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Abstract 

Background 

Modern day science has enabled the understanding and ability to treat many of society’s 

prevalent diseases. Sepsis, however, is not one of these diseases. Within the developed world 

2.5 million people are admitted to hospital with sepsis each year, and approximately 650,000 

people die from sepsis each year.  Globally, sepsis results in approximately 19 million cases 

per year, and an estimated 5 million deaths [1].  

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host 

response to infection according to the 2016 sepsis 3 definition [2]. Current treatment for 

sepsis includes supportive therapies and antibiotic administration [3], however problems arise 

when the pathogenic agent is viral and not bacterial, as antibiotics are ineffective against viral 

infections. Consequently, novel therapies are required to treat viral sepsis.  

Next generation sequencing (NGS) offers researchers the ability to identify multiple 

organisms in a complex system without culturing or a priori knowledge of the 

microorganism’s nucleic acid sequences. This system provides a means of characterising the 

population of viruses that cause sepsis, thus paving the way for the development of rapid 

detection kits, as well enabling clinicians the confidence to distinguish viral from bacterial 

sepsis.   

Methodology 

Whole blood and plasma samples were filtered to remove host/bacterial contaminates. To 

further purify nucleic acids for sequencing the samples were subjected to DNase enzyme 

treatment followed by phenol-chloroform extraction coupled to sodium acetate precipitation. 

Sample DNA content was then quantified using the high sensitivity Quant-iT assay 

(Invitrogen). Samples with insufficient content were not sequenced. Sample library 
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preparation was carried out using the Nextera DNA Flex kit and the prepared sample library 

quality was assessed using the bioanalyzer 2100 high sensitivity DNA assay (Agilent). 

Samples were then sequenced via the Illumina Miseq platform using 5% phi x as an internal 

positive control.  

 

Results 

After performing bioinformatic analysis on the generated reads, respiratory syncytial virus 

(RSV), adenovirus, anellovirus, chikungunya (CHIV), enterovirus, sindbis virus (SINV) and 

cytomegalovirus (CMV) were identified within the sequenced samples. Though not all 

identified viruses have been documented to cause sepsis, all have been documented to be 

associated with immune incompetence. It was also discovered that bacteriophages pertaining 

to sepsis causing bacteria were found within the samples (i.e. phage typing), thus indicating a 

potential future area of study.  

 

Conclusions  

This study demonstrates how next generation sequencing can be utilised to identify viral 

pathogens that cause sepsis, in the absence of a prior knowledge of the pathogens. Further 

this study highlights the viruses that can be associated with sepsis in children. Phages were 

shown to describe bacteria responsible for sepsis and this method may pave the way for 

future studies. Therefore, future studies should aim to take the information pertaining to the 

sepsis causing pathogens shown here and develop methods for rapid identification. 
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Chapter 1: Introduction and Literature Review 

1.0.0 Sepsis overview 

 

Sepsis is a common and little understood deadly disease. Within the developed world 2.5 

million people are admitted to hospital with sepsis each year, and approximately 650,000 

people die from sepsis each year.  Globally, sepsis results in approximately 19 million cases 

per year, and an estimated 5 million deaths [1].  

Though consistent changes have been made to its definition, the latest 2016 definition , now 

the sepsis 3 definition, defines sepsis as ‘life-threatening organ dysfunction caused by a 

dysregulated host response to infection’ [4]. 

 

1.1.1 Sepsis definition  

 

Within the above definition, dysfunction becomes essential to diagnosis and treatment. Many 

patients develop infection, often with a systemic inflammatory response syndrome (SIRS) (see 

table 1.1.), that does not require antibiotic treatment or hospitalisation. For example, patients 

with a severe cold meet these criteria. It is important therefore to identify organ dysfunction at 

an early stage and initiate appropriate intervention. Degree and type of organ dysfunction 

differs between patients. The initial site of infection, organism responsible and host traits 

(genetic, epigenetic, comorbidities and medication) can all influence the degree of organ 

dysfunction [5].  
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Temperature > 38 or >36 °C 

White blood cell count >12,000 or < 4000/mm3 

Heart rate  >90 beats/min 

Respiratory rate >20 breaths/min or PaCO2 < 32mmHg 

 

Table 1 SIRS criteria. Two or more criteria are to be met for a confirmed condition[6].  

The septic process can affect all major organs. Patients will often experience impaired 

myocardial function which can lead to a low cardiac output and hypotension [7]. This can result 

in loss of vascular smooth muscle tone and activation of the vascular endothelium, leading to 

increased extravasation of fluid, as well increased production of both pro and anti-

inflammatory mediators. Patients may suffer from respiratory distress as a direct consequence 

of lung involvement and/or metabolic acidosis, or respiratory muscle fatigue. This can be 

observed as tachypnoea or progressive obtundation related to hypoxemia and/or hypercapnia. 

The nervous system can also be affected, leading to altered mental status (septic 

encephalopathy) and peripheral issues such as neuropathy and disturbed autonomic function. 

Acute kidney injury leads to elevated creatinine levels and decrease urine output. Liver 

dysfunction is noted as an increase in hepatic markers such as bilirubin and coagulopathy 

recognized by consumptive thrombocytopenia, hypercoagulability. Other affected organ 

systems include skeletal muscle (leading to a generalized myopathy), the alimentary system 

(e.g. ileus, pancreatitis, cholecystitis) and the hormonal system (including relative adrenal 

insufficiency, the low T3 syndrome and marked decreases in circulating vasopressin and sex 

hormone levels) [8, 9].  
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1.1.2 Risk Factors and Disease 

Risk of sepsis depends on a variety of factors including age, health status, genetic 

predisposition, and comorbidity. For example, immunosuppressive drugs, cancer, and 

malnutrition contribute to impaired immunity making persons more susceptible to disease. In 

particular, the young and elderly are at increased risk due to their immune systems being less 

effective [10]. Interestingly medications such as calcium channel blockers, beta-blockers and 

statins have been shown to reduce mortality [11-13]. 

The course of disease differs between patients, reflected by individual patient predisposition. 

Young patients, who are resilient and lack comorbidity, will often make quick recoveries and 

require minimal time in intensive care. Other patients may see experience a lengthy disease 

course [10]. These patients can have ongoing activation of their inflammatory system, at times 

marked by persisting high C-reaction protein, albeit without clear aetiology. This specific 

condition has been coined ‘persistent immunosuppression, inflammation and catabolism 

syndrome (PICS)’ [14].  

For patients who suffer septic shock, a  one study found approximately 30% of deaths occurred 

within 72hrs of hospital presentation [15]. These patients already had severe organ dysfunction 

on presentation and consequently died from fulminant multiple organ failure. This study also 

found that the remaining half of patients who die from sepsis die later; most after prolonged 

stay in intensive care [15]. These later deaths are often attributed to secondary complications 

(commonly nosocomial infections). 
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1.1.3 Viral Sepsis 

Sepsis is rarely attributed to viral infections., although bacterial and fungal infections are 

frequently found to cause sepsis.  In some cases, viral sepsis is regarded as virus-induced direct 

tissue or cell damage (i.e. influenza virus-induced pulmonary epithelial damage) instead of 

systemic dysregulation caused by virus. Throughout this research study, viral sepsis will be 

defined as ‘life-threatening organ dysfunction due to a dysregulated host response to viral 

infection.’ Currently, viral infections are diagnosed by associated clinical presentations,  

positive results of culture, antigen detection, molecular detection (i.e. polymerase chain 

reaction, PCR), serology, histopathology or immunohistochemistry) [16].  

 

Approximately, 65% of patients with sepsis,  an infectious organism can be identified (75% of 

patients with ICU-acquired sepsis) [17]. Amongst these patients, paediatric patients have 

higher rates of viral infections than adults. For example, in 1% of adult patients with sepsis, 

these cases can be attributed to viral infections, compared to 21% of cases in paediatric patients 

[3]. These numbers however may in fact be much greater, as better viral detection methods and 

more studies are needed to fully appreciate the role of viruses as infectious agents in sepsis. 

This is reaffirmed by a southeast Asian prospective study that demonstrated viruses accounted 

for 76% and 33% of the documented sepsis cases in paediatric and adult populations 

respectively [18]. The most common viruses identified were dengue viruses (27%), followed 

by rhinovirus (23%), influenza viruses (14%), and respiratory syncytial virus (12%). Although 

the study was conducted in tropical middle-income countries and did not use the Sepsis-3 

definition, it still provides evidence that viral sepsis may be underdiagnosed if proper 

diagnostic tests for viruses are not performed [19].  
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It must be noted, the identified viruses could be the single causative agent of sepsis (i.e. 

dengue), a contributor to secondary bacterial sepsis (i.e. influenza and staphylococcal sepsis) 

[20], coinfection of unknown significance (i.e. rhinovirus), prolonged or persistent shedding of 

a previous infection (i.e. adenovirus )[21], an “innocent” latent infection (i.e. Epstein-Barr 

virus) or a false positive result. Clinical context, however, must be taken into consideration. 

For example, a profoundly immunosuppressed child with respiratory symptoms and a high 

rhinovirus viral load in the blood would suggest rhinovirus as the cause of the sepsis.  However, 

a previously well child with purulent meningitis and rhinovirus in a nasal swab would not. This 

uncertainty is another major obstacle to studying the epidemiology of viral sepsis, particularly 

in cases where bacterial infection is also documented, or the identified virus does not usually 

cause fulminant disease. Therefore, the role the identified virus plays in a septic patient is still 

an area of debate [19]. 

Other studies found common pathogen identities in children and adults included: methicillin-

sensitive Staphylococcus aureus (MSSA), methicillin-resistant Staphylococcus aureus 

(MRSA), Pseudomonas species, Klebsiella species, Streptococcus pneumococcus, Escherichia 

coli, and Candida species [3, 17, 22].  

 

1.1.4 Viruses associated with sepsis  

Respiratory syncytial virus is one of the leading causes of viral respiratory tract infections in 

infants, the elderly and the immunocompromised worldwide, causing more deaths each year 

than influenza [23-25]. Early-life RSV infection has been shown to be associated with the 

development of asthma and other breathing difficulties in infancy [26]. Clinical 

manifestations of RSV infection include bronchiolitis and pneumonia, accompanied by 

symptoms such as coughing, wheezing and respiratory discomfort [27].  
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Adenoviruses are DNA viruses that commonly cause mild infections involving the 

respiratory tract, gastrointestinal tract or conjunctiva [28-30]. Children more commonly 

experience adenovirus infections due to lack of humoral immunity. Infections are also more 

common in the immunocompromised and persons living in close quarters or closed 

populations (i.e. college students and military persons). Adenoviruses have a worldwide 

distribution and infections occur throughout the year in the absence of seasonal variability. 

Most adenovirus infections occur as a sporadic event, albeit local or regional epidemics have 

been documented [31, 32].  

Worldwide and nearly year-round Human rhinoviruses (HRVs) are the most common cause 

of upper respiratory tract infection. Human rhinoviruses are linked to exacerbation of chronic 

pulmonary disease, asthma development and severe bronchiolitis in infants and children, as 

well, fatal pneumonia in elderly and the immunocompromised [33].  

Dengue virus (DENV) is the most prevalent arbovirus worldwide, found in over 100 tropical 

and sub-tropical countries [34, 35]. Transmission is predominately through the Aedes aegypti 

and Aedes albopictus mosquitoes. Regarding the global population over half is at risk for 

dengue infection, with 100million symptomatic cases reported each year [36].  Primary 

infections can cause rash and fever, but many are asymptomatic. Secondary infections are 

known to be more severe in nature[37]. Though unknown, antibody-dependent enhancement 

(ADE) has been proposed as a cause of this increased pathogenicity and virulence [38, 39].  

Influenza viruses are one of the most common causes of human respiratory infections and 

amongst the most important as they cause high morbidity and mortality. The elderly, infants 

and immunocompromised encompass groups that experience especially high mortality. In a 

typical United States endemic season, influenza results in around 200,000 hospitalizations and 

36,000 deaths. The highly contagious airborne disease causes acute febrile respiratory illness 
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and results in variable degrees of systemic symptoms, ranging from mild fatigue to respiratory 

failure and death [40].  

1.1.5 Current clinical sepsis diagnostic methods 

Difficulties arise when trying to identify sepsis in patients, as presentations often vary and are 

sometimes confounded by pre-existing comorbidities. Further, organ dysfunction is not always 

immediately recognisable. Dysfunction may be gradual, or abrupt and severe over just a few 

hours.  

Specific clinical criteria are used to identify sepsis, for example Sequential (sepsis-related) 

Organ Failure Assessment (SOFA) scores ≥ 2 above baseline values (see table 1.2.).  

