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Abstract   

The conditions that deployed military personnel are exposed to can lead to high 

incidences of infectious diseases, with a significant impact on personnel wellbeing and the 

operational effectiveness of the deployment. Therefore, it is crucial that military clinicians 

can rapidly diagnose infectious diseases so that the optimal treatments are administered. 

The diagnostic tests currently available in deployed environments are limited by the 

logistical requirements, the time to provide an actionable result and the targeted nature of 

the tests.  

Clinical metagenomics (CMg) has the potential to provide rapid, untargeted identification 

of the causative pathogen of infection and additional clinically relevant information. 

However, there are several limitations associated with CMg, including the high ratio of 

human to pathogen genetic material, the complexity of the methods, the logistical 

requirements and the difficulty of interpreting the results to inform treatments.  

In this study, we aimed to address these limitations to develop, optimise and evaluate 

CMg methods suitable for use in deployed medical treatment facilities (MTF). CMg 

workflows were developed for the diagnosis of wound, gastrointestinal (GI) and respiratory 

infections. These methods were applied to samples collected from patients with suspected 

or confirmed infections and the results were compared against routine diagnostic tests. 

This included CMg workflows that were operated by a military biomedical scientist (BMS) 

within a deployed MTF, highlighting the technical and logistical challenges associated with 

CMg and providing the basis for the future development of CMg for deployed infectious 

disease diagnosis.   

This work has demonstrated that CMg has potential as a future deployed diagnostic test, 

however, further optimisation, including reduced method complexity through automation 

and a better understanding of the interpretation of CMg results, is required to enable the 

successful implementation of CMg within the deployed diagnostic pathway.  
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1.  Introduction  

1.1 Infectious diseases and the military 

Infectious diseases are defined as diseases caused by pathogenic microorganisms, 

including bacteria, viruses, fungi and protozoa (1). There are thousands of microbial 

species known to infect humans, with over 1500 bacterial pathogens having been 

identified alone (2) and novel pathogens emerge in human populations from a variety of 

sources, including transmission from an animal source to human populations (3). The 

variety and prevalence of pathogens affecting human populations means that infectious 

diseases are common, especially so in environments where the exposure of vulnerable 

populations is frequent. Therefore, infectious diseases have an enormous and profound 

global impact, both in terms of the human cost through loss of life and the social and 

economic costs (4). 

Military personnel are at significant risk from infectious diseases (5) and there are several 

factors associated with operating in military environments that contribute to this risk. When 

undergoing training and operating in theatre, personnel are often housed in crowded 

communal quarters with relatively poor hygienic conditions, resulting in increased 

exposure to pathogens and disease transmission (6, 7). When operating abroad, 

personnel may encounter pathogens to which they have not been exposed to previously, 

either from environmental pathogens endemic to the deployment location (8) or pathogens 

transmitted from the local civilian populations (9). Military personnel may also be at higher 

risk of suffering traumatic injuries that allow microorganisms to contaminate the wound 

and lead to a wound infection (10). The threat of the intentional release of biological 

weapons to harm military personnel must also be considered. The combination of these 

factors leads to significant incidences of infectious diseases amongst military personnel in 

deployed environments.  

Historically, diseases and injuries that did not directly result from combat were often 

responsible for more casualties in war than the military action itself and as a result, had a 

profound impact on the outcome of conflicts. In 1802, following the Haitian Revolution, 

Napoleon, the leader of the French Republic, dispatched a force of 30000 men to 

reconquer the island. Over the next two years, approximately 27000 men from Napoleon’s 

forces were killed by an outbreak of yellow fever (11), a disease endemic to Haiti but to 

which Napoleon’s forces had not been exposed to previously. As a result, Napoleon 

withdrew the French forces from Haiti completely and the survivors returned to focus on 

European conflicts (12).  A century later, during the Anglo-Boer wars (1899-1902), 57684 

British troops suffered from enteric fever caused by the bacterium Salmonella enterica 

serovar Typhi, resulting in 8225 deaths, greater than the 7582 killed through military 

action (13). Despite the significant advances made to the prevention and treatment of 

many infectious diseases over the past century through modern medicine, infectious 
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diseases continue to impact modern warfare. A trauma infectious disease outcomes study 

focusing on infectious complications in combat-injured US military personnel from the 

conflicts in Iraq and Afghanistan found that 34% of patients developed an infection during 

their initial hospitalisation and 38% developed a new related infection within the initial 88 

days following injury, placing a significant burden on the military healthcare services and 

reducing the operational capability of the deployed forces (10).  

