significance was 

measured using PERMANOVA. 
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Table 3.7: DNA extraction efficiency from ‘sybr green high’, ‘sybr green low’ and ‘all’ stool 

microbes.  Stool microbes from two pairs of severe ME/CFS patients and their matched household 

controls (n=4) were stained with SYBR™ green I nucleic acid gel stain and separated into ‘sybr green 

high’, ‘sybr green low’ and ‘all’ cell populations using the Sony SH800S cell sorter. DNA was stained 

with the Qubit™ dsDNA high sensitivity assay kit and total DNA was measured on the Qubit™ 

fluorometer. The DNA extraction efficiency was calculated based on the assumption that the 

average genome size of a stool microbe is 5 MB. 

Pair number Disease status Cell 

population 

Cell number Total DNA 

(ng) 
DNA 

extraction 

efficiency (%) 

1 Patient High 7,388,751 15 37.62 

Low 10,000,000 7.5 13.90 

All 6,000,000 5.8 17.91 

1 Control High 7,243,987 14.4 36.83 

Low 8,000,000 8.1 18.76 

All 8,000,000 7.9 18.30 

2 Patient High 7,500,000 12.2 30.14 

Low 6,317,228 - -  

All 8,000,927 11.1 25.70 

2 Control High 8,561,127 9.2 19.91  

Low 6,658,823 - - 

All 8,000,000 7.5 17.37 
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3.3.3 Optimising the detection of IgG reactive stool microbes 

3.3.3.1 Optimising the quantification of microbes in stool  

Part of the cell sorting procedure for identifying intestinal microbes reactive with systemic IgG is 

the incubation of serum samples with stool microbes. For this step, stool microbes needed to be 

suspended at a concentration of 1 x 106 cells/ml. To determine the optimal stool dilutions for 

microbial quantification the concentration of ‘sybr green high’ events in 2-fold dilutions of microbes 

isolated from a single stool sample were measured using the Guava® easyCyte™ HT system, in 

triplicate (Figure 3.21A). The three stool dilutions with the highest correlation coefficient value (R2 

= 0.9812) were 1 in 160000, 1 in 320000 and 1 in 640000 and were therefore the dilutions chosen 

for quantifying stool microbe concentration (Figure 3.21B).  

 

Figure 3.21: Stool microbe titration curve. 2-fold serial dilutions of stool microbes were stained with 

SYBR™ green I nucleic acid gel stain. Concentrations of sybr green stained microbes were measured 

for each dilution using the Guava® easCyte HT system. Readings were measured in triplicate and 

results presented as mean ±SEM.  A) Concentrations of sybr green positive stool microbes at 2-fold 

dilutions. B) The stool microbe dilutions that have a correlation coefficient value (R2) closest to 1.   
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3.3.3.2 Optimising serum incubation with stool microbes 

In order to detect all of the stool microbes reactive with serum IgG the optimal serum concentration 

to be used in the assay needed to be determined. Two-fold dilutions of serum from two pairs of 

severe ME/CFS patients and their matched household controls were incubated with autologous 

stool microbes and analysed using the BD LSRFortessa™. The percentage of ‘IgG positive’ events 

reached saturation in three of the four participants measured at the serum dilution 1 in 100 (Figure 

3.22). Therefore, the dilution used for the assay was 1 in 100.  

 

Figure 3.22: Serum titration curve. 2-fold serial dilutions of serum were incubated with stool 

microbes from two pairs of severe ME/CFS patients and their matched household controls (n=4). 

Following incubation, samples were stained with SYBR™ green I nucleic acid gel stain and anti-

human IgG-APC/Cy7 antibody. The percentage of ‘IgG positive’ events from the ‘sybr green high’ 

cell population was measured on the BD LSRFortessa™. 1 x 104 events were acquired for analysis. 
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3.3.4 Determining the optimal number of ‘IgG positive’ and ‘IgG negative’ stool microbes to be 

collected during cell sorting 

The next step of optimisation was to determine the number of ‘IgG positive’, ‘IgG negative’ and ‘all’ 

stool microbes to be collected using the Sony SH800S cell sorter aiming to find the lowest number 

of cells that could be collected without compromising the diversity of samples. This was done by 

analysing the bacterial taxa composition, alpha and beta diversity of 103, 104, 105, 106, 2.5 x 106 and 

5 x 106 microbes isolated from stool using filtration. As the number of cells analysed increased from 

103 to 105, the number of top 10 bacterial families shared with 5 x 106 cells increased (Figure 3.6). 

There was little change in composition and abundance of top 10 fungal families from 105 cells to 5 

x 106 cells (Figure 3.8). Whereas at the genus-level, the cell counts with the most similarity to the 

highest cell count tested were 105 and 106 as they shared 9 of the top 10 bacterial taxa with 5 x 106 

cells (Figure 3.7). The relationship between cell counts and alpha diversity measures based on 

bacterial taxa were then examined. Shannon effective, richness and evenness scores increased as 

cell counts increased from 103 to 106 and alpha diversity scores reached saturation at 106 cells 

(Figure 3.10). When analysing the phylogenetic distances between samples 106 and 2.5 x 106 cells 

were most similar to 5 x 106 cells (Figure 3.23). The lowest number of cells with a similar bacteria 

composition and diversity to 5 x 106 cells was 106 cells. Therefore, the optimised protocol aimed to 

collect 106 cells from each condition on the Sony SH800S cell sorter.  
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Figure 3.23: Hierarchical clustering of different concentrations of filtered stool microbes. A single 

stool sample underwent filtration, followed by 16s rRNA gene sequencing on DNA extracted from 1 

x 103, 1 x 104, 1 x 105, 1 x 106, 2.5 x 106 and 5 x 106 cells collected using the Sony SH800S cell sorter. 

Ward’s minimum variance was used to generate phylograms of bacterial communities identified 

using 16S rRNA gene sequencing.  
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3.3.5 Optimising DNA extraction from bacterial and fungal cells 

Following isolation of 106 ‘IgG positive’, ‘IgG negative’ and ‘all’ microbes, DNA was to be extracted 

from cells for whole genome shotgun sequencing. First the DNA extraction efficiency of the ‘Gram-

positive bacteria genomic DNA purification protocol’ was tested using Gram-negative bacteria B. 

fragilis and Gram-positive bacteria B. longum for two reasons: 1) bacteria outnumber yeast in stool 

(Qin et al., 2010), 2) Gram-negative bacteria are harder to lyse than Gram-positive bacteria (Wright 

et al., 2017). Surprisingly, the DNA extraction efficiency was higher from the Gram-negative bacteria 

than the Gram-positive bacteria (Figure 3.24A). However, the ‘Gram-positive bacteria genomic DNA 

purification protocol’ needed optimising because the DNA extraction efficiency was low from both 

Gram-positive bacteria, 13.7 %, and Gram-negative bacteria, 27.2 %. 

The ‘Gram-positive bacteria genomic DNA protocol’ from the GeneJET genomic DNA purification kit 

was modified by adding achromopeptidase to the lysis buffer, increasing the first lysis step from 30 

to 60 minutes and the second lysis step from 30 to 50 minutes (Table 3.4). The Gram-positive 

bacteria B. longum was used to compare the DNA extraction efficiency of the original and modified 

‘Gram-positive bacteria genomic DNA purification protocol’. The DNA extraction efficiency from 5 

x 106 cells using the modified protocol was higher than the original protocol (Figure 3.24B). In 

addition, the DNA extraction efficiency of the modified protocol on lower cell numbers was tested: 

at 1.4 x 106 cells, DNA extraction efficiency was 96 %.   

Next the efficiency of the modified ‘Gram-positive bacteria genomic DNA purification protocol’ for 

DNA extraction from Gram-negative bacteria was determined. The quantity of DNA extracted from 

B. fragilis using the modified ‘Gram-positive bacteria genomic DNA purification protocol’ was 

compared to the quantity of DNA extracted from B. fragilis using the ‘Gram-negative bacteria 

genomic DNA purification protocol’. The quantity of DNA extracted from 5 x 107 cells was two-fold 

higher using the ‘Gram-negative bacteria genomic DNA purification protocol’ than the modified 

‘Gram-positive bacteria genomic DNA purification protocol’ (Figure 3.24C). At the lower cell 

concentration 9.2 x 106 cells the extracted DNA quantity from the ‘Gram-negative bacteria genomic 

DNA purification protocol’ and the modified ‘Gram-positive bacteria genomic DNA purification 

protocol’ was 34.8 ng and 29.2 ng respectively. Therefore, the modified ‘Gram-positive bacteria 

genomic DNA purification protocol’ from the GeneJET genomic DNA purification kit was suitable for 

DNA extraction from both Gram-positive and Gram-negative bacteria. 

The quantity of DNA extracted from Gram-positive bacteria, Gram-negative bacteria and yeast 

using the modified ‘Gram-positive bacteria genomic DNA purification protocol’, QIAamp® 

PowerFecal® pro DNA kit and MP Bio FastDNA spin kit for soil was then compared. No quantifiable 

DNA was isolated from 105, 106 or 107 Gram-negative bacteria, 105 or 106 Gram-positive bacteria 

and 105 or 106 yeast using the MP Bio FastDNA spin kit for soil. Whereas the modified ‘Gram-positive 
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bacteria genomic DNA purification protocol’ and QIAamp® PowerFecal® pro DNA kit isolated DNA 

from 105, 106 and 107 Gram-positive and Gram-negative bacteria and yeast (Figure 3.25). The 

modified ‘Gram-positive bacteria genomic DNA purification protocol’ isolated higher quantities of 

DNA from 105, 106 and 107 Gram-positive and Gram-negative bacterial cells than the QIAamp® 

PowerFecal® pro DNA kit, but lower quantities of DNA from 106 and 107 yeast cells. The modified 

‘Gram-positive bacteria genomic DNA purification protocol’ isolated 35.2 ng and 3.6 ng of DNA from 

106 Gram-positive and Gram-negative bacteria respectively. Whereas the QIAamp® PowerFecal® 

pro DNA kit only isolated 5.8 ng and 0.7 ng of DNA from 106 Gram-positive and Gram-negative 

bacteria respectively. The QIAamp® PowerFecal® pro DNA kit isolated 5.6 ng of DNA from 106 yeast 

cells, which was higher than the 2.96 ng of DNA isolated using the modified ‘Gram-positive bacteria 

genomic DNA purification protocol’. However, the modified ‘Gram-positive bacteria genomic DNA 

purification protocol’ isolated 2.1 ng of DNA from 105 yeast cells, which was higher than the 1.0 ng 

of DNA isolated using the QIAamp® PowerFecal® pro DNA kit (Figure 3.25C). Therefore, the 

modified ‘Gram-positive bacteria genomic DNA purification protocol’ from the GeneJET genomic 

DNA purification kit was the most efficient method for extracting DNA from 105 yeast, 106 Gram-

positive and 106 Gram-negative bacteria.  

To analyse the microbial composition of ‘IgG positive’, ‘IgG negative’ and ‘all’ cell populations 

isolated from stool a minimum quantity of 5 ng of DNA was required to perform whole genome 

shotgun sequencing. Based on 90 % of the microbiome being bacteria and the average bacterial 

genome size being 5 Mb (Nayfach and Pollard, 2015), it was calculated that 1 x 106 cells were 

needed to extract 5 ng of DNA. The DNA quantities extracted from 103, 104, 105 and 106 stool 

microbes using the modified ‘Gram-positive bacteria genomic DNA protocol’ were less than 5 ng. 

Whereas DNA extracted from 2.5 x 106 and 5 x 106 stool microbes was 10.72 ng and 29.36 ng 

respectively (Table 3.8). WGA of DNA extracted from 103, 104, 105, 106, 2.5 x 106 and 5 x 106 stool 

microbes increased DNA quantities more than 70-fold (Table 3.8).  
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←Figure 3.24: Optimising the GeneJET genomic DNA purification kit. A) Comparing DNA extraction 

efficiency of the ‘Gram-positive bacteria genomic DNA purification protocol’ from the GeneJET 

genomic DNA purification kit on the Gram-positive bacteria Bifidobacterium longum and the Gram-

negative bacteria Bacteroides fragilis. B) Comparing DNA extraction of original versus modified 

‘Gram-positive bacteria genomic DNA purification protocol’ from Gram-positive bacteria. C) 

Comparing the amount of DNA extracted from Gram-negative bacteria using the modified ‘Gram-

positive bacteria genomic DNA purification protocol’ and the ‘Gram-negative bacteria genomic DNA 

purification protocol’. The ‘Gram-positive bacteria genomic DNA purification protocol’ had three 

modifications: 1) addition of achromopeptidase in the lysis buffer, 2) incubation step with Gram-

positive bacteria lysis buffer was increased from 30 to 60 minutes, 3) incubation step with lysis 

solution and proteinase K was increased from 30 to 50 minutes. Extracted DNA was stained with the 

Qubit™ dsDNA high sensitivity assay kit and quantity was measured on the Qubit™ fluorometer.   
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Figure 3.25: Comparing DNA extraction methods. Three methods were used to extract DNA from 

A) Gram-positive bacteria, B) Gram-negative bacteria and C) yeast: QIAamp® PowerFecal® pro DNA 

kit, MP Bio FastDNA spin kit for soil and the modified Gram-positive GeneJET genomic DNA 

purification kit. DNA was measured on the Qubit™ fluorometer using the Qubit™ dsDNA high 

sensitivity assay kit. 
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Table 3.8: Amount of DNA extracted from stool microbes before and after whole genome 

amplification (WGA). Stool microbes from a single sample were run on the Sony SH800S cell sorter 

and different numbers of cells were collected for DNA extraction. DNA was stained with the Qubit™ 

dsDNA high sensitivity assay kit and quantities were measured on the Qubit™ fluorometer before 

and after samples underwent WGA using REPLI-g advanced DNA single cell kit. 

Cell number Total DNA pre-WGA (ng) Total DNA post WGA (ng) 

5 x 106 29.36 2,048.00 

2.5 x 106 10.72 6,944.00 

1 x 106 3.35 6,048.00 

1 x 105 3.38 10,480.00 

1 x 104 1.92 6,784.00 

1 x 103 2.98 7,392.00 

0 0 401.60 

 

3.4 DISCUSSION  

This chapter explains the development of an experimental workflow based on ‘bug FACS’ to identify 

bacteria and fungi from stool that are reactive with serum IgG. The key findings from optimisation 

are: 1) filtration of stool microbes recovers larger cells than centrifugation, 2) SYBR™ green I nucleic 

acid gel stain identifies bacteria and fungi in FACS, 3) accurate quantification of stool microbes 

requires stool to be diluted to 1 in 160000, 1 in 320000 and 1 in 640000, 4) 1 in 100 diluted serum 

identifies all microbes reactive with serum IgG, 5) 1 x 106 cells captures diversity within a stool 

sample, 6) a modified version of the ‘Gram-positive bacterial genomic DNA purification protocol’ 

from the GeneJET genomic DNA purification kit extracts DNA from Gram-positive bacteria, Gram-

negative bacteria and yeast, 7) WGA is required to obtain sufficient DNA for whole genome shotgun 

sequencing. 

First, the effect of centrifugation and filtration on the diversity of bacteria and fungi in stool was 

compared. By using a single sample the inter-individual variability of the faecal microbiome was 

avoided enabling focus to be on investigating methodological variation (Huseyin et al., 2017). It was 

found that bacterial diversity was not altered by the microbial isolation method used. It was difficult 
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to draw conclusions on the effect of the microbial isolation method on fungal diversity because the 

diversity was low in both methods. This was to be expected, as the abundance of fungi in the 

microbiome is reported to be around 0.1 % (Qin et al., 2010). Therefore, when isolating 1 x 103 to 5 

x 106 cells only 1 to 5 x 103 fungal cells were being analysed. However, using FSC in FACS as an 

arbitrary measure of cell size showed that there are more cells of a larger size in microbes isolated 

from stool samples by filtration compared to centrifugation. As fungi are larger than bacteria it was 

hypothesised that the cells isolated from stool with high FSC were fungi. This was confirmed by 

analysing the FSC of yeast isolates. This suggests that the centrifugation method for isolating 

microbes from stool debris may also pellet some fungal cells.  

‘Bug FACS’ involves the detection of microbes on a flow cytometer. Unlike with fungi, FSC and SSC 

gating is not effective for identifying bacteria in FACS whereas the fluorescent dye SYBR™ green I 

nucleic acid gel stain is able to identify bacteria in FACS. The eukaryotic specific dye calcofluor white 

stain is not required for fungal identification on FACS as SYBR™ green I Nucleic Acid Stain is able to 

stain a larger portion of fungal cells. When staining stool microbes with SYBR™ green I nucleic acid 

gel stain, stool microbes had different fluorescent intensities and formed two populations based on 

their level of staining, referred to as ‘sybr green high’ and ‘sybr green low’ cell populations. The 

fluorescence intensity of SYBR™ green I nucleic acid gel stain directly reflects the nucleic acid 

content of cells (Zipper et al., 2004), which in turn differs based on the type of bacteria, cell viability 

and cell cycle stage (Günther et al., 2008, Lebaron et al., 2002, Müller et al., 2000). To determine 

why stool microbes segregate into ‘sybr green high’ and ‘sybr green low’ cell populations, ‘sybr 

green high’, ‘sybr green low’ and ‘all’ microbes were FACS sorted, DNA was extracted and analysed 

for the bacterial and fungal profiles of these cell populations. It was found that ‘sybr green high’ 

and ‘sybr green low’ bacterial populations originating from the same stool sample had a smaller 

phylogenetic distance than ‘sybr green low’ bacterial populations isolated from different stool 

samples. Therefore, there is no evidence for a specific group of microbes resistant to staining with 

SYBR™ green I nucleic acid gel stain. One limitation of using the DNA intercalation dye SYBR™ green 

I nucleic acid gel stain is that it has been shown to have inhibitory effects on PCR and could therefore 

affect DNA sequencing (Gudnason et al., 2007). However, larger DNA quantities were extracted 

from ‘sybr green high’ cells than from ‘sybr green low’ cells, which suggests SYBR™ green I nucleic 

acid gel stain does not inhibit DNA extraction and sequencing. Alternatively, ‘sybr green low’ cells 

could have a lower DNA content because they are dead and consequently undergoing DNA 

degradation (Lebaron et al., 2002). Future studies could be done to a) confirm SYBR™ green I nucleic 

acid gel stain does not inhibit DNA extraction and sequencing by comparing the DNA quantity and 

microbial diversity of equal amounts of stool microbes stained with SYBR™ green I nucleic acid gel 

stain, unstained stool microbes and stool microbes stained with other DNA intercalating dyes 

previously shown not to inhibit PCR (Gudnason et al., 2007), and b) confirm ‘sybr green low’ cells 
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are dead cells by performing dead cell discrimination using amine-reactive dyes (Perfetto et al., 

2011).  

The ‘bug FACS’ protocol was optimised to enable the identification and quantification of all stool 

microbes reactive with serum IgG by investigating the dilutions of stool required to accurately 

quantify microbial load, investigating serum dilution required to bind all stool microbes and 

investigating the number of cells required to capture diversity. 1 in 160000, 1 in 320000 and 1 in 

640000 dilutions of stool were found to accurately quantify stool microbes. Accurate quantification 

of stool microbes enables the investigation of absolute abundances of ‘IgG positive’ microbes in 

stool, which can overcome the limitations associated with relative abundances (Barlow et al., 2020). 

As the microbial load in stool samples varies between individuals (Vandeputte et al., 2017), stool 

microbes were resuspended to a known concentration prior to incubation with serum, to avoid 

participants with the same levels of serum antibody reactivity to the microbiome having different 

proportions of microbes coated with antibody when incubated with serum. The optimal serum 

dilution for identifying all microbes reactive with serum IgG is 1 in 100. Doron et al. (2021) also 

incubated stool microbes with 1 in 100 diluted sera. Whereas Morento-Sabater et al. (2020) and 

Fadlallah et al. (2019) selected serum concentration based on total IgG content, which accounts for 

the inter-individual variation in serum IgG concentrations. Finally, comparing the diversity 

measures of stool microbes ranging from 1 x 103 to 5 x 106 cells found that a minimum of one million 

cells were required to capture diversity. This was double the number of cells previous authors found 

were required (Jackson et al., 2021).  

Other experimental conditions such as incubation time, temperature and buffer composition affect 

specific (Fab-mediated) antibody binding (Reverberi and Reverberi, 2007). In the future, 

experiments could be done to compare the effect of altering these conditions on the level of 

antibody bound stool microbes. For example, the concentration and type of protein added to the 

FACS buffer could be compared to ensure the absence of false positives due to non-specific (Fc 

region) antibody binding. In addition, use of positive and negative controls would confirm specific 

(Fab-mediated) antibody binding. In chapter 4 positive and negative controls were used to develop 

an ELISA based method for detecting levels of serum antibody binding to autologous and 

heterologous stool microbes (see supplementary figure 4.5). These controls were serum collected 

at day 0 (negative control) and day 57 (positive control) from rabbits inoculated with stool 

microbes.  

Based on the average bacterial genome size (Nayfach and Pollard, 2015) it was calculated that 1 x 

106 cells contain 5.4 ng of DNA. The efficiency of three DNA extraction kits were compared because 

shotgun metagenomic sequencing requires at least 5 ng of DNA for analysis and previous authors 

found the DNA yield recovered varied with different extraction procedures (Fiedorová et al., 2019, 
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Huseyin et al., 2017). The main step of DNA extraction is cell lysis. Gram-positive bacteria, Gram-

negative bacteria and yeast have different cell wall structures. Therefore, DNA extraction kits were 

tested for DNA extraction efficiency from each cell type. It was found that for both Gram-positive 

and Gram-negative bacteria the modified ‘Gram-positive bacteria genomic DNA purification 

protocol’ from the GeneJET genomic DNA purification kit had the highest DNA extraction efficiency. 

As this was the only method without a mechanical lysis step it could suggest that bead-beating 

negatively impacted the DNA yield from bacteria. In contrast, methods involving mechanical lysis 

had greater DNA extraction efficiency from the highest number of yeast cells tested. At the lowest 

number of yeast cells analysed DNA yield was greater from cells when methods without mechanical 

lysis were used, suggesting mechanical lysis became redundant with decreasing numbers of yeast 

cells. As the concentration of fungi in stool is low (Huseyin et al., 2017), it was decided that the 

modified ‘Gram-positive bacteria genomic DNA purification protocol’ would be used to extract DNA 

from 1 x 106 ‘IgG positive’ and 1 x 106 ‘IgG negative’ stool microbes. Despite attempts to optimise a 

DNA extraction procedure, the DNA yield extracted from one million stool microbes was still too 

low to perform shotgun metagenomic sequencing. Therefore, WGA was utilised in the optimised 

protocol. WGA is a technique able to amplify DNA from a range of species. However, caution has to 

be taken when interpreting metagenomic results due to the introduction of sequencing bias during 

WGA (Quince et al., 2017).  

3.4.1 Conclusion 

This chapter shows the development of an optimised ‘bug FACS’ protocol for the identification of 

fungal and bacterial cells reactive with serum IgG. This method is important because of the growing 

evidence for systemic anti-microbiota IgG as a biomarker of disease. This optimised protocol was 

used for the work detailed in chapter 5 which compared intestinal microbes reactive with serum 

IgG in severe ME/CFS patients to their matched household controls.  
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4 CHAPTER FOUR: QUANTIFYING ANTIBODY LEVELS REACTIVE WITH THE 

INTESTINAL MICROBIOME IN MYALGIC ENCEPHALOMYELITIS/CHRONIC 

FATIGUE SYNDROME 

4.1 INTRODUCTION 

4.1.1 Immune tolerance in health and chronic inflammatory diseases 

The GI tract is a source of dietary and microbial antigens, to which the intestinal immune system is 

tolerant (Zheng et al., 2020). There is a ‘mucosal firewall’ consisting of an intact epithelial barrier 

and mucosal layer which prevents the dissemination of microbes into the systemic circulation 

(Belkaid and Hand, 2014). Immune tolerance is maintained by tolerogenic dendritic cells (DCs) in 

gut associated lymphoid tissues which sample both innocuous and pathogenic antigens within the 

intestinal lumen and promote the differentiation of naïve CD4+ T cells into regulatory T cells (Stagg, 

2018) and the production of IgA-secreting plasma cells (Tezuka and Ohteki, 2019). IgA-secreting 

plasma cells can be produced via both T cell-dependent (Zeng et al., 2016) and T cell-independent 

(He et al., 2007) routes and function to maintain homeostasis through a process called immune 

exclusion: by coating pathogenic microbes, IgA prevents their adherence to and invasion of the 

intestinal epithelium (Xiong and Hu, 2015).  