 

Table 2 Example sepsis assessment table 

MAP mean arterial pressure, FiO2 fraction of inspired oxygen, PaO2 partial pressure of oxygen 

Catecholamine doses are given as μg/kg/min for at least 1 hour 



8 

 

The Glasgow Coma Scale range from 3 to 15, with a higher score indicating better neurological 

function 

Table adapted from Vincent et al. [2] 

Aside from signs and symptoms, studies have begun to look to biomarkers as a way of 

identifying sepsis. Molecules involved in the systemic response to organisms have been 

identified and suggested as potential biomarkers/indicators of sepsis. Whilst biomarkers play 

different roles, their concentrations do change as a reflection of the host response, thus offering 

an indication of presence of severity of sepsis. Biomarkers have been proposed to identify 

sepsis but one of their many strengths is the ability to rule out sepsis. A 2010 review found 

more than 170 biomarkers have been studied for use in septic patients [41]. At present no 

marker available is 100% specific for sepsis,  and due to the nature of the sepsis response and 

its involvement with inflammatory responses that are similar to other conditions, it is unlikely 

a specific marker will ever be identified. However, biomarkers found sensitive enough may be 

useful for ruling out sepsis, according to the “SnOut” principle (a high sensitivity test that if 

found to be negative can rule out a diagnosis) [42]. Furthermore, biomarkers can be used to 

assess the severity of sepsis. For example, greater quantities of specific biomarkers can indicate 

a more severe form of sepsis. Similar biomarkers can be used to monitor a patient’s response 

to therapies, with changes in markers indicating either the current therapy is suitable, or a 

change is required. Some of the most widely studied biomarkers of sepsis include C-reactive 

protein (CRP) and procalcitonin (PCT). CRP is an acute-phase protein first described by Tillet 

and Francis [43], it is a member of the pentraxin family [44] and is synthesized mainly by 

hepatocytes in response to stimulation by cytokines, most notably interleukin-6. CRP 

concentrations have been shown to be increased in many inflammatory conditions, and are used 

as a general indicator of inflammation, to follow status of disease, and monitor treatment 

responses across various conditions such as pneumonia and urinary tract infections [45]. First 



9 

 

proposed as a biomarker in 1993 [46], PCT is another acute phase protein and is primarily 

expressed in the C-cells of the thyroid gland, although in sepsis, PCT is produced by multiple 

tissues in response to inflammatory cytokines and bacterial endotoxins [47]. Whilst PCT 

concentrations are increased in inflammatory conditions such as pancreatitis, or after 

polytrauma or major surgery  [48-50], it has been found that during systemic bacterial 

infections PCT levels are typically higher than these non-infectious inflammatory states [51]. 

Therefore, biomarkers can be used to observe the magnitude of a host response to an injury,  

but it appears host response is not 100% specific to an infection,  as the same molecular 

mechanisms are involve in different types of injury. Consequently, there will never be a 

biomarker 100% specific or 100% sensitive for infection. This means biomarkers are best used 

to aid diagnosis, rather than used to answer questions such as “is this patient infected?”.  

 

1.1.6 Treatment for Sepsis 

Treatment options for sepsis include early administration of antibiotics, source control, organ 

system support (i.e. vasopressor drugs to increase blood pressure or mechanical ventilation) 

and intravenous fluid therapy [3, 52]. 

At present antimicrobial agents are the cornerstone of sepsis treatment [53].  The most 

commonly used antibiotics to treat sepsis include: β-lactams, carbapenems, quinolones, 

aminoglycosides, macrolides and anti-gram-positives [54]. The use of antimicrobial agents is 

however becoming less effective over time, due to an increase in resistant pathogens. For 

example,  the emergence of MRSA in less than a year after the introduction of methicillin [55]. 

This highlights the emerging threat of antimicrobial resistance and stresses the importance for 

antimicrobial stewardship. A balancing act then arises as ineffective initial coverage for sepsis 

patients can be fatal, leading to increased patient mortality [56-60]. One study suggested 
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mortality increases by 7.6% for each hour that effective antibiotics are withheld within the first 

6 hours of sepsis-associated hypotension [61]. 

Source control measures aim to control the foci of infection and restore optimal function to the 

site of infection [62]. Demonstrating the importance of source control, a 2011 case showcased 

how effective source control can be lifesaving. Within this study a patient presented with a 

deep vein thrombosis and signs of severe sepsis. The patient was unresponsive to 

anticoagulation therapy and parental antibiotics. A percutaneous mechanical thrombectomy 

was successful and the patient’s condition improved immediately [63].   

Organ support is another important tool for the clinical team tasked with managing a suspected 

sepsis patient. Organ support involves: hemodynamic support which is defined as vasopressor 

requirement (i.e. norepinephrine), respiratory support defined as invasive mechanical 

ventilation support and renal support defined as continuous or intermittent renal replacement 

therapy [64].  

Moving on from antibiotics, source control, and other supportive measures, a treatment specific 

for sepsis is yet to be developed. Immunosuppressive strategies have been used to treat sepsis. 

It was initially assumed that a pathogen induced a pro-inflammatory response, resulting in 

organ dysfunction and mortality.  Earlier therapeutic research revolved around treating sepsis 

by trying to suppress this excessive inflammation to lessen tissue and organ damage leading to 

an increased chance at survival. The use of corticosteroids for treating sepsis has been an area 

for debate for decades. A 1970s study showed a significant reduction in mortality when high-

dose corticosteroids were used to treat 172 septic shock patients [65]. This finding resulted in 

high-dose methylprednisolone or dexamethasone becoming the standard treatment for septic 

shock patients. Later larger prospective clinical trials yielded results that contradicted these 

initial finding. These studies found that using  high-dose corticosteroids does not have any 
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treatment advantage on sepsis mortality [66-68]. Some studies were even able to demonstrate 

adverse effects of high-dose steroid treatment [69-72]. Immune response suppression via low-

dose corticosteroids were shown to have detrimental effects on patients in the CORTICUS trial 

[73]. These combined results lead to the abandonment of corticosteroids treatment for sepsis 

[74, 75].  

Cytokine-Targeted Therapies have been tested as treatments for sepsis. Studies using 

antibodies to target tumor necrosis factor (TNFα) began an interest for the clinical development 

of agents targeting pro-inflammatory cytokines [76, 77]. These studies did however use 

endotoxemia as a model for sepsis, and the treatment was administered prior to endotoxin 

infusion. Therefore, this method is not clinically feasible for sepsis patients. Further, as these 

trials used the bacterial cell wall component endotoxin, the resulting production of many pro-

inflammatory cytokines such as TNFα, means anti-TNFα therapies have beneficial effects. 

Another trial with an anti-TNFα monoclonal antibody fragment showed mild improvements in 

survival, but this was only found in patients with elevated serum levels of interleukin-6 (IL-6) 

[78]. Promising preclinical and phase 2 clinical research lead to a large trial published in 1997 

that sought to determine the effectiveness of administration of recombinant human IL-1 

receptor antagonist.  Despite promise, the antagonist failed to reduce 28-day mortality when 

compared with standard therapy [79]. Much later analysis of this study revealed 5.6% of the 

study population presented with symptoms of macrophage activation syndrome, this being 

representative of hyperinflammation. Within this subgroup it was found that patient mortality 

was 65% in the placebo-treated group and 35% in the IL-1 receptor antagonist group. This 

suggests that this specific subgroup of hyper-inflamed sepsis patients may benefit from 

immune inhibition therapies, although no definitive conclusions can be drawn [80].  

Following the inflammatory pathway trend, blood purification methods have been tested as a 

means of correcting dysregulated host responses in sepsis. One study utilized polymyxin B 



12 

 

hemoperfusion to reduce blood endotoxin levels in abdominal sepsis patients. These patients 

displayed hemodynamic stabilization and reduced mortality [81], although this study was 

ended prematurely. More recent and larger studies tested polymyxin B hemoperfusion in 

patients with septic shock, but found the treatment offered no survival benefits [82, 83]. 

Endotoxin (signalling)-targeted therapy is another strategy researchers and clinicians have 

attempted to use to combat sepsis. Endotoxin is the lipopolysaccharide (LPS) contained within 

the cell wall of gram-negative bacteria. Recognising endotoxin, the Toll-like receptor 4 (TLR4) 

is seen as the decisive initiator of the detrimental hyperinflammatory response in gram-negative 

sepsis, thus trials looking to utilise this mechanism have targeted either the endotoxin itself or 

downstream immunological effects. Firstly the CHESS trial was not able to show results for 

using LPS-binding human monoclonal antibody HA-1A on 14-day mortality in patients with 

gram-negative septic shock [84]. Another study attempted to use a murine monoclonal antibody 

directed against endotoxin, however this study was unsuccessful in showing improved survival 

[85]. More recently, the ACCESS trial, used eritoran, a synthetic lipid A antagonist that blocks 

binding of LPS to the TLR4 receptor. This method was also not able to reduce mortality in 

patients with severe sepsis [86].  

These previously described trials have proven complete inhibition of the immune response 

offers no benefit for sepsis patient. Due to these findings, research pertaining to sepsis has 

moved its focus to immunostimulatory treatments that aim to fix the suppressed host response 

seen in sepsis. This suppressed immune state is characterized by impaired innate and adaptive 

immune responses, including impaired phagocyte function, altered ex vivo cytokine 

production, lower levels of monocyte HLA-DR surface expression, increased apoptosis and 

dysfunction of lymphocytes [87]. These may explain why sepsis patients are often seen to 

develop secondary infections with opportunistic bacteria, fungi, or viruses.  
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A more promising attempt at treating sepsis involves recombinant human granulocyte-

macrophage colony-stimulating factor (GM-CSF). GM-CSF possesses various 

immunostimulatory properties. For example it promotes survival, proliferation and bacterial 

phagocytosis by neutrophils, monocytes and macrophages [88, 89]. A trial using GM-CSF to 

treat sepsis patients with severe immunosuppression found GM-CSF therapies significantly 

increased mHLA-DR expression with improved ex vivo LPS-induced pro-inflammatory 

cytokine production. This resulted in a  pronounced decrease in disease severity, fewer days on 

mechanical ventilation and shorter ICU stays [89]. Though this trial gives hope, it must be 

noted that only 38 patients were included. A similar paediatric trial using GM-CSF treatment 

was able to restore TNFα production and reduce the incidence of secondary infections[90]. 

Again, this study’s findings are limited by its small sample size of 17. Similar results were seen 

with novel therapies using granulocyte colony-stimulating factor (G-CSF). G-CSF is known 

for its role in increasing white blood cell count for host defence, specifically increasing 

neutrophil numbers and function. Trials conducted using G-CSF as treatment saw increased 

white blood cell numbers and improved microbial clearance but ultimately showed no effect 

on mortality in sepsis patients [91, 92]. 

A potent activator of the immune system, interferon gamma (IFNγ), has been shown to reverse 

immunosuppression by restoring mHLA-DR expression as well in vivo cytokine production in 

an experimental human model of sepsis-induced immunoparalysis [93]. Case study data has 

shown IFNγ to increase HLA-DR expression [94, 95], reverse monocyte dysfunction [96],  and 

improve bacterial clearance [97]. Further studies must be completed to confirm results, but so 

far these data suggest IFNγ may improve clinical outcomes in sepsis-induced 

immunosuppression. 

Immunosuppression is also characterised by lymphocyte dysfunction and apoptosis [98], thus 

researchers have begun investigating lymphocyte-targeting cytokines. For example, interleukin 
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7 (IL-7) is an anti-apoptotic cytokine that is known to stimulate lymphocyte repertoire diversity 

as well as T cell maturation and function, and can be used to improve lymphocyte recovery in 

sepsis patients [99]. Murine models of sepsis have been used to demonstrate the benefits of 

recombinant IL-7, with models showing improved T cell defects and increased survival [100]. 

Human septic patient lymphocyte function has been shown to be restored through the use of ex 

vivo incubation with IL-7 [101].  

Recent works have demonstrated parallels between the immunosuppression observed in cancer 

and infectious diseases, which include increases in myeloid-derived suppressor cells and 

regulatory T cells, as well the upregulated expression of negative co-stimulatory molecules 

[102, 103]. This has resulted in treatments that have been evaluated in oncological patients, 

emerging as potential treatments for sepsis. For example, antibodies targeting inhibitory 

immune checkpoints to enhance lymphocyte immunity in sepsis. These inhibitory immune 

checkpoints are negative regulators of the immune response that maintains self-tolerance, and 

they prevent autoimmunity and protect tissues from immune-mediated injury [87, 104, 105]. 

One of the major concerns with such therapies is the potential for cytokine-release syndrome 

[106].  

The quest for an appropriate treatment for sepsis has so far been unsuccessful, with many of 

the therapies investigated in clinical trials failing to improve outcomes in sepsis patients. 

Current research shows that the use of immunosuppressive or immunostimulatory therapies 

offer no benefit to sepsis patients. However, some subgroups of sepsis patients may benefit 

from therapies depending on patient immunologic phenotype. Therefore, differentiation 

amongst sepsis patients with immunophenotyping may enable a personalized approach to 

treating patients. Immunostimulatory treatments may offer benefit to patients who suffer 

immune suppression and immunosuppressive therapy can be of benefit to some hyperinflamed 

sepsis patients.  
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1.2.0 Blood virome  

The human blood-associated viral community (blood virome) has yet to be fully established. 

The significance of discovery lies in the importance of epidemiological surveillance, blood 

transfusion safety and better disease understanding. It is important to determine which viruses 

found in the blood contribute to the deadly disease sepsis. It is first necessary to define the 

species that constitute the healthy blood virome, and then distinguish these commensal blood 

viruses from pathogenic viruses. The challenge is to devise a method that will allow clinicians 

the ability to rapidly detect these specific pathogenic organisms.  

Recent metagenomic studies have shown that healthy human blood harbours viral 

communities. Seminal to this discovery was a viral metagenomic study that identified many 

eukaryotic viruses in human blood [107]. This study found a great diversity of anellovirus; 

confirmed by later studies conducted on blood DNA viromes [108]. Anellovirus have been 

found to be transmitted through transfusions [109] and have even been proposed as biomarkers 

of immunocompetence as increases in the virus have been linked to immunosuppression levels 

in transplant recipients as well patients with HIV [108, 110, 111]. Another study examined 

human RNA viromes and found novel rhabdoviruses in healthy individuals [112]. Pesviruses, 

papillomaviruses, polyomaviruses, poxviruses and picornaviruses sequences have also been 

found in the blood of healthy individuals[108, 112-114].  

Plasma studies have led to the discovery of two novel rhabdoviruses, ekpoma virus-1 (EKV-1) 

and ekpoma virus-2 (EKV-2), in healthy individuals from West Africa [112]. These cases 

highlight the power of metagenomic sequencing for the identification and surveillance of 

unknown viruses that can be transmitted via blood products. Further, viromics has been used 

to characterize the nature and composition of viruses in blood donations from both eligible and 
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ineligible donor’s transfusion products and plasma derived products. US and UK blood 

donation samples were found to contain novel human Flavivirus, named Human Hepegivirus 

1 (HHPgV-1) or Human Pegivirus 2 (HPgV-2) [115, 116]. During a study investigating the 

virome in final blood products eligible for transfusion, Lau et al., discovered sequences from 

viruses such as anellovirus and HPgV- 1, also sequences derived from merkel cell 

polyomavirus (MCPyV) and human papillomavirus 27. Furthermore, sequences from human 

astrovirus MLB2 have been identified in fresh-frozen plasma units [117].  