The impact of infectious diseases on deployed forces means that the ability to rapidly 

diagnose pathogens of military relevance to limit their spread amongst deployed 

personnel has been a key area of research and in many cases has then transferred over 

to civilian medicine. One historical example is the Weil-Felix test, developed for the 

diagnosis of rickettsial infections in response to the outbreaks of typhus amongst German 

soldiers and civilian populations during World War I. The test utilised the patient’s serum 

mixed with Proteus bacteria with known cross reactivity with rickettsia species. This 

resulted in a heterophile agglutination reaction that identified the presence of antibodies 

against the Rickettsia disease groups. This included Rickettsia prowazekii, the etiologic 

agent of epidemic typhus, spread to humans by the body louse (Pediculus humanus 

corporis) (14). Following the development of this assay, German forces implemented 

systematic testing of those suspected of typhus infection in an attempt to limit the spread 

of the disease. Despite this advance in the ability to diagnose the disease, epidemic 

typhus was responsible for the deaths of hundreds of thousands of civilians and soldiers 

during World War I (15).  

As novel pathogens continue to develop, the need for the development of novel diagnostic 

tests continues into modern times. The outbreak of the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), the causative agent of Coronavirus disease 2019 (COVID-

19), at the end of 2019 provides a recent example of the continued need for the rapid 

development of diagnostic tests for military populations. As a highly contagious respiratory 

virus, SARS-CoV-2 presented a significant challenge to military populations globally. 

While the virus did not have the same impact in terms of deaths amongst military 

populations when compared to civilian populations, likely due to the age and fitness 

demographics of military populations (16), the ability to rapidly diagnose the disease to 

limit disruption to deployments was a significant challenge. Real-time polymerase chain 

reaction (qPCR) based diagnostic tests, targeting the RNA-dependent RNA polymerase 

gene with high sensitivity and specificity were published rapidly in response to the 

outbreak (17). Whilst qPCR based diagnostic tests were available, the absence of suitable 

equipment and logistical support to enable the large scale qPCR –based testing of UK 

deployed forces meant that testing was outsourced, both to the National Health Service 

(NHS) testing programme and to the Defence Science and Technology Laboratory (Dstl) 

(18). There were significant logistical challenges associated with sample collection and 
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transport, leading to turnaround times ranging from 24 hours to several days for the return 

of a result, depending on the operational requirement, causing delays to planned military 

deployments. Despite this, outbreaks of the SARS-CoV-2 virus occurred within deployed 

UK military populations, causing significant disruption (19) and demonstrating the 

continued importance of rapid and robust diagnostic tests for ensuring the continued 

safety and operational effectiveness of deployed military forces. 

1.2 Defence Medical Services  

The purpose of the Defence Medical Services (DMS) is to  

“promote, protect and restore the health of the UK armed forces to ensure that they are 

ready and medically fit to deploy globally” (20).  

More generally, this remit includes a wide range of tasks, from the provision of effective 

healthcare for all service personnel both at home and on deployment, to delivering clinical 

research related to defence medical care and providing advice on healthcare policy.  A 

key aim of the DMS is the provision of healthcare to deployed personnel, known as 

medical force protection. The purpose of which is to prevent the loss of life of service 

personnel wherever they are situated in an operational context and by extension, enable 

the success of the mission. This includes four main tasks:   

i) Promotion of behaviour that promotes health through minimising risk to health and 

preventing disease.  

ii) Provide input to equipment programmes aimed at avoiding or reducing injury. 

iii) Provide input to protection systems for deployed forces. 

iv) Counter the effects of infectious disease, environmental extremes, industrial 

hazards and chemical, biological and radiological hazards (20). 

While focused on deployed UK forces, the provision of healthcare may also be extended 

to the local civilian population if required, such as in the event of natural disasters.  

It is the aim of countering the effects of infectious disease to which this study is focused, 

through the development of novel diagnostic methods, enabling the effective and rapid 

diagnosis of infectious disease and ultimately, reducing the impact of infectious diseases 

on deployed UK forces.  

1.3 Deployed infectious disease diagnosis 

The provision of deployed healthcare is organised into role one, two and three MTFs, as 

defined by the North Atlantic Treaty Organisation (NATO) (21). Role one is intended 

primarily for emergency care to prevent the immediate loss of life, while roles two and 

three enable more activities to be performed, including the diagnosis of infectious disease. 