In microbial dysbiosis bacterial access and adherence to the epithelium results in a pro-

inflammatory immune response (Atarashi et al., 2015, Zheng et al., 2020). Intestinal inflammation 

is associated with the breakdown of the epithelial barrier and enables translocation of microbes 

and microbial antigens, such as endotoxins, which can trigger systemic inflammation (Nagpal and 

Yadav, 2017, Kinashi and Hase, 2021). Intestinal inflammation also compromises the tolerogenic 

properties of intestinal DCs leading to the differentiation of naïve CD4+ T cells into effector T cells 

such as Th1 and Th17 cells, resulting in a pro-inflammatory immune response targeting both 

pathobionts and commensals (Morris et al., 2016). In addition, the level of secretory IgA in the 

intestine increases which coats inflammatory microbes (Palm et al., 2014). There is an ongoing 

debate as to whether the generation of anti-microbiota IgG antibodies and microbiota reactive 

CD4+ T cells present in the circulation occurs in health or when there is a breach in the intestinal 

epithelial barrier due to inflammation, physical insults or chemical insults (Mowat, 2018). 

Nevertheless, the levels of circulating anti-microbiota IgG antibodies increase during chronic 

inflammatory diseases, such as IBD (Harmsen et al., 2012).  



 

147 
 

4.1.2 Immune tolerance and autoimmunity 

A breakdown in immune tolerance and systemic translocation of commensal microbes, pathogens 

or pathobionts can initiate or propagate autoimmune disease by the following mechanisms: 

molecular mimicry, bystander activation, epitope spreading, T helper cell skewing and post-

translational modification of autoantigens (Ruff et al., 2020). Examples of autoimmune diseases 

initiated or propagated by the intestinal microbiota include RA (Pianta et al., 2017), SLE (Greiling et 

al., 2018), MS (Planas et al., 2018) and antiphospholipid syndrome (Ruff et al., 2019). ME/CFS is a 

complex multisystemic disease with an autoimmune component, as evidenced by autoantibodies 

to muscarinic and acetylcholine receptors (Fujii et al., 2020), which has the potential to be initiated 

by the intestinal microbiota (detailed in section 1.3.2.4). As in the other autoimmune diseases, 

patients with ME/CFS show evidence of microbial dysbiosis, characterised by decreased diversity 

of the microbiome, decreased prevalence of anti-inflammatory microbes such as Faecalibacterium 

and Bifidobacterium (Giloteaux et al., 2016a) and evidence of a leaky gut (Maes et al., 2007, Maes 

et al., 2012d). Whether microbial dysbiosis results in a breakdown in immune tolerance and 

therefore is a potential mechanism for the initiation or propagation of autoimmunity in ME/CFS has 

yet to be explored. Therefore, the research in this chapter investigated the levels of serum IgG and 

stool IgA antibodies to the intestinal microbiome of severe ME/CFS patients, as indicators of a 

breach in tolerance in the systemic and intestinal immune responses respectively. 

4.1.3 Aims and objectives 

The primary aim of this chapter was to determine whether severe ME/CFS patients had a 

heightened local and systemic humoral immune response to intestinal microbes compared to their 

matched household controls. To investigate this, the following objectives were undertaken: 

1. Determine the concentration of IgA in stool which is bound to microbes 

2. Determine the concentration of stool microbes coated by IgA 

3. Quantify the level of serum IgG reactive to autologous and heterologous stool microbes 

4. Determine the concentration of stool microbes reactive with serum IgG 

4.2 METHODS 

Stool and serum samples from the study population were collected and processed as described in 

Section 2.6.  

4.2.1 Stool sample water content quantification 

100 mg ± 10 mg aliquots of frozen stool samples were weighed before and after freeze drying in 

the ModulyoD freeze dryer (Thermo Electron Corporation) for 12 hours. Water content of the stool 

sample was calculated using Equation 4.1. 
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Equation 4.1: Calculating water content of stool samples. 

 

4.2.2 Quantifying total microbes in stool 

The concentration of stool microbes in a liquid suspension was measured as described in section 

3.2.5.3. Using Equation 4.2 the concentration of stool microbes per gram of stool was calculated.  

Equation 4.2: Calculating the number of microbes per gram of stool. 

 

4.2.3 Quantification of microbe bound IgA and non-bound IgA in stool 

100 mg ± 10 mg aliquots of frozen stool samples were processed as described in section 3.2.2.2 

with the following modification: samples were diluted to 10 % w/v with coating buffer (0.2 M 

NaHCO3 pH 9.4). Stool microbes were then centrifuged at 16,000 x g for 5 minutes and the 

supernatant was aspirated and centrifuged a second time. The supernatant from the second round 

of centrifugation was used to analyse free non-bound IgA. The pellets from both rounds of 

centrifugation were combined, washed with coating buffer, resuspended to the original volume 

and then used to analyse levels of microbe bound IgA.  

Levels of microbe bound IgA and non-bound IgA in the stool were quantified using an indirect ELISA, 

the optimisation of which is detailed in Supplementary figure 4.1 and Supplementary figure 4.2.  

Briefly, the protocol published by Scholtens et al. (2008) which measured non-bound IgA1 (the 

predominant isotype in the blood) and IgA2 (the predominant isotype in mucosal secretions) in 

stool samples was optimised to reduce background noise by determining the highest signal 

detected when altering the following parameters: blocking step duration, format of the ELISA, 

concentration of detection antibody and concentration of HRP-conjugated streptavidin.     

The standard (IgA from human colostrum reagent grade, buffered aqueous solution, Sigma Aldrich) 

was 2-fold serial diluted from 250 ng/ml to 3.9 ng/ml and samples were diluted 10-fold from 1 to 1 

in 106 in coating buffer. 100 µl/well of each dilution of samples and standards were added in 

duplicate and incubated for 16 hours at 4 °C. Plates were washed three times with 200 µl/well wash 

buffer (PBS, 0.05 % Tween™ 20) and then incubated with 300 µl/well blocking buffer (PBS + 0.05 % 

Tween™ 20 + 2 % BSA fraction V + 1 % normal mouse serum (Thermo Fisher Scientific)) for 3 hours 

at 20 °C on a shaking plate. Plates were washed three times and then incubated with 100 µl/well of 

1000 ng/ml detection antibody (biotin mouse anti-human IgA1/IgA2, clone G20-359 (RUO), BD 

Biosciences) diluted in blocking buffer at 20 °C on a shaking plate for 1 hour. Plates were washed 

three times and then incubated with 100 µl/well of 1 in 8 x 104 HRP-conjugated streptavidin 
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(Thermo Fisher Scientific) diluted in blocking buffer at 20 °C on a shaking plate for 30 minutes. Plates 

were washed six times and then incubated with 100 µl/well TMB high sensitivity substrate solution 

(BioLegend® UK Ltd) for 5 minutes. The reaction was quenched with 100 µl/well stop solution (2N 

H2SO4). Absorbance was determined by analysing OD 450 nm. 

Background absorbance readings were subtracted from sample measurements. Sample 

concentrations were interpolated from the standard curve by performing quadratic polynomial 

regression analysis.  

4.2.4 Relative quantification of IgA binding stool microbes 

Concentration of microbes in stool samples were quantified following section 3.2.5.3. Stool 

microbes were resuspended to 2 x 106 cells/ml in FACS buffer (PBS + 0.1 % BSA) and 50 µl of this 

was incubated with either 50 µl of isotype control master mix (PBS + 0.1 % BSA + 1 in 500 SYBR™ 

green I nucleic acid stain + 1 in 50 isotype control antibody, mouse IgG1, APC (Miltenyi Biotec)) or 

sample master mix (PBS + 0.1 % BSA + 1 in 500 SYBR™ green I Nucleic Acid Stain + 1 in 50 anti-

human IgA-APC (Miltenyi Biotec)) for 30 minutes at 20 °C in the dark. Samples were then fixed with 

300 µl of 1 % PFA.  

Cells were acquired using the BD LSRFortessa™ as described previously in section 3.2.6. Unstained 

samples and fluorescence minus one controls (FMO) were used to set the gating parameters used 

(  
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←Figure 4.1).  

The percentage of IgA positive microbes was normalised by subtracting false positive events 

measured using the isotype control. 
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←Figure 4.1: Gating strategy to identify IgA bound stool microbes. Representative data of IgA 

positive microbes isolated from stool samples. Microbes were extracted from stool samples and 

stained with SYBR™ green I nucleic acid gel stain and anti-human IgA-APC antibody or a mouse IgG1-

APC isotype control antibody. Stained samples were fixed with 1 % PFA before running on the BD 

LSRFortessa™. 104 events were acquired and analysed using FlowJo™ software version 10.7.1. A) 

Acquired events were gated to exclude debris based on light scatter properties. B) Events from the 

stool microbes gate were plotted on SSC-A versus SSC-H to exclude doublets. C) A fluorescence minus 

one control (stained with IgA-APC only) was used to set the ‘sybr green stained’ gate on singlets. D) 

An example of a stool sample stained with SYBR™ green I nucleic acid gel stain. E) A mouse IgG1-

APC isotype control was used to set the ‘IgA-APC positive’ gate on ‘sybr green stained’ stool 

microbes. F) An example of the IgA profile of a stained stool sample.  
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4.2.5 Serum IgG quantification 

Total IgG serum was measured using a commercial Invitrogen ELISA kit (Thermo Fisher Scientific, 

catalogue number: 88-50550-22) according to the manufacturer’s protocol. Capture antibody (pre-

titrated, purified anti-human IgG monoclonal antibody) was diluted 1 in 250 in coating buffer (PBS), 

100 µl/well was added to the Corning™ Costar™ 9018 ELISA plate and incubated for 16 hours at 

4°C. Plates were washed twice with 400 µl/well wash buffer (PBS + 0.05 % Tween™ 20) following 

aspiration of diluted capture antibody. Plates were incubated with 250 µl/well blocking buffer (2x 

PBS + 1 % Tween™ 20 + 10 % BSA) for 2 hours at 20 °C. Plates were washed twice following 

aspiration of blocking buffer. Serum samples were thawed and diluted 2-fold from 1 in 1 x 105 to 1 

in 8 x 105 and standards (recombinant human IgG) provided with the kit were diluted 2-fold from 

100 ng/ml to 1.6 ng/ml with assay buffer A (1x PBS + 1 % Tween™ 20 + 10 % BSA). 100 µl/well of 

diluted samples and standards were added in duplicate and incubated for 2 hours at 20 °C. Plates 

were washed four times and then 100 µl/well of 1 in 250 detection antibody (pre-titrated, HRP-

conjugated anti-human IgG monoclonal antibody) diluted in assay buffer A was incubated at 20 °C 

for 1 hour. Plates were washed four times with 400 µl/well wash buffer following aspiration of 

diluted detection antibody. The plate was incubated with 100 µl/well substrate solution (TMB) for 

15 minutes at 20 °C. The reaction was quenched with 100 µl/well stop solution (2N H2SO4). 

Absorbance was determined by analysing OD 450 nm – 750 nm. 

Background absorbance readings were subtracted from sample measurements. Quadratic 

polynomial regression analysis of the standard curve was performed to interpolate the 

concentration of IgG in samples. 

4.2.6 Qualitative assay measuring serum IgG reactivity to autologous and heterologous stool 

samples 

Levels of serum IgG reactive to autologous and heterologous stool microbes were measured using 

an optimised ELISA based protocol (optimisation detailed in Supplementary figure 4.5). Briefly, the 

duration of the coating step was optimised to ensure maximum signal detection and background 

noise was reduced by optimising the washing step. Finally, bacteria, serum and detection antibody 

were titrated. 

1 ml microbial glycerol stocks from stool samples processed as described in section 2.6.6.1 were 

thawed and washed three times with sterile PBS at 8000 x g for 5 minutes and then the pellet was 

resuspended to 1 ml. 2-fold serial dilutions of stool microbes in PBS were plated in duplicate in a 

96-well flat bottom Corning™ Costar™ 9018 ELISA plate. Absorbance was measured at 570 nm. 

Stool microbes were resuspended to an optical density (OD) of 0.05 with coating buffer (0.1 M 

NaHCO3 pH 9.4). 
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100 µl/well of stool microbes were added to Nunc™ Maxisorp™ flat-bottom 96 well plates and 

incubated for 16 hours at 4 °C. Plates were washed three times with 200 µl/well wash buffer (PBS 

+ 0.1 % Tween™ 20) following aspiration of stool microbes. Plates were incubated with 200 µl/well 

blocking buffer (PBS + 2 % BSA + 1 % normal goat serum (Sigma-Aldrich)) for 3 hours at 20 °C on a 

shaking plate. Serum samples were thawed and complement inactivated following section 3.2.3 

and then three dilutions were made in blocking buffer: 1 in 80, 1 in 160 and 1 in 320. 50 µl/well of 

each serum dilution were added to wells with autologous stool microbes and wells with 

heterologous stool microbes and incubated for 1 hour at 20 °C on a shaking plate. Plates were 

washed three times and then incubated with 100 µl/well of 1 in 500 detection antibody (goat anti-

human IgG H&L (HRP), Abcam) diluted in blocking buffer, at 20 °C on a shaking plate for 1 hour. 

Plates were washed six times and then incubated with 100 µl/well substrate solution (TMB high 

sensitivity substrate solution, BioLegend®) for 5 minutes at 20 °C. The reaction was quenched with 

100 µl/well stop solution (0.16 M H2SO4). Absorbance was determined by analysing OD 450 nm.  

Results were normalised by subtracting negative control (serum only) 450 nm absorbance readings 

from sample readings.  

4.2.7 Relative quantification of serum IgG binding stool microbes 

Serum aliquots were thawed and complement inactivated as described in section 3.2.3. 100 mg ± 

10 mg aliquots of frozen stool samples were thawed and microbe concentration was measured as 

described in section 3.2.5.3. 500 µl of complement inactivated serum diluted 1 in 100 in FACS buffer 

was incubated with 200 µl of 1 x 106 cells/ml stool microbes for 30 minutes at 20 °C. Reactions were 

centrifuged at 1.2 x 104 rpm for 5 minutes and the pellet was resuspended to 100 µl with FACS 

buffer. 50 µl of this was incubated with 50 µl of sample master mix (PBS + 0.1 % BSA + 1 in 500 

SYBR™ green I nucleic acid gel stain + 1 in 50 anti-human IgG-APC/Cy7 (BioLegend®)) and 50 µl of 

the sample was incubated with 50 µl of isotype control master mix (PBS + 0.1 % BSA + 1 in 500 

SYBR™ green I nucleic acid stain + 1 in 50 APC/Cy7 mouse IgG2a, k isotype control antibody 

(BioLegend®)), for 30 minutes at 20 °C in the dark. Samples were then fixed with 300 µl of 1 % PFA.  

Cell acquisition on the BD LSRFortessa™ was performed as described in section 3.2.6. Gating 

parameters for downstream analysis were set using unstained samples and FMO controls (  
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← Figure 4.2).  

The percentage of microbes bound by IgG was normalised by subtracting false positive events 

measured using the isotype control. 
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← Figure 4.2: Gating strategy to detect serum IgG bound stool microbes. Representative data of 

‘IgG positive’microbes from stool samples incubated with serum. Stool microbes were isolated, 

quantified using the Guava® easyCyte™ HT system and resuspended to 1 x 106 cells/ml. Resuspended 

stool microbes were incubated with serum then stained with SYBR™ green I nucleic acid gel stain 

and anti-human IgG-APC/Cy7 antibody or APC/Cy7 mouse IgG2a k isotype control antibody. Stained 

samples were fixed with 1 % PFA before running on the BD LSRFortessa™. 104 events were acquired 

and analysed using FlowJo™ software version 10. A) Acquired events were gated to exclude debris 

based on light scatter properties. B) Events from the stool microbes gate were plotted on SSC-A 

versus SSC-H to exclude doublets. C) A fluorescence minus one control (‘sybr green negative’) was 

used to set the ‘sybr green stained’ gate on singlets. D) An example of a SYBR™ green I nucleic acid 

gel stained stool sample. E) An APC/Cy7 mouse IgG2a k isotype control antibody was used to set the 

‘IgG positive’ gate on ‘sybr green stained’ stool microbes. F) An example of an IgG profile of a stained 

stool sample.   
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4.2.8 Statistical analysis 

Prior to making comparisons between severe ME/CFS patients and their matched household 

controls, the distribution of differences (control – patient) was analysed for Gaussian distribution 

using Shapiro-Wilk’s test. When there was no evidence for non-normality (p > .05) a two-tailed 

paired t-test was performed. When there was evidence for non-normality (p < .05) data was log-

transformed prior to performing a two-tailed paired t-test. 

Prior to correlation analysis the distribution of a variable was tested for normality using Shapiro-

Wilk’s test. If one of the variables was not normally distributed then both of the variables 

underwent log-transformation, a variation of which was used on variables containing zero values 

(see Equation 4.3). Then correlations were analysed using the Pearson (r) correlation test.  

Statistical analyses were undertaken using R v4.0.4. All statistical tests were performed at the 0.05 

level of significance and were two-sided. 

Equation 4.3: Log transformation of datasets containing zero values.  

 

4.3 RESULTS 

4.3.1 Analysis of stool consistency and microbial load 

The consistency of severe ME/CFS patients and their matched household controls stool samples 

were measured indirectly by investigating stool water content. Severe ME/CFS patients from pairs 

1 and 3 had lower stool water content than their matched household control while the other three 

patients had similar amounts of stool water content as their matched household control (Figure 

4.3A). However, the lower water content in patients (M = 67.91 %, SD = 6.01) was not significantly 

different (t(4) = 1.06, p = .351) to that of matched household controls (M = 72.57 %, SD = 7.24). The 

two patients with lower stool water content than their matched household controls had abnormally 

hard stools according to the BSFS, while the matched household controls had abnormally loose 

stools (see section 2.7.3). The rest of the patients and 2 of 3 of the remaining controls had a ‘normal’ 

BSFS Score. In addition, a positive correlation between stool water contents with BSFS scores was 

noted when not accounting for disease status, r(8) = .67, p = .033 (Figure 4.3B). 

The microbial loads of stool samples were measured by quantifying the concentration of cells per 

gram of stool stained with SYBR™ green I nucleic acid gel stain. Three severe ME/CFS patients had 

a higher stool microbial load than their matched household control and the two remaining patients 

had a lower stool microbial load than their matched household controls (Figure 4.3C). However, 

there was no significant difference in the stool microbial load from severe ME/CFS patients (M = 
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1.66 x 1011 cells/gram, SD = 7.12 x 1010) compared to their matched household controls (M = 1.50 x 

1011 cells/gram, SD = 3.14 x 1010) (t(4) = -.45, p = .677). The participant with the lowest stool 

microbial load, 6.32 x 1010 cells/gram, was the severe ME/CFS patient from pair three. This patient 

also had the lowest BSFS Score and the second lowest stool water content. However, the patient 

from pair one and the control from pair 4 had the highest microbial load in stool, 2.64 x 1011 

cells/gram and 2.01 x 1011 cells/gram respectively but had a low water content and a BSFS Score of 

2. This suggests there was no correlation between stool microbial load and stool consistency, 

supported by the lack of correlation between stool microbial load and stool water content, r(8) = -

.23, p = .515 (Figure 4.3D).  
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←Figure 4.3: Water and microbial content of stool samples. Stool samples from severe ME/CFS 

patients (n=5) and matched household controls (n=5) were analysed for: A) Water content of stool 

samples, measured in duplicate with the average depicted on the graph. B) Correlation between the 

Bristol stool form scale (BSFS) score and the average water content of stool measured using 

Pearson’s correlation coefficient. C) Stool microbial load, measured in triplicate, with the average 

depicted on the graph. D) Correlation between stool microbial load and stool water content 

measured using Pearson’s correlation coefficient. Water and  microbial content of severe ME/CFS 

patients’ stool samples were compared to those of matched household controls’ using a paired t-

test.
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4.3.2 Analysis of stool IgA  

The concentrations of microbe bound and non-bound IgA1/2 in severe ME/CFS patients and their 

matched household controls were interpolated from a standard curve (Supplementary figure 4.3). 

The sample dilutions used for this analysis were based on the following conditions: 1) being in the 

linear part of the curve, and 2) the lowest coefficient of variation. Total IgA1/2 in stool was 

calculated from the microbe bound and non-bound IgA1/2 levels. Severe ME/CFS patients (M = 

687.39 µg/g, SD = 504.72) and matched household controls (M = 451.80 µg/g, SD = 214.62) 

exhibited a large range of total stool IgA1/2 concentrations. For severe ME/CFS patients, this 

variation was due to a large range of both microbe bound IgA1/2 concentrations (0 to 892.62 

µg/mg) and of non-bound IgA1/2 concentrations (0 to 886.78 µg/mg). Whereas microbe bound 

IgA1/2 concentrations in matched household controls had less variation (4.24 to 130.15 µg/mg) and 

the range in total IgA1/2 concentrations seen in matched household controls was due to a wide 

variation in non-bound IgA1/2 (96.71 to 556.48 µg/mg). The concentration of stool microbe bound 

IgA1/2 was higher in two and lower in one patient compared to their matched household controls, 

non-bound IgA1/2 was higher in two and lower in three patients compared to their matched 

household controls, and total IgA1/2 was higher in three and lower in two patients compared to 

their matched household controls. However, pairwise comparisons of severe ME/CFS patients and 

their matched household controls did not reveal any significant differences between total IgA1/2, 

t(4) = -.86, p = .436, microbe bound IgA1/2, t(4) = -1.36, p = .244, or non-bound IgA1/2, t(4) = -.02, 

p = .988, IgA1/2 (Figure 4.4). When comparing a participant’s microbe bound IgA1/2 concentrations 

to their non-bound IgA1/2 concentrations, every household control had higher levels of non-bound 

IgA1/2 than levels of microbe bound IgA1/2, whereas only three severe ME/CFS patients had higher 

levels of non-bound IgA1/2 than microbe bound IgA1/2. Interestingly, the patient from pair 5 did 

not have any detectable IgA1/2. Also, 100 % of IgA1/2 in stool from the patient in pair 3 was microbe 

bound.  
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Figure 4.4: Quantifying stool IgA levels. The concentrations of A) microbe bound IgA1/2, B) non-

bound IgA1/2 and C) total IgA1/2 in stool samples were measured in severe ME/CFS patients (n=5) 

and their matched household controls (n=5). Samples were assayed in duplicate. The means are 

shown on the graphs. IgA concentrations of severe ME/CFS patients’ stool samples were compared 

to those of matched household controls’ using a paired t-test.   
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Levels of stool microbes coated by IgA in severe ME/CFS patients and their matched household 

controls were measured using flow cytometry. All participants had less than 10 % of stool microbes 

coated by IgA, except for the patient from pair 3 who had 41.26 % of microbes coated by IgA (Figure 

4.5A). This was the only patient with a higher proportion of IgA coated stool microbes than their 

matched household control and two patients had a lower proportion of IgA coated stool microbes 

than their matched household control. However, there was no significant difference (t(4) = .04, p = 

.973) between the proportion of IgA coated stool microbes in severe ME/CFS patients (M = 10.59 

%, SD = 17.23) and their matched household controls (M = 5.01 %, SD = 2.49). Relative levels of 

microbes coated by IgA were then converted to absolute levels of microbes coated by IgA, which 

considers the microbial load in stool samples. This enhanced the differences between severe 

ME/CFS patients (M = 9.76 x 109 cells/gram, SD = 9.70 x 109) and their matched household controls 

(M = 7.29 x 109 cells/gram, SD = 3.32 x 109) as two patients had lower and three patients had higher 

quantities of IgA bound microbes in stool samples than their matched household controls (Figure 

4.5B). However, the difference between severe ME/CFS patients and matched household controls 

remained non-significant (t(4) = -.54, p = .617). A positive correlation was found between the 

concentration of IgA bound to stool microbes and the quantity of microbes bound by IgA in stool in 

participants when disease status was not taken into account, r(8) = .64, p = .045 (Figure 4.6). 