Human astroviruses (ssRNA) are known agents of gastroenteritis, especially in those 

considered vulnerable [118]. Human astroviruses MLB2 was initially discovered in diarrheal 

stools of children from India and the United States, and it has since been detected in the plasma 

of a febrile child suggesting that astrovirus MLB2 may spread from gastrointestinal tract to 

other tissues via the bloodstream [119, 120].  

Other recent studies have reported potential associations of new clades of astroviruses with 

neurological disease such as encephalitis in immunocompromised individuals [121]. One such 

study described a meningitis infection in an immunocompetent adult [122]. Again, astrovirus-

associated encephalitis was described in allogenic hematopoietic stem cells and bone marrow 

transplant recipients[116].  

Zhang et al. investigated the viral population in plasma fractionation pools assembled from 

blood donors from the US and UK. Along with commensal viruses, they were able to detect 

sequences pertaining to human papillomavirus and two distinct gemycircularvirus genomes 

(DB1 and DB2). Gemycircularvirus are ssDNA viruses belonging to the recently proposed 

genus gemycircularvirus within the genomoviridae family [123]. Other gemycircularvirus 

genomes have been identified in environmental samples (i.e. sewage), plant and animal tissues 

[124]. A recent study has found divergent gemycircularvirus in an HIV1-positive blood 
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donation [125]. Within viral discovery research programs utilising metagenomics, there has 

been detected several sequences related to gemycircularvirus in blood donations collected in 

sub-Saharan Africa.  

The detection of a new giant virus belonging to the Marseilleviridae family in healthy donors 

and post-transfusion sera from thalassemia patients may reflect contaminations of plasma 

samples from kit reagents or environment [114, 123, 126].  

Viral metagenomics has been used in completion of routine diagnostics that failed to identify 

an etiologic agent in unexplained infectious disease after transplantation. Lipowski et al 

demonstrated the transmission of tick-borne encephalitis virus (TBEV) through transplantation 

of solid organs [127]. The virus represents a possible emerging infectious agent in transplant 

recipients. 

In regards to phage DNA, studies analysing virus-like particle and circulating DNA found 

sequences pertaining to multiple viruses: Myoviridae, Siphoviridae, and Microviridae in the 

former and Myoviridae, Siphoviridae, Podoviridae, and Inoviridae [107, 128, 129]. However, 

the corresponding bacterial host DNA was also found in circulating blood, which could indicate 

that only prophages were detected. Studies have found patients with cardiovascular disease and 

HIV to have higher amounts of phage DNA in their blood, when compared to healthy 

individuals [128, 129].  As the types of phages found correspond to bacterial hosts normally 

present in the gut and skin, it is possible that  DNA pertaining to these may have come from 

bacteria at these body sites [130].  

1.3.0 Viral Metagenomics  

Viruses are the most abundant biological entities on planet earth. Whilst viruses are plentiful, 

methods that enable the identification and measurement of community dynamics in the 

environment are less prevalent [131]. The genomic age began in 1977 with the successful 
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sequencing of phiX174, a virus that infects Escherichia coli[132]. The metagenomic era 

began in 2002 where a study was able to establish two uncultured marine viral communities 

[133]. At around 50kb long [134] the average size of a viral genome is about 50 times smaller 

than the average microbial genome (2.5Mb).  This small size is advantageous, as less 

sequencing is required. Unique challenges however arise when viral sequences of interest are 

not associated with the sequences of cellular organisms. Such challenges include abundance 

of free DNA in the environment [135, 136], viral genes that kill the cloning host cells [137] 

and unclonable, modified viral DNA [138].  In contrast to traditional methods of pathogen 

identification, metagenomic sequencing offers the ability to detect simultaneously multiple 

organisms in a complex system without culturing and a priori knowledge of the 

microorganism’s nucleic acid sequence. This is of vital importance as not all viruses can be 

cultured. Further,  approaches applicable to bacteria such as targeting specific region,  such as 

the conserved bacterial 16S ribosomal RNA [128, 139], are not available for use in viruses, as 

they do not have such conserved regions. 

 

1.3.1 Nucleic acid purification to enhance ratio of viral to host/environmental nucleic acids 

Complications for metagenomic studies first arise where viral DNA/RNA must be purified. 

Free and cellular host and environmental DNA (and RNA) are common contaminants and 

researchers must be able to remove these to avoid signal loss of viral DNA. Due to the small 

size of the viral genome (~50kb long) signals can often be overwhelmed by microbial genomes 

(~ 2.5Mb). It is therefore vital to remove these contaminants.  

Protocol for purifying viral nucleic acids revolves around the nature of the sample. 

Homogenisation is often required for biological samples such as stool or tissue samples, which 

also helps to minimise filter clogging [140]. Homogenisation protocols are conducted with 
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centrifugation speeds varying from 3000 – 5000 rpm, and some protocols also include the use 

of ceramic beads of varying sizes (i.e. 0.1mm, 2.8mm). Caution must be taken in protocols 

utilising these methods, as more aggressive methods see the destruction of viral particles, 

resulting in lower yields of viral nucleic acids [141].     

To further purify solution, centrifugation is usually incorporated. Forces used in previous 

studies vary from 100g – 17000 x g. Centrifugation times vary amongst examined protocols 

ranging from 3 – 30 minutes [112, 118, 142]. Again, higher times and centrifugation speeds 

have been shown to reduce viral particles.  

Essential in most protocols, regardless of the nature of the sample is a filtration step. Filtration 

is used to separate viral genomes from host and bacterial contaminants. Filters often use pore 

sizes of 0.45µm and 0.22µm, although the latter has been found to be detrimental in studies, as 

it filters out larger viruses such as the mimivirus [141]. To further purify nucleic acids, a 

plethora of techniques are available to researchers, however, most methods involve the use of 

DNase/RNase digestion enzymes, as well nucleic acid purification methods such as phenol-

chloroform extraction coupled to ethanol sodium precipitation. Other purification methods 

involve the use of TRIzol reagents and various purification kits [11, 143-145]. Regarding RNA 

viruses, reverse transcriptase kits are used to achieve cDNA, which is important as sequencing 

platforms require nucleic acids in DNA form. Prior to sequencing, many protocols implement 

a random amplification step to increase the amounts of viral nucleic acids, as some sequencing 

techniques require a minimum amount of nucleic acids.  
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1.3.2 Library construction 

Library construction follows once viral nucleic acids have been purified and, in some cases 

amplified. Construction sees the resulting double stranded DNA (dsDNA) sheared into specific 

DNA fragment sizes according to the sequencing platform through the utilisation of either: 

enzymatic techniques favoured by Illumina Nextera technology or mechanical techniques such 

as ultrasonic fragmentation. Fragment ends are end-repaired and ligated to specific sequencing 

adapters. These adaptors are barcoded, which allows for multiplexing of several samples in a 

same sequencing run. Adapter-ligated DNAs are then size purified to select the correctly 

ligated DNA. A reconditioning step corresponding to a few cycles of adapter–mediated 

amplification can be conducted to increase the product yield.  

Libraries are next quantified usually via a fluorometric based method (i.e. Qubit, Life 

technologies or quantitative real-time PCR) and quality controlled with equipment such as the 

2100 Bioanalyzer (Agilent Technologies) to confirm the library size. 

Availability of input DNA becomes a key determinate in choosing a library preparation 

method. Whilst the Illumina TruSeq DNA PCR-free library preparation kit (based on 

mechanical fragmentation) requires only 1-2ng of input DNA, the Illumina Nextera technology 

can require anywhere between 1-50ng of DNA. Further, Ion Torrent Technology library 

preparation kits based on enzymatic shearing (Ion Xpress from Life Technologies) require a 

minimum of 50-100ng of DNA.  

Library preparation kits (i.e. Illumina Nextera XT DNA) have enabled library preparations with 

very low input DNA (less than 1ng). Non-amplified dsDNA can now be directly fragmented, 

associated to adapters and PCR amplified to obtain the needed amount of DNA for sequencing. 

This removal of the non-specific preamplification step significantly reduces duplicated 

sequences resulting in better virus detection.  
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The libraries resulting from these methods can then be sequenced following the manufacturers 

protocol for each of the sequencing platforms.  

 

1.4.0 Next generation sequencing bioinformatic analysis for virus identification 

 

Bioinformatic pipelines are an essential part of next-generation sequencing. Next generation 

sequencing generates huge amounts of data that require multiple computationally intensive 

steps for appropriate analysis to be performed [146, 147].   

Sequenced reads generated during sequencing are stored in one of the several file formats 

(FASTQ, XSEQ, unaligned BAM or FASTA) with or without base quality score information. 

As scores are platform specific, they cannot be compared across different sequencing 

systems.  

Prior to assembly, query sequences are usually first aligned to a reference genome such as the 

Genome Reference Consortium Human Build 37 (GRCh37) or simply hg19, or the more 

recent Reference Consortium Human Build 38 (GRCh38), which is also known as hg38.  

Sequences successfully aligned to these reference genomes are then usually discarded thus 

reducing the amount of potential interference in downstream analysis.  

Genome/transcriptome reconstruction follows. Two computational strategies currently exist 

for this task. Mapping-first approach [148] programs used for these approaches include 

scripture [149] and cufflinks[150, 151]. These approaches first align all sequenced reads to a 

reference genome and then merge sequences with overlapping alignment, spanning splice 

junctions with reads and paired-ends [151]. Alternatively, assembly-first or de novo tools 

such as ABySS [152] , SOAPdenovo [153], SOAPdenovo2 [154, 155], Trinity, or Oases, use 

reads to assemble transcripts directly, which are then mapped to a database (i.e. GenBank or 
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NCBI) reference genomes if available. Mapping-first methods offer maximum sensitivity, a 

task dependant on correct read-to-reference alignment, which is further complicated by 

sequencing errors, splicing and lack of reference genomes. The alternative, assembly-first 

approach does not face the problem of read-reference alignments, which is important when 

genomic sequences are not available, or are fragmented or altered.  

Further analysis usually consists of quality control (QC) checks on the sequenced data to 

assess read length distribution, quality scores GC content overrepresented sequences and k-

mer content [156].   

Quality control is then followed by the aligning of overlapping reads against a reference 

genome. Multiple aligners are available and are chosen based upon read lengths. For example 

the Burrows-Wheeler Aligner and bowtie are commonly used for short reads [157, 158] 

whilst the Smith-water an alignment algorithm is more suited to longer reads [159]. Aligned 

reads, which include alignment scores, are assembled in a sequence alignment map (SAM) or 

binary form of SAM (BAM) format [156].  
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Figure 1 Overview of workflow used in study 
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Aims and Objectives 

The aims of this project are to establish a pipeline that would allow the surveying of the 

virome of children with sepsis and determine the viruses that can be found within the blood 

stream that contribute to the disease of sepsis. 

 In order for this to be achieved the project has been divided into specific aims: 

1. To establish a pipeline that would allow the extraction of viral nucleic acids from the 

paediatric patient samples: 

 

• Positive controls of SMFV for an RNA virus and adenovirus virus for a DNA virus will 

be created to test extraction efficiency and bioinformatic pipeline accuracy.  

 

•  To extract viral nucleic acids from the paediatric patient whole blood and plasma 

samples the following steps will be performed: filtration steps, DNase digestion steps and 

phenol-chloroform extraction coupled to sodium acetate precipitation will be performed. 

 

• To ensure sufficient DNA has been extracted and is available for NGS sequencing 

quantification of total nucleic acid will be performed via Quant-iT™ dsDNA High-

Sensitivity assay. 
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2. The next aim revolves around transforming extracted DNA into a readable form .To 

produce readable results, in a format that is not in DNA base pair form, samples must first 

be sequenced and then resulting sequence data must undergo bioinformatic analysis.  

 

• To enable the sequencing of purified DNA from clinical samples, the fragmented DNA 

needs sequence adapters attached to achieve this the Nextera DNA Flex kit (using a 12 

PCR cycle condition) will be used.  

• The sample DNA will be sequenced, thus turning it into a readable form, using the 

Illumina Miseq Next Generation Sequencer. 

• If viruses are successfully sequenced, bioinformatic analysis utilising trinity for de novo 

assembly, with samtools and bowtie2 being used perform BLAST searches, will create 

spreadsheets with viral identities.  

 

Hypothesis 1: 

H0: Viral nucleic acids will not be found within samples retrieved from children presenting to 

the hospital with sepsis-like symptoms. 

HA: Viral nucleic acids will be found within samples retrieved from children presenting to the 

hospital with sepsis-like symptoms. 
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Hypothesis 2: 

H0: Bioinformatic analysis will reveal sequenced samples do not contain viruses that have 

relevance to sepsis. 

HA: Bioinformatic analysis will reveal sequenced samples contain viruses that have relevance 

to sepsis. 
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Chapter 2 Methods and materials 

2.1.0 Adenovirus and semliki forest virus positive control creation 

The vero cell line (ATCC® CCL-81) initiated from the African green monkey was used as a 

medium to cultivate adenovirus and SMFV.  

Vero cells were resuscitated from Griffith University liquid nitrogen storage. Cells were 

thawed in 37°C water bath and resuspended in 5mL complete Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Invitrogen) supplemented with 10% heat inactivated foetal bovine serum 

(FBS) (Gibco-Invitrogen, Waltham, MA), 1% antibiotic-glutamine mixture (PSG) (100U/ml 

penicillin G, 100U/mL streptomycin sulfate, and 2.9 mg/mL L-glutamine) (Gibco-Invitrogen, 

Waltham, MA), and supplemented with 0.4 µg/mL of hydrocortisone (Gibco-Invitrogen, 

Waltham, MA). This will be referred to as complete DMEM. 