 

 

Figure 4.5: Quantifying levels of stool microbes bound by IgA. Stool samples from severe ME/CFS 

patients (n=5) and their matched household controls (n=5) were stained with SYBR™ green I nucleic 

acid gel stain and anti-human IgA-APC and analysed on the BD LSRFortessa™. A) the percentage of 

sybr green events IgA positive. B) The quantities of stool microbes bound by IgA were calculated by 

multiplying the percentage of sybr green cells IgA positive by the concentration of microbes in the 

stool sample. Severe ME/CFS patients were compared to their matched household controls using a 

paired t-test.      
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Figure 4.6: Correlation between levels of microbe bound IgA and quantity of IgA bound microbes 

in stool. The relationship between the concentration of microbe bound IgA in stool and the 

concentration of IgA bound stool microbes from five pairs of severe ME/CFS patients and their 

matched household controls (n=10) was measured using Pearson’s correlation coefficient.   
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4.3.3 Analysis of serum IgG binding to stool microbes 

Concentrations of total IgG in serum from severe ME/CFS patients and their matched household 

controls were interpolated from a standard curve (Supplementary figure 4.4). Of the four serum 

dilutions measured, 1 in 4 x 106 and 1 in 8 x 106 dilutions were excluded from further analysis 

because two and five participants respectively had readings out of the standard curve range. 

Therefore, the average interpolated concentrations from 1 in 106 and 1 in 2 x 106 diluted serum 

samples were used to compare total IgG concentrations in serum between severe ME/CFS patients 

(M = 20.59 mg/ml, SD = 11.11) and their matched household controls (M = 24.66 mg/ml, SD = 

15.08). Pairwise comparisons revealed two patients had lower total IgG levels in serum than their 

matched household controls and two patients had higher total IgG levels than their matched 

household controls (Figure 4.7). However, the differences seen between the total serum IgG in 

severe ME/CFS patients and matched household controls was not significant (t(4) = .46, p = .669).  

 

Figure 4.7: Quantifying serum IgG levels. Serum samples from severe ME/CFS patients (n=5) and 

their matched household controls (n=5) were measured for the concentration of IgG. Samples were 

measured in duplicate and the average is depicated on the graph. Serum IgG concentrations from 

severe ME/CFS patients were compared to their matched household controls using a paired t-test. 
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The proportion of stool microbes bound by serum IgG was determined using flow cytometry. Three 

patients had a higher proportion and two patients had a lower proportion of microbes bound by 

IgG compared to their matched household controls (Figure 4.8A). However, the differences 

between the percentage of serum ‘IgG positive’ stool microbes in severe ME/CFS patients (M = 

44.01 %, SD = 10.28) and their matched household controls (M = 40.16 %, SD = 9.90) were not 

significant (t(4) = -.52, p = .630). Relative levels of microbes coated by serum IgG were then 

converted to absolute levels. Two severe ME/CFS patients had higher numbers of microbes bound 

by serum IgG than their matched household controls and three patients had lower numbers of 

microbes bound by serum IgG than their matched household controls (Figure 4.8B). However, the 

quantity of IgG bound microbes from severe ME/CFS patients (M = 6.86 x 1010 cells/gram, SD = 2.53 

x 1010) compared to their matched household controls (M = 6.12 x 1010 cells/gram, SD = 2.44 x 1010) 

was not significantly different (t(4) = -.39, p = .713). By converting relative abundances to absolute 

abundances, which accounts for microbial load, the patient from pair three went from having the 

highest percentage of stool microbes reactive with serum IgG to having the lowest quantity of 

microbes in stool reactive with serum IgG. When comparing the relationship between total IgG 

concentration in serum and the proportion of microbes bound by IgG, no correlation was found r(8) 

= .45, p = .191 (Figure 4.9). 
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Figure 4.8: Quantifying levels of stool microbes reactive with serum IgG. Stool samples from severe 

ME/CFS patients (n = 5) and their matched household controls (n = 5) incubated with serum samples 

from the same individual were stained with SYBR™ green I nucleic acid gel stain and anti-human 

IgG-APC/Cy7 and analysed on the BD LSRFortessa™. A) The percentage of sybr green cells bound by 

serum IgG. B) The quantities of stool microbes reactive with serum IgG were calculated by 

multiplying the percentage of sybr green cells ‘IgG positive’ by the concentration of microbes in the 

stool sample. Severe ME/CFS patients were compared to their matched household controls using a 

paired t-test.       
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Figure 4.9: Correlation between levels of serum IgG and the proportion of stool microbes reactive 

to serum IgG. The relationship between the concentration of IgG in serum and the proportion of 

microbes bound by serum IgG from five pairs of severe ME/CFS patients and their matched 

household controls (n = 10) was measured using Pearson’s correlation coefficient. 
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4.3.4 Analysis of serum IgG binding to autologous and heterologous stool microbes  

An indirect ELISA approach was used to analyse the levels of serum IgG to autologous and 

heterologous stool microbes in severe ME/CFS patients and their matched household controls.  

Serum IgG binding to autologous stool microbes was analysed by incubating serum samples from 

severe ME/CFS patients and matched household controls with their own stool microbes. Four of 

the five severe ME/CFS patients (M = 0.83 OD450 nm, SD = 0.43) had lower serum IgG binding to 

autologous stool microbes than their matched household controls (M = 1.25 OD450 nm, SD = 0.64), 

although these differences were not significant (t(4) = 1.87, p = .135 (Figure 4.10A)). 

Severe ME/CFS patient serum IgG binding to heterologous stool microbes was analysed by 

incubating the patients’ serum sample with the stool sample from their matched household control. 

In addition, household control serum was incubated with the stool sample from their matched 

severe ME/CFS patient to analyse household control serum IgG binding to heterologous stool 

microbes. Severe ME/CFS patients (M = 0.80 OD450 nm, SD = 0.45) had significantly lower serum IgG 

binding to heterologous stool microbes than their matched household controls (M = 1.92 OD450 nm, 

SD = 1.01), t(4) = 3.34, p = .028 (Figure 4.10B). 

Finally, the levels of serum IgG binding autologous stool microbes were compared to the levels of 

serum IgG binding to heterologous stool microbes. Household controls had significantly higher 

serum IgG levels binding heterologous stool microbes (M = 1.92 OD450 nm, SD = 1.01) than autologous 

stool microbes (M = 1.25 OD450 nm, SD = 0.64). t(4) = -2.85, p = .046 (Figure 4.10C). By comparison, 

in severe ME/CFS patients, serum IgG levels binding heterologous stool microbes (M = 0.80 OD450 

nm, SD = 0.43) and autologous stool microbes (M = 0.80 OD450 nm, SD = 0.45) were equivalent, t(4) = 

0.54, p = .619 (Figure 4.10D). 
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Figure 4.10: Serum IgG reactivity to autologous and heterologous stool microbes. Serum samples 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

self (autologous) or matched (heterologous) stool samples and the amount of serum IgG binding 

stool microbes was measured using an enzyme linked immunosorbent assay. A) Comparing serum 

IgG levels bound to autologous stool microbes in severe ME/CFS patients and matched household 

controls, B) comparing serum IgG levels bound to heterologous stool microbes in severe ME/CFS 

patients and matched household controls, C) comparing household control serum IgG levels bound 

to autologous and heterologous stool microbes, D) comparing severe ME/CFS patient serum IgG 

levels bound to autologous and heterologous stool microbes. Single measurements were taken. 

Significance was measured using a paired t-test. 
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4.4 DISCUSSION  

This chapter investigates the binding of mucosal IgA and systemic IgG to the intestinal microbiome 

in severe ME/CFS patients and their matched household controls. The key findings are:  

1. the water content and microbial load of stool samples did not significantly differ between 

severe ME/CFS patients and their matched household controls, 

2. the levels of microbe bound and non-bound stool IgA did not significantly differ between 

severe ME/CFS patients and their matched household controls, 

3. the proportion and quantity of microbes bound by secretory IgA in stool did not significantly 

differ between severe ME/CFS patients and their matched household controls,  

4. the concentration of serum IgG did not significantly differ between severe ME/CFS patients 

and their matched household controls, 

5. the proportion and quantity of microbes reactive with serum IgG did not significantly differ 

between severe ME/CFS patients and their matched household controls, 

6. heterologous, but not autologous, stool bacteria elicited significantly lower levels of serum 

IgG reactivity in severe ME/CFS patients than their matched household controls, 

7. matched household controls, but not severe ME/CFS patients, had significantly higher 

levels of serum IgG reactive with heterologous stool bacteria than autologous stool 

bacteria. 

4.4.1 Severe ME/CFS patients report comorbid IBS, but their stool consistency is not significantly 

altered 

Water content and the BSFS are two indirect indicators of stool consistency, which is a measure of 

bowel function. There is a significant positive correlation between the two measures, irrespective 

of disease status. Another study comparing the BSFS to stool water content in healthy controls also 

found a significant positive correlation (Blake et al., 2016). As the BSFS is a subjective scale with 

high variance and is positively correlated with stool water content, water content was used as an 

indicator of bowel function. Despite only severe ME/CFS participants having IBS-like complaints, 

the water content of stool samples is similar between severe ME/CFS patients and their matched 

household controls. As 28 % and 14 % of healthy controls have previously been shown to have 

abnormally hard and abnormally loose stool, respectively (Blake et al., 2016), it is not surprising 

that the matched household controls in this study also have varying stool consistencies. Despite all 

five severe ME/CFS patients having IBS, three of the stool samples are of normal consistency. As 

the diagnosis of IBS is characterised by the frequency and consistency of stool samples over a period 

of time (Lacy and Patel, 2017), this experiment could be improved by sampling stool longitudinally. 

Another limitation of this study is that IBS was not categorised into IBS-D, IBS-C and IBS with 

alternating diarrhoea and constipation (IBS-M) (Lacy and Patel, 2017), each of which is typically 
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associated with very different stool consistencies (Palsson et al., 2012). Finally, another 

confounding variable is the time of sample collection, as the consistency of stool samples passed in 

the morning is usually softer than stool samples passed in the afternoon or evening (Matsuda et 

al., 2021).  

4.4.2 IgA in stool is not significantly altered in severe ME/CFS patients  

The concentration of secretory IgA in stool increases in the context of intestinal inflammation. 

Despite previous evidence of intestinal inflammation in ME/CFS patients (Venturini et al., 2019), 

the results detailed in this chapter found the levels of microbe bound and non-bound secretory IgA 

in stool samples are not higher in severe ME/CFS patients compared to their matched household 

controls. Lin et al. (2018) examined the levels of soluble IgA (free IgA) in stool of patients with IBD 

and found a significant increase in IBD patients with intestinal inflammation (active IBD), but not 

IBD patients without intestinal inflammation (IBD in remission). Therefore, intestinal inflammation 

in any of the patients or controls that was unaccounted for may have confounded the measure of 

free IgA stool levels. Another variable that could affect the content of IgA in stool is stool 

consistency. In IBS-D patients the concentration of IgA in stool is significantly higher than healthy 

controls (Liu et al., 2020). Similarly, the severe ME/CFS patient with the loosest stool sample in this 

study also has the highest concentration of free IgA in stool. Studies in mice also give insight into 

other variables that could affect the concentration of IgA in stool; the concentration of IgA in the 

colon increased with age (Nagafusa and Sayama, 2020) and the secretion of IgA was diurnal and 

changed based on the time of sample collection (Penny et al., 2021).   

In addition to measuring the concentration of IgA in stool, this study also measured the percentage 

of microbes coated by IgA in stool samples. The proportion of IgA positive microbes in stool are not 

significantly higher in severe ME/CFS patients compared to their matched household controls. Liu 

et al. (2020) reported patients with IBS have a higher proportion of IgA positive microbes in stool 

samples than healthy controls. Interestingly, despite all severe ME/CFS patients and no matched 

household controls in this study reporting co-morbid IBS, only one severe ME/CFS patient has a 

higher proportion of IgA coated stool microbes than their matched household control. To confirm 

whether the absence of the IBS associated elevation of IgA coated stool microbes in the current 

patient population is associated with ME/CFS pathogenesis future studies comparing the 

proportion of IgA coated stool microbes in severe ME/CFS patients with co-morbid IBS to severe 

ME/CFS patients without co-morbid IBS should be undertaken.  

Finally, previous studies have reported that between 2 % and 35 % of microbes in stool are coated 

by IgA in health (Sterlin et al., 2020), whereas the highest proportion of stool microbes coated with 

IgA of healthy controls in this study is only 10 %. This may have been caused by IgA-degrading 
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proteases produced by microbial communities within the microbiome (Moon et al., 2015). To 

overcome this, future studies could use a protease inhibitor to preserve IgA in stool.    

4.4.3 Total serum IgG concentration is not significantly different between severe ME/CFS patients 

and their matched household controls  

Patients with autoimmune diseases tend to have a higher concentration of total IgG in serum 

compared to healthy controls (Zhang et al., 2015). Due to the presence of autoantibodies in patients 

(Wirth and Scheibenbogen, 2020), ME/CFS is thought to be an autoimmune disease and thus this 

study hypothesised that severe ME/CFS patients have elevated levels of serum IgG. However, in 

this study only two severe ME/CFS patients have higher serum IgG levels than their matched 

household control. In addition, two of five severe ME/CFS patients have lower serum IgG levels than 

their matched household control, which supports previous studies which found 6.5 % (Lutz et al., 

2021) and 39.3 % (Peterson et al., 1990) of ME/CFS patients have a decrease in serum IgG levels. 

Studies analysing the levels of IgG in serum in ME/CFS patients also measured the concentration of 

IgG subclasses and results suggested a subset of patients have reduced levels of serum IgG1 

(Guenther et al., 2015, Peterson et al., 1990), IgG2 (Peterson et al., 1990), IgG3 (Guenther et al., 

2015, Lutz et al., 2021, Peterson et al., 1990) and IgG4 (Guenther et al., 2015, Lutz et al., 2021), with 

reduced serum IgG3 levels being the most prominent reduction, affecting as many as 64.3 % of 

ME/CFS patients (Peterson et al., 1990).  

4.4.4 The proportion of ‘IgG positive’ microbes is high in both health and ME/CFS 

Intestinal inflammation results in a leaky gut, bacterial translocation and an elevated serum IgG 

response to enteric microbes (Zheng et al., 2020). As there is evidence of bacterial translocation 

and elevated serum IgA and IgM reactivity to the LPS of Gram-negative enteric bacteria in ME/CFS 

patients (Maes et al., 2007), it was hypothesised that ME/CFS patients would also have elevated 

serum IgG reactivity to enteric microbes. However, only three of five severe ME/CFS patients had a 

higher proportion of serum IgG binding stool microbes compared to their matched household 

controls. In addition, the proportion of stool microbes bound by serum IgG ranges from 36.83 to 

61.78 % in severe ME/CFS patients and 27.30 to 51.25 % in matched household controls, which is 

higher than a previous study which only found 1.10 % of stool bacteria binding to serum IgG from 

healthy controls (Fadlallah et al., 2019). This discrepancy could be due to the current study 

analysing both bacteria and fungi reactivity to serum IgG as another study analysing serum IgG 

binding to fungi from stool found that approximately 70 % of fungi were reactive to serum IgG in 

health (Doron et al., 2021).   

Patients with secretory IgA deficiency have higher levels of anti-microbiota IgG (Fadlallah et al., 

2019). This would suggest that secretory IgA either confines microbes to the intestine and in the 

absence of secretory IgA microbial translocation increases and triggers serum anti-microbiota IgG 
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production, or it competes with serum IgG for binding sites on microbes. However, in this study 

both the severe ME/CFS patient with the highest proportion of IgA coated microbes and the 

household control with the highest proportion of IgA coated microbes also had the highest 

proportion of serum IgG coated microbes. Furthermore, the proportion of microbes bound by 

serum IgG is higher than the proportion of microbes bound by secretory IgA in both severe ME/CFS 

patients and their matched household controls. In contrast, Fadlallah et al. (2019) found that in 

health the proportion of IgA positive microbes were greater than the proportion of serum ‘IgG 

positive’ microbes.   

4.4.5 Serum IgG reactivity to heterologous stool microbes is significantly lower in severe ME/CFS 

patients 

The level of serum IgG reactive to intestinal microbes was investigated by incubating serum from 

severe ME/CFS patients and matched household controls with autologous and heterologous stool 

bacteria. Household controls have significantly higher serum IgG levels to heterologous stool 

bacteria than autologous stool bacteria. This was expected because Duchmann et al. (1995) found 

in healthy participants PBMC reactivity to heterologous intestinal bacteria was higher than PBMC 

reactivity to autologous intestinal bacteria due to immune tolerance towards autologous intestinal 

microbes. In contrast, the current study found patients’ serum IgG levels reacting to their own stool 

bacteria to be comparable to serum IgG levels reacting to stool bacteria from their matched 

household control. This suggests severe ME/CFS patients either have loss of self-tolerance towards 

autologous intestinal bacteria, or they have reduced serum IgG levels to heterologous stool 

bacteria. This study found evidence to support the latter: severe ME/CFS patients had significantly 

lower serum IgG levels to heterologous stool bacteria compared to their matched household 

controls.  

One limitation of this research is that matched household controls were used to assess patients' 

serum IgG levels to heterologous stool bacteria and vice versa. It is well known that the 

environment influences microbiome composition and the microbiomes of individuals living within 

the same household share greater similarity than the microbiomes of individuals living in different 

households (Lax et al., 2014). Therefore, measuring serum IgG levels to stool from members of the 

same household is limited in its interpretation as the heterologous stool bacteria tested will be of 

a similar composition to the autologous stool bacteria. Further experiments using unmatched 

controls would be able to confirm severe ME/CFS patients have significantly lower serum IgG levels 

to heterologous stool bacteria.  

4.4.6 Conclusion 

The hypothesis that severe ME/CFS have a heightened local secretory IgA and systemic IgG immune 

response to autologous intestinal microbes is not supported by the data obtained in this study. 
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However, there is evidence that severe ME/CFS patients have reduced systemic IgG response to 

heterologous intestinal bacteria. These findings warrant further investigation as they may provide 

important insights into why patients with ME/CFS have a higher susceptibility to infections 

(Guenther et al., 2015) with a longer recovery time (Ghali et al., 2020).  
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5 CHAPTER FIVE: IDENTIFYING INTESTINAL MICROBES REACTIVE WITH 

SERUM ANTIBODIES IN MYALGIC ENCEPHALOMYELITIS/CHRONIC 

FATIGUE SYNDROME 

5.1 INTRODUCTION 

5.1.1 Functional profiling of the ME/CFS intestinal microbiome 

Taxonomic classification of the microbiome is limited in its interpretation as it only provides 

information about which microbes are present and not what they are doing. In 2017 Rosen and 

Palm highlighted two main approaches for functionally classifying the microbiome: ‘omics’-based 

approaches and ‘targeted’ approaches. ‘Omics’ based approaches include methods to look at the 

functional potential (shotgun metagenomics) and methods to look at the functional activity of the 

microbial community (metatranscriptomics, metaproteomics and metabolomics) (Franzosa et al., 

2015). ‘Targeted’ approaches for functional classification of the microbiome include immunological 

profiling using ‘bug FACS’ (Rosen and Palm, 2017). To date, only ‘omics’ based functional profiling 

of the intestinal microbiome has been investigated in ME/CFS patients using metabolomics 

(Armstrong et al., 2016, Lupo et al., 2021, Guo et al., 2021) and metagenomics (Guo et al., 2021, 

Nagy-Szakal et al., 2017, Raijmakers et al., 2020). Findings were not comparable due to the use of 

different methods and reference databases.  

Guo et al. (2021) demonstrated the importance of combining taxonomy and functional profiling of 

the microbiome to corroborate findings. Interestingly they analysed the RMP and QMP of ME/CFS 

patients and found both a relative and quantitative decrease in butyrate-producing bacteria. Using 

metabolomics and metagenomics they confirmed a reduction of butyrate in the stool and a 

deficiency in the butyrate metabolism pathway respectively. Given the role of butyrate in 

preventing inflammation (Schulthess et al., 2019) and maintaining the structure of the intestinal 

epithelial barrier (Kelly et al., 2015), a decrease in butyrate could contribute to intestinal 

inflammation and a leaky gut hypothesised in ME/CFS patients. Therefore, immunological profiling 

of the intestinal microbiome in ME/CFS patients would be beneficial to both confirm these findings 

and determine the immunological consequences of a leaky gut.    

5.1.2 Aims and objectives 

The aim of this chapter was to identify compositional and functional alterations in the stool 

microbiome of ME/CFS patients by: 
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1. Comparing the microbiome profiles of stool samples in severe ME/CFS patients and their 

matched household controls using shotgun metagenomics, 

2. Quantifying serum IgG binding to each taxa using ‘bug FACS’ and the IgG probability ratio 

and 

3. Identifying patterns in serum IgG binding to stool microbes using multivariate analyses on 

the abundance of gene families in ‘IgG positive’ microbes and ‘IgG negative’ microbes.  

5.2 METHODS 

Stool and serum samples from the study population were collected and processed as described in 

Chapter 2 section 2.6.  

5.2.1 Cell sorting of ‘IgG positive’ and ‘IgG negative’ stool microbes 

The concentration of microbes in stool samples was measured as described in section 3.2.5.3 and 

microbes were resuspended to 1 x 106 cells/ml in FACS buffer. Serum was complement inactivated 

as described in section 3.2.3. Then 20 ml of 1 x 106 cells/ml faecal microbes were incubated with 

50 ml of 1:100 dilution of serum for 30 minutes. Samples were then centrifuged at 8000 x g for 5 

minutes and the pellet was resuspended in 20 ml of staining buffer and incubated with 100 µl of 

anti-human IgG-APC/Cy7 (BioLegend® UK Ltd) and 20 µl SYBR™ green I nucleic acid gel stain 

(Thermo Fisher Scientific) for 30 minutes in the dark at 20 °C. Samples were centrifuged again and 

resuspended to 1 x 107 cells/ml.  

The Sony SH800S cell sorter was set up as described in 3.2.7. In addition, the gain for FL6 was 

adjusted using samples double stained with SYBR™ green I nucleic acid gel stain and anti-human 

IgG-APC/Cy7. The gating parameters (Figure 5.1) were used to collect approximately 1 million cells 

in the following three fractions: 1) SYBR™ green I nucleic acid gel positive microbes, herein referred 

to as the ‘all’ fraction, 2) SYBR™ green I nucleic acid gel positive microbes positive for anti-human 

IgG-APC/Cy7, hereafter referred to as the ‘IgG positive’ fraction, 3) SYBR™ green I nucleic acid gel 

positive microbes negative for anti-human IgG-APC/Cy7, herein referred to as the ‘IgG negative’ 

fraction. After cell sorting, the cell fractions were centrifuged at 8000 x g for 5 minutes and the cell 

pellets were frozen at -20°C until DNA extraction. 
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←Figure 5.1: Gating strategy for the separation and collection of ‘IgG positive’, ‘IgG negative’ and 

‘all’ microbes. Representative data of ‘IgG positive’ microbes from stool samples incubated with 

serum from severe ME/CFS patients and their matched household controls. Samples were stained 

with SYBR™ green I nucleic acid gel stain and anti-human IgG-APC/Cy7 antibody. Prior to sample 

acquisition using the Sony SH800S cell sorter the following gates were set: A) ‘cells’ gate using a 

buffer only control (not shown) and an unstained stool sample, B) ‘singlets’ gate using an unstained 

stool sample, C) ‘SYBR green’ gate using an unstained stool sample (not shown) and a SYBR™ green 

I nucleic acid gel stained stool sample, D)  ‘IgG positive’ and ‘IgG negative’ gate using a  SYBR™ 

green I nucleic acid gel stained stool sample (not shown) and a stool sample incubated with both 

SYBR™ green I nucleic acid gel stain and  anti-human IgG-APC/Cy7 antibody. ‘all’ microbes were 

acquired from the ‘SYBR green’ gate, ‘IgG positive’ microbes were acquired from the ‘IgG positive’ 

gate and ‘IgG negative’ microbes were acquired from the ‘IgG negative’ gate.
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5.2.2 DNA preparation for shotgun metagenomic sequencing 

DNA from the ‘all’, ‘IgG positive’ and ‘IgG negative’ fractions was extracted using the modified 

Gram-positive bacterial genomic DNA purification protocol (as described in 3.2.8.3). Members of 

the QIB Sequencing Facility then used vacuum DNA precipitation followed by 0.7X solid phase 

reversible immobilisation bead clean-up using KAPA pure beads (Roche) to precipitate DNA. WGA 

was performed on the precipitated DNA (as described in 3.2.11). DNA was quantified (as described 

in 3.2.9) and resuspended to 5 ng/µl in 10 mM Tris-HCl.  