In pre-warmed media cells were centrifuged for 5minutes at 400 x g and temperature of 

21°C. Following centrifugation cell supernatant was decanted and pellet resuspended in 5mL 

DMEM. Cell suspension was then moved to T25 tissue culture flash and left in incubator set 

to 37°C/5% CO2.  

Revived cells were cultured in T75 tissue culture flasks. To subculture cells were first 

subjected to two rounds of rinsing with 5mL phosphate buffered saline (1xPBS) (8 g/L 

NaCL, 0.2 g/L KCl, 1.42 g/L Na2HPO4 and 0.24 g/L KH2PO4), followed by addition of 1.5 

mL  0.25% trypsin-EDTA (400 mg/L KCL, 60 mg/L KH2PO4, 350 mg/L NaHCO3, 8000 

mg/L NaCl, 90 mg/L Na2HPO4-7H2O, 1000 mg/L D-Glucose, 380 mg/L EDTA 4Na 2H2O, 

10 mg/L Phenol Red and 2500 mg/L Trypsin), 5 minutes of incubation then followed to allow 

for cell detachment. Trypsin was deactivated by adding 5mL complete DMEM. Following 

this 1mL of split cell suspension was added T75 with 10mL of complete DMEM. 
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Once appropriate amounts of vero cells had been cultivated previously created virus stock 

was added to infect these cells. To begin virus stock creation multiplicity of infection (MOI) 

of 0.01 plaque forming units/cell of semliki forest virus stock was added to one T75 flask 

confluent with vero cells. The same was done using adenovirus stock (Adenovirus type 5). 

Two days post infection, when  cytopathic effects (CPE) were observed, specifically when 

80% of the monolayer was gone, the flask suspension of SFV was syringe filtered through a 

0.45µm filter into a 15mL falcon tube.  

Two days post infection  visual inspection revealed vero cells infected with adenovirus to 

show little sign of infection therefore to release more adenovirus from vero cells a 

freeze/thaw cycle was repeated three times. In short cell flask had its supernatant removed, 

the flash was left in -20°C freezer overnight and left to thaw during the daytime. Post 

freeze/thaw cycle viruses were captured using filtration method outlined previously. 

Vero cells were next counted so that virus pfu could be calculated. To count 1 drop of vero 

cell suspension was retrieved from confluent T75 flask and pipetted onto edge formed 

between cover slip and haemocytometer. Slide was viewed under microscope and cells were 

counted.  

To determine cell/ml the following equation was used: total number of cells/number of 

squares counted x 104.  

 

In preparation for plaque assay quantification 6 well plates were first seeded with vero cells. 

To prepare wells for virus growth 0.5mL of vero cell suspension and 2mL media was added 

to each well of 2 x 6 well plates (12 wells per virus, 24 in total as 2 viruses were used). Plates 

were then left in incubator to allow for cells to reach confluency.  
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Following plate preparation viral dilutions were created. To create viral dilutions, 1mL of 

virus stock and 999mL PBS was added to an Eppendorf tube. Next 4 different Eppendorf 

tubes were filled with 900mL PBS. Following this, 100µL was added from the first 

Eppendorf tube (999µL PBS plus 1µL virus stock) to the second Eppendorf tube containing 

900µL PBS. This was repeated to give virus dilutions of 10-3, 10-4, 10-5, 10-6, and 10-7.  

Prior to infecting seeded vero cells with control viruses a methyl cellulose overlay was made 

for the plaque overlay. To create plaque overlay 1 gram of chem supply methyl cellulose 

(CSAScientific) was added to 15mL of boiling hanks buffered salt solution (HBSS). A 

magnetic stirring bead was added prior the flask being autoclaved at 120°C for 20 minutes. 

Post autoclave mixture was added onto a magnetic stirring plate and stirred for one hour. 

During the hour, added to the flask was 4mL HBSS, 80mL DMEM, 1mL pen/strep/glut. Post 

mixing phase, the mixture was added to 50mL falcon tubes for storage and stored in fridge. 

To begin the plaque assay, media from each well, of 6 well plates, was removed leaving 1mL 

media in each. Two hundred microlitres of virus dilution was added to each well. One 

dilution per well. Plates were then incubated for 6 hours. Post incubation, 2mL of methyl 

cellulose overlay was added to each well. Plates were then returned to the incubator and left 

for one week. 

Post week-long incubation, plates were retrieved from incubation and inspected for signs of 

plaque formation. Media in each well was removed via pipette. Plaque monolayer was then 

fixed using 2.5% paraformaldehyde. Post fixation, plates were incubated for 30 minutes.  

Following this crystal violet solution (1%) was added to each well, volume was as much 

needed to cover well. To prepare crystal violet stain 1% crystal violet was dissolved in 20% 

ethanol and dH2O. Plates were left for another 30 minutes to dry before being washed. Rinsed 

plates were left to sit overnight.  
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Figure 2 SFV plaque assay utilizing 6 well plates. Vero cells were plated at 2.3 × 105 cells 

in 6 well plates and infected with 200 µl using the same serially diluted starting sample of the 

SFV. After infection 2mL of methyl cellulose overlay was added to each well. Dilutions from 

left to right: 10-5, 10-6, 10-7.  

 

 

The following day, to determine viral titre, plate plaques were counted along with the plaques 

associated virus dilution. After counting plaques, the following equation was used to 

determine the viral titer. 

Plaque forming units/mL = 
average number of plaques

𝐷 ×𝑉
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D=dilution V=volume of diluted viruses added to the plate 

 

 

2.2.0 Paediatric whole blood and plasma sample nucleic acid extraction  

Twenty samples of 200µL of whole blood and twenty-five of 200µL of plasma retrieved from 

paediatric patients with suspected sepsis, presenting to the Gold Coast children’s hospital, 

were used in the study. The age of the patients ranged from 0 – 16 years old. 58% of patients 

were male and 42% of patients were female. Regarding reasons for hospitalisation, 58% 

presented for sepsis/infection, 30% for respiratory disease, 7% for gastrointestinal and 4% for 

other reasons. 

Samples were collected as a part of the RAPIDS trial: Rapid Acute Paediatric Infection 

Diagnosis in Suspected Sepsis. Ethics number: HREC/17/QRCH/85 

2.2.1 DNase efficiency assay 

Prior to using it on the clinical samples, the chosen DNase enzyme, which DNase I (RNase-

free) (New England Biolabs) was first tested to ensure it successfully cleaves DNA. To test 

this an agarose gel was run using a random plasmid. 

To make agarose gel, 1%, molecular biology agarose (Bio-Rad, Berkeley, CA) was dissolved 

in Tris base/acetic acid EDTA buffer (Bio-Rad, TAE 1x). The mix was microwaved on high 

until agarose was completely dissolved, caution was taken to ensure mixture did not boil. Mix 

was then allowed to stand and cool. Once cooled, ethidium bromide (Sigma, 10mg/mL) was 

added (0.00625%) and stirred into the mixture. The mixture was then poured into the gel tray 

with well comb in place.  
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After the mixture had set, loading buffer was added to each sample and the solid gel added to 

the gel box. TAE was added until the gel was covered. The gel ladder was then added to the 

first well and the samples to the following wells. The gel was then run at 100 volts and 

500ma for 60 minutes.  

 

2.2.2 Sample purification  

To remove host and other contaminants, whole blood and plasma in quantities of 200µL were 

syringe (10mL) filtered through 0.45µm filters into Eppendorf tubes. This was then followed 

by 100µL PBS per sample.  

Following the filtration step each sample was subjected to DNase digestion. To do this each 

sample had 2µL of DNase I (RNase-free) (New England Biolabs) added. Samples were then 

incubated for 60 minutes at 37°C. Post incubation samples were subjected to 10 minutes of 

heating at 57°C to inactive enzyme.  

To help purify nucleic acids phenol chloroform extraction was employed. To do this equal 

volumes of phenol-chloroform (Sigma-Aldrich) and sample nucleic acid solution were added 

together and mixed briefly. Following this samples were centrifuged at 12,000 x g for 5 

minutes at room temperature. The aqueous phase from each sample was then transferred via 

pipette to a new tube. This was repeated until no protein was visible at the interface between 

aqueous and organic phase.  

Coupled to the phenol chloroform extract was an ethanol precipitation. For ethanol 

precipitation each sample volume was first determined using pipetting. Double sample 

volume of 100% ethanol was added to the mixture. Following this 1/10th of the sample 

volume of 3M sodium acetate was added and samples left overnight in -20°C. The following 

day samples were centrifuged for 15 minutes at 14,000 x g at room temperature. The 
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supernatant was then removed using pipette and samples were left to dry in hood for one 

hour. Five hundred microlitres of 70% ethanol was then added and the samples were 

centrifuged for 5 minutes at 14,000 x g at room temperature. The supernatant was again 

removed, and samples were left to air dry in lab hood. Post dry, the samples were 

resuspended in TE buffer.  

Clinical plasma samples were believed to have greater quantities of viral nucleic acids than 

the whole blood samples. Therefore, purified nucleic acids from each of these samples had 

their RNA content converted to cDNA, thus allowing for the sequencing of RNA viruses. 

Sample RNA was converted to cDNA using The SuperScript® III First-Strand Synthesis 

System for RT-PCR kit according to manufacturer’s instruction using quantities for a 25-

sample run. 

 

2.3.0 Paediatric whole blood and plasma sample library preparation for NGS sequencing  

For NGS sequencing to be successful sufficient quantities of DNA/cDNA must be available. 

Therefore, samples were assayed to ensure required sample quantities were met. To quantify 

the double stranded DNA content in each whole blood or plasma sample, the high sensitivity 

Quant-iT assay (Invitrogen) was used. Assay components were first equilibrated to room 

temperature. Following this working solution was prepared by diluting Quant-iT™ dsDNA 

HS reagent 1:200 in Quant-iT™ dsDNA HS buffer. Next 200 μL of working solution was 

added to each microplate well. Volumes of 10 μL of each of the Quant-iT™ dsDNA HS 

standards was then added to each well and mixed. Lasty, 2 μL of each unknown DNA sample 

was added and mixed in separate wells. The 96 well black microwell plate (237105, thermo 

Fisher) containing sample quantification mix was then read using the FLUOstar® Omega 

microplate reader (excitation/emission at 485/520 nm).  



34 

 

For the 20 whole blood samples, samples that were above background noise in the Quant-IT 

dsDNA assay were selected for sequencing. All of the plasma samples were all included due 

to the threat of COVID-19 closing the laboratory for an unknown amount of time. The 

libraries were subsequently concentrated to produce an equimolar solution. Note, libraries 

yielding less than 0.33 ng/µL were limited by available product when concentrating. The 

concentration of the 47 samples produced a final concentration of 1.163 ng/µL, equating to 

2.93nM. 

Samples for sequencing were prepared for sequencing using the Nextera DNA Flex kit 

(Protocol ID: #1000000025416 v07, Illumina), using 12 PCR cycle conditions.  

Prior to being sequenced, library prepared samples underwent quality control procedures. The 

average size of the libraries was assessed by the bioanalyzer 2100 high sensitivity DNA assay 

(Agilent). 

2.4.0 Sample Sequencing via Illumina Miseq v2 

To sequence the samples the libraries were pooled and concentrated to 1.046 nM using 

AMPure XP magnetic beads (Beckman Coulter). The pooled library was loaded onto the 2x 

250bp MiSeq v2 sequencing kit (Illumina) at a concentration of 5.23 pM. In addition, 5% 

PhiX was spiked into the reaction as an internal positive control. 

2.5.0 Bioinformatic processing 

To perform the necessary bioinformatic processes multiple modules were first loaded. 

Loaded modules include the popular data science platform anaconda, samtools which is used 

for reading/writing/editing/indexing/viewing SAM/BAM/CRAM format, and bowtie2 which 

is an ultrafast, memory-efficient tool for aligning sequencing reads to long reference 

sequences. The trinity package was also installed and used for de novo assembly. 
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Sequentially, adapters were first trimmed leaving only naked sequences of interest. Bowtie2 

was then used to check for alignment against the hg19 human reference genome. Reads that 

were not mapped to the human reference genome were then de novo assembled using trinity. 

Databases containing viral sequences and identities were then downloaded onto a local space. 

BLAST searches were performed, and the virus sequences were extracted. Bowtie2 was used 

to align the virus database sequences with the query sequences created using trinity. 

Following this samtools was used to firstly convert the created SAM files to BAM format as 

this is the required format for it to work. Samtools was then used to create stats such as contig 

length for each file. Resulting output excel spreadsheets included data such as: contig length, 

mapped reads, query sequence, subject sequence, titles, and alignment lengths. 

Upon completion of the bioinformatic process excel worksheets were inspected and virus 

candidates for each sample were selected. To properly analyse viruses, excel worksheet 

phage data was removed as well common viruses found in individuals such as herpes viruses 

or endogenous retroviruses. Nonsensical virus candidates, such as ‘bean virus’ or 

‘woodchuck hepatitis’ were also excluded from selection. Virus candidates were then 

selected after examining number of mapped reads and analysing previous studies 

documenting viral agents of sepsis.   

*See appendices A.2. for example PBS job text* 
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Chapter 3 Results 

3.0.0 Viral nucleic acid sequences can be found in whole blood and plasma in paediatric 

patients with sepsis 

Viruses and bacteria are both known to infect persons and cause diseases such as sepsis. 

Characterisation and identification of such viruses can prove useful as it will allow clinicians 

the ability to treat each patient based upon infectious agents as opposed to the current one 

size fits all approach to treating sepsis.  

It is known that agents of sepsis infiltrate the bloodstream, therefore extracting viral nucleic 

acids from blood/plasma is believed to yield viral nucleic acids that belong to pathogens of 

interest. Due to agents of sepsis being present in the bloodstream, this study first sequenced 

20 × 200µl whole blood samples and then 25 × 200µl plasma samples. These samples were 

obtained from paediatric sepsis patients presenting to the Gold Coast University Hospital.  