DNA tagmentation was performed by the QIB Sequencing Facility using the Illumina DNA prep kit 

(Illumina, catalogue number: 20018704). Briefly, a master mix was made using 0.5 µl tagmentation 

buffer 1, 0.5 µl of bead-linked transposomes and 4 µl of PCR grade water. 5 µl of the master mix 

was added to a chilled 96 well plate and mixed with 2 µl of 5 ng/µl DNA before being heated to 55 

°C for 15 minutes.  

Then the QIB Sequencing Facility amplified DNA using the KAPA2G Robust PCR kit (Sigma, catalogue 

number: KK5005). A PCR master mix was made up of 4 µl KAPA2G buffer, 0.4 µl KAPA dNTP mix, 

0.08 µl KAPA2G robust DNA polymerase and 4.52 µl of PCR grade water. 9 µl was used per reaction. 

2 µl of P7 Nextera XT index kit v2 index primers (Illumina, catalogue number: FC-131-2001) and 2 

µl of P5 Nextera XT index kit v2 index primers (Illumina, catalogue number: FC-131-2004) were 

added to each reaction and then 7 µl of tagmented DNA was added. A PCR was run using the 

following profile: 72 °C for 3 minutes, 95 °C for 1 minute, 14 cycles of 95 °C for 10 seconds, 55 °C 

for 20 seconds and 72 °C for 3 minutes. The Quanti-iT™ dsDNA high sensitivity assay kit (Thermo 

Fisher Scientific, catalogue number: 10164582) was used to quantify DNA on the FLUOstar Optima 

plate reader. Libraries were pooled in equal quantities and double solid phase reversible 

immobilisation bead clean-up was performed with 0.5X and 0.7X bead volumes using KAPA pure 

beads (Roche, catalogue number: 07983298001). The final pool was quantified (as described in 

3.2.9) and the molarity of the final pool was measured on a D500 ScreenTape (Agilent, catalogue 

number: 5067-5588 & 5067 – 5589) using the Agilent Tapestation 4200.  

q-PCR was then performed by the QIB Sequencing Facility on the Applied Biosystems StepOne Plus 

machine. A PCR master mix was made of 10 µl KAPA SYBR FAST q-PCR master mix (2X) (Sigma, 

catalogue number: KK4600), 0.4 µl ROX high, 0.4 µl 10 µM forward primer, 0.4 µl of 10 µM reverse 

primer, 4 µl of 1 in 104 diluted template DNA and 4.8 µl PCR grade water. A PCR was run using the 

following cycling protocol: 95 °C for 3 minutes, 40 cycles of 95 °C for 10 seconds and 60 °C for 30 

seconds. A standard range of 10-fold dilutions of phix from 20 pmol to 0.0002 pmol was used.  

The final pool was sent to Novogene and was sequenced using an Illumina NovaSeq 6000 system 

on a S4 flow cell in a single lane.   
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5.2.3 Processing shotgun metagenomics sequence data 

Dr Andrea Telatin performed the following steps to make the raw sequences ready for taxonomic 

analysis. All of the following tools mentioned were retrieved from the BioConda repository (Grüning 

et al., 2018). The quality of raw sequences was assessed using SeqFu (version 1.8.5) (Telatin et al., 

2021) and sequences with bases below Phred quality score of 15 were removed using Fastp (version 

0.20.0) (Chen et al., 2018). Removal of human reads was done by mapping against the human 

genome (release hg19) using Kraken 2 (Wood et al., 2019). Taxonomic assignment of filtered 

metagenomics sequencing reads was done using Kraken 2 against the ‘PlusPF’ database containing 

archaea, bacteria, viral, plasmid, human1, UniVec_Core, Protozoa and Fungi (Wood et al., 2019). 

The following was then performed for a) taxonomic profiling and b) functional profiling: 

a) Bracken was used to estimate the abundance of reads at the species-level (Lu J, 2017).  

b) The HMP Unified Metabolic Analysis Network 3.0 (HUMAnN 3.0) package from the 

bioBakery 3 suite (McIver et al., 2018, Beghini et al., 2021)  

5.2.4 Taxonomic analysis of stool microbes 

5.2.4.1 Relative microbiome profiling  

The bracken table was split into the following taxonomic ranks: domain, phylum, class, order, 

family, genus and species. For each taxonomic level read counts were converted to relative 

abundances by total sum scaling to 1 (Equation 5.1). The cut-off threshold was 1 x 10-6; any values 

less than this were zeroed. RMP was performed on the relative abundances of taxa in each sample. 

RMP of each taxonomic level were displayed as stacked bar charts in R (v.4.1.2) using the following 

R packages: ggplot2 (v.3.3.5), reshape2 (v.1.3.3), ggsci (v.2.9) and ggh4x (v.0.2.1). As only relative 

abundances greater than 0.01 are visible on stacked bar charts, any taxa with a relative abundance 

less than 0.01 were not shown on the graphs and were instead grouped into ‘_Other’. For 

taxonomic levels with more than 15 taxa present at a relative abundance greater than 0.01 only the 

top 15 most abundant taxa were shown.  

 Equation 5.1: Calculating relative abundance of a taxa (i) in sample (j). 

 

5.2.4.2 Quantitative microbiome profiling  

Absolute abundances were calculated from relative abundances (calculated in section 5.2.4.1) and 

total cell (‘sybr green high’) concentration in stool samples (calculated in section 4.2.2) (Equation 

5.2). QMP was then performed on the absolute abundances of taxa in each sample. Stacked bar 
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charts were again used to visualise the absolute abundances of the taxa presented within the RMP 

plots.   

Equation 5.2: Calculating the microbial load of taxa (i) in sample (j). 

 

5.2.4.3 Analysing IgG binding of taxa 

For each participant, at each taxonomic level, counts were zeroed in the ‘IgG positive’ and ‘IgG 

negative’ fraction if they were not present in the ‘all’ fraction. Next relative abundances for each 

taxonomic rank in the ‘IgG positive’ and ‘IgG negative’ fractions were calculated (Equation 5.1). The 

cut-off threshold applied was 1 x 10-6 and any values less than this were zeroed. Relative 

abundances of taxa in each taxonomic level from the ‘IgG positive’ and ‘IgG negative’ fractions were 

displayed as bubble plots in R (v.4.1.2) using the following R packages: ggplot2 (v.3.3.5), reshape2 

(v.1.3.3) and ggh4x (v.0.2.1). For taxonomic levels with more than 20 taxa present the top 20 most 

abundant taxa were shown.  

5.2.4.4 IgG probability ratio 

Next, IgG probability ratios (Equation 5.3) for each taxon in each taxonomic level were calculated 

using the igascores function within the IgAScores (v 0.1.2) R package with the method set to 

‘probratio’. The pseudocount was set to 1 x 10-6 as this was the minimum observed abundance due 

to the threshold being set to 1 x 10-6. The scaleratio was set to TRUE meaning the probability ratio 

scores were scaled to the pseudocount with scores ranging from -1 to 1. Summary plots for 

probability ratios were made in R (v.4.1.2) using ggplot2 (v.3.3.5) and reshape2 (v.1.3.3) and 

displayed taxa that were present in four or more complete participant pairs. Paired t tests were 

performed on IgG probability ratios from taxa present in four or more complete participant pairs 

using R (v.4.1.2). P values were adjusted for multiple comparisons using the false discovery rate 

(FDR) method and applied using the p.adjust function in R.    

Equation 5.3: Calculating the IgG probability ratio of taxa (i) in sample (j). 

 

5.2.4.5 Statistical analysis 

The following analyses were performed in R (v.4.1.2). To test whether there were any taxa 

differentially abundant in severe ME/CFS patients compared to their matched household controls 

paired t-tests were performed with FDR correction. For RMP, taxa with relative abundances less 

than 1 x 10-6 (including zeroes) were converted to 1 x 10-7 prior to analysis of significance. In 
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addition, these new relative abundances were used to calculate microbial loads to analyse 

differential abundance in QMP. Prior to performing paired t-tests the distribution of differences 

(control – patient) was analysed for Gaussian distribution using Shapiro-Wilk’s test. When there 

was evidence for non-normality RMP data was centred log ratio (CLR) transformed and QMP data 

was log10-transformed prior to paired t-tests. 

Alpha diversity was calculated at the species-level on read counts. The diversity function from vegan 

(v.2.5-7) was used to calculate Shannon indices and inverse Simpson indices. Then total reads per 

sample were calculated and the rarefy function from vegan (v.2.5-7) was used to rarefy reads to 

the lowest sequencing depth. Observed species’ richness was the number of species remaining 

following rarefaction. 

Beta diversity was assessed at the species-level for RMP and QMP. Bray-Curtis indices were 

calculated using the vegdist function from vegan (v.2.5-7). Non-metric multi-dimensional scaling 

(NMDS) on Bray-Curtis indices was performed using the metMDS function from vegan (v.2.5-7) and 

plotted using ggplot2 (v.3.3.5). PERMANOVA analysis could not be performed on only 5 pairs of 

participants and therefore the differences between severe ME/CFS patients and their matched 

household controls could not be assessed for significance. 

5.2.5 Functional analysis of shotgun metagenomics 

5.2.5.1 Analysing the ‘all’ fraction  

Dr Sumeet Tiwari, a bioinformatician at QIB, converted gene families from reads per kilobase (RPK) 

to relative abundances using the humann_renorm_table utility script from HUMAnN (v 3.0) (Beghini 

et al., 2021). Subsequent analyses were performed in R (v.4.1.2) by Dr Marianne Defernez from the 

QIB Core Science Resources team. Community level classifications of gene families were used in 

downstream analysis. A threshold of 1 x 10-6 was applied and if the relative abundance of a gene 

family was below this threshold it was set to zero. Gene families that were below the threshold 

level in 7 or more samples were discarded from downstream analysis. CLR transformation of gene 

families’ relative abundance was calculated using the clr function from the compositions package 

(v 2.0-4). Then principal component analysis (PCA) was performed using the pca function from the 

mixOmics package (v 6.18.1). Severe ME/CFS patients and their matched household controls were 

not treated as paired samples in this analysis.  

5.2.5.2 Analysing the ‘IgG positive’ and ‘IgG negative’ fractions 

All analyses were performed in R (v.4.1.2) by Dr Marianne Defernez on community level 

classifications of gene families. In every sample each gene family was filtered by the following: if 

the gene family was not present in the ‘all’ fraction the RPK was zeroed in the ‘IgG positive’ and ‘IgG 

negative’ fraction. Then gene families were normalised to relative abundances using total sum 
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scaling. A threshold of 1 x 10-6 was applied and if the relative abundance of a gene family was below 

this threshold it was set to zero. Then IgG probability ratios for each gene family were calculated as 

described in section 5.2.6.1. Only gene families with IgG probability ratios present in all samples 

were used in downstream analysis. PCA was then performed on IgG probability ratios of gene 

families using the pca function from the mixOmics package (v 6.18.1). Severe ME/CFS patients and 

household controls were treated as two unrelated groups in this analysis.  

5.3 RESULTS 

5.3.1 Taxonomic analysis of the gut microbiota 

The average number of ‘sybr green high’ microbes collected on the Sony SH800S cell sorter was 

1,473,548 cells (SD = 83,648.57). Therefore, all taxa present at a relative abundance greater than 1 

x 10-6 were included in downstream analysis. This cell population was used to represent the gut 

microbiota in the severe ME/CFS patient group and matched household control group.  

5.3.1.1 Taxonomic composition 

5.3.1.1.1 Domain 

At the domain-level, bacteria, viruses and archaea were detected. Only bacteria and viruses were 

detected in every sample. However, only bacteria (M = 0.981, SD = 0.056) and archaea (M = 0.018, 

SD = 0.056) had a relative abundance greater than 0.01 in at least one participant (Figure 5.2A). 

Interestingly, only the severe ME/CFS patient from pair 3 had a relative abundance of archaea 

greater than 0.01, at 0.18. When the total concentration of cells in stool samples (presented in 

chapter 4) was used to convert RMP to QMP the variance of abundance of bacteria across stool 

samples increased, ranging from 5.19 x 1010 cells/gram to 2.64 x 1011 cells/gram (Figure 5.2B). Three 

severe ME/CFS patients had a higher and two patients had a lower concentration of bacteria in 

their stool sample compared to their matched household controls. There were no taxa at the 

domain-level whose relative abundance or microbial load were significantly different between the 

patient and control groups. 
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Figure 5.2: Composition of stool samples from severe ME/CFS patients and their matched 

household controls at the domain-level. A) Relative microbiome profiling and B) quantitative 

microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample.  
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5.3.1.1.2 Phylum 

A total of 20 taxa at the phylum-level were detected, 5 of which were detected in every sample. 

However, only 6 taxa had a relative abundance greater than 0.01 in at least one participant (Figure 

5.3A). These were as follows in decreasing order: Firmicutes (M = 0.514, SD = 0.147), Bacteroidetes 

(M = 0.219, SD = 0.167), Proteobacteria (M = 0.181, SD = 0.122), Verrucomicrobia (M = 0.043, SD = 

0.078), Actinobacteria (M = 0.024, SD = 0.019) and Euryarchaeota (M = 0.018, SD = 0.057). All of the 

aforementioned taxa were present in at least five samples at a relative abundance greater than 

0.01, except for Euryarchaeota which was only present in the sample from patient in pair 3 at a 

relative abundance greater than 0.01.  

Firmicutes was not the dominant phyla in all samples; the relative abundance of Proteobacteria 

was 0.348 which was slightly higher than the relative abundance of Firmicutes, at 0.338, in the 

sample from the severe ME/CFS patient from pair 3, and in the samples from household control 

from pair 3 and the severe ME/CFS patient from pair 5 the dominant phyla was Bacteroides.  

Converting the RMP to QMP increased the heterogeneity of samples at the phylum-level (Figure 

5.3B). For example, when considering RMP, the relative abundance of Firmicutes is comparable 

between severe ME/CFS patient and their matched household control in pair 1 and pair 3; the 

relative abundance of Firmicutes in pair 1 was 0.54 and 0.56 in the patient and household control 

respectively and the relative abundance of Firmicutes in pair 3 was 0.34 and 0.33 in the patient and 

household control respectively. But when RMP was converted to QMP, the abundance of Firmicutes 

was no longer comparable within these pairs; in pair 1 the microbial load was 1.43 x 1011 cells/gram 

in the severe ME/CFS patient compared to 7.92 x 1010 cells/gram in the matched household control 

and in pair 3 the microbial load was 2.14 x 1010 cells/gram in the severe ME/CFS patient compared 

to 5 x 1010 cells/gram in the matched household control.  

To determine whether there were any taxa at the phylum-level with differentially abundant RMP 

or QMP paired t-tests with FDR correction were performed on CLR-transformed relative 

abundances and log10-transformed microbial loads (Figure 5.4, Table 5.1). All severe ME/CFS 

patients had lower CLR-transformed relative abundances of Apicomplexa and Ascomycota than 

their matched household controls, but these differences were not significant following FDR 

correction. In addition, four severe ME/CFS patients had higher CLR-transformed relative 

abundances of Basidiomycota than their matched household controls, but this difference was not 

significant following FDR correction. In contrast, microbial loads of Basidiomycota were higher in 

all severe ME/CFS patients compared to their matched household controls, but again this difference 

was not significant following FDR correction.  
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Figure 5.3: Composition of stool samples from severe ME/CFS patients and their matched 

household controls at the phylum-level. A) Relative microbiome profiling and B) quantitative 

microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample.  
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Figure 5.4: Pairwise comparisons of the abundance of taxa at the phylum-level in severe ME/CFS 

patients and their matched household controls. Paired t-tests were performed on A) CLR 

transformed relative abundances and B) log10-transformed microbial loads. Stool microbes from 

severe ME/CFS patients (n = 5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample. Taxa 

with a p-value < 0.05 (prior to FDR correction) are shown on the graph. 
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5.3.1.1.3 Class 

A total of 30 taxa at the class-level were detected, 13 of which were detected in every sample. Of 

the 30 taxa only 13 had a relative abundance greater than 0.01 in at least one participant (Figure 

5.5A). These were as follows in decreasing order: Clostridia (M = 0.464, SD = 0.162), Bacteroidia (M 

= 0.219, SD = 0.167), Gammaproteobacteria (M = 0.108, SD = 0.078), Verrucomicrobiae (M = 0.043, 

SD = 0.078), Alphaproteobacteria (M = 0.039, SD = 0.053), Epsilonproteobacteria (M = 0.029, SD = 

0.054), Erysipelotrichia (M = 0.028, SD = 0.019), Actinobacteria (M = 0.019, SD = 0.018), Bacilli (M = 

0.019, SD = 0.015), Methanobacteria (M = 0.018, SD = 0.057), Betaproteobacteria (M = 0.005, SD = 

0.006), Coriobacteriia (M = 0.004, SD = 0.003) and Negativicutes (M = 0.004, SD = 0.006). Only 3 

taxa had a relative abundance greater than 0.01 in all participants: Clostridia, Bacteroidia and 

Gammaproteobacteria. Clostridia dominated samples from 4 severe ME/CFS patients and 4 

household controls, which was not surprising as Clostridia belongs to the Firmicutes phylum, which 

was the most abundant taxa. The dominant class in the sample from the control in pair 3 and the 

patient in pair 5 was Bacteroidia, belonging to the Bacteroidetes phylum. Other taxa dominating 

individual samples included Alphaproteobacteria and Methanobacteria in the patient from pair 3, 

Epsilonproteobacteria in the control from pair 3, and Verrucomicrobiae in the control from pair 5.  

When converting RMP to QMP at the class-level the heterogeneity of samples increased (Figure 

5.5B). For example, the relative abundance of Clostridia was comparable between the severe 

ME/CFS patient and matched household control in pair 1, but the microbial load of Clostridia was 

1.8-fold higher in the severe ME/CFS patient than the matched household control. In addition, 

converting RMP to QMP also decreases the variation between samples of some taxa. For example, 

the patient from pair 3 had the highest relative abundance of Bacilli but when converted to 

microbial load the patient from pair 3 no longer had the highest abundance of Bacilli as the 

microbial load was higher in the patients from pair 1 and 5 and comparable to the concentration of 

Bacilli in the patient from pair 2 and the control from pair 4.  

To determine whether there were any taxa at the class-level with differentially abundant RMP or 

QMP, paired t-tests with FDR correction were performed on CLR-transformed relative abundances 

and log10-transformed microbial loads (Figure 5.6, Table 5.1). All severe ME/CFS patients had 

higher CLR-transformed relative abundances and log10-transformed microbial loads of 

Malasseziomycetes than their matched household controls, but these differences were not 

significant following FDR correction.  
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Figure 5.5: Composition of stool samples from severe ME/CFS patients and their matched 

household controls at the class-level. A) Relative microbiome profiling and B) quantitative 

microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample.  
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Figure 5.6: Pairwise comparisons of the abundance of taxa at the class-level in severe ME/CFS 

patients and their matched household controls. Paired t-tests were performed on A) CLR 

transformed relative abundances and B) log10-transformed microbial loads. Stool microbes from 

severe ME/CFS patients (n = 5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample. Taxa 

with a p-value < 0.05 (prior to FDR correction) are shown on the graph. 
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5.3.1.1.4 Order 

At the order-level a total of 56 taxa were detected, 25 of which were detected in every sample. 

However, only 14 taxa had a relative abundance greater than 0.01 in at least one participant. These 

were as follows in decreasing order: Clostridiales (M = 0.464, SD = 0.162), Bacteroidales (M = 0.219, 

SD = 0.167), Xanthomonadales (M = 0.095, SD = 0.079), Verrucomicrobiales (M = 0.043, SD = 0.078), 

Rhizobiales (M = 0.036, SD = 0.049), Campylobacterales (M = 0.029, SD = 0.054), Erysipelotrichales 

(M = 0.028, SD = 0.019), Bifidobacteriales (M = 0.019, SD = 0.018), Lactobacillales (M = 0.018, SD = 

0.015), Methanobacteriales (M = 0.018, SD = 0.057), Enterobacterales (M = 0.010, SD = 0.010), 

Burkholderiales (M = 0.005, SD = 0.006), Coriobacteriales (M = 0.003, SD = 0.003) and 

Acidaminococcales (M = 0.003, SD = 0.006) (Figure 5.7A). Only 3 taxa had a relative abundance 

greater than 0.01 in all participants; Clostridiales, Bacteroidales and Xanthomonadales, which 

belong to the classes Clostridia, Bacteroidia and Gammaproteobacteria respectively. The 

cumulative relative abundance of these three classes was greater than 0.79 in all but one 

participant; the cumulative relative abundance was only 0.41 in the patient from pair 3. Other taxa 

making up a large proportion of the stool sample of the patient from pair 3 were 

Methanobacteriales, at a relative abundance of 0.179, and Rhizobiales, at a relative abundance of 

0.169. Interestingly, Methanobacteriales was not detected at a relative abundance greater than 

0.01 in the stool samples from any other participant and the relative abundance of Rhizobiales was 

highest in the patient from pair 3. Despite having the lowest total microbial load, when the RMP of 

Rhizobiales was converted to QMP, the patient from pair 3 had the highest microbial load of 

Rhizobiales (Figure 5.7B).  

To determine whether there were any taxa at the order-level with differentially abundant RMP or 

QMP, paired t-tests with FDR correction were performed on CLR-transformed relative abundances 

and log10-transformed microbial loads (Figure 5.8, Table 5.1). All severe ME/CFS patients had 

higher CLR-transformed relative abundances of Malasseziales and Nitrosomonadales than their 

matched household controls, but these differences were not significant following FDR correction. 

In addition, severe ME/CFS patients had lower CLR-transformed relative abundances of Neisseriales 

than their matched household controls, but this difference was not significant following FDR 

correction. In contrast, only the microbial load of Malasseziales was higher in all severe ME/CFS 

patients compared to their matched household controls, but again this difference was not 

significant following FDR correction.  
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Figure 5.7: Composition of stool samples from severe ME/CFS patients and their matched 

household controls at the order-level. A) Relative microbiome profiling and B) quantitative 

microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample.  
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Figure 5.8: Pairwise comparisons of the abundance of taxa at the order-level in severe ME/CFS 

patients and their matched household controls. Paired t-tests were performed on A) CLR 

transformed relative abundances and B) log10-transformed microbial loads. Stool microbes from 

severe ME/CFS patients (n = 5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample. Taxa 

with a p-value < 0.05 (prior to FDR correction) are shown on the graph. 
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5.3.1.1.5 Family 

A total of 110 taxa at the family-level were detected, 42 of which were detected in every sample. 

However, only 22 taxa had a relative abundance greater than 0.01 in at least one participant 

(Supplementary figure 5.1A). The 15 most abundant families were as follows in decreasing order: 

Lachnospiraceae (M = 0.274, SD = 0.122), Bacteroidaceae (M = 0.120, SD = 0.094), Ruminococcaceae 

(M = 0.109, SD = 0.077), Xanthomonadaceae (M = 0.102, SD = 0.077), Peptostreptococcaeceae (M 

= 0.100, SD = 0.229), Akkermansiaceae (M = 0.048, SD = 0.080), Camplylobacteraceae (M = 0.033, 

SD = 0.062), Erysipelotrichaceae (M = 0.031, SD = 0.019), Rhizobiaceae (M = 0.029, SD = 0.041), 

Bifidobacteriaceae (M = 0.022, SD = 0.021), Methanobacteriaceae (M = 0.020, SD = 0.061), 

Streptococcaceae (M = 0.017, SD = 0.017), Enterobacteriaceae (M = 0.14, SD = 0.019), 

Oscillospiraceae (M = 0.010, SD = 0.007), Tannerellaceae (M = 0.010, SD = 0.007) (Figure 5.9A). All 

of the aforementioned taxa were present in at least three samples at a relative abundance greater 

than 0.01, except for Methanobacteriaceae which was only present in the sample from the severe 

ME/CFS patient in pair 3 at a relative abundance greater than 0.01. Despite this, 

Methanobacteriaceae made the top 15 most abundant families because of its high relative 

abundance at 0.19 in this one patient. Peptostreptococcaceae had the highest variation across 

samples; in pair 4 the relative abundance of this taxa in the severe ME/CFS patient was 0.75 and 

0.12 in the matched household control whereas the relative abundance in all other participants was 

less than 0.03. Another taxon with a high variation in relative abundance across samples was 

Lachnospiraceae, varying from 0.05 to 0.39, with all but two severe ME/CFS patients having a 

relative abundance greater than 0.1. There were no taxa at the family-level whose relative 

abundance was significantly different between the patient and control groups.  