 

 

3.1.0 Quant-iT™ dsDNA High-Sensitivity assay to determine concentration of viral 

DNA extracted from 200µl whole blood retrieved from children with sepsis 
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Samples Est. DNA (ng/µL) 

1 0.012 

2 0.022 

3 0.041 

4 0.090 

5 0.043 

6 0.167 

7 0.020 

8 0.371 

9 0.000 

10 0.155 

11 0.415 

12 0.111 

13 0.162 

14 0.045 

15 0.084 

16 0.000 

17 0.000 

18 0.0075  
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19 0.122 

20 0.089 

Control 1 0.251 

Control 2 0.008 

Control 3 0.015 

Control 4 0.000 

 

Table 3 Whole blood DNA Quant-iT assay. Two hundred microlitres of whole blood 

underwent viral DNA extraction processes and quantity of DNA was determined using 

Quant-iT™ dsDNA High-Sensitivity assay. Control 1 consisted of 1µl of 1.275x108 pfu/ml 

of adenovirus in 100µl of PBS. Control 2 consisted of 1µl of 1.6x108 pfu/ml of semliki forest 

virus in 100µl of PBS. Controls 3 and 4 consisted of 100µl of PBS.  

 

The above table (3) shows the quantity of DNA from each 200µl whole blood sample as 

predicted by the Quant-iT™ dsDNA High-Sensitivity assay. This demonstrates the efficiency 

of the protocol (outlined in methods) used to extra viral DNA from each of the whole blood 

samples. Samples with low DNA yields, this is defined as those lower than or at 0.01 Est. 

DNA ng/µL, were excluded from sequencing as it was concluded that they would not yield 

good results if any. The samples that were included for sequencing are samples 2, 3, 4, 5, 6, 

7, 8, 10, 11, 12, 13, 14, 15, 19 and 20 plus controls 1 and 2. It should be noted the DNA 

quantified is not necessarily viral DNA. The quantified DNA can consist of viral, bacterial, 

host or other environmental contamination. The extraction protocol performed did aim to 

remove all DNA that was not viral, but this does not mean some did not get quantified.  
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Further, the control with the DNA adenovirus was found to yield sufficient quantities of 

DNA, whilst the other controls 2,3, and 4 did not.  

3.2.0 Virus detected in 200µl whole blood taken from children with sepsis  

 

Figure 3 Example data cleaning. Sample 14: post genome alignment and read to database 

matching, matched identities of no interest are removed. Generated sequenced reads were 

analysed using bioinformatic pipeline discussed in methods section.  
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To enable efficient analysis of mapped identities, mapped identities that were of no interest 

were removed until a small amount of matched identities of interest were left. Remaining 

matched sequences were then filtered based on mapped reads. This was deemed necessary as 

analysis was near impossible in samples where phage and other viral identities of little 

interest were in abundance. Figure 3 depicts one such cleaning of data. High amounts of 

matches shown above (i.e. 2061 total starting matches), were common across sequenced 

samples.  

Virus Number of 

individuals1 

Percentage of 

individuals2  

Median number of 

sequencing reads 

per individual  

Maximum number of 

sequencing reads per 

individual 

Respiratory syncytial 

virus 

5 25% 10 60 

Adenovirus 3  15% 2 8 

Anellovirus  3 15% 2 4 

Chikungunya  2 10% 67.5 125 

Cytomegalovirus 2 10% 14 26 

Enterovirus 1 5% 10 10 

Sindbis 1 5% 4 4 

 

1 Some individuals may carry more than one virus. 

2 Percentage is based upon 20 individuals. 
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Table 4 Viruses that have been documented to be associated with sepsis found in 

sequenced whole blood samples. Twenty paediatric samples of 200µl of whole blood had 

DNA purified and were sequenced using the Illumina MiSeq NGS system. Whilst extensive 

viral DNA was found, displayed are only the viruses that have been shown to be associated 

with sepsis. 

 

Table 4 highlights the 7 viruses that were found within whole blood of children presenting to 

hospital with sepsis like symptoms. When examining viral reads, it is seen low read counts 

are common. This is thought to be in part due to the relatively small amounts of total DNA 

extracted but then due to the assumed low amounts of viral DNA available in each sample. 

Although, low reads are seen to be common across studies of this nature. The most prevalent 

virus, found within the whole blood samples, is seen to be RSV. In 15% of sequenced 

individuals adenovirus and anellovirus were found. 

 

3.3.0 Phages found within 20 whole blood samples taken from children with sepsis 

It is thought that phage presence may be indicative of bacterial presence. Whilst nucleic acid 

extraction processes aimed to remove contaminants larger than viruses, such as bacteria, it 

seems that phages, being a virus that infects and replicates within bacteria, were left 

unscathed and therefore sequenced alongside the rest of the viral nucleic acids. Prophages 

may also account for these results. 
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Phage Number of 

individuals1 

Percentage of 

individuals2 

Median Number 

of sequencing 

reads per 

individual 

Maximum 

Number of 

sequencing reads 

per individual 

Escherichia phage 11 55% 1502.5 4325 

Pseudomonas 11 55% 1502.5 4325 

Bacillus phage 11 55% 1502.5 4325 

Acinetobacter 11 55% 1502.5 4325 

Streptococcus 7 35% 2 3978 

Coliphage 7 35% 14 530 

Salmonella 6 30% 21 530 

Shigella  6 30% 7 530 

Staphylococcus 2 10% 2 2 

Vibrio 2 10% 14.5 16 

Sphingomonas 1 5% 2 2 

Corynebacterium 1 5% 4 4 

Klebsiella 1 5% 2 2 

 

1 Some individuals may carry more than one type of phage. 

2 Percentage is based upon 20 individuals. 
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Table 5 Phages found within sequenced samples that pertain to bacteria that can cause 

sepsis like symptoms. Twenty paediatric samples of 200µl of whole blood had DNA purified 

and was sequenced using the Illumina MiSeq NGS system. Extensive phage DNA was found 

in sequencing reactions. Displayed are only the phages that have been shown to be associated 

with sepsis. 

 

Shown in table 5, phages escherichia, pseudomonas, bacillus and acinetobacter are believed 

to be linked to the phiX 174 phage spike for control purposes. These phages have high read 

counts and are found in over 50% of sequenced samples. The remaining phages have lower 

read counts and are only found in some samples.  
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3.4.0 Clinical findings vs study findings (whole blood samples) 

 

Sample Candidate virus Candidate 

bacteria1 

Clinical 

Phenotype2 

 

Organisms 

identified 

 

1 N/A N/A Definite 

Bacterial  

-S. aureus 

2 N/A -Shigella 

-Salmonella 

Probable 

Viral 

-Suspected 

Roseola 

(HHV6/7) 

3 N/A -Streptococcus  

-Salmonella  

-Shigella  

Definite 

Bacterial 

-E. coli 

4 N/A -Shigella 

-Salmonella 

-Sphingomonas 

Probable 

Viral 

-Unknown - 

URTI 

5 -Chikungunya virus  

-Adenovirus 

-Enterovirus  

-RSV 

-Shigella  

-Salmonella  

-Streptococcus  

-Corynebacterium 

Definite 

Bacterial 

-Klebsiella 

6 Anellovirus N/A Probable 

Viral 

-RSV 

7 N/A -Coliphage/E. coli  

-Shigella  

-Streptococcus  

-Staphylococcus  

Probable 

Bacterial 

-Unknown – 

Gastroenteritis  

8 N/A N/A Definite 

Viral 

-Parainfluenza 3 

9 N/A N/A Definite 

Viral 

-Influenza A 

10 N/A N/A Definite 

Viral 

-Human 

metapneumovirus 

& Adenovirus  

11 -Anellovirus  

-RSV 

-Cytomegalovirus 

-Streptococcus  

-Vibrio  

Probable 

Viral 

-Unknown – 

nonspecific 

illness 

12 N/A  N/A Definite viral  -Influenza A 

13 N/A N/A Definite viral -RSV 

14 -RSV 

-Anellovirus 

-Adenovirus  

-Chikungunya virus 

-Cytomegalovirus 

-Sindbis 

-Salmonella  

-Shigella  

-Coliphage/E.coli   

-Streptococcus 

Unknown 

bacterial or 

viral 

-Unknown – 

febrile 

convulsion, no 

source 

15 N/A N/A Probable 

viral 

-Unknown - 

LRTI 
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16 N/A N/A Unknown 

bacterial or 

viral 

-Unknown – 

osteomyelitis  

17 N/A N/A Definite 

bacterial  

-Salmonella 

virchow 

18 N/A N/A Definite 

bacterial  

-Non-tuberculous 

mycobacterium 

19 -RSV -Coliphage/E.coli   

-Salmonella  

-Streptococcus  

-Klebsiella  

Mixed 

bacterial/viral 

-S.aureus 

-S. anginous  

-Unknown viral 

URTI 

20 -Adenovirus 

-RSV 

-Vibrio  

-Staphylococcus  

-Streptococcus  

Definite viral -Adenovirus 

 
1 Candidate bacteria are based on phage sequences. 
 
2 Clinical phenotypes are empirically based when no definite answer is offered. 

 

Table 6 Research method vs clinical method for pathogen identification. Clinical 

diagnostic methods varied and not all were documented thus they are omitted. Research 

diagnostic method is described previously.   

 

When examining table 6 the viral candidates for each sample have all been documented to 

either cause sepsis such can be the case when RSV [160, 161] or adenovirus infection [162], 

or be associated with sepsis such is the case with CMV reactivation [163, 164] and rise in 

anellovirus counts [165, 166]. In cases where both a viral candidate and bacterial candidate/s 

are found, whether it be found using one or both methods a co-infection can be suggested. In 

the event of this it is possible one pathogen be the primary infectious agent and the other/s 

secondary infections. For example, cytomegalovirus is known to be reactivated in individuals 

with critical health status [167, 168] therefore the finding of CMV (and anellovirus) in 

sample 14 should come as no shock as other identified pathogens include RSV and 

adenovirus. In addition, this sample, if phage typing proves accurate, also has signs of 
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salmonella, shigella, E.coli and streptococcus infection. The aforementioned have all been 

shown have potential associations with sepsis.  

  

3.5.0 Quant-iT™ dsDNA High-Sensitivity assay to determine concentration of viral 

DNA extracted from 200µl plasma retrieved from children with sepsis 

 

After successfully sequencing 20 samples of 200µl of whole blood, 24 samples of 200µl of 

plasma was then sequenced. Due to the samples containing less contaminant than the 

previously sequenced samples (i.e. plasma and not whole blood), these 24 samples were 

predicted to contain more nucleic acids of interest. To assay the ability of the sequencing 

system being practiced, it was decided that this batch of samples will have nucleic acids 

converted to cDNA to allow for the sequencing of RNA viruses. 

 

 

Sample Est. DNA (ng/µL) 

1 0.43 

2 0.35 

3 0.45 

4 0.83 

5 1.35 

6 0.05 
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7 0.05 

8 0.01 

9 0.03 

10 0.02 

11 0.06 

12 0.07 

13 0.96 

14 0.40 

15 0.04 

16 0.00 

17 0.17 

18 0.21 

19 0.02 

20 0.25 

21 0.01 

22 0.14 

23 0.01 

24 0.12 
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Table 7 Plasma sample DNA Quant-iT assay results. Two hundred microlitres of plasma 

underwent viral DNA extraction processes and quantity of DNA was determined using 

Quant-iT™ dsDNA High-Sensitivity assay. 

 

cDNA sample Est. cDNA (ng/µL) 

1 0.06 

2 0.02 

3 0.01 

4 0.01 

5 0.00 

6 0.01 

7 0.01 

8 0.01 

9 0.04 

10 0.02 

11 0.03 

12 0.02 

13 0.04 

14 0.01 

15 0.03 

16 0.01 

17 0.04 

18 0.04 

19 0.01 



49 

 

20 0.12 

21 0.01 

22 0.01 

23 0.01 

 

Table 8 Plasma sample cDNA Quant-iT assay results. cDNA was created using processed 

sample nucleic acids with SuperScript® III First-Strand Synthesis System. Quant-iT™ 

dsDNA High-Sensitivity assay was then used to determine DNA quantity.  

 

Table 7 displays results from the Quant-iT™ dsDNA High-Sensitivity assay. This test was 

conducted to ensure sufficient quantity of DNA was achieved from each sample. Samples 

that failed to achieve sufficient DNA quantities were excluded from sequencing. Samples that 

were not sequenced include samples 4, 5, 13, 21 and 23. The remainder of the samples 

yielded appropriate amounts of DNA to be included for sequencing. 

Current Illumina sequencing systems are not able to sequence RNA samples therefore to 

identify RNA viruses from the clinical samples, post processing, sample RNA must be 

converted to cDNA. Samples that consisted of cDNA underwent a quality control procedure 

and were subjected to an exclusion criterion. Of these samples, samples 1, 3, 6, 7, 8, 9, 10 

were found to have appropriate amounts of cDNA for sequencing (see table 8.).  

3.6.0 Virus detected in 200µl of plasma taken from children with sepsis. 

Sequenced samples consisted of plasma instead of whole blood it was predicted that these 

samples would therefore yield better results and have fewer samples unable to be sequenced. 

The results show this was not the case as fewer samples were able to be sequenced. Again, 

sequencing lead to the creation of a FastQ file for each sample. Each file was then processed 
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and converted to an excel spreadsheet with lists of virus identities and mapped reads. Each 

spreadsheet was filtered similar to figure 3 to remove identities of no interest.  