When RMP was converted to QMP the heterogeneity of samples increased at the family-level 

(Figure 5.9B, Supplementary figure 5.1B). This can be demonstrated by comparing the severe 

ME/CFS patient to the matched household control in pair one. The relative abundance of some 

taxa, such as Lachnospiraceae and Ruminococcaceae, were comparable between the severe 

ME/CFS patient and the matched household control, but became nearly 2-fold higher in the severe 

ME/CFS patient when relative abundances were converted to microbial loads. Conversely, when 

taxa such as Bacteroidaceae with a relative abundance nearly 2-fold higher in the matched 

household control compared to the severe ME/CFS patient was converted to microbial load, the 

abundance of Bacteroidaceae in the severe ME/CFS patient and matched household control was 

similar. This occurred because the total microbial load of the stool sample from the patient in pair 

one was double that of their matched household control.  

To determine whether there were any taxa at the family-level with differentially abundant RMP or 

QMP, paired t-tests with FDR correction were performed on CLR-transformed relative abundances 
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and log10-transformed microbial loads (Figure 5.10, Table 5.1). All severe ME/CFS patients had 

higher CLR-transformed relative abundances of Malasseziaceae and Sulfuricellaceae than their 

matched household controls, but these differences were not significant following FDR correction. 

In addition, severe ME/CFS patients had lower CLR-transformed relative abundances of 

Chromobacteriaceae than their matched household controls, but this difference was not significant 

following FDR correction. When comparing log10-transformed microbial loads between severe 

ME/CFS patients and their matched household controls, 4 patients had a lower log10-transformed 

microbial load of Chromobacteriaceae than their matched household control, and all patients had 

higher microbial loads of Corynebacteriaceae, Erythrobacteraceae and Malasseziaceae than their 

matched household controls. 
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Figure 5.9: Top 15 families in stool samples from severe ME/CFS patients and their matched 

household controls at the family-level. A) Relative microbiome profiling and B) quantitative 

microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample.  
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Figure 5.10: Pairwise comparisons of the abundance of taxa at the family-level in severe ME/CFS 

patients and their matched household controls. Paired t-tests were performed on A) CLR 

transformed relative abundances and B) log10-transformed microbial loads. Stool microbes from 

severe ME/CFS patients (n = 5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample. Taxa 

with a p-value < 0.05 (prior to FDR correction) are shown on the graph. 
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5.3.1.1.6 Genus 

At the genus-level a total of 275 taxa were detected, 84 of which were detected in every sample. 

However, only 33 taxa had a relative abundance greater than 0.01 in at least one participant 

(Supplementary figure 5.2A). The 15 most abundant genera were as follows in decreasing order: 

Bacteroides (M = 0.104, SD = 0.083), Phocaeicola (M = 0.101, SD = 0.137), Clostridioides (M = 0.095, 

SD = 0.222), Lysobacter (M = 0.094, SD = 0.079), Faecalibacterium (M = 0.086, SD = 0.062), Blautia 

(M = 0.071, SD = 0.048), Roseburia (M = 0.058, SD = 0.044), Anaerostipes (M = 0.055, SD = 0.048), 

Akkermansia (M = 0.044, SD = 0.078), Campylobacter (M = 0.029, SD = 0.054), Agrobacterium (M = 

0.026, SD = 0.039), Methanobrevibacter (M = 0.019, SD = 0.059), Bifidobacterium (M = 0.019, SD = 

0.018), Anaerobutyricum (M = 0.015, SD = 0.011) and Streptococcus (M = 0.013, SD = 0.010) (Figure 

5.11A). All of the aforementioned taxa were present in at least four samples at a relative abundance 

greater than 0.01, except for Methanobrevibacter which was only present in the sample from the 

severe ME/CFS patient in pair 3 at a relative abundance greater than 0.01. Clostridioides had the 

highest variation in relative abundances across samples; in pair 4 the relative abundance of this 

taxa in the severe ME/CFS patient was 0.720 and 0.116 in the matched household control whereas 

the relative abundance in all other pairs was 0.031 or less. To determine whether there were any 

taxa at the genus-level with differentially abundant RMP, paired t-tests with FDR correction were 

performed on CLR-transformed relative abundances (Figure 5.12, Table 5.1). All severe ME/CFS 

patients had higher CLR-transformed relative abundances of Malassezia and Sulfuriferula, and 

lower CLR-transformed relative abundances of Citrobacter, Ligilactobacillus, Longibaculum, 

Microvirgula, Pluralibacter and Roseburia than their matched household controls, but these 

differences were not significant following FDR correction.  

When converting the RMP to QMP, differences between pairs of severe ME/CFS patients and their 

matched household controls became more visible (Figure 5.11B, Supplementary figure 5.2B). For 

example, relative abundances of Faecalibacterium in both the severe ME/CFS patient and the 

matched household control in pair 2 were the same, at 0.133. By converting RMP to QMP the 

abundance of Faecalibacterium became higher in the patient, at 2.16 x 1010 cells/gram compared 

to 1.82 x 1010 in the matched household control. In addition, conversion of RMP to QMP also 

enhanced differences already seen in the taxa’s RMP. For example, the relative abundance of 

Lysobacter in the patient from pair 1 was 3-fold higher than their matched household control, and 

this difference increased to a 6-fold difference when relative abundance was converted to microbial 

load. In pair 3, the household control had 7-fold higher relative abundance of Bacteroides than the 

patient, which increased to a 17-fold difference when converted to microbial load.   

To determine which taxa had differentially abundant QMP, paired t-tests with FDR correction were 

performed on log10-transformed microbial loads (Figure 5.12, Table 5.1). All severe ME/CFS 
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patients had lower log10-transformed microbial loads of Ligilactobacillus, Longibaculum, 

Pluralibacter and Roseburia than their matched household controls, but these differences were not 

significant following FDR correction. Four severe ME/CFS patients had lower log10-transformed 

microbial loads of Citrobacter and Microvirgula than their matched household controls, which were 

not significant following FDR correction. Finally, all severe ME/CFS patients had higher log10-

transformed microbial loads of Malassezia than their matched household controls, which were not 

significant following FDR correction.   
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Figure 5.11: Top 15 genera in stool samples from severe ME/CFS patients and their matched 

household controls. A) Relative microbiome profiling and B) quantitative microbiome profiling of 

taxa present at a relative abundance greater than 0.01. Stool microbes from severe ME/CFS patients 

(n=5) and their matched household controls (n=5) were stained with SYBR™ green I nucleic acid gel 

stain and ‘all’ cells were collected using the Sony SH800S cell sorter and shotgun metagenomic 

sequencing was performed to identify the taxa present in each sample.  
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← Figure 5.12: Pairwise comparisons of the abundance of taxa at the genus-level in severe 

ME/CFS patients and their matched household controls. Paired t-tests were performed on A) CLR 

transformed relative abundances and B) log10-transformed microbial loads. Stool microbes from 

severe ME/CFS patients (n = 5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample. Taxa 

with a p-value < 0.05 (prior to FDR correction) are shown on the graph. 
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5.3.1.1.7 Species 

At the species-level a total of 705 taxa were detected, 159 of which were detected in every sample. 

Only 48 taxa had a relative abundance greater than 0.01 in at least one participant (Supplementary 

figure 5.3A). The 15 most abundant species were as follows in decreasing order: Clostridioides 

difficile (M = 0.095, SD = 0.222), Lysobacter enzymogenes (M = 0.094, SD = 0.078), Faecalibacterium 

prausnitzii (M = 0.086, SD = 0.062), Phocaeicola dorei (M = 0.064, SD = 0.139), Blautia sp. SC05B48 

(M = 0.063, SD = 0.046), Anaerostipes hadrus (M = 0.054, SD = 0.047), Roseburia intestinalis (M = 

0.045, SD = 0.040), Akkermansia muciniphila (M = 0.043, SD = 0.078), Bacteroides uniformis (M = 

0.037, SD = 0.034), Phocaeicola vulgatus (M = 0.036, SD = 0.058), Agrobacterium tumefaciens (M = 

0.025, SD = 0.036), Methanobrevibacter smithii (M = 0.018, SD = 0.057), Bacteroides cellulosilyticus 

(M = 0.016, SD = 0.040), Anaerobutyricum hallii (M = 0.015, SD = 0.011) and Campylobacter jejuni 

(M = 0.015, SD = 0.016) (Figure 5.13A). All but one of the aforementioned taxa were present in at 

least two samples at a relative abundance greater than 0.01; Methanobrevibacter smithii was only 

present in the sample from the patient in pair 3 at a relative abundance greater than 0.01.  

The conversion of RMP to QMP both heightened and reduced the fold-change seen within pairs of 

severe ME/CFS patients and matched household controls (Figure 5.13B, Supplementary figure 

5.3B). An example of a species where the within pair differences are heightened by conversion to 

QMP is B. uniformis. The relative abundance of this species in the severe ME/CFS patient from pair 

2 is 8-fold higher than their matched household control, whereas the microbial load of this species 

is 10-fold higher in the patient than their matched household control. Conversely, C. difficile was 

an example of a species where the within pair differences were reduced by the conversion of RMP 

to QMP. In pair 4 the relative abundance of C. difficile was 6-fold higher in the patient but the 

microbial load of C. difficile was only 5-fold higher in the patient compared to their matched 

household control. In addition, converting RMP to QMP highlights species which have a greater 

microbial load in some participants than the total microbial load in other participants. For example, 

the microbial load of C. difficile in the stool sample of the patient from pair 4 was greater than the 

total microbial load in the stool sample from the patient in pair 3 and the control in pair 5. In 

addition, the microbial load of Phocaeicola dorei in the stool sample of the patient from pair 5 was 

greater than the total microbial load in the stool sample from the patient in pair 3.  

To determine whether there were any taxa at the species-level with differentially abundant RMP 

or QMP, paired t-tests with FDR correction were performed on CLR-transformed relative 

abundances and log10-transformed microbial loads (Figure 5.14, Table 5.1). All severe ME/CFS 

patients had higher CLR-transformed relative abundances and log10-transformed microbial loads 

of Eubacterium callanderi and Malassezia restricta than their matched household controls. In 

addition, severe ME/CFS patients had lower CLR-transformed relative abundances and log10-
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transformed microbial loads of Alistipes megaguti, Ligilactobacillus ruminis, Longibaculum sp. 

KGMB06250, Pluralibacter gergoviae and Roseburia intestinalis than their matched household 

controls. All severe ME/CFS patients had lower CLR-transformed relative abundances of 

Microvirgula aerodenitrificans than their matched household controls whereas four severe ME/CFS 

patients had lower log10-transformed microbial loads of Microvirgula aerodenitrificans than their 

matched household controls. In addition, the CLR-transformed relative abundances of Alistipes 

indistinctus, Streptococcus milleri and Sulfuriferula plumbiphila were higher in patients compared 

to their matched household controls whereas Citrobacter freundii, Enterococcus faecium, 

Pseudomonas alcaliphila, Pseudomonas azotoformans and Ruminococcus sp. JE7A12 were lower in 

patients compared to their matched household controls. Additional taxa observed to have different 

log10-transformed microbial abundances between patients and matched household controls were 

Eggerthella sp. HF1101 and Pseudomonas sp. BIOMIG1BAC and Streptococcus sp. HSISm1. 

However, in all of the aforementioned differences observed between severe ME/CFS patients and 

controls RMP and QMP were not significantly different following FDR correction.   
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Figure 5.13: Top 15 species in stool samples from severe ME/CFS patients and their matched 

household controls. A) Relative microbiome profiling and B) quantitative microbiome profiling of 

taxa present at a relative abundance greater than 0.01. Stool microbes from severe ME/CFS patients 

(n=5) and their matched household controls (n=5) were stained with SYBR™ green I nucleic acid gel 

stain and ‘all’ cells were collected using the Sony SH800S cell sorter and shotgun metagenomic 

sequencing was performed to identify the taxa present in each sample.  
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← Figure 5.14: Pairwise comparisons of the abundance of taxa at the species-level in severe 

ME/CFS patients and their matched household controls. Paired t-tests were performed on A) CLR 

transformed relative abundances and B) log10-transformed microbial loads. Stool microbes from 

severe ME/CFS patients (n = 5) and their matched household controls (n=5) were stained with SYBR™ 

green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter and 

shotgun metagenomic sequencing was performed to identify the taxa present in each sample. Taxa 

with a p-value < 0.05 (prior to FDR correction) are shown on the graph. 
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Table 5.1: P values pre and post FDR correction from differential abundance analysis on taxa at 

the phylum-, class-, order-, family-, genus- and species-levels. Paired t-tests were performed on 

the relative microbiome profile (RMP) and the quantitative microbiome profile (QMP) of stool 

microbes from severe ME/CFS patients (n = 5) and their matched household controls (n=5). Stool 

microbes were stained with SYBR™ green I nucleic acid gel stain and ‘all’ cells were collected using 

the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify the 

taxa present in each sample. Taxa with a p-value < 0.05 (prior to FDR correction) are shown. 

Taxa Profiling p-value prior to 

FDR correction 

p-value with 

FDR correction 

Phylum    

Apicomplexa RMP 0.0390 0.2731 

Ascomycota RMP 0.0314 0.2731 

Basidiomycota RMP 0.0360 0.2731 

Basidiomycota QMP 0.0150 0.3160 

Class    

Malasseziomycetes RMP 0.0205 0.6339 

Malasseziomycetes QMP 0.0150 0.4665 

Order    

Malasseziales RMP 0.0136 0.4417 

Malasseziales QMP 0.0150 0.7171 

Neisseriales RMP 0.0182 0.4417 

Nitrosomonadales RMP 0.0232 0.4417 

Family    

Chromobacteriaceae RMP 0.0187 0.8816 

Chromobacteriaceae QMP 0.0477 0.8952 

Corynebacteriaceae QMP 0.0337 0.8952 

Erythrobacteraceae QMP 0.0452 0.8952 

Malasseziaceae RMP 0.0148 0.8816 

Malasseziaceae QMP 0.0152 0.8952 

Sulfuricellaceae RMP 0.0306 0.8816 

Genus    

Citrobacter RMP 0.0138 0.7691 

Citrobacter QMP 0.0252 0.8561 

Ligilactobacillus RMP 0.0100 0.6987 

Ligilactobacillus QMP 0.0207 0.8561 
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Table 5.1 continued    

Taxa Profiling p-value prior to 

FDR correction 

p-value with 

FDR correction 

Genus    

Longibaculum RMP 0.0004 0.1157 

Longibaculum QMP 0.0193 0.8561 

Malassezia RMP 0.0095 0.6987 

Malassezia QMP 0.0153 0.8561 

Microvirgula RMP 0.0171 0.7971 

Microvirgula QMP 0.0495 0.8561 

Pluralibacter RMP 0.0021 0.2952 

Pluralibacter QMP 0.0018 0.5064 

Roseburia RMP 0.0264 0.8615 

Roseburia QMP 0.0456 0.8561 

Sulfuriferula RMP 0.0217 0.8615 

Species    

Alistipes indistinctus RMP 0.0411 0.7364 

Alistipes megaguti RMP 0.0177 0.7364 

Alistipes megaguti QMP 0.0354 0.7831 

Citrobacter freundii RMP 0.0388 0.7364 

Eggerthella sp. HF 1101 QMP 0.0168 0.7831 

Enterococcus faecium RMP 0.0396 0.7364 

Eubacterium callanderi RMP 0.0302 0.7364 

Eubacterium callanderi QMP 0.0278 0.7831 

Ligilactobacillus ruminis RMP 0.0035 0.7364 

Ligilactobacillus ruminis QMP 0.0088 0.7831 

Longibaculum sp KGMB06250 RMP 0.0009 0.6004 

Longibaculum sp KGMB06250 QMP 0.0188 0.7831 

Malassezia restricta RMP 0.0075 0.7364 

Malassezia restricta QMP 0.0150 0.7831 

Microvirgula aerodenitrificans RMP 0.0153 0.7364 

Microvirgula aerodenitrificans QMP 0.0489 0.7831 

Pluralibacter gergoviae RMP 0.0017 0.6004 

Pluralibacter gergoviae QMP 0.0017 0.7831 

Pseudomonas alcaliphila RMP 0.0303 0.7364 
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Table 5.1 continues    

Taxa Profiling p-value prior to 

FDR correction 

p-value with 

FDR correction 

Species    

Pseudomonas azotoformans RMP 0.0233 0.7364 

Pseudomonas sp. BIOMIG1BAC QMP 0.0243 0.7831 

Roseburia intestinalis RMP 0.0162 0.7364 

Roseburia intestinalis QMP 0.0275 0.7831 

Ruminococcus sp JE7A12 RMP 0.0338 0.7364 

Streptococcus milleri RMP 0.0411 0.7364 

Streptococcus sp. HSISM1 QMP 0.0284 0.7831 

Sulfuriferula plumbiphila RMP 0.0234 0.7364 

 

5.3.1.1.8 Summary 

The analysis of the RMP and QMP of ‘sybr green high’ stool microbes found non-significant 

alterations in the abundance of taxa at phylum-, class-, order-, family-, genus- and species-levels in 

severe ME/CFS patients compared to their matched household controls. In addition, the conversion 

of relative abundances to microbial load increased the heterogeneity of samples at each taxonomic 

level. Interestingly, the taxonomic composition of microbes from the severe ME/CFS patient in pair 

3 was markedly different from all other patient and control stool samples. This was partly due to 

this stool sample having different taxa detected and also different taxa dominating the sample. In 

addition, the QMP of the stool sample from the patient in pair 3 did not compare to other stool 

samples, due to this sample having the smallest microbial load. 

5.3.1.2 Alpha diversity 

The inter-sample diversity of the gut microbiome from severe ME/CFS patients and their matched 

household controls was measured on ‘sybr green high’ microbes at the species-level using the 

following alpha diversity measures: Shannon index, inverse Simpson index and observed richness.  

The average Shannon index score was lower in severe ME/CFS patients (M = 2.809, SD = 0.865) 

compared to household controls (M = 3.060, SD = 0.053) but the severe ME/CFS patients had a 

larger variation in scores. When comparing patients to their matched household controls Shannon 

index scores in the severe ME/CFS patients from pairs 1, 2 and 3 were higher than their matched 

household controls and the patients from pairs 4 and 5 were lower than their matched household 

controls (Figure 5.15A).  
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The average inverse Simpson index in severe ME/CFS patients (M = 10.259, SD = 7.086) was lower 

than household controls (M = 11.305, SD = 2.045), but patients had a large variation in scores. When 

making paired comparisons the inverse Simpson indices, like the Shannon indices, were higher in 

the patient from pair 2 and lower in patients from pairs 4 and 5 compared to their matched 

household controls (Figure 5.15B). Pairs 1 and 3 had slightly larger Shannon indices in patients 

compared to controls, but the inverse Simpson indices were slightly smaller in patients compared 

to their matched household controls.  

Observed richness, measured following rarefaction to the lowest read count, was used to give an 

indication of the number of species present in each sample. The average observed richness score 

was higher in severe ME/CFS patients (M = 366.849, SD = 62.076) compared to household controls 

(M = 331.998, SD = 46.803). When comparing observed richness in severe ME/CFS patients to their 

matched household controls, patients from pairs 1, 2 and 3 had higher and patients from pairs 4 

and 5 had lower scores compared to their matched household controls (Figure 5.15C).  

5.3.1.3 Beta diversity  

Beta diversity was measured using Bray-Curtis dissimilarity and distances between samples were 

visualised using a NMDS plot (Figure 5.16). For both RMP and QMP patients from pairs 3, 4 and 5 

were most dissimilar from all other samples. Whereas patients from pairs 1 and 2 were clustered 

together with their matched household controls.  
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Figure 5.15: Alpha diversity measures in stool samples from severe ME/CFS patients and their 

matched household controls. A) Shannon index, B) inverse Simpson index and C) observed richness 

of ‘all’ cells from stool microbes from severe ME/CFS patients (n=5) and their matched household 

controls (n=5).  
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Figure 5.16: Beta diversity in stool samples from severe ME/CFS patients and their matched 

household controls. Beta diversity was calculated using Bray-Curtis dissimilarity on A) species 

relative abundances and B) species microbial load of ‘all’ stool microbes from severe ME/CFS 

patients (n = 5) and matched household controls (n = 5). Scores were plotted on an NMDS plot.  
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5.3.2 Taxonomic analysis of ‘IgG positive’ and ‘IgG negative’ stool microbes 

The average number of ‘IgG positive’ microbes collected on the Sony SH800S cell sorter from a pool 

of ‘all’ cells from five pairs of severe ME/CFS patients and matched household controls stool 

samples was 1,046,734 cells (SD = 417575.8). The average number of ‘IgG negative’ microbes 

collected were 1,300,144 cells (SD = 330938.4). Taxa were removed if they were not observed in 

the ‘all’ fraction from the respective participant. Taxa present at a relative abundance less than 1 x 

10-6 were excluded from downstream analysis.  

5.3.2.1 Taxonomic composition  

The taxonomic composition of ‘IgG positive’ and ‘IgG negative’ stool microbes were examined using 

the relative abundance of taxa in each taxonomic level. Taxonomic composition was compared 

between severe ME/CFS patient ‘IgG positive’ fraction, severe ME/CFS patient ‘IgG negative’ 

fraction, household control ‘IgG positive’ fraction and household control ‘IgG negative’ fraction 

using bubble plots at each taxonomic level. For taxonomic levels with more than 20 taxa present, 

only the top 20 most abundant taxa across all samples were shown. 

5.3.2.1.1 Domain   

At the domain-level only bacteria and viruses were detected in every participant’s positive and 

negative fraction (Figure 5.17). The relative abundance of bacteria in every participant was 

comparable in the ‘IgG positive’ fraction and ‘IgG negative’ fraction, except for the severe ME/CFS 

patient from pair 3. This participant had a higher relative abundance of bacteria in the ‘IgG negative’ 

fraction than the ‘IgG positive’ fraction. Similarly, the relative abundance of viruses in every 

participant was comparable in the ‘IgG positive’ fraction and ‘IgG negative’ fraction, except for the 

severe ME/CFS patient from pair 3. This participant had a higher relative abundance of viruses in 

the ‘IgG positive’ fraction than the ‘IgG negative’ fraction. Archaea was detected in both the ‘IgG 

positive’ and ‘IgG negative’ fractions of three household controls and three patients. Archaea was 

not detected in the ‘IgG positive’ or ‘IgG negative’ fractions of two severe ME/CFS patients, was 

only detected in the ‘IgG negative’ fraction from the household control in pair one and was only 

detected in the ‘IgG positive’ fraction from the household control in pair five.  
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Figure 5.17: Composition of ‘IgG positive’ fractions and ‘IgG negative’ fractions in stool samples 

from severe ME/CFS patients and their matched household controls at the domain-level. Stool 

microbes from severe ME/CFS patients (n=5) and their matched household controls (n=5) were 

incubated with serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were 

subsequently collected using the Sony SH800S cell sorter and shotgun metagenomic sequencing was 

performed to identify the relative abundance of taxa present in the sorted fractions from each 

participant.  
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5.3.2.1.2 Phylum 

At the phylum-level 5 taxa were detected in the ‘IgG positive’ fraction and ‘IgG negative’ fraction of 

every participant: Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia, Actinobacteria and 

Uroviricota (Figure 5.18). When looking at the taxa that were only detected in the ‘IgG positive’ 

fraction or only detected in the ‘IgG negative’ fraction there were no patterns emerging in 

participant pairs or participant cohorts. The differences found instead were on an individual level; 

the patient from pair 1 had Basidiomycota only detected in the ‘IgG negative’ fraction, the 

household control from pair 1 had Euryarchaeota only detected in the ‘IgG negative’ fraction, the 

patient from pair 2 had Basidiomycota only detected in the ‘IgG negative’ fraction and Ascomycota 

only detected in the ‘IgG positive’ fraction, the household control from pair 2 had Crenarchaeota 

only detected in the ‘IgG positive’ fraction and Spirochaetes and Ascomycota only detected in the 

‘IgG negative’ fraction, the patient from pair 3 had Cyanobacteria only detected in the ‘IgG negative’ 

fraction, the patient from pair 4 had Spirochaetes, Basidiomycota and Apicomplexa only detected 

in the ‘IgG negative’ fraction, the control from pair 4 had Ascomycota only detected in the ‘IgG 

positive’ fraction and Candidatus Saccharibacteria only detected in the ‘IgG negative’ fraction, the 

patient from pair 5 had Cressdnaviricota and Elusimicrobia only detected in the ‘IgG positive’ 

fraction, the control from pair 5 had Fusobacteria only detected in the ‘IgG negative’ fraction and 

Euryarchaeota only detected in the ‘IgG positive’ fraction. Another interesting finding was that the 

relative abundance of Uroviricota was 4000-fold higher in the ‘IgG positive’ fraction than the ‘IgG 

negative’ fraction in the severe ME/CFS patient from pair 3.  
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← Figure 5.18: Composition of ‘IgG positive’ fractions and ‘IgG negative’ fractions in stool samples 

from severe ME/CFS patients and their matched household controls at the phylum-level. Stool 

microbes from severe ME/CFS patients (n=5) and their matched household controls (n=5) were 

incubated with serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were 

subsequently collected using the Sony SH800S cell sorter and shotgun metagenomic sequencing was 

performed to identify the relative abundance of taxa present in the sorted fractions from each 

participant 
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5.3.2.1.3 Class 

At the class-level 13 taxa were detected in the ‘IgG positive’ fraction and ‘IgG negative’ fraction of 

every participant. Like the phylum-level, differences at the class-level were found between 

individuals (Figure 5.19). The severe ME/CFS patient from pair 1 had Malasseziomycetes only 

detected in the ‘IgG negative’ fraction, the household control from pair 1 had Methanobacteria only 

detected in the ‘IgG negative’ fraction, the patient from pair 2 had Saccharomycetes only detected 

in the ‘IgG positive’ fraction and Malasseziomycetes only detected in the ‘IgG negative’ fraction, the 

control from pair 2 had Thermoprotei only detected in the ‘IgG positive’ fraction and Spirochaetia, 

Saccharomycetes and Flavobacteriia only detected in the ‘IgG negative’ fraction. The patient from 

pair 3 had Sphingobacteria and Deltaproteobacteria only present in the ‘IgG negative’ fraction, the 

patient from pair 4 had Sphingobacteria, Malasseziomycetes and Spirochaetia only detected in the 

‘IgG negative’ fraction, the control from pair 4 had Candidatus Saccharimonia, Flavobacteriia and 

Deltaproteobacteria detected only in the ‘IgG negative’ fraction and Sacchromycetes only detected 

in the ‘IgG positive’ fraction, the patient from pair 5 had Elusimicrobia and Arfiviricetes detected 

only in the ‘IgG positive’ fraction and the control from pair 5 had Fusobacteriia detected only in the 

‘IgG negative’ fraction and Methanobacteria detected only in the ‘IgG positive’ fraction. When 

comparing relative abundances of taxa in ‘IgG positive’ and ‘IgG negative’ fractions Caudoviricetes 

was found to be 4000-fold higher in the ‘IgG positive’ fraction than the ‘IgG negative’ fraction in the 

severe ME/CFS patient from pair 3.  
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← Figure 5.19: Top 20 classes in ‘IgG positive’ fractions and ‘IgG negative’ fractions in stool 

samples from severe ME/CFS patients and their matched household controls. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. 
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5.3.2.1.4 Order 

At the order-level 21 taxa were detected in the ‘IgG positive’ and ‘IgG negative’ fraction of every 

participant (Figure 5.20). The number of taxa detected in the ‘IgG positive’ fraction but not in the 

‘IgG negative’ fraction varied between individuals; in pair 1 the severe ME/CFS patient had 0 and 

the matched household control had 1 taxa that was only detected in the ‘IgG positive’ fraction, in 

pair 2 the patient had 2 and the control had 2 taxa that were only detected in the ‘IgG positive’ 

fraction, in pair 3 both the patient and control had no taxa that were only detected in the ‘IgG 

positive’ fraction, in pair 4 the patient had 3 and the control had 1 taxa that were only detected in 

the ‘IgG positive’ fraction and in pair 5 the patient had 2 and the control had 2 taxa that were only 

detected in the ‘IgG positive’ fraction. Interestingly, the relative abundance of Propionibacteriales 

was more than 10-fold higher in the ‘IgG positive’ fraction than the ‘IgG negative’ fraction in 2 

patients and 3 household controls. Caudovirales was 4000-fold higher in the ‘IgG positive’ fraction 

than the ‘IgG negative’ fraction in the severe ME/CFS patient in pair 3. The number of taxa detected 

in the ‘IgG negative’ fraction but not in the ‘IgG positive’ fraction also varied between individuals; 

in pair 1 the patient had 1 and the control had 2 taxa that were only detected in the ‘IgG negative’ 

fraction, in pair 2 the patient had 1 and the control had 3 taxa that were only detected in the ‘IgG 

negative’ fraction, in pair 3 the patient had 7 and the control had 3 taxa that were only detected in 

the ‘IgG negative’ fraction, in pair 4 the patient had 4 and the control had 4 taxa that were only 

detected in the ‘IgG negative’ fraction and in pair 5 the patient had 1 and the control had 1 taxa 

that were only detected in the ‘IgG negative’ fraction. When comparing the taxa only detected in 

the ‘IgG negative’ fraction there were some similarities in severe ME/CFS patients; two patients 

only had Springobacteriales in the ‘IgG negative’ fraction and three patients only had Malasseziales 

in the ‘IgG negative’ fraction. When making comparisons within pairs, the only taxa that had 

similarities within a pair was Rhodocyclales which was only detected in the ‘IgG negative’ fraction 

in the patient and matched household control from pair 3. 
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← Figure 5.20: Top 20 orders in ‘IgG positive’ fractions and ‘IgG negative’ fractions in stool 

samples from severe ME/CFS patients and their matched household controls. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. 
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5.3.2.1.5 Family 

At the family-level 41 taxa were detected in both the ‘IgG positive’ fraction and the ‘IgG negative’ 

fraction of every participant (Figure 5.21). The number of taxa detected in the ‘IgG positive’ fraction 

but not in the ‘IgG negative’ fraction also varied between individuals at the family-level; in pair 1 

the patient had 1 and the control had 5 taxa that were only detected in the ‘IgG positive’ fraction, 

in pair 2 the patient had 3 and the control had 2 taxa that were only detected in the ‘IgG positive’ 

fraction, in pair 3 the patient had 2 and the control had 1 taxa that were only detected in the ‘IgG 

positive’ fraction, in pair 4 the patient had 9 and the control had 1 taxa that were only detected in 

the ‘IgG positive’ fraction and in pair 5 the patient had 3 and the control had 3 taxa that were only 

detected in the ‘IgG positive’ fraction. The number of taxa detected in the ‘IgG negative’ fraction 

but not in the ‘IgG positive’ fraction also varied between individuals; in pair 1 the patient had 3 and 

the control had 2 taxa that were only detected in the ‘IgG negative’ fraction, in pair 2 the patient 

had 2 and the control had 5 taxa that were only detected in the ‘IgG negative’ fraction, in pair 3 the 

patient had 16 and the control had 3 taxa that were only detected in the ‘IgG negative’ fraction, in 

pair 4 the patient had 6 and the control had 10 taxa that were only detected in the ‘IgG negative’ 

fraction and in pair 5 the patient had 1 and the control had 4 taxa that were only detected in the 

‘IgG negative’ fraction. When trying to establish patterns among groups there were no taxa 

associated with either severe ME/CFS patients or controls. However, 3 ME/CFS patients only had 

Hyphomicrobiaceae detected in the ‘IgG negative’ fraction, 3 patients had Malasseziaceae only 

detected in the ‘IgG negative’ fraction, 2 patients had Sphingobacteriaceae only detected in the 

‘IgG negative’ fraction and 2 patients had Porphyromonadaceae only detected in the ‘IgG positive’ 

fraction. Interestingly, Moraxellaceae was detected in the ‘IgG negative’, but not ‘IgG positive’ 

fraction in 4 household controls, was not detected in the microbiome from 2 patients and the 

relative abundance of Moraxellaceae was 10-fold higher in the ‘IgG positive’ fraction than the ‘IgG 

negative’ fraction in the severe ME/CFS patient from pair 3. In addition, the patient from pair 3 also 

had more than 100-fold higher relative abundance of Propionibacteriaceae in the ‘IgG positive’ 

fraction compared to the ‘IgG negative’ fraction and more than 100-fold higher relative abundance 

of Xanthobacteriaceae in the ‘IgG negative’ fraction than the ‘IgG positive’ fraction.  
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← Figure 5.21: Top 20 families in ‘IgG positive’ fractions and ‘IgG negative’ fractions in stool 

samples from severe ME/CFS patients and their matched household controls. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. 
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5.3.2.1.6 Genus 

At the genus-level 72 taxa were detected in both the ‘IgG positive’ fraction and ‘IgG negative’ 

fraction of every participant (Figure 5.22). At this level the number of taxa detected in the ‘IgG 

positive’ fraction but not in the ‘IgG negative’ fraction also varied between individuals with no clear 

patterns; in pair 1 the patient had 3 and the control had 6 taxa, in pair 2 the patient had 9 and the 

control had 7 taxa, in pair 3 the patient had 2 and the control had 3 taxa, in pair 4 the patient had 

23 and the control had 2 taxa and in pair 5 the patient had 14 and the control had 17 taxa. Again, 

the number of taxa detected in the ‘IgG negative’ fraction but not in the ‘IgG positive’ fraction also 

varied between individuals; in pair 1 the patient had 5 and the control had 10 taxa, in pair 2 the 

patient had 8 and the control had 9 taxa, in pair 3 the patient had 56 and the control had 4 taxa, in 

pair 4 the patient had 9 and the control had 30 taxa and in pair 5 the patient had 6 and the control 

had 6 taxa. In addition to having 56 taxa detected in the ‘IgG negative’ fraction but not in the ‘IgG 

positive’ fraction, the patient from pair 3 also had 5 taxa with relative abundances in the ‘IgG 

negative’ fraction that were more than 80-fold higher than in the ‘IgG positive’ fraction. 

Interestingly, the relative abundance of Starkeya was more than 1000-fold higher in the ‘IgG 

negative’ fraction than the ‘IgG positive’ fraction. Azospira was detected in all participants’ stool 

samples, but pair 3 were the only pair with Azospira not detected in the ‘IgG positive’ fraction. 

Malassezia was detected in the ‘IgG negative’ but not the ‘IgG positive’ fraction of 3 patients. 

Another interesting observation was that in 3 patients Devosia was detected in the ‘IgG negative’ 

but not the ‘IgG positive’ fraction, and Devosia was only detected in one other participant, a 

household control who had Devosia present in both the ‘IgG positive’ and the ‘IgG negative’ 

fraction. Finally, Methylobacterium was only detected in the stool samples of pair 3. Interestingly 

the patient only had Methylobacterium detected in the ‘IgG negative’ fraction whereas the control 

only had Methylobacterium detected in the ‘IgG positive’ fraction.  



 

231 
 

 



 

232 
 

← Figure 5.22: Top 20 genera in ‘IgG positive’ fractions and ‘IgG negative’ fractions in stool 

samples from severe ME/CFS patients and their matched household controls. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant 
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5.3.2.1.7 Species 

At the species-level 122 taxa were detected in both the ‘IgG positive’ fraction and the ‘IgG negative’ 

fraction of every participant (Figure 5.23). At this level the number of taxa detected in the ‘IgG 

positive’ fraction but not in the ‘IgG negative’ fraction also varied between individuals with no clear 

patterns; in pair 1 the patient had 15 and the control had 11 taxa, in pair 2 the patient had 18 and 

the control had 15 taxa, in pair 3 the patient had 6 and the control had 9 taxa, in pair 4 the patient 

had 47 and the control had 3 taxa, in pair 5 the patient had 31 and the control had 39 taxa. Again, 

the number of taxa detected in the ‘IgG negative’ fraction but not in the ‘IgG positive’ fraction also 

varied between individuals; in pair 1 the patient had 15 and the control had 17 taxa, in pair 2 the 

patient had 25 and the control had 25 taxa, in pair 3 the patient had 176 and the control had 20 

taxa, in pair 4 the patient had 12 and the control had 81 taxa and in pair 5 the patient had 18 and 

the control had 26 taxa. Another interesting observation in the patient from pair 3 was that they 

had 5 taxa whose relative abundance was more than 100-fold greater in the ‘IgG negative’ fraction 

than ‘IgG positive’ fraction, and 1 taxon whose relative abundance was more than 1000-fold greater 

in the ‘IgG negative’ fraction than the ‘IgG positive’ fraction. Species which may be of interest were 

Romboutsia hominis, Devosia sp. I507 and M. restricta because they were all detected in the ‘IgG 

negative’ but not the ‘IgG positive’ fraction in 3 patients. Another interesting finding was that 

Acidovorax carolinensis was only detected in two patients, in both of which this taxon was only 

detected in the ‘IgG negative’ fraction. Pseudomonas putida was detected in stool samples from 2 

patients and 1 household control, and in the patients this taxon was only detected in the ‘IgG 

positive’ fraction whereas the household control only had this taxon detected in the ‘IgG negative’ 

fraction. Finally, Rhodococcus erthropolis was only detected in stool samples from 2 patients and 1 

household control and in those 2 patients it was only detected in the ‘IgG negative’ fraction whereas 

it was detected in the positive and negative fraction of the household control. 
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← Figure 5.23: Top 20 species in ‘IgG positive’ fractions and ‘IgG negative’ fractions in stool 

samples from severe ME/CFS patients and their matched household controls. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. 
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5.3.2.1.8 Summary   

In conclusion, when comparing the taxonomic composition of ‘IgG positive’ microbes and ‘IgG 

negative’ microbes between severe ME/CFS patients and their matched household controls no 

global differences were identified. For most taxa, if they were detected in the ‘IgG positive’ fraction 

they were also detected in that participants ‘IgG negative’ fraction. There were a few taxa which 

were exceptions as they were only detected in one fraction. For each participant these exceptions 

were different taxa. When comparing taxa in a participant’s ‘IgG positive’ fraction to that 

participant’s ‘IgG negative’ fraction the relative abundances were similar. The severe ME/CFS 

patient from pair 3 was an exception as they had taxa detected at a relative abundance 100-fold or 

more higher in the ‘IgG positive’ fraction compared to the ‘IgG negative’ fraction and vice versa.   

5.3.2.2 Alpha diversity 

Numbers of species found in ‘IgG positive’ fractions and ‘IgG negative’ fractions from stool were 

measured using observed richness on rarefied reads (Figure 5.24). When comparing the ‘IgG 

positive’ fraction (M = 321.540, SD = 48.148) to the ‘IgG negative’ fraction (M = 357.981, SD = 

34.030) from household controls the average observed richness score was higher in the ‘IgG 

negative’ fraction. Interestingly in 4 of the household controls the observed richness scores were 

similar in the ‘IgG positive’ and ‘IgG negative’ fraction, and the household control from pair 4 had 

nearly half of the observed richness score in the ‘IgG positive’ fraction compared to their ‘IgG 

negative’ fraction.  The average observed richness score was also lower in the ‘IgG positive’ fraction 

(M = 338.662, SD = 45.592) than the ‘IgG negative’ fraction (M = 365.129, SD = 91.075) in severe 

ME/CFS patients. Unlike the household control, the severe ME/CFS patient from pair 4 had a higher 

observed richness score in the ‘IgG positive’ fraction than the ‘IgG negative’ fraction. In addition, 

the observed richness score of the ‘IgG positive’ fraction in the patient from pair 3 was nearly half 

the score measured in their ‘IgG negative’ fraction. When comparing ‘IgG positive’ fractions of 

severe ME/CFS patients (M = 338.662, SD = 45.592) to their matched household controls (M = 

321.540, SD = 48.148) three patients had lower and two patients had higher observed richness 

scores than their matched household control.  
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Figure 5.24: Observed richness of species from stool samples that were ‘IgG positive’ and ‘IgG 

negative’. A) comparing the observed richness of the ‘IgG positive’ (n = 5) and ‘IgG negative’ 

fractions (n = 5) in household controls B) comparing the observed richness of the ‘IgG positive’ (n = 

5) and ‘IgG negative’ fractions (n = 5) in severe ME/CFS patients C) comparing the observed richness 

of the ‘IgG positive’ fractions between severe ME/CFS patients (n = 5) and their matched household 

controls (n=5). 
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5.3.2.3 Beta diversity  

Dissimilarity between the ‘IgG positive’ and ‘IgG negative’ fractions in severe ME/CFS patients and 

their matched household controls was measured using the Jaccard index. Distances between 

samples were visualised using a NMDS plot (Figure 5.25). The distance between the ‘IgG positive’ 

and ‘IgG negative’ fraction in every participant was shorter than the distance to another 

participant’s sample. The ‘IgG positive’ and ‘IgG negative’ fractions in patients from pairs 3 and 4 

had the greatest distance from the rest of the samples, with both patients’ ‘IgG positive’ fraction 

having the greatest distance. Interestingly, the ‘IgG negative’ fraction from the patient in pair 5 had 

a greater distance than the ‘IgG positive’ fraction from the cluster of samples.   
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Figure 5.25: Beta diversity of species from stool samples that were ‘IgG positive’ and ‘IgG 

negative’. Beta diversity was calculated using the Jaccard index to measure the dissimilarity 

between severe ME/CFS patients’ ‘IgG positive’ fraction (n = 5), severe ME/CFS patients’ ‘IgG 

negative’ fraction (n = 5), household controls’ ‘IgG positive’ fraction (n = 5) and household controls’ 

‘IgG negative’ fraction. Neg_cl = ‘IgG negative’ sample from the household control, neg_pt = ‘IgG 

negative’ sample from the severe ME/CFS patient, pos_cl = ‘IgG positive’ sample from the household 

control, pos_pt = ‘IgG positive’ sample from the severe ME/CFS patient. 
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5.3.2.4 IgG probability ratio 

The probability of a microbe within a given taxa being bound by IgG was calculated using the IgG 

probability ratio. Positive IgG probability ratios indicate that a taxon is more likely to be coated than 

uncoated by IgG whereas negative IgG probability ratios indicate a taxon is more likely to be 

uncoated. IgG probability ratios were absent when a taxa was not detected in the ‘IgG positive’ or 

‘IgG negative’ fraction of a participant. IgG probability ratios were calculated for microbes and 

compared between severe ME/CFS patients and their matched household controls at the following 

taxonomic levels: phylum, class, order, family, genus and species.  

5.3.2.4.1 Phylum 

At the phylum-level only 7 out of a possible 19 taxa had IgG probability ratios in 4 or more complete 

participant pairs (Figure 5.26). When analysing these 7 taxa for differential IgG binding none of the 

taxa were significantly different between severe ME/CFS patients and their matched household 

controls.  

Interestingly, when analysing IgG probability ratios of all taxa some patterns began to emerge 

(Supplementary figure 5.4). For example, 4 patients and 1 household control had IgG probability 

ratio scores for Basidiomycota. All four of these severe ME/CFS patients had negative IgG 

probability ratio scores whereas the household control had a positive IgG probability ratio score.  
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Figure 5.26: Summary plot of IgG probability ratios on taxa at the phylum-level. Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. Taxa with IgG 

probability ratios present for 4 or more complete participant pairs are shown on the graph.  
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5.3.2.4.2 Class 

At the class-level only 16 out of a possible 29 taxa had IgG probability ratios in 4 or more complete 

participant pairs (Figure 5.27). When comparing IgG probability ratios for these taxa, 

Epsilonproteobacteria IgG probability ratios were higher in all 5 severe ME/CFS patients compared 

to their matched household controls. In addition, in 4 pairs of participants the Alphaproteobacteria 

IgG probability ratios were lower in severe ME/CFS patients compared to their matched household 

control. However, none of the taxa were significantly different between severe ME/CFS patients 

and their matched household controls.  

Analysis was then expanded to taxa including those with IgG probability ratios in less than 4 

complete participant pairs (Supplementary figure 5.5). Malasseziomycetes, a class within the 

Basidiomycota phylum, was found to have negative IgG probability ratios and positive IgG 

probability ratios in patients and controls respectively. When comparing patients’ IgG probability 

ratios to their matched household controls’ other interesting findings were made. In pair 3 only 2 

of 17 taxa that had IgG probability ratio scores in both the patient and the household control were 

higher in the patient compared to the control. Similarly, in pair 5 only 2 of 18 taxa with IgG 

probability ratio scores in both the patient and the household control were higher in the patient 

compared to the control. In contrast, the patient in pair 4 had IgG probability ratios higher than the 

matched household control in 16 taxa and only 1 taxon was lower than the matched household 

control.   
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Figure 5.27: Summary plot of IgG probability ratios on taxa at the class-level. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. Taxa with IgG 

probability ratios present for 4 or more complete participant pairs are shown on the graph. 
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5.3.2.4.3 Order 

At the order-level only 28 out of a possible 52 taxa had IgG probability ratios in 4 or more complete 

participant pairs (Figure 5.28). IgG probability ratios for Pseudomonas and Campylobacterales were 

higher in all severe ME/CFS patients compared to their matched household controls. In addition, 

the IgG probability ratio scores of Rhizobiales, Micrococcales and Caulobacterales were lower in 

severe ME/CFS patients compared to controls in pairs 1, 2, 3 and 5. Paired t-tests were performed 

to determine whether there were any taxa that were significantly different between severe ME/CFS 

patients and controls. No taxa were significantly different between severe ME/CFS patients and 

matched household controls before or after FDR correction.  

When analysis was expanded to include taxa present in less than 4 complete pairs more interesting 

findings emerged (Supplementary figure 5.6). Malasseziales was detected in 4 patients and 1 

household control, and in all 4 patients the IgG probability ratios were negative whereas the 

household control had a positive IgG probability ratio. Similarly, Brachyspirales was detected in 3 

patients and 1 household control and in all 3 patients the IgG probability ratios were negative 

whereas the household control had a positive IgG probability ratio. When comparing patients’ IgG 

probability ratios to that of their matched household controls’ it was again found that the patient 

from pair 4 had IgG probability ratios higher than their matched household control in all but one 

taxon. This is in contrast to the other patients, 3 of which had IgG probability scores lower when 

compared to their matched household controls in more than half the taxa.  
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Figure 5.28: Summary plot of IgG probability ratios on taxa at the order-level. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. Taxa with IgG 

probability ratios present for 4 or more complete participant pairs are shown on the graph. 
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5.3.2.4.4 Family 

At the family-level only 51 out of a possible 101 taxa had IgG probability ratios in 4 or more 

complete participant pairs (Figure 5.29). Interestingly the IgG probability ratio scores of 

Actinomycetaceae, Alcaligenaceae, Bradyrhizobiaceae, Caulobacteraceae, Microbacteriaceae, 

Phyllobacteriaceae, Prevotellaceae, Rhizobiaceae, Ruminococcaceae and Xanthobacteraceae were 

lower in severe ME/CFS patients compared to their matched household controls in all pairs except 

pair 4, where the patient had higher IgG probability ratios compared to the control for the 

aforementioned taxa. In addition, the IgG probability ratio for Siphoviridae was lower in severe 

ME/CFS patients compared to controls in pairs 1, 2, 3 and 5. Comparisons could not be made in pair 

4 as Siphoviridae was not detected in the patient sample. Campylobacteraceae and 

Pseudomonadaceae had higher IgG probability ratio scores in severe ME/CFS patients compared to 

their matched household controls in pairs 1, 2, 4 and 5. Whereas the severe ME/CFS patient from 

pair 3 had lower IgG probability ratios for Campylobacteraceae and Pseudomonadaceae than the 

matched household control. In addition, this patient had the lowest IgG probability ratio scores for 

31 taxa when compared to all other participants. The patient from pair 3 also had the highest IgG 

probability ratio recorded, which was for Podoviridae. However, no taxa were significantly different 

between severe ME/CFS patients and matched household controls before or after FDR correction. 