 

Virus Number of 

individuals1 

Percentage of 

individuals2 

Median number of 

sequencing reads 

per individual  

Maximum number of 

sequencing reads per 

individual 

Respiratory 

syncytial virus 

9 37.5% 10 53 

Chikungunya  1 4.1% 10 10 

Sindbis  1 4.1% 6 6 

Adenovirus 1 4.1% 2 2 

Cytomegalovirus 1 4.1% 2 2 

 

1 Some individuals may carry more than one virus 

2 Percentage is based upon 24 individuals. 

 

Table 9 Virus that have the potential to cause sepsis that were found in sequenced 

plasma samples. Twenty-four paediatric samples of 200µl of plasma had DNA purified and 

was sequenced using the Illumina MiSeq NGS system. Whilst extensive viral DNA was 

found, displayed are only the viruses that have been shown to be associated with sepsis. 
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Table 9 highlights the 5 virus that were found within plasma of children presenting to 

hospital with sepsis like symptoms. Seen for all identified viruses are low read counts with 

median number of reads ranging between 2 and 10. Table 8 virus results were not included, 

as of the 7 cDNA samples that were sequenced and underwent bioinformatic processing, only 

one sample had a virus identified. Using cDNA results sample 8 was found to have sindbis 

virus with a mapped read length of 2 (not shown).  

The most prevalent virus found within the sequenced plasma samples is RSV. The remaining 

viruses were found in a low abundance of 4.1% of the sequenced samples. CMV has been 

shown to be associated with sepsis, most likely a case of reactivation. Sindbis, CHIKV and 

adenovirus can cause sepsis like symptoms and have been previously shown to be associated 

with sepsis.  

3.7.0 Phages found within 24 plasma samples taken from children with sepsis 

It is thought that phage presence may be indicative of bacterial presence. Whilst nucleic acid 

extraction processes aimed to remove contaminants larger than viruses, such as bacteria, it 

seems that phages, being a virus that infects and replicates within bacteria, were left 

unscathed and therefore sequenced alongside the rest of the viral nucleic acids. 
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Phage Number of 

individuals1 

Percentage of 

individuals2 

Median Number 

of sequencing 

reads per 

individual 

Maximum 

Number of 

sequencing reads 

per individual 

Acinetobacter 17 70.8 129.5 528 

Bacillus  17 70.8 129.5 528 

Coliphage 16 66.7 138 528 

Pseudomonas 13 54.1 158.5 528 

Vibrio 9 37.5 18 110 

Streptococcus 3 12.5 2 2 

Staphylococcus 2 8.3 2 2 

Corynebacterium 1 4.2 2 2 

 

1 Some individuals may carry more than one type of phage. 

2 Percentage is based upon 24 individuals. 

 

 

Table 10 Phages found within sequenced samples that pertain to bacteria that can cause 

sepsis like symptoms. Twenty-four paediatric samples of 200µl of plasma had DNA purified 

and were sequenced using the Illumina MiSeq NGS system. Extensive phage DNA was 

found in sequencing reactions. Displayed are phages that have been shown to be associated 

with sepsis. 
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In table 10 it is seen phages were found in abundance, with escherichia, pseudomonas, 

bacillus and acinetobacter again being assumed to be linked to the phix174 phage spike. 

Remaining phages are thought to have some significance as their bacterial hosts have been 

documented to cause sepsis like symptoms.  

 

 

3.8.0 Clinical findings vs study findings (plasma samples) 

 

Sample Candidate virus Candidate bacteria1 Clinical Phenotype 

 

Organisms 

identified 

1 -N/A -Vibrio Definite viral 

infection 

Norovirus 

2 -RSV 

-Cytomegalovirus 

-Streptococcus Definite viral 

infection 

Enterovirus 

3 -RSV 

-Sindbis 

-Vibrio 

-Staphylococcus 

Definite viral 

infection 

Parainfluenza 3 

4 -N/A -N/A Definite bacterial 

infection 

S. aureus 

5 -N/A -N/A Probable Viral 

Infection 

None 

6 -Adenovirus 

-RSV 

-Vibrio Probable Viral 

Infection 

None 

7 -N/A -Streptococcus Probable Viral 

Infection 

None 

8 -N/A -N/A Probable Viral 

Infection 

None 

9 -N/A -N/A Probable Viral 

Infection 

None 

10 -Chikungunya 

Virus 

-RSV 

-Vibrio 

-Staphylococcus  

Probable Viral 

Infection 

None 

11 -N/A -Vibrio Probable Viral 

Infection 

None 

12 -N/A -N/A Probable Viral 

Infection 

None 

13 -N/A -N/A Probable Viral 

Infection 

None 
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14 -RSV -Vibrio Unknown Bacterial or 

Viral 

None 

15 -N/A -N/A Unknown Bacterial or 

Viral 

None 

16 -N/A -N/A Unknown Bacterial or 

Viral 

None 

17 -RSV 

-Cytomegalovirus 

-Corynebacterium Unknown Bacterial or 

Viral 

None 

18 -RSV -N/A Unknown Bacterial or 

Viral 

None 

19 -N/A -Streptococcus Unknown Bacterial or 

Viral 

None 

20 -N/A -N/A Mixed -Grp A Strep  

-Flu B 

21 -N/A 

 

 

 

 

-N/A Mixed -S. aureus 

-S. pyogenes 

-RSV 
 

22 -RSV -Vibrio Mixed -Salmonella 

-Adenovirus 

23 -N/A -N/A Mixed -MRSA 

-RSV 

24 -RSV -N/A Mixed -S. aureus 

-Adenovirus 

 
1 Candidate bacteria are based upon phage sequences.  

 

 

 

Table 11 Research method vs clinical method for pathogen identification for plasma 

samples. Clinical diagnostic methods varied and not all were documented thus they are 

omitted. Research diagnostic method is described previously.   

 

Upon inspection of table 11 it can be seen that the candidate viruses have less variety than the 

previously sequenced samples. Viruses that are thought to cause primary infections include 

RSV, adenovirus, and chikungunya. In the absence of anellovirus, CMV is the only virus 

found within this set of samples that does not normally cause sepsis symptoms. Though CMV 

was always found alongside RSV, suggesting RSV as the primary infectious agent and a 
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potential CMV reaction due to immune suppression.  These results suggest that sepsis is not 

normally caused by one singular pathogenic agent rather it is often seen that a mix of viruses, 

mix of bacteria or mix of both contribute to symptoms and complications we see associated 

with sepsis.  

 

 

Figure 4 Comparison between whole blood and plasma samples. Median DNA extracted 

from 200 µl samples retrieved from children presenting to Gold Coast hospital with signs of 

sepsis (ng/µl) (+ 95% CI) (* = p<0.05) 
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Figure 4 demonstrates, in this study, plasma samples yield greater amounts of DNA than 

whole blood samples of same quantity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 

 

Chapter 4: Discussion and Conclusions 

 

This project aimed to survey the virome to: find what viruses were present, determine the 

number of viruses present, to show if there were single or multiple viruses that occurred in 

patients with sepsis, determine if there was any relationship to clinical results and finally to 

discover whether this information could be used to develop a rapid test in the future. Next 

generation sequencing was deemed most suitable for this task as it possesses the ability to 

provide genomic information both rapidly and with the requirement of little DNA from the 

query genome.  

At present no method is available that would allow clinicians to rapidly diagnose sepsis. 

Common methods such as culture can take weeks to diagnose viral agents of sepsis [169], 

and whilst this can provide answers, the time involved usually means pathogens are identified 

long after the critical disease state, rendering it of little use for treating clinicians. Therefore, 

being able to identify the main sepsis causing pathogens is of great use as this will allow 

rapid diagnostic tools to be developed.  

4.1.0 Evaluation of DNA extraction process  

Whilst next generation sequencing technologies are able to provide genomic data with very 

little nucleic acids from the query sample, PCR amplifications steps are still involved, and it 

is believed greater nucleic acid yields from samples will enable better quality sequencing 

data. Therefore, enhancing the ratio of viral to host nucleic acids becomes vital to success 

[170].  

Previous metagenomic studies have demonstrated the advantages of using fine filters to 

remove contaminants [11, 171]. It was found that using a finer filter removed greater amounts 

of host/bacterial contamination. For example, fine 0.22µm filters were shown to remove 
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portions of viral nucleic acids [141]. Our methodology assumed there would be low amounts 

of viral nucleic acids within each sample, so it was decided not to use filters this fine and 

instead use 0.45µm filters. 

Prior to filtration, or in some cases instead of filtration, previous studies have used 

centrifugation techniques to remove contamination [11, 171]. This technique was not 

employed in our study as we believed our samples to contain an already low viral titre, as we 

had to freeze/thaw our samples and it has been shown previously that freezing and 

freeze/thaw cycles can decrease viral titres [172] and/or RNA/DNA integrity, partly due to 

endogenous nucleases [173]. 

Essential to our DNA purification was a phenol-chloroform protocol. Chloroform has been 

shown to destabilise lipid membranes, which is advantageous as it disrupts bacterial structure 

integrity, and better enables nucleases to digest nucleic acids. Another advantage of this is 

enveloped viruses, such as mimivirus and coronavirus, loose stability through the 

disintegration of their envelopes, when exposed to chloroform [141], thus allowing easier 

access to viral DNA/RNA.  

Whilst phenol-chloroform protocols are commonly used in metagenomic studies, other 

studies have utilised DNA extraction kits to obtain suitable amounts of DNA for sequencing. 

One study found kits, specifically the Qiagen QIAamp® DNA Mini Kit, to yield significantly 

more DNA when compared to other methods such as phenol chloroform-based DNA 

isolation methods [174]. Most of these kits take advantage of DNA binding to a silica-gel 

membrane allowing the elution of contaminants followed by the release of DNA. Another 

drawback to using phenol-chloroform includes the extensive labour, as well the use of highly 

toxic reagents. Further, if phenol is not removed completely it can interfere with quantitation 

of the DNA using UV absorbance as phenol has a high extinction coefficient at 260nm [175, 
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176]. Therefore, future studies may experiment with such kits to increase viral nucleic acid 

yields. 

When comparing whole blood samples to plasma samples, the plasma samples were 

predicted to have more DNA available for sequencing after extraction protocols were 

performed. This assumption is based upon the natures of the samples; either consisting of 

whole blood samples or consisting of plasma. This assumption was proved correct as the 

sequenced plasma samples produced an overall higher yield of DNA when assayed (see 

figure 4). This too asserts the strength of our DNA extraction protocol. Were the protocol to 

have not filtered out host/bacterial contamination correctly, the whole blood samples should 

have produced a higher yield of DNA as a same quantity whole blood should in theory 

contain more DNA than a same quantity of plasma. This however may not always be the case 

as whole blood  can clot and trap viruses. Therefore, our whole blood samples may have 

quantified viruses trapped in clots. In saying this, it is believed that whole blood limited the 

total amount of DNA retrieved for samples of this nature. Future experiments may look to 

centrifuge whole blood samples to separate out the plasma, as plasma was more effectively 

filtered than whole blood in our study.  

4.2.0 Pathogens identified within samples retrieved from children presenting with sepsis 

like symptoms 

After running our computational pipeline, which included steps to remove sequence adapters, 

align sequences to hg19 to remove human reads and align processed nonhuman sequencing 

reads to a pathogen database (i.e. GenBank) and assign taxonomic classifications to each 

sequenced read, we were left with excel spreadsheets that contained virus identities and their 

associated mapped read lengths, alongside other data. After sorting through these and 

filtering out nonsensical virus identities such as woodchuck hepatitis or the expected viruses 

such as endogenous retroviruses, we were left with a list of viruses.  
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When comparing the computational pipeline used in our study to the one used in a larger 

scale virome study conducted by Moustafa et al[177], it can be seen that the latter 

incorporated more quality control steps.  For example, viral reads were first aligned to viral 

reference genomes from NCBI databases and then successfully aligned sequences were again 

aligned but to a more comprehensive database comprised of NCBI RefSeq genomes of 

viruses. Another significant difference was the study’s choice of genome assembler.  Whilst 

still using the de novo method for genome assembly, the study by Moustafa et al used the 

assembler SOAPdenovo, instead of the assembler we used which was Trinity, specifically we 

used the Inchworm part of the program to perform genome assembly. Furthermore, 

appropriate reference genome selection is a prerequisite for successful analysis of NGS data 

at present either hg19 or hg38 are used for human reference genomes. The discussed study by 

Moustafa et al utilised the hg38 reference genome.  One advantage of hg38 is it is better for 

NGS single-nucleotide variant (SNV) analysis [178]. Another study comparing human 

reference genomes found that higher number of reads maps to multiple location of the 

genome with hg38 compared to hg19 [179]. With more reads being mapped to human 

reference genome, there is less interference further down the bioinformatic pipeline, allowing 

for potentially more accurate data due to less data having to be analysed. From a 

bioinformatics standpoint, highlighted here are recommendations for future studies; future 

studies should aim to use hg38 instead of hg19 due to previously mentioned reasons. Genome 

assembly should utilise SOAPdenovo/SOAPdenovo2, as this method is better suited for 

genomic data. More studies reinforce this as the choice de novo assembler, as studies using 

this method have shown it to produce some of the cleanest assemblies with the highest 

reference coverage [154, 180-182]. Another addition to the computational pipeline that would 

in theory provide cleaner datasets, is the tool DecontaMiner. DecontaMiner investigates the 

presence of contaminating sequences in unmapped NGS data, thus contamination from either 
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laboratory or biological sources can be reduced through the pipeline addition of this tool 

[183].  

Regarding bioinformatic results, samples typically had low read counts. For successfully 

sequenced and analysed samples, the most common read count was 2. Whilst this seems low, 

it is not uncommon. To demonstrate using one of the largest viromic studies to date, the study 

that examined over 8000 individuals for viruses in their blood found the majority of 

individuals to have median numbers of sequencing reads between individuals range from 2-6, 

the majority of viruses having a median of 2 mapped reads per individual [177]. In relation to 

nonsensical viruses identified, our study found viruses such as murine leukemia virus, 

porcine endogenous retroviruses, and feline immunodeficiency virus. These are thought to be 

linked to contamination of cell lines or the environment.  

When analysing this study’s results, four outcomes occurred: neither method (clinical method 

vs research method) was able to identify pathogen; both methods were able to identify a 

pathogen (different or same); the clinical method but not the research method was able to 

identify a pathogen/s and vice versa. Sample identification results are briefly summarized 

next. 

Samples where no pathogenic agent was identified include samples of whole blood; sample 

15, and 16. From samples of plasma; samples 5, 8, 9, 12, 13, 15, and 16 were unable to have 

infectious agents identified. Samples where the research method was able to provide a call on 

the causative agent/s and the clinical method could not, include whole blood samples: 2,4 ,7, 

11 and 14. From the plasma samples, samples: 6,7, 10, 11, 14, 17 and 18. Samples where 

only the clinical method were able to identify a infectious agent include those of whole blood 

samples: 1, 7, 8 ,9, 10, 12, 13, 15, and 16 and those of plasma nature include samples: 4, 20, 

21 and 23.  



62 

 

Samples where both methods identified the same pathogen/s as the causative agent include 

whole blood samples 19 and 20. Whole blood sample 19 sees the clinical method identify 

staphylococcus and streptococcus. The research method was able to identify RSV as a viral 

candidate and via phages streptococcus and staphylococcus. This sample highlights our 

method of using phages as a method to identify bacteria as we were able to identify the same 

bacteria as the clinical team using this technique. Sample 20 of the whole blood samples saw 

both methods able to identify adenovirus as the virus responsible, with the addition of RSV 

identified by the research method.  

The next scenario that occurred was where one method was successful in identifying a 

pathogen, whilst the other method was not. In cases where the research method was unable to 

identify an organism, one suggestion for this occurrence is that the sample did not contain 

sufficient quantities of nucleic acids for sequencing (i.e. very low viral DNA). Whilst low 

quantities (prior to extraction) may be the cause of this, our extraction protocol can also be 

held accountable. For example, our extraction protocol may have been too sensitive and 

removed all DNA. Again, amendments to the protocol can and should be made to increase 

the viral nucleic acid yields.  
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There are numerous reasons why neither method was able to identify a pathogen. Firstly, it 

can be suggested no pathogen was present and that something else was causing the child’s 

symptoms. This would explain why both methods were unable to identify a causative agent. 

Next it can be suggested that the research method, especially with the whole blood samples, 

was not efficient enough with DNA purification. Future amendments to the extraction 

protocol may need to be made to overcome this problem. As mentioned previously, 

centrifugation may be used to separate plasma from whole blood. There were a few cases 

where we were unable to identify any pathogens despite adequate sample preparation. Only 

samples that were deemed to have sufficient quantities of DNA were submitted for 

sequencing. This suggests poor sample preparation (i.e. nucleic acid extraction/purification 

methods) can possibly be ruled out as a reason for a non-result for such samples. Meaning the 

problems lay downstream. Library preparation may have not been completed efficiently 

enough, resulting in not enough viral DNA being tagged for sequencing. Another reason for 

this occurrence may be our samples contained too much contamination and this overwhelmed 

the viral sequences during the sequencing process resulting in minimal viral reads being 

sequenced. This would explain why we saw sufficient DNA prior to sequencing but not after. 

For a non-result it can be suggested that the patient was hospitalized for bacterial sepsis and 

not viral sepsis, which means our sample preparation protocols were able to successfully 

remove bacterial contaminants and the DNA quantified within the samples were that of the 

host or another contamination. Cases where the clinical team were unable to identify a 

pathogen (where a pathogen was present) further highlights the need for greater and novel 

diagnostic techniques.  

 

 



64 

 

RSV 

Regarding the whole blood samples, 25% of them were found to contain traces of RSV. This 

find was promising as there have been plenty of documented cases of RSV being the 

causative agent for sepsis related hospital admissions [3, 160]. One study found RSV to be 

the most frequent cause of hospitalisation and an important cause of death in infants in the 

developing world [161]. RSV is believed to be almost always symptomatic, with the clinical 

manifestations ranging from upper respiratory tract illness (URTI), otitis media, to severe 

lower respiratory tract involvement (LRTI)[184]. A Dutch community-based study found 

viral load to be significantly associated with disease severity when RSV was the only 

pathogen detect. This however was not the case in infants co-infected with RSV and another 

respiratory virus. Further the study decided that the primary pathogen should be designated as 

the viral agent found in higher quantities [185]. Furthering this argument, a detailed analysis 

of clinical characteristics in co-infections was able to demonstrate that RSV dictates 

prevalence and severity of clinical features as well as hospitalisation duration, in spite of 

whether co-infection involved adenovirus or rhinovirus [186]. Until a vaccine against RSV is 

developed the current treatment for RSV infection is adherence to monthly dosing regimens 

of palivizumab[187].  

Adenovirus 

Whilst less prevalent than RSV, adenovirus was found in 15% of the whole blood samples 

sequenced. Adenovirus is a common cause of respiratory illness in childhood, found to be 

associated with around 5% to 15% of upper and lower respiratory tract infections [162]. A 

retrospective cohort study found that hospitalisations due to adenovirus were mainly due to 

respiratory signs (88%) and temperature instability (65%). Of the neonates that had 

adenoviral infections, 80% of those who had disseminated disease died [188]. Thus, finding 
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adenovirus within samples taken from children with suspected sepsis provides an appropriate 

candidate for a sepsis causing pathogen. For persons presenting with adenovirus infection, no 

specific treatment to the virus exists ,although an adenovirus type 4 and type 7 live vaccine 

has been used for U.S. military recruits [189].  

Anellovirus 

Anellovirus was also found in 15% of sequenced samples. Anellovirus is not normally found 

to cause human disease, rather it is associated with immune suppression. Low levels suggest 

relative immunocompetence [110, 165, 166, 190-193]. Therefore, given that it was found 

within sequenced samples, this may indicate a high titre and thus suggest 

immunosuppression, which is to be expected given the circumstances (i.e. sepsis). A viromic 

study conducted by Moustafa et al reinforces this theory, as this study sequenced over 8000 

healthy individuals blood viromes and found anellovirus to shown in nearly 10% of all 

individuals [177]. One study takes this further and investigates specific anelloviruses. These 

were Torque teno virus (TTV), transfusion transmitted midi virus (TTMDV) and Torque teno 

mini viruses (TTMV. This study found TTV and TTMDV are associated with fever in 

children whilst TTMV has no association with fever [194]. Therefore, when identified 

anellovirus are TTV and TTMDV, the association of these with sepsis is to be expected.  

CHIKV 

An unexpected virus, chikungunya (CHIKV), was found in 10% of samples, unexpected as 

major epidemics have been documented in mainly Africa, Asia, the Indian Ocean, Caribbean, 

and the Americas [195]. Despite this chikungunya has been documented to cause sepsis or 

sepsis like symptoms [196, 197]. One study confirms presence of the virus via RT-PCR test. , 

Within this study, one patient died of septic shock with no other identified cause but CHIKV 

infection [198]. In regards to Australian CHIKV infection, febrile illnesses in travellers have 
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been reported in 20-70% of cases returning from tropical and sub-tropical regions [199]. It is 

no surprise then that fever is the most common reason for seeking medical care on return 

from international travels [200].  For travellers returning to home in Australia, it is then 

possible that some of these returning persons went to hospital with fever/sepsis due to 

chikungunya infection. Therefore, this study’s results suggest some of these patients recently 

returned from an overseas trip. Most CHIV treatments involve pain management, through 

drugs such as paracetamol or dipyrone, and avoidance of strong painkillers such as 

corticosteroids. Use of the corticosteroid prednisone is reserved for extreme cases [201].  

CMV 

Cytomegalovirus (CMV) was found in 5% of the whole blood samples. CMV does not 

usually produce symptoms when it causes primary infection, reinfection, or reactivation as 

these types of infection are checked by the normal immune system [202]. The virus is 

however an important pathogen in individuals with an immature (i.e. child) or compromised 

immune systems [163]. During critical illness individuals experience CMV reactivation [164, 

167, 168, 203-207]. These studies have shown that with CMV reactivation comes with 

increased morbidity and mortality. In regards to prevalence, in the US it has been shown that 

50-70% of school aged adolescents are human CMV (HCMV) seropositive [208-210], with 

this number increasing to >80% with age [211]. Therefore significant numbers of 

immunocompetent patients harbor latent virus, making them at risk for reactivation during 

critical illness [212]. HCMV reaction in immunocompetent patients has been associated with 

inflammatory states such as sepsis [168, 213-215] and therefore it is not surprising that it was 

identified in our patient samples. Antiviral drugs are the cornerstone for treatment of CMV 

infection. The CMV DNA polymerase inhibitor ganciclovir and valganciclovir serve as the 

primary treatment options  [216, 217] and can be recommended as treatment options for these 

patients.  
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Enterovirus 

Enterovirus was found in 5% of the first set of samples sequenced. These viruses are 

commonly associated with causes of infection in infants and children [218]. A study 

conducted in Kuwait found that in 24% of neonatal sepsis cases due to non-bacterial causes, 

enterovirus is responsible [219]. Enterovirus can then be suggested as a causative agent of 

sepsis and the finding of it within our sequenced samples provides a viral candidate for 

sepsis. At present a vaccine for enterovirus 71 exists in China [220], however there is no 

specific treatment for the virus [221]. 

Sindbis 

Another virus identified within both the whole blood and the plasma samples sequenced, 

Sindbis virus (SINV) is a virus widely distributed in Eurasia, Africa, Oceania and Australia 

[222]. SINV is the most commonly isolated arbovirus from mosquitoes in Australia [223]. In 

spite of this, human disease has only rarely been reported in Australia [224, 225]. However 

seroepidemiological studies suggest that frequent subclinical infections do occur [226-229]. 

Its suggested then that strain variation or presence of clinically similar disease or 

antigenically related alphaviruses can explain the low incidence of clinical infections in 

humans in Australia [230]. As most recorded cases of SINV infection are either 

asymptomatic or result in fever accompanied by a rash, it can be suggested that patients with 

SINV infection can be sometimes misdiagnosed with sepsis or may have co-infection with 

SINV. As there are no specific treatments available for SINV [222], treatments revolve 

around managing symptoms, for example antihistamines can be used for the itchy rash that 

often comes with SINV infection. 
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The second set of samples sequenced consisted of 200µl of plasma instead of 200µl of whole 

blood. For this reason, it was expected that these samples would generate greater quality 

sequences, and show greater diversity of viruses. This was contrary to what we found, as this 

batch had a lower diversity of viruses successfully sequenced (i.e. 5 vs 7). Of the 24 samples 

sequenced, RSV was found in 37.5% of individuals, with chikungunya, sindbus and 

adenovirus accounting for 4.1 %. The reason this occurred could be simply the samples were 

taken from persons who were all admitted to hospital due to the same virus. For example, a 

small undocumented emergence of a specific RSV in the Gold Coast area. Another 

explanation for this may be our purification protocol removed viral and bacterial nucleic 

acids and contamination accounted for the quantified nucleic acids in these samples.  

When examining results, it is found where a virus was successfully identified, it was a virus 

previously documented to be the cause of sepsis i.e. adenovirus, RSV or enterovirus. 

Anellovirus and CMV were only identified in samples with other viruses present. This result 

is promising as previously mentioned these viruses have not been documented to be the 

causative agent of sepsis. CMV is shown to reactivate and anellovirus is shown to be more 

prevalent in immunocompromised individuals (see previously mentioned), whilst the 

remaining viruses, namely adenovirus, RSV, CHIKV, enterovirus and SINV have been 

shown to be a causative pathogen of sepsis or been known to cause similar sepsis symptoms. 

In cases where our research method offered a viral candidate as the cause of sepsis, 

chikungunya is the only virus that raises questions. This virus is predominately found in the 

African and Asian regions, at present it is not endemic within Australia and therefore children 

presenting to QLD Australia hospital are unlikely to have this. Aside from chikungunya 

virus, our identified viral candidates provide a strong answer for the cause of sepsis in these 

mentioned cases. Therefore the viruses identified here have all been documented to associate 

with sepsis, whether it be as a primary agent of infection or whether a co-infection [3, 160, 
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166]. Discussed in these previous sections, treatment options for these viruses is limited. 

Treatment strategies often include supportive therapies, as is the case with sepsis treatments. 

This highlights the need for greater treatment strategies. While not providing immediate 

treatment strategies, the study’s findings contribute to the understanding of viral sepsis. 

Another result of these findings is tools that enable the rapid identification of these viruses 

(leaning towards the more infectious viruses such as RSV) may be created. Another tactic 

that could utilise the findings here would be the creation of a vaccine against the main 

pathogenic viruses, though this is a longer term goal and as literature has previously shown, 

vaccine creation for these viruses is challenging, as evidenced by low availability of such 

vaccines.  

4.3.0 Bacteriophages identified (Phage typing)  

Bacteriophages are viruses that infect bacterium [231], and they are present in every 

environment that supports bacterial growth. They play critical roles in controlling bacterial 

ecosystems, and virulent phages may even slow or interrupt bioprocesses driven by bacteria 

[232, 233]. Phages are thought to maintain genetic diversity by targeting the most prevalent 

bacterial strains, coined the “killing the winner” hypothesis [234, 235]. Phages are specific to 

bacteria, therefore the presence of a phage is thought to indicate the presence of a bacteria 

specific to that phage (i.e. salmonella phage infects salmonella bacteria). This is referred to as 

phage typing [236]. Our first sequenced samples resulted in a high prevalence (55%) of phages 

escherichia, pseudomonas, bacillus, and acinetobacter. However, these specific phages are 

thought to be linked to the phix174 control spike, and as a result will not be discussed further. 

As well, it is possible identified phages may be prophages being identified from bacterial DNA 

circulating in the blood. As the types of phages found correspond to bacterial hosts normally 

present in the gut and skin, it is possible that DNA pertaining to these may have come from 

bacteria at these body sites [130].  
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Coliphages are known to infect E.coli, a bacteria that has been documented to cause sepsis 

[46][237],  therefore the presence of this phage within an individual with sepsis is reasonable. 