Analysis was then expanded to include taxa present in less than 4 complete pairs (Supplementary 

figure 5.7). Malasseziaceae, part of the Malasseziales order, was detected in 4 patients and 1 

household control, and in all 4 patients the IgG probability ratios were negative whereas the 

household control had a positive IgG probability ratio. Similarly, Brachyspiraceae, part of the 

Brachyspirales order, was detected in 3 patients and 1 household control and in all 3 patients the 

IgG probability ratios were negative whereas the household control had a positive IgG probability 

ratio.  
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Figure 5.29: Summary plot of IgG probability ratios on taxa at the family-level. Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. Taxa with IgG 

probability ratios present for 4 or more complete participant pairs are shown on the graph.
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5.3.2.4.5 Genus 

At the genus-level only 105 out of a possible 251 taxa had IgG probability ratios for 4 or more 

complete participant pairs (Figure 5.30). Campylobacter and Pseudomonas were detected in all 

participants and the IgG probability ratios were higher in all severe ME/CFS patients compared to 

their matched household controls. Peribacillus was detected in four complete pairs with severe 

ME/CFS patients having higher IgG probability ratios than their matched household controls. In 

addition, Faecalibaculum and Taranisvirus were detected in four complete participant pairs and the 

IgG probability ratios were lower in severe ME/CFS patients compared to their matched household 

controls. Agrobacterium, Aminobacter, Bradyrhizobium, Brevundimonas, Faecalibacterium, 

Intestinibaculum, Labrys, Mesorhizobium, Microbacterium, Paraprevotella, Phocaeicola, 

Rhizobium, Rhodopseudomonas, Romboutsia, Shinella and Sphingopyxis had IgG probability ratio 

scores in all participants, with lower scores in severe ME/CFS patients compared to their matched 

household controls in all pairs apart from pair 4, whose patient had higher IgG probability ratios 

compared to their matched household control. Other taxa of interest were Clostridioides and 

Lachnoclostridium because in four pairs of participants the IgG probability ratio was lower in severe 

ME/CFS patients compared to their matched household controls but the patient from pair 1 had 

higher IgG probability ratios compared to their matched household control. In addition, IgG 

probability ratios for Phoenicibacter were higher in severe ME/CFS patients compared to their 

matched household controls in all pairs except for pair 1, where the patient had a lower IgG 

probability ratio compared to their matched household control. When severe ME/CFS patients 

were compared to their matched household controls and analysed for significance, no taxa had 

significantly different IgG probability ratio scores between severe ME/CFS patients and matched 

household controls before or after FDR correction. 

When analysis was expanded to include taxa present in less than 4 complete pairs more patterns 

emerged (Supplementary figure 5.8). Malassezia, part of the Malasseziaceae family, was detected 

in 4 patients and 1 household control, and all 4 patients had negative IgG probability ratios whereas 

the control had a positive IgG probability ratio. Similarly, Brachyspira was detected in 3 patients 

and 1 household control and all 3 patients had negative IgG probability ratios whereas the 

household control had a positive IgG probability ratio. Finally, the highest IgG probability ratio 

recorded was 0.784 which was measured for the patient from pair 3 for the Salasvirus genus. This 

genus was not detected in any other participant.   
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← Figure 5.30: Summary plot of IgG probability ratios on taxa at the genus-level. Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. Taxa with IgG 

probability ratios present for 4 or more complete participant pairs are shown on the graph. 

  



 

251 
 

5.3.2.4.6 Species 

At the species-level only 204 out of a possible 619 taxa had IgG probability ratios for 4 or more 

complete participant pairs (Figure 5.31). C. jejuni was detected in all participants and the IgG 

probability ratios were higher in all severe ME/CFS patients compared to their matched household 

controls. Peribacillus simplex and Pseudomonas viridiflava were detected in four complete 

participant pairs and the IgG probability ratios were higher in the severe ME/CFS patients compared 

to their matched household controls. In addition, Cupriavidus basilensis, Faecalibacterium virus 

Taranis, Faecalibaculum rodentium, Microbacterium sp. CBA3102 and Rothia dentocariosa were 

detected in four complete participant pairs and the IgG probability ratios were lower in the severe 

ME/CFS patients compared to their matched household controls. However, when performing 

paired t-tests to assess significance of these differences only C. jejuni and P. viridiflava had p < 0.05 

prior to FDR correction, and no taxa remained significant following FDR correction (Figure 5.32, 

Table 2).  

When analysis was expanded to all taxa more patterns emerged (Supplementary figure 5.9). 

Another interesting finding was that the patient from pair 3 had IgG probability ratios less than -0.5 

in Brevundimonas vancanneytii, Mesorhizobium cicero, Sphingopyxis sp. MG and Starkeya novella. 

The only other participants with IgG probability ratios less than -0.5 were household controls from 

pairs 3 and 5 for Bacteroides sp. PHL2737. The only taxa that had an IgG probability ratio greater 

than 0.5 was Bacillus virus phi29 in the patient from pair 3. M. restricta was detected in 4 patients 

and 1 household control, with all 4 patients having negative IgG probability ratios where the 

household control had a positive IgG probability ratio close to zero. In addition, Brachyspira 

pilosicoli was detected in 3 patients and 1 control with all patients having negative IgG probability 

ratios whereas the control had a positive IgG probability ratio.  
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←Figure 5.31: Summary plot of IgG probability ratios on taxa at the species-level. Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxa being coated by IgG. Taxa with IgG 

probability ratios present for 4 or more complete participant pairs were shown on the graph. 
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Figure 5.32: Pairwise comparisons of species-level IgG probability ratios in severe ME/CFS 

patients and their matched household controls. Paired t-tests were performed on taxa present in 

at least four complete participant pairs to determine whether IgG probability ratios were 

significantly different between severe ME/CFS patients (n=5) and their matched household controls 

(n = 5). Taxa with a p-value < 0.05 (prior to FDR correction) are shown on the graph.   
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Table 5.2: P values pre and post FDR correction from differential abundance analysis on IgG 

probability ratios. Paired t-tests were performed on taxa present in at least four complete 

participant pairs to determine whether IgG probability ratios were significantly different between 

severe ME/CFS patients (n=5) and their matched household controls (n = 5). Taxa with a p-value < 

0.05 (prior to FDR correction) are shown. 

Taxa p-value prior to FDR 
correction 

p-value with FDR correction 

Campylobacter jejuni 0.028 0.995 

Pseudomonas viridiflava 0.037 0.995 

 

5.3.2.4.7 Summary 

Comparing taxa with IgG probability ratios in four or more complete participant pairs found a non-

significant increase in IgG binding to C. jejuni and P. viridiflava in severe ME/CFS patients compared 

to their matched household controls. Comparing the IgG probability ratios in all taxa showed 

heterogenous IgG binding profiles in both severe ME/CFS patients and household controls. In all of 

the 4 severe ME/CFS patients that M. restricta was detected the IgG probability ratios were 

negative, whereas in the 1 household control M. restricta was detected in the IgG probability ratio 

was positive. This pattern was seen from the phylum-level to the species-level for this taxon. 

Similarly, in all of the 3 severe ME/CFS patients that B. pilosicoli was detected in the IgG probability 

ratios were negative, whereas in the 1 household control B. pilosicoli was detected in the IgG 

probability ratio was positive. This pattern was seen from the order-level to the species-level for 

this taxon. Comparing all IgG probability ratios within pairs found that the patient from pair 4 had 

IgG probability ratios higher than their matched household control for most taxa. In contrast, in 3 

pairs of participants the severe ME/CFS patients had lower IgG probability ratios than their matched 

household control in over half the taxa.      

5.3.3 The functional potential of the gut microbiome 

The abundance of gene families in the ‘all’ sorted fractions from severe ME/CFS patients and their 

matched household controls were analysed to determine whether there were functional 

differences of the microbiome between patients and controls. A total of 1,337,702 gene families 

were detected, 464,263 of which remained after applying the threshold. The final filtering step 

removed gene families that were below the threshold in more than 7 samples, which left 84,888 

gene families. With such a large number of variables, univariate analysis was not appropriate to 

determine if there were differences in the gene families between severe ME/CFS patients and 

matched household controls. Therefore, multivariate analysis was used. PCA was used to reduce 

the number of variables by defining principal components (PC) that highlight the largest sources of 

variation in the data. 94 % of variance across samples was explained by eight PCs which indicated a 
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large variation amongst participants (Figure 5.33). PC4 highlighted variation attributable to 

differences between severe ME/CFS patients and household controls; patients had higher sample 

scores than controls. However, only 11 % of variance was explained by PC4. From analysing the 

gene families with the 20 highest and 20 lowest loadings on PC4 an overlap of relative abundances 

between patients and controls can be seen in all the gene families, with a greater variation of gene 

families’ relative abundances in the controls (Figure 5.34). When comparing the relative 

abundances of the 20 gene families with the highest loadings between severe ME/CFS patients and 

their matched household controls, 3 of the gene families had a higher relative abundance in all 5 

patients when compared to their matched household controls (Supplementary figure 5.10). In 

addition, comparing the relative abundances of the 20 gene families with the lowest loading scores 

revealed 50 % had lower relative abundances in all 5 patients when compared to their matched 

household controls (Supplementary figure 5.11).  
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Figure 5.33: Principal component analysis of gene families from stool microbial communities in 

severe ME/CFS patients (blue) and household controls (red). Stool microbes from severe ME/CFS 

patients (n=5) and their matched household controls (n=5) were stained with SYBR™ green I nucleic 

acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter. Shotgun metagenomic 

sequencing was performed to identify gene families present in each sample. PCA was performed on 

gene families with 4 or more values over the threshold. Pair numbers are denoted on the graphs but 

were not used in the analysis. 
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Figure 5.34: A summary of CLR transformed relative abundances of gene families contributing to 

variation separating severe ME/CFS patients (blue) from household controls (red). Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were stained with 

SYBR™ green I nucleic acid gel stain and ‘all’ cells were collected using the Sony SH800S cell sorter. 

Shotgun metagenomic sequencing was performed to identify gene families present in each sample. 

PCA was performed on gene families with 4 or more values over the threshold. CLR transformed 

relative abundances of gene families with A) the 20 highest and B) the 20 lowest loadings on PC4 

are shown. 
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5.3.4 Functional analysis of ‘IgG positive’ and ‘IgG negative’ stool microbes 

The relationship between IgG binding of stool microbes and the microbial community function was 

assessed by analysing the abundance of gene families present in ‘IgG positive’ and ‘IgG negative’ 

stool microbes. The likelihood of a gene family being more or less abundant in the ‘IgG positive’ 

fraction was determined on the 464,263 gene families detected above the threshold using the IgG 

probability ratio. 1,724 gene families had IgG probability ratio scores in all participants and 

therefore were used in the PCA. 13 % of the variance separated severe ME/CFS patients from four 

household controls, demonstrated on PC2 (Figure 5.35). The 20 highest and lowest loadings on PC2 

were visualised to confirm that the IgG probability ratios scores of these gene families were 

contributing to the separation of severe ME/CFS patients from controls (Figure 5.36). For both the 

positive and negative loadings IgG probability ratios recorded in patients overlapped with the IgG 

probability ratios recorded in household controls. A greater variation of IgG probability ratio scores 

was seen in the control group for the 20 highest loading scores (Figure 5.36A). Conversely, the 

patient group had a greater variation of IgG probability ratio scores for the 20 lowest loading scores 

(Figure 5.36B).   

The largest variance seen amongst samples was on PC1, which explained 67 % of variance. PC1 

highlighted a difference between the patient from pair three and the rest of the participants (Figure 

5.35). The majority of loadings for gene families on PC1 were positive (Figure 5.37A). Analysing the 

gene families with the 20 highest positive loadings found that these gene families had lower IgG 

probability ratios in the patient from pair 3 compared to other participants (Figure 5.37B). 

Conversely, gene families with the 20 lowest loadings had higher probability ratios in the patient 

from pair 3 compared to the other participants (Figure 5.37C).  
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Figure 5.35: Principal component analysis of IgG probability ratios of gene families from stool 

microbial communities in severe ME/CFS patients (blue) and household controls (red). Stool 

microbes from severe ME/CFS patients (n=5) and their matched household controls (n=5) were 

incubated with serum IgG in vitro. ‘IgG positive’ and ‘IgG negative’ microbes were subsequently 

collected using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed 

to identify the relative abundance of gene families present in the sorted fractions from each 

participant. The IgG probability ratio was used to calculate the likelihood of a gene family being 

more or less abundant in the ‘IgG positive’ fraction. PCA was performed on gene families with IgG 

probability ratios in all participants. Pair numbers are denoted on the graphs but were not used in 

the analysis. 
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Figure 5.36: A summary of gene families with IgG probability ratios contributing to variation 

separating severe ME/CFS patient samples (blue) from household control samples (red). Stool 

microbes from severe ME/CFS patients (n=5) and their matched household controls (n=5) were 

incubated with serum IgG in vitro. ‘IgG positive’ and ‘IgG negative’ microbes were subsequently 

collected using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed 

to identify the relative abundance of gene families present in the sorted fractions from each 

participant. The IgG probability ratio was used to calculate the likelihood of a gene family being 

more or less abundant in the ‘IgG positive’ fraction. PCA was performed on gene families with IgG 

probability ratios in all participants. IgG probability ratios of gene families with A) the 20 highest 

and B) the 20 lowest loadings on PC2 are shown. 
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Figure 5.37: Loadings and probability ratios of gene families of interest from PC1. Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ and ‘IgG negative’ microbes were subsequently collected using the 

Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify the 

relative abundance of gene families present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a gene family being more or less abundant 

in the ‘IgG positive’ fraction. PCA was performed on gene families with IgG probability ratios in all 

participants. A) loading scores of gene families on PC1, B) probability ratios of gene families with 

the 20 highest values on PC1, C) probability ratios of gene families with the 20 lowest values on PC1. 

In B) and C) participant pairs are shown by numbers 1-5 and severe ME/CFS patients are referred to 

as “p” and matched household controls are referred to as “c”. 
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5.4 DISCUSSION  

5.4.1 Summary of key findings 

This chapter describes the first attempt to analyse serum IgG antibody binding to intestinal 

microbes in severe ME/CFS patients. 

Both non-significant increases and decreases in the relative abundance and microbial load of taxa 

at the phylum-, class-, order-, family-, genus- and species-level are seen in severe ME/CFS patients 

compared to their matched household controls. RMP and QMP analysis found different taxa with 

abundance alterations. When analysing the community structure of stool samples in severe ME/CFS 

patients and matched household controls no significant differences in alpha diversity measures are 

found. When analysing the inter-individual differences only clustering amongst household controls 

is observed.  

Separation of ‘IgG positive’ stool microbes from ‘IgG negative’ stool microbes was done to compare 

the preferential binding of IgG to stool microbes in severe ME/CFS patients and their matched 

household controls. The number of species binding serum IgG is similar to the number of species 

not bound by serum IgG in severe ME/CFS patients. The same pattern was seen in household 

controls. In addition, an individual severe ME/CFS patient’s ‘IgG positive’ microbial community is 

more similar to their own ‘IgG negative’ microbial community than ‘IgG positive’ microbes of other 

patients. Comparisons of the number of species binding serum IgG in severe ME/CFS patients to 

the number of species binding serum IgG in matched household controls did not find any significant 

differences. When analysing the probability of a microbe within a given taxa being bound by IgG, C. 

jejuni and P. viridiflava have a non-significant increase in likelihood of being coated by IgG in severe 

ME/CFS patients compared to matched household controls. 

Finally, predictive functional profiling of the stool microbiome revealed 11 % of the explained 

variance in the abundance of gene families separates severe ME/CFS patients from household 

controls. In addition, 13 % of the explained variance in the likelihood of gene families being more 

or less abundant in ‘IgG positive’ stool microbes compared to ‘IgG negative’ stool microbes separate 

5 severe ME/CFS patients from 4 household controls.   

5.4.2 Taxonomic composition of both severe ME/CFS patients’ stool microbes and their matched 

household controls’ stool microbes 

This study does not provide any evidence against the null hypothesis that there are no differences 

in the RMP and QMP of severe ME/CFS patients compared to their matched household controls. 

This is due to the small study size of 5 pairs of severe ME/CFS patients and matched household 

controls having insufficient power to detect differences between groups following correction for 

multiple comparisons. However, from investigating individual taxa, there were differences in both 
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the RMP and QMP of severe ME/CFS patients compared to their matched household controls prior 

to FDR correction, that may have been significant if there was the power to detect them. This 

highlights the need for caution when interpreting findings from p values prior to FDR correction as 

false positive results (type I errors) are not removed.   

At the phylum-level both the relative abundance and microbial load of Basidiomycota, a Eukaryote, 

are higher in severe ME/CFS patients compared to their matched household controls, with p < 0.05 

prior to FDR correction. Furthermore, the phyla Apicomplexa and Ascomycota from the Eukaryote 

domain have lower relative abundances in severe ME/CFS patients compared to their matched 

household controls, with p < 0.05 prior to FDR correction. Interestingly, a previous study has also 

found an increase in the relative abundance of Basidiomycota and a decrease in the relative 

abundance of Ascomycota in ME/CFS patients (Mandarano et al., 2018). In addition, the fungi M. 

restricta has higher relative abundances and microbial loads in severe ME/CFS patients compared 

to their matched household controls at both the genus- and species-level, with p < 0.05 prior to 

FDR correction. Fungi cannot be detected using 16S rRNA sequencing which leaves a limited 

number of ME/CFS microbiome studies for comparison. None of the studies using WGS sequencing 

found altered levels of Malassezia or M. restricta in ME/CFS patients (Guo et al., 2021, Nagy-Szakal 

et al., 2017, Raijmakers et al., 2020). 

Both the relative abundances and microbial loads of 6 genera are lower in severe ME/CFS patients 

compared to their matched household controls, with p < 0.05 prior to FDR correction; Citrobacter, 

Ligilactobacillus, Longibaculum, Microvirgula, Pluribacter and Roseburia. Furthermore, the relative 

abundances and microbial loads of 6 species are lower in severe ME/CFS patients compared to their 

matched household controls, with p < 0.05 prior to FDR correction; A. megaguti, L. ruminis, L. sp. 

KGMB06250, M. aerodenitrificans, P. gergoviae and R. intestinalis. However, only a decrease in the 

relative abundance of Roseburia and R. intestinalis in ME/CFS patients is also found by others 

(Frémont et al., 2013, Guo et al., 2021, Nagy-Szakal et al., 2017). It is important to note that two of 

these studies further stratified ME/CFS patients into those with and those without IBS, with one 

study finding a decrease in Roseburia only in patients with comorbid IBS (Guo et al., 2021, Nagy-

Szakal et al., 2017). However, Guo et al. (2021) found a decrease in the microbial load of Roseburia 

in ME/CFS patients with IBS and ME/CFS patients without IBS, suggesting ME/CFS associated shifts 

in Roseburia levels. Depletion of R. intestinalis in ME/CFS patients with IBS but not ME/CFS patients 

without IBS has been noted previously (Nagy-Szakal et al., 2017). Our study only compares severe 

ME/CFS patients with IBS to matched household controls without ME/CFS or IBS, so associations 

with ME/CFS patient status independent of IBS status cannot be made.  

The community structure of the intestinal microbiome was assessed using alpha and beta diversity 

measures, which assess the intra- and inter- sample diversity respectively. The sample size in the 
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current study had the statistical power to reject the null hypothesis that there was no significant 

difference in alpha diversity measures between severe ME/CFS patients and matched household 

controls. However, all measures of alpha diversity are not significantly different between severe 

ME/CFS patients and their matched household controls, supporting the null hypothesis. This is in 

contrast to a previous study conducted by Giloteaux et al. (2016) who found a significant reduction 

in species richness, Shannon H and Chao1 diversity scores in ME/CFS patients. These differences 

could be due to the sequencing method used. Giloteaux et al. (2016) used 16S rRNA sequencing 

which identifies bacteria and archaea whereas the present study used WGS sequencing which, in 

addition to bacteria and archaea, identifies viruses, protozoa and fungi. Also, 16S rRNA sequencing 

does not identify rare taxa whereas WGS does. Only one other study has measured alpha diversity 

on WGS sequencing data and found significantly lower evenness and Shannon diversity scores in 

ME/CFS patients but no significant differences in observed species scores (Guo et al., 2021).  

The sample size was too small to apply statistical methods to determine whether beta diversity was 

significantly different between severe ME/CFS patients and their matched household controls. 

Instead, the Bray-Curtis dissimilarities had to be interpreted visually. Samples from household 

controls had the smallest distances clustering together whereas samples from the severe ME/CFS 

patients did not form clusters and instead had large distances from the household control cluster 

and from other patient samples. This visual interpretation indicates the household control cohort 

are more homogeneous than the severe ME/CFS patient cohort.  

Overall, this research was unable to confirm that severe ME/CFS patients have microbial dysbiosis 

or enriched or depleted taxa. Comparing the taxa that were different between severe ME/CFS 

patients and matched household controls prior to FDR correction to previous studies highlights 

which taxa may be significant had this study had the power to detect them. The taxa found in this 

study to be different between severe ME/CFS patients and matched household controls, which 

were not found in previous studies, may be examples of false positive results. Alternatively, these 

taxa may not have been found to be enriched or depleted in ME/CFS patients in previous studies 

because of the geographic location used in this study. Fremont et al. (2013) demonstrated 

microbiome studies in different geographic locations find different taxa that are enriched or 

depleted in ME/CFS patients. To date no microbiome studies in ME/CFS patients conducted in the 

UK have been published. Therefore, further studies with larger sample sizes are needed to 

determine microbiome alterations in UK ME/CFS patients.     

5.4.3 Functional potential of the intestinal microbiome in severe ME/CFS patients compared to 

household controls 

This chapter investigates the functional potential of the microbiome using the abundance of gene 

families found in severe ME/CFS patients and household controls. However, as this study was 
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underpowered with regards to carrying out univariate analyses, the null hypothesis that there was 

no significant difference between the abundance of gene families in severe ME/CFS patients 

compared to their matched household controls could not be tested. Therefore, multivariate 

analysis of gene families’ abundance in severe ME/CFS patients compared to household controls 

was undertaken and only 11 % of the variance of gene families’ relative abundances can be 

explained by disease status. This suggests that there are other variables causing larger variation 

amongst the participants. For example diet, lifestyle and genetics are all known factors to affect the 

microbiome and therefore could also affect the functional potential of the microbiome (Conlon and 

Bird, 2014, Goodrich et al., 2014, Redondo-Useros et al., 2020). The impact of environmental factors 

on microbiome variation can be overcome using paired samples, which were used within the 

current study. However, one limitation of the multivariate analysis was that the patients and 

controls were treated as individual groups, instead of paired samples.  

It is also important to note that the patient cohort had ME/CFS with IBS and the control cohort did 

not have ME/CFS or IBS. This means that it is not known if the explained variance of gene families 

separating patients from controls is due to the presence of ME/CFS, IBS or both. Nagy-Szakal et al. 

(2017) demonstrated the importance of subgrouping ME/CFS patients into those with IBS and those 

without IBS when analysing the functional capacity of the microbiome. Therefore, future studies 

should ensure IBS comorbidity is accounted for in study design.  

5.4.4 Taxa from the intestinal microbiome binding to serum IgG in severe ME/CFS patients 

compared to matched household controls 

Based on the hypothesis that ME/CFS patients have a leaky gut which allows the dissemination of 

intestinal microbes into the systemic circulation and to then stimulate B cell production of 

microbiome reactive IgG antibodies, either a higher number of taxa bound by serum IgG or a 

stronger serum IgG response to taxa in severe ME/CFS patients compared to their matched 

household controls was expected. Surprisingly, there is a high number of taxa bound by serum IgG 

in both severe ME/CFS patients and their matched household controls. A possible explanation as to 

why healthy household controls also have a high number of taxa reactive with serum IgG is the 

persistence of microbiome reactive IgG antibodies in the circulation in health following events such 

as excessive exercise, excessive alcohol consumption and the use of PPIs and NSAIDs (Haas et al., 

2011, Mannon, 2019).  

However, chapter 4 demonstrated that there is a large variation in the proportion of stool microbes 

bound by IgG in both the severe ME/CFS patients and matched household controls. Comparing the 

relative abundance of a taxon in the ‘IgG positive’ fraction to the ‘IgG negative’ fraction is limited 

in its interpretation because it does not account for the size of the ‘IgG positive’ and ‘IgG negative’ 

fractions. To overcome this limitation Jackson et al. (2021) proposed the use of probability ratios. 
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Therefore, the IgG probability ratio to quantify serum IgG binding to individual taxon was used. This 

study is unable to provide any evidence against the null hypothesis that there are no differences in 

the IgG probability ratios of severe ME/CFS patients compared to their matched household controls 

because the study was underpowered and therefore not able to detect significant differences 

between groups following correction for multiple comparisons. However, species C. jejuni and P. 

viridiflava have higher IgG probability ratios in severe ME/CFS patients compared to that of their 

matched household controls, with p < 0.05 prior to FDR correction. It is important to note that the 

IgG probability ratio does not consider the abundance of taxa within a stool sample. Therefore, 

follow-up studies to quantify the levels of IgG binding to cellular isolates at a constant concentration 

should be done to complement this analysis. Undertaking this would confirm if severe ME/CFS 

patients have higher levels of IgG binding to C. jejuni and P. viridiflava than their matched household 

controls.   

IgG probability ratio scores for each taxa are heterogenous amongst severe ME/CFS patients and 

household controls. Despite C. jejuni and P. viridiflava having higher IgG probability ratios in all 

severe ME/CFS patients compared to their matched household controls, the IgG probability ratio 

scores for C. jejuni and P. viridiflava are not the taxa with the highest IgG probability ratios for each 

severe ME/CFS patient. For example, the maximum IgG probability ratio scores recorded in severe 

ME/CFS patients for C. jejuni and P. viridiflava is 0.09 and 0.18 respectively. The maximum IgG 

probability ratio score in the patient from pair 1 is 0.43 for Streptococcus sp. ‘group B’, patient from 

pair 2 is 0.32 for Sphingobium cloaecae, patient from pair 3 is 0.78 for Bacillus virus phi 29, patient 

from pair 4 is 0.33 for Brevundimonas diminuta and patient from pair 5 is 0.31 for Decholorosama 

suillum. This demonstrates that the immune reactivity to intestinal microbes is individualised in 

each severe ME/CFS patient. This finding is in line with the aetiology of ME/CFS as the infectious 

onset seen in patients may not be caused by a single pathogen (Chu et al., 2019).  

Finally, analysing the functional potential of intestinal microbes preferentially binding IgG 

complements the analysis of taxa preferentially bound by IgG as it enables the identification of gene 

families involved in the immunogenic function of those taxa. The IgG probability ratio was used to 

investigate gene families present in taxa that are preferentially bound by serum IgG. As this study 

was underpowered univariate analysis could not be undertaken and therefore gene families more 

or less prevalent in the ‘IgG positive’ fraction could not be determined. Instead, multivariate 

analysis was undertaken and only 13 % of the variance in gene families’ IgG probability ratio scores 

can be explained by disease status. This analysis demonstrates the need to consider other control 

groups. The largest explained variance amongst the samples separates the patient in pair 3 from 

the rest of the participants which shows there is a factor other than disease status driving the 

preferential binding of serum IgG to microbes. In addition, matching controls to patients based on 
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households was not effective as paired participants did not cluster together. Other factors known 

to affect immune status include age, gender and BMI. Therefore, future studies should be 

undertaken comparing ME/CFS patients to age, gender and BMI matched controls.  
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6 CHAPTER SIX: GENERAL DISCUSSION 

6.1 SUMMARY OF THESIS OUTCOMES 

The main finding of this thesis was that severe ME/CFS patients have significantly lower levels of 

serum IgG reactive with heterologous stool bacteria compared to their matched household controls 

and no significant difference in levels of serum IgG reactive with autologous stool bacteria. These 

findings do not support the study hypothesis that ME/CFS patients have increased immune 

reactivity to the microbiome as a consequence of a leaky gut. Instead they suggest ME/CFS patients 

have an impaired IgG reactivity to intestinal microbes. This chapter discusses the impact of these 

findings on ME/CFS research and the strengths and weaknesses of the study. Finally, suggestions 

on the direction of future research are provided.     

6.2 IMPACT OF THESIS FINDINGS  

The primary aim of this thesis, addressed in chapter 4, was to determine whether severe ME/CFS 

patients have elevated levels of serum IgG antibodies to the microbiome. Instead, the results 

presented within this thesis showed that severe ME/CFS patients have significantly lower levels of 

serum IgG reactive with heterologous stool bacteria compared to their matched household 

controls. One explanation for the reduced levels of serum IgG to heterologous stool bacteria is that 

ME/CFS patients have a weakened immune response against ‘foreign’ antigens. Indeed, there is 

published evidence of impaired pathogen clearance in ME/CFS patients (reviewed in section 1.2.1).  

In addition, despite hypothesising that ME/CFS patients have a leaky gut and bacterial 

translocation, the severe ME/CFS patients did not have elevated serum IgG to autologous stool 

bacteria. These findings were unexpected because in patients with active IBD, a disease involving 

intestinal inflammation and a leaky gut, autologous immune reactivity was greater in patients than 

in healthy controls (Duchmann et al., 1995). This thesis findings together with what is already 

known about a leaky gut supports a weakened IgG immune response in ME/CFS. However, as a 

leaky gut and bacteria translocation is only present in a proportion of ME/CFS patients (Maes et al., 

2007), there is the possibility that the severe ME/CFS patients recruited onto the AI-ME/CFS study 

did not have a leaky gut, which would also explain why the severe ME/CFS patients do not have 

higher IgG reactivity to autologous stool bacteria than their matched household controls. 

Confirmation that ME/CFS patients have reduced serum IgG to autologous stool microbes because 

of a weakened immune response in the presence of a leaky gut will require further studies.  

Healthy household controls have higher serum IgG reactivity to heterologous stool bacteria than 

serum IgG reactivity to autologous stool bacteria. This was in line with a previous study which found 

immune tolerance exists towards autologous stool bacteria, presumably due to an intact gut 
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barrier, but an adaptive immune response is mounted against heterologous stool bacteria in health 

(Duchmann et al., 1995). In contrast, in severe ME/CFS patients serum IgG reactivity to autologous 

stool bacteria was comparable to serum IgG reactivity to heterologous stool bacteria. This supports 

the other findings presented in this thesis that ME/CFS patients have an impaired IgG immune 

response with hypo reactivity to both autologous and heterologous intestinal microbes. IgG 

deficiency is one mechanism which causes impaired IgG immune responses. However, the results 

in this thesis found no significant difference in the concentration of serum IgG between severe 

ME/CFS patients and matched household controls. Another mechanism which involves an impaired 

IgG immune response is immunosenescence (Aiello et al., 2019). Immunosenescence leads to a 

reduction in the function of the adaptive immune system, including reduced ability to produce high 

affinity antibodies to new antigens. Therefore, ME/CFS patients could have immunosenescence 

which impairs IgG immune response to recently translocated autologous stool bacteria and 

heterologous stool bacteria. 

The secondary aim of this thesis, addressed in chapter 5, was to identify which autologous stool 

microbes had a serum IgG immune response. Based on the hypothesis, severe ME/CFS patients 

were expected to have a higher number of species evoking a serum IgG immune response, due to 

intestinal microbe translocation into the systemic circulation. However, the findings discussed in 

chapter 4 of an impaired serum IgG immune response suggest that patients would not have an IgG 

response to all translocated microbes. Indeed, severe ME/CFS patients and their matched 

household controls have a comparable number of species evoking a serum IgG immune response. 

However, when investigating the level of IgG binding to each species there was a non-significant 

increase in IgG binding to C. jejuni and P. viridiflava in severe ME/CFS patients compared to their 

matched household controls. C. jejuni is a foodborne pathogen which causes gastroenteritis and 

can predispose the onset of the autoimmune disease Guillain-Barré syndrome (Rodríguez et al., 

2018). P. viridiflava is not a gut commensal but a plant pathogen which could be ingested when 

eating vegetables (Lipps et al., 2022). The increased IgG binding to C. jejuni and P. viridiflava could 

not be explained by the increased exposure of the systemic immune system to these species, as 

there were no significant differences in the abundance of these species within the stool sample. 

However, as anti-microbiota IgG antibodies are robust and circulate the periphery for many years, 

it could be that at an earlier date these species could have been elevated in severe ME/CFS patients. 

Longitudinal studies analysing the microbiome composition and immune reactivity would be able 

to identify the influence of dynamic changes of the microbiome on the level and diversity of anti-

stool microbe IgG antibodies circulating in the blood.   

This is the first study to analyse mucosal IgA reactivity to the intestinal microbiome in ME/CFS 

patients. Based upon the hypothesis that ME/CFS patients have microbial dysbiosis and intestinal 



 

272 
 

inflammation, it was anticipated that the severe ME/CFS patients would have higher secretory IgA 

which binds intestinal microbes, as this is what occurs in IBD (Palm et al., 2014). However, no 

significant differences in bound and non-bound secretory IgA concentrations were found between 

severe ME/CFS patients and their matched household controls. Stratifying the severe ME/CFS 

patients based on disease duration, as suggested by Hornig et al. (2015), the two patients with a 

disease duration greater than 5 years had higher microbe bound IgA concentrations compared to 

their matched household controls. This suggests that microbial dysbiosis and intestinal 

inflammation occur later in the course of disease progression. As previous studies have not 

compared microbial dysbiosis or intestinal inflammation in long versus short duration of illness 

these findings cannot be corroborated.  

6.3 LIMITATIONS 

6.3.1 Recruitment and sample collection 

The biggest limitation of this thesis was participant recruitment. Five pairs of severe ME/CFS 

patients and matched household controls were recruited onto the AI-ME/CFS study, which was half 

of the target sample size. Analysing microbial composition of 5 pairs of severe ME/CFS patients and 

matched household controls was insufficient to detect significant changes following correction for 

multiplicity. Other microbiome studies in ME/CFS patients with significant findings recruited more 

than 30 cases and controls (Frémont et al., 2013, Giloteaux et al., 2016a, Guo et al., 2021, Nagy-

Szakal et al., 2017, Raijmakers et al., 2020).   

The choice to analyse severe ME/CFS patients in order to define a homogeneous group of ME/CFS 

patients hindered participant recruitment. This was because only 25 % of ME/CFS patients are 

categorised as severe (Pendergrast et al., 2016), resulting in a small pool of eligible patients. 

Furthermore, some severe ME/CFS patients lacked the capacity to provide informed consent, due 

to the severity of cognitive symptoms, which excluded them from the study. As a result, only 36 of 

3812 ME/CFS patients registered with the ESTH CFS Service and the ECCHC ME/CFS Service were 

invited to participate in the study.  Recruitment of matched household controls also hindered 

recruitment as severe ME/CFS patients were often unable to identify matched household controls 

who were healthy and fulfilled eligibility criteria.   

Sample collection from severe ME/CFS patients introduced logistical challenges to the study as 

home visits had to be scheduled. This meant that both the chief investigator and phlebotomist had 

to travel to participants’ homes to undertake the consenting procedure and sample collection. 

Collecting samples from ECCHC patients involved up to a two hour round trip and collecting samples 

from ESTH patients involved up to a 7 hour round trip. The study team attempted to schedule ESTH 

home visits for the same day and ECCHC home visits for the same day to minimise the length of 
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time travelling. However, this was further complicated because of the severity of symptoms these 

patients experienced, as patients only had a short window within a day during which they felt well 

enough to receive visitors.  

6.3.2 The missing components of the intestinal microbiome 

Chapter 3 describes how the ‘bug FACS’ method first developed by Palm et al. (2014) to detect 

mucosal IgA binding to stool bacteria was modified and optimised to enable the detection of serum 

IgG binding to both bacteria and fungi found within the stool. However, the method was not 

optimised for the detection of the virome and archaeome which are other components of the stool 

microbiome. Despite the ‘bug FACS’ method not being optimised to detect these additional 

components, archaea and viruses were detected in the stool samples of severe ME/CFS patients 

and matched household controls.  

The detection of viruses using ‘bug FACS’ was not optimised due to the small size of viruses (ranging 

from 17 nm to 350 nm) being below the limit of detection of conventional flow cytometers (300-

500 nm) (Lippé, 2018). Eukaryotic viruses are suspected to play a part in the onset of ME/CFS, as 

many researchers propose ME/CFS is triggered by an infectious disease (Blomberg et al., 2018). In 

addition, infections with specific viruses such as EBV and RRV have been recorded to predate 

ME/CFS onset (Hickie et al., 2006, Katz et al., 2009). In addition, viruses are a crucial component of 

the gut microbiome, termed the virome. The virome consists of bacteriophages (97.7 %), eukaryotic 

viruses (2.1 %) and archaeal viruses (0.1 %) (Gregory et al., 2020), which outnumber bacterial cells 

by as much as 10:1 (Mukhopadhya et al., 2019). Bacteriophages are thought to be able to shape 

the microbiome composition through the proposed mechanisms; kill the winner, biological 

weapon, community shuffling and emerging new bacterial strain (review in Mukhopadhya et al., 

2019). They can indirectly modulate the immune system by lysing bacterial cells, releasing PAMPs 

which stimulate proinflammatory responses (Sinha and Maurice, 2019). In contrast, eukaryotic 

viruses directly modulate the immune system during both homeostasis and viral infection (Li et al., 

2021). By excluding viruses from ‘bug FACS’ analysis the impact of the virome on the immune 

system in ME/CFS patients cannot be assessed.    

6.3.3 Confounding variables 

Microbiome studies are often limited by confounding variables, which reduce the capacity to 

identify disease specific microbiome alterations. One confounding variable demonstrated to affect 

the identification of ME/CFS disease associated microbiome changes is lifestyle and geographical 

location (Lupo et al., 2021). The results presented within this thesis also accounted for the effect of 

lifestyle and geographical location by recruiting matched household controls. However, there are 

additional confounding variables of microbiome studies which include gender, age, BMI, 

medications, stool consistency and frequency (Falony et al., 2019, Vujkovic-Cvijin et al., 2020). 
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Gender (Klein and Flanagan, 2016), age (Milan-Mattos et al., 2019) and BMI (Ilavská et al., 2012) 

are also confounding variables when studying the immune system. These confounding variables 

were not accounted for when matching patients and controls in this study. An alternative way to 

account for microbiome covariates is to adjust for these factors during multivariate differential 

abundance analysis. However, it was not possible to adjust for any further covariates in this study 

due to the small sample size. Another confounding variable of ME/CFS microbiome studies not 

accounted for in the AI-ME/CFS study patient cohort was IBS comorbidity (Nagy-Szakal et al., 2017). 

All severe ME/CFS patients in this study had comorbid IBS, whereas none of the controls had 

comorbid IBS. IBS patients have previously been shown to have changes in their microbiome 

composition (Wang et al., 2020). Therefore, it cannot be ruled out that microbiome changes found 

within this thesis were due to IBS comorbidity.   

6.4 RECOMMENDATIONS FOR FUTURE WORK 

6.4.1 Confirmation of thesis findings in a larger ME/CFS patient cohort 

To confirm the findings presented in this thesis a second human study should be set up recruiting 

a larger cohort of ME/CFS patients. Power calculations using the results from this thesis would 

enable the determination of an appropriate sample size which would enable significant associations 

to be found.  

To overcome the restrictions encountered recruiting severe ME/CFS patients, patient selection 

should instead focus on recruiting moderate ME/CFS patients who are able to attend appointments 

at recruitment centres. By recruiting moderate ME/CFS patients, who make up 50 % of the ME/CFS 

population, the target sample size is more likely to be met. However, the distinction between mild 

and moderate ME/CFS is not clearly defined by current case definitions. Therefore, the 

heterogeneity amongst the ME/CFS patient cohort will increase. One way to reduce this 

heterogeneity is to only recruit moderate ME/CFS patients who have evidence of a leaky gut. A 

leaky gut can be confirmed either by assessing sugar absorption in the gut by measuring sugars in 

urine (Khoshbin et al., 2021) or by measuring the intestinal permeability biomarkers in the blood 

such as LPS, LBP, intestinal fatty acid-binding protein (I-FABP), zonulin and sCD14 (Ohlsson et al., 

2019). 

The identification of a matched household control by the ME/CFS patients also restricted 

participant recruitment. This was because many ME/CFS patients were unable to identify 

somebody who lived with or cared for them who was free of health conditions and willing to 

participate in human trials. Therefore, age, gender and BMI matched healthy controls should 

instead be recruited. However, microbiome associated confounding variables such as diet, lifestyle 

and behaviour will need to be accounted for. One way to account for environmental influences is 
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to collect information on lifestyle and hygiene using ‘the microbiome health questionnaire’ used at 

the QIB. Previous microbiome studies have assessed study participants’ diet using food frequency 

questionnaires or a 24-hour dietary recall (Johnson et al., 2020). However, these methods have 

disadvantages such as recall bias and not including information on food brands, which contain 

different nutrient contents. Phone apps, like Nutritics, is an alternative way to record diet and 

enables brands of food to be easily recorded.  

To account for the contribution of IBS comorbidity to microbiome composition alterations found in 

ME/CFS patients three study cohorts should be recruited. These three study cohorts should either 

be: a) healthy controls, IBS controls and ME/CFS patients with comorbid IBS, or b) healthy controls, 

ME/CFS patients with IBS and ME/CFS patients without IBS.  

6.4.2 ‘Bug FACS’ modification for the detection of viruses 

Conventional flow cytometers are unable to detect small particles sizes such as viruses. However, 

flow virometry can be performed by using either laboratory-built nano-flow cytometers, which 

have previously been optimised to detect light scattering of viruses as small as 27 nm (Ma et al., 

2016), or by fluorescently labelling nucleic acids or lipids or by conjugating fluorescent antibodies 

to nanoparticles to enable detection of light scattering (Lippé, 2018). A number of flow cytometers 

have previously been modified to enable detection of viruses. These include the Guava® eacyCyte™ 

8HT and BD® LSRFortessa II (Zamora and Aguilar, 2018). Therefore, flow virometry is a promising 

technique which could be included into ‘bug FACS’ protocols. The modification of the ‘bug FACS’ 

protocol to determine antibody binding to the virome using flow virometry should be considered. 

6.5 CONCLUSION    

This is the first study to investigate serum IgG immune reactivity to the intestinal microbiome in 

ME/CFS patients and it provides novel findings which suggest ME/CFS patients have an impaired 

serum IgG immune response to intestinal microbes. It also provides the basis for further 

investigation into the leaky gut hypothesis in ME/CFS patients.  
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SUPPLEMENTARY FIGURES 

 

Supplementary figure 4.1: Trialling a previously published protocol for the detection of IgA1/2 in 

stool samples. Stool IgA1/2 was measured in duplicate following Scholtens et al. (2008). The assay 

was performed with all components (orange), without capture antibody (pink), without detection 

antibody (blue) and without Streptavidin-HRP (green). Measurements were taken in duplicate. 

Mean ± SEM is represented on the graph. 
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Supplementary figure 4.2: Optimising the ELISA method for detection of muscoal IgA in stool 

samples. IgA from a human colostrum sample was used to optimise this method. A) comparing 

signal to noise ratio from different lengths of time plates were blocked. B) comparing signal to noise 

ratio of the published protocol (sandwich ELISA) to a modified version where ELISA plates were 

coated with stool samples instead of a capture antibody (indirect ELISA). C) Titrating streptavidin-

HRP and detection antibodies to compare how the signal to noise ratio alters. All graphs display 

mean and the range of duplicate readings.   
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Supplementary figure 4.3: Standard curve for stool IgA measurement. Representative sample of 

A) a standard curve and B) absorbance readings of stool IgA1/2. The standard curve was generated 

using quadratic logistic regression curve fit. The 95 % prediction band is displayed in grey. Mean± 

SEM is displayed on the graphs.   
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Supplementary figure 4.4: Standard curve for serum IgG measurement. Representative sample of 

A) a standard curve and B) absorbance readings of serum IgG. The standard curve was generated 

using quadratic logistic regression curve fit. The 95 % prediction band is displayed in grey. Mean± 

SEM is displayed on the graphs.   
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Supplementary figure 4.5: Optimising an ELISA based method for detecting autologous and 

heterologous stool microbe reactivity to serum IgG. Stool microbes were incubated in Nunc ELISA 

MaxiSorp™ plates. Plates were washed and blocked, incubated with serum, then the detection 

antibody goat anti-human IgG-HRP, the TMB for colour development and sulphuric acid to quench 

the reaction. A) optimising the length of time stool microbes were incubated in the ELISA plate 

during the coating step, B) optimising the washing step by comparing plates undergoing 

centrifugation and plates not undergoing centrifugation, C) optimising the bacterial concentration 

used to coat the plates, D) optimising the serum dilution used, E) optiminising the concentration of 

detection antibody used. Serum from rabbits innoculated with stool microbes collected on day 0 

(negative control) and day 57 (positive control) was used for optimisation in graphs A and B. Healthy 

donors’ stool and serum samples were used for optimisation in graphs C, D and E.  All points 

represent single values.    
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Supplementary figure 5.1: Composition of stool samples from severe ME/CFS patients and their 

matched household controls at the family-level. A) Relative microbiome profiling and B) 

quantitative microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool 

microbes from severe ME/CFS patients (n=5) and their matched household controls (n=5) were 

stained with SYBR™ green I nucleic acid gel stain and ‘sybr green high’ cells were collected using the 

Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify the taxa 

present in each sample. 
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Supplementary figure 5.2: Composition of stool samples from severe ME/CFS patients and their 

matched household controls at the genus-level. A) Relative microbiome profiling and B) 

quantitative microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool 

microbes from severe ME/CFS patients (n=5) and their matched household controls (n=5) were 

stained with SYBR™ green I nucleic acid gel stain and ‘sybr green high’ cells were collected using the 

Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify the taxa 

present in each sample. 

 



 

283 
 

 

Supplementary figure 5.3: Composition of stool samples from severe ME/CFS patients and their 

matched household controls at the species-level. A) Relative microbiome profiling and B) 

quantitative microbiome profiling of taxa present at a relative abundance greater than 0.01. Stool 

microbes from severe ME/CFS patients (n=5) and their matched household controls (n=5) were 

stained with SYBR™ green I nucleic acid gel stain and ‘sybr green high’ cells were collected using the 

Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify the taxa 

present in each sample. 
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Supplementary figure 5.4: IgG probability ratios on taxa at the phylum-level. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. 
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Supplementary figure 5.5: IgG probability ratios on taxa at the class-level. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. 
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Supplementary figure 5.6: IgG probability ratios on taxa at the order-level. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. 
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← Supplementary figure 5.7: IgG probability ratios on taxa at the family-level. Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG.
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← Supplementary figure 5.8: IgG probability ratios on taxa at the genus-level. Stool microbes from 

severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG.
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← Supplementary figure 5.9: IgG probability ratios on taxa at the species-level. Stool microbes 

from severe ME/CFS patients (n=5) and their matched household controls (n=5) were incubated with 

serum IgG in vitro. ‘IgG positive’ fractions and ‘IgG negative’ fractions were subsequently collected 

using the Sony SH800S cell sorter and shotgun metagenomic sequencing was performed to identify 

the relative abundance of taxa present in the sorted fractions from each participant. The IgG 

probability ratio was used to calculate the likelihood of a taxon being coated by IgG. 
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Supplementary figure 5.10: Pairwise comparisons of the 20 gene families with the highest 

loadings on PC4. Stool microbes from severe ME/CFS patients (n=5) and their matched household 

controls (n=5) were stained with SYBR™ green I nucleic acid gel stain and ‘sybr green high’ cells were 

collected using the Sony SH800S cell sorter. Shotgun metagenomic sequencing was performed to 

identify gene families present in each sample. PCA was performed on gene families with 4 or more 

values over the threshold. CLR transformed relative abundances of gene families with the 20 highest 

loadings on PC4 are shown. 
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Supplementary figure 5.11: Pairwise comparisons of the 20 gene families with the lowest loadings 

on PC4. Stool microbes from severe ME/CFS patients (n=5) and their matched household controls 

(n=5) were stained with SYBR™ green I nucleic acid gel stain and ‘sybr green high’ cells were 

collected using the Sony SH800S cell sorter. Shotgun metagenomic sequencing was performed to 

identify gene families present in each sample. PCA was performed on gene families with 4 or more 

values over the threshold. CLR transformed relative abundances of gene families with the 20 lowest 

loadings on PC4 are shown. 
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APPENDICES 

Appendix I: AI-ME/CFS HRA ethical approval 
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Appendix II: Example of AI-ME/CFS study letter of invitation 

 



 

302 
 

Appendix III: Example of AI-ME/CFS study summary participant information sheet 
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Appendix IV: Example of AI-ME/CFS study full participant information sheet for severe ME/CFS 

patients 
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Appendix V: Example of AI-ME/CFS study participant information sheet for matched household 

controls 
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Appendix VI: AI-ME/CFS study eligibility questionnaire  
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Appendix VII: Example of AI-ME/CFS study patient consent form 
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Appendix VIII: Example of AI-ME/CFS study control consent form 
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Appendix IX: AI-ME/CFS study instruction manual for stool sample collection 
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Appendix X: Shortened medical outcomes study 36-item short form health survey (SF-36)  
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Appendix XI: Chalder fatigue questionnaire 
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Appendix XII: Hospital anxiety and depression scale (HADS) 
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Appendix XIII: Self-efficacy questionnaire 
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Appendix XIV: Visual analogue pain rating scale 
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Appendix XV: Epworth sleepiness scale 
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Appendix XVI: AI-ME/CFS study ME/CFS symptom questionnaire 
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