Streptococcus was also identified and is known to cause fever and vomiting [116]. The 

identified shigella bacteria are known to be responsible for a severe form of gastroenteritis 

[238]. Following the trend of the so far identified bacteriophages, salmonella has been shown 

to cause sepsis-like symptoms such as vomiting and fever [239] [240]. Phages of 

Staphylococcus were found and have bacterial counterparts that are involved in a wide 

variety of health complications such as pneumonia, toxic shock syndrome (TTS) and 

bacteraemia [241]. Vibrio infections cause symptoms such as fever and vomiting [242]. 

Clinical symptoms of S. paucimobilis include bacteraemia and pneumonia [243, 244]. 

Corynebacterium is known to cause diphtheria. Known symptoms of diphtheria include fever 

and breathing difficulties [245, 246]. Klebsiella pneumoniae infection health complications 

include fever and shortness of breath [19]. 

Therefore, bacterial counterparts of the phages identified have been shown to cause sepsis-

like symptoms. This strengthens the argument for our proposed theory of bacteriophages as a 

means of identify bacteria. The presence (if true) of the bacteria identified via phages appears 

promising, as they do align with bacteria that have been documented to cause sepsis. Whilst 

this discovery is encouraging, caution must be practised as it is possible some of these phages 

were extracted from the phix174 spike control. To circumvent this problem, future studies 

may look to run samples without phix174 controls. Aside from control spikes, possible 

contamination of the samples may have occurred at all stages of the study (i.e. within 

hospital, within laboratory or within the sequencing facility).  

A prime example where the suggested phage typing theory can be used for a diagnosis is 

within sample 7 of the sequenced whole blood samples. Here we see the clinical method give 

a phenotype of gastroenteritis but unable to give a causative agent. Our method was able to 
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identify 5 phages pertaining to bacteria that can cause symptoms of gastroenteritis, namely 

E.coli (coliphage), shigella, staphylococcus and streptococcus. This also offers an answer 

where previously there was not one. Though these answers fit nicely caution must be 

practised and more experiments must be conducted before relying on the accuracy of these 

results.  

As nearly all the successfully sequenced samples were found to contain phages pertaining to 

sepsis-causing bacteria as well as viruses known to cause or be associated with sepsis, the 

issue becomes determining what does presence mean. For example adenovirus whilst not 

overly abundant has been documented to inhabit healthy individuals [177], but has also been 

documented and is documented here to be found within individuals with sepsis [3, 160, 166]. 

This then highlights and ties in with a recently published review highlighting the need for 

better screening and recognition of sepsis in children [247].  

At present and within our study, viruses and bacteria alike have been shown to cause or be 

associated with sepsis. The challenge then becomes distinguishing correlation from causation. 

The ability to diagnose viral sepsis with the absence of bacterial sepsis will allow clinicians 

the confidence to withhold antibiotics. However, withholding antibiotics when they are 

necessary can be life threatening. For example, a 2017 study shows that each hour of 

withholding antibiotics when they are needed, can lead to increased risk of mortality [248]. 

Hence clinicians who withhold antibiotics need to have close to if not 100% certainty that a 

bacterial pathogen is not involved. Therefore, tests that can detect documented sepsis causing 

bacteria, must be created and improved to a point where there is no error. Another application 

of this is in cases where sepsis is suspected but not confirmed. Tests can be created to rule out 

sepsis. Again, caution is to be practiced and test results need to be 100% accurate as a 

mistake can lead to adverse patient outcomes.  
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4.4.0 Bioinformatics validation 

A 2018 paper published by Roy et al highlights the current dilemma with the bioinformatics 

side of next generation sequencing. The paper discusses the lack of published guidelines and 

the associated problems with result variability that can arise due to this lack of standards. For 

example, improperly developed, validated, and/or monitored pipelines have the potential to 

generate inaccurate results that may have negative consequences for patient care [147].  

For validation, our study pipeline used the DNA virus adenovirus and RNA virus SMFV. 

Adenovirus was successfully identified within the control sample suggesting our pipeline has 

a degree of accuracy. SMFV was not identified, which is expected as we did not perform 

reverse transcription on this set of samples, and without conversion of RNA to cDNA, viruses 

cannot be identified as sequencing requires nucleic acids to be in DNA form. Whilst this 

proved our pipeline to be effective in identifying single viruses, this does not mimic clinical 

environments. To better mimic and therefore test clinical application, future controls should 

mix in more contaminants, such as blood. Further, control tests should look to identify more 

viruses within control samples. Doing this would satisfy more criteria suggested by the paper 

by Roy et al, and therefore provide more validation and strengthen results.  

4.5.0 Limitations 

This study was the first of its kind conducted within this laboratory, therefore many obstacles 

had to be overcome. The first major limitation was the lack of bioinformatic skill. 

Overcoming this steep learning curve involved the help and collaboration of many. It was 

first required to learn how to create a bioinformatic pipeline that performed all the required 

tasks, but then many hours were spent learning how to correctly execute and run the required 

programs. Limitations in databases and knowledge also limit the study’s finding. Different 

databases have different types of data within them, most contain data for either inherited 

disease or somatic mutations but not both, with some exceptions. Further, no database is 
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comprehensive or error free, and many databases lack assurance of the quality of sequence 

data. This means whilst care can be taken, results can be erroneous even if all other control 

measures are taken. 

Another limitation lies in the studies lack of healthy controls. Having healthy controls would 

enable a direct comparison between an individual’s septic blood virome and their healthy 

blood virome. This is important in identifying viruses that can act as commensals (or another 

type of relationship i.e. mutualism).  

Tying in with study controls, future studies may use multiple positive controls with differing 

known levels of virus to determine a minimum level of detection.  

Further our study only used one method for sample purification. Future studies may look to 

optimise nucleic acid extraction/purification methods to ensure maximum nucleic acids are 

extracted and available for sequencing.  

As our data was retrieved from children presenting to the Gold Coast hospital, the results 

were limited to Australian children. Lastly, our small sample size of 45 samples/patients 

limits this study’s findings.   

4.6.0 Future directions 

The project aimed to survey the virome to show what viruses were present, determine the 

number of viruses present, see if there were single or multiple viruses that could be found 

within paediatric sepsis patients, determine if there was any relationship to clinical results and 

finally to see if this information might be used to develop a rapid test in the future. In this 

study we were successfully able to survey the virome of children with sepsis and show 

viruses that were present in children with sepsis. 

Currently NGS is suitable for establishing viral populations within septic individuals, 

however the time needed to perform NGS makes it unsuitable for rapid detection. This is due 
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partly to the time needed to purify samples and prepare them for sequencing, but also largely 

due to the bioinformatic time required to match sequences to database identities. Hence, the 

importance of our work lies in the identified viruses. With a priori knowledge, kits enabling 

rapid detection of the documented sepsis causing pathogens may be created, leading to more 

targeted treatments against identified pathogens. Such tools may include the DNA 

Endonuclease-Targeted CRISPR Trans Reporter (DETCTR) system that has previously been 

used for the rapid and specific detection of human papillomavirus in patient samples [249]. 

Coupling this technology to the identified viral sequences has the potential to rapidly 

determine the presence or absence of a particular virus. Another potential technique that has 

been shown to identify pathogens in a rapid manner is the employment of methylation 

markers as a means to determining pathogen presence [250]. The phenomenon of Raman 

scattering can also be utilised for pathogen detection. Label-free surface-enhanced Raman 

scattering (SERS) experiments have been carried out on various biological species, ranging 

from DNA, RNA, amino acids, peptides, proteins, pyrimidine bases as well drugs, antitumor 

drug interactions and bacteria [251-262], some of these reaching high levels of sensitivity at 

single molecule levels [263-265].  One study highlights the use of SERS technologies by 

creating an antibody-based Raman lateral flow immunoassay strip to detect AIV H7N9 [266]. 

In an attempt to provide higher sensitivity, a 2019 study combined SERS with aptamers 

making a SERS aptasensor for the influenza virus [267], again highlighting the potential for 

pathogen identification using these techniques. Key features of SERS technologies are the 

low costs, the portability of the equipment, rapid capabilities and the extremely high 

sensitivity in biological samples. These features point to SERS being a potentially powerful 

clinical tool [268, 269]. It is believed SERS techniques, combined with correct pathogen 

knowledge, can be applied to enable rapid identification or not of pathogens, thus allowing 

clinicians the previously unavailable ability to identify sepsis-causing pathogens and treat 
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accordingly. This would also give clinicians the confidence to withhold administering 

unnecessary antibiotics and other costly treatments.  

In conclusion, this project was successful as the study was able to establish a small group of 

viruses that can cause sepsis. Our results can be used in future studies to create techniques 

that will enable the rapid detection of virus that can cause sepsis. The findings from this study 

also contribute to the mapping of the virome. Alongside the main findings, our study was 

able to identify bacteriophages within samples that pertained to bacteria that have been 

shown to cause sepsis. This highlights a future study that may aim to use bacteriophages as a 

method of identifying the bacteria responsible for disease. The next logical studies within this 

area should look to create methods that revolve around being able to detect our identified 

pathogens in a timely manner, to enable clinicians a powerful tool in the fight against sepsis. 
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A.2. PBS job example used to perform bioinformatic analysis of sequenced samples  

#!/bin/bash 

#PBS -P Viromics 

#PBS -N bowtie2 

#PBS -l select=1:ncpus=16:mem=50gb 

#PBS -l walltime=50:30:00 

#PBS -M c.thrupp@griffith.edu.au 

#PBS -m abe 

#PBS -o output_bowtie2.txt 

#PBS -e error_bowtie2.txt 

# install bowtie2 under env1 environment # or Load modules 

# conda install -c bioconda bowtie2 

#module load bowtie2 

#module load samtools 

module load anaconda3/2019.07py3 

#source activate bioinformatics 

#source activate trinity 

source activate env1 

#conda install -c bioconda fastqc      #for running fastqc 

#conda install -c bioconda bbmap       #for running bbmap.sh 
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#conda install -c agbiome bbtools       # for running bbduk.sh, bbmap.sh and other bbtools 

# trim adapers and counts lower than 10 

cd /export/home/s5034106/Projects/Viromics/FASTQ 

./bbmap/bbduk.sh -Xmx1g ref=./bbmap/resources/adapters.fa ktrim=r k=23 mink=11 hdist=1 

qtrim=rl trimq=10 tpe tbo int minlen=30 ziplevel=9 ow in1=C1_S16_L001_R1_001.fastq.gz 

in2=C1_S16_L001_R2_001.fastq.gz out=C1_clean_R#.fastq.gz ow 

## save the clean files to the following folder and work on this folder 

cd /export/home/s5034106/Projects/Viromics/FASTQ/FASTQ_clean 

bowtie2-build GRCh38_latest_genomic.fna.gz hg19     ########## bowtie2-build builds a 

Bowtie index from a set of DNA sequences. 

bowtie2 --very-sensitive -p 12 -x hg19 -1 C1_clean_R1.fastq.gz -2 C1_clean_R2.fastq.gz --

un-conc-gz C1_non-human_R%.fq.gz 

################### 

Trinity --seqType fq --left C1_non-human_R1.fastq.gz  --right C1_non-human_R2.fastq.gz --

max_memory 50G --CPU 8 --full_cleanup --output trinity_output_C1_clean --

bypass_java_version_check --normalize_reads 

### Blast with the fasta from Trinity 

sed 's/ path.*//g' trinity_output_C1.Trinity.fasta | sed 's/ /_/' > 

./fastaSeqNameChanged/C1.fasta 

source activate env1          ## my blast environment 

export BLASTDB=/export/home/s5034106/Projects/Viromics/dtbs/nt 
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blastn -query 

/export/home/s5034106/Projects/Viromics/FASTQ/fastaSeqNameChanged/C1.fasta -db nt -

out  /export/home/s5034106/Projects/Viromics/blast_output/txt/C1.txt  -num_threads 8 -

evalue 1E-10 -outfmt "6 qseq sseq qseqid sseqid sgi sacc salltitles pident length evalue 

sskingdoms" 

grep "Viruses" C1.txt > C1_Viruses.txt    ## extract Virus sequences from the blast output 

file. 

# Go to the work directory, get counts 

cd /export/home/s5034106/Projects/Viromics/FASTQ/FASTQ_clean 

# Index 

bowtie2-build C1.fasta C1_bowtieOutput 

# Map 

bowtie2 --local --threads 16 -x C1_bowtieOutput -1 

/export/home/s5034106/Projects/Viromics/FASTQ/C1_S16_L001_R1_001.fastq.gz -2 

/export/home/s5034105/Projects/Viromics/FASTQ/C1_S16_L001_R2_001.fastq.gz -S 

C1_bowtieOut.sam 

 

# Convert sam to bam 

samtools view -bSF4 C1_bowtieOut.sam > C1_bowtieOut.bam 

#################### Sort 

samtools sort -@ 20 -T C1_Pre -o C1_bowtieOut_bam.sort C1_bowtieOut.bam  ## output to  

C1_bowtieOut_bam.sort file;-T PREFIX, Write temporary files to PREFIX.nnnn.bam 
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# Index 

samtools index C1_bowtieOut_bam.sort 

# Read count for each contigs 

samtools idxstats C1_bowtieOut_bam.sort > C1_read_count.txt 

#The output is TAB-delimited with each line consisting of reference sequence name, 

sequence length, 

# # mapped read-segments and # unmapped read-segments. 

# It is written to standout. Note this may count reads multiple times if they are mapped more 

than once or in multiple fragments. 
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A.3. Whole blood sample 5  
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A.5. Whole blood sample 11  
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A.7. Whole blood sample 19 
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A.9. Plasma sample 2 
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A.11. Plasma sample 6 
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A.13. Plasma sample 14 
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A.16. Plasma sample 22 

 

 

 

A.17. Plasma sample 24 

 

 

 