The deployed diagnostics tests available for use on a deployment depend on a range of 
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factors and will vary according to the specific deployment. This includes the locations of 

the facilities (with each role from one to three likely to be positioned further from the 

deployed personnel positions), the presence of endemic infectious diseases, the total 

number of personnel and any medical intelligence that may indicate a requirement for a 

particular diagnostic test. The infrastructure at each role also determines the diagnostic 

tests available for use. The deployed environment includes many challenging aspects that 

can affect the use of diagnostic capabilities. Reduced logistical support and available 

infrastructure can restrict the laboratory equipment, reagents and suitably trained staff 

available for diagnostic testing. Therefore, the routine diagnostic tests that are available in 

hospitals or more permanent locations may not be suitable for use in deployed settings. 

The diagnostic tests may then be replenished according to the operational requirements 

and in response to the outbreak of an infectious disease during the deployment. 

The diagnostic tests employed in deployed environments can be broadly separated into 

two categories: rapid molecular tests and microbiological culture-based tests. The main 

difference between these categories is that microbiological culture requires the growth 

and isolation of the microorganism to enable identification of the causative pathogen of 

infection. Dependent upon the pathogen species, the incubation step required for the 

growth of the organisms takes at least 18 hours, often increasing to 36 or 48 hours to 

allow for sufficient microbial growth of fastidious organisms and for additional tests such 

as antimicrobial susceptibility testing (AST) to be carried out. The incubation of the 

microorganisms also increases the logistical burden through the need for static incubators 

and the resupply of perishable reagents. Incubators are challenging to transport, require 

significant space within a fixed laboratory environment and constant power supply, which 

are logistically difficult to provide in deployed MTFs. Further, the reagents required for the 

growth of microorganisms, such as agar plates, require periodic resupply, which can be 

difficult to achieve. Rapid molecular tests, including polymerase chain reaction (PCR) and 

rapid immunoassays, target pathogen-specific nucleic acids or antigens, respectively, and 

do not require the prior isolation of the microorganism, with some exceptions. The fast and 

accurate diagnosis of an infection and identification of additional clinically relevant 

information such as the presence of antimicrobial resistance (AMR) genes can enable the 

provision of effective targeted treatments quickly, reducing the impact on the patient by 

reducing mortality and reducing the facilities required to care for the patients (22). Also, in 

contrast to microbiological culture-based tests, they do not require static incubators and if 

cold-chain storage is achievable, can be stored for extended periods of time without 

degradation, reducing the need for resupply. 
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1.3.1 Role one 

Role one MTFs are flexible, modular healthcare units intended to provide emergency care 

and triage capabilities to injured military personnel. Therefore, role one MTFs will be 

located close to the deployed personnel to enable the rapid provision of emergency care 

and are likely to be very basic, both in terms of their structure and ability to provide 

medical care (21) (Figure 1).  

 

Figure 1. Organisation of deployed MTFs with associated medical evacuation systems among NATO 

members and allied nations.  

Medevac = Medical evacuation. Images available under Open Government License. Figure created with 

Biorender.com.  

 

Only basic first aid equipment is used, with antibiotic administration and the control of 

blood loss and shock being the majority of medical countermeasures provided. The 

infrastructure available at role one is influenced by the operating environment and location 

being positioned close to the deployed personnel, unique threats such as endemic 

diseases, accessibility to the site and suboptimal conditions such as extreme heat. In the 

event of a suspected infectious disease outbreak, isolation pods are used to contain 

individuals presenting with communicable diseases, such as sickness or diarrhoea, 

providing challenges to infection control if the pathogen is not identified. These factors 

affect the quality of medical intervention that can be delivered and ultimately results in the 

evacuation of the patient without the need or ability to further confirm injury through 

diagnostic assays.  

Whilst role one environments are likely to be austere, limited diagnostic tests may be 

available, with the emphasis being on rapid time to result and low logistical burden. 

Diagnostic tests are generally limited to the use of target-specific lateral flow devices 

(LFD), with the tests selected for deployment according to the geographic location, 

endemic diseases and specific requirements of the deployment defined by the Centre for 
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Defence Pathology. These generally consist of LFD tests to which a whole sample can be 

added directly, without the need for extensive pre-treatment. When added to the test strip, 

the sample moves across the test strip and a visible band will form on the test strip in the 

presence of the target antigen in the sample. The antibody, conjugated to a coloured label 

present on the test strip, binds to the target antigen, indicating a positive test result. 

Negative results are often indicated by the lack of a visible band.  

Due to the lack of sample pre-treatment and reagent preparation required, LFD tests can 

be performed easily and a result obtained within minutes. However, the result will only 

provide a binary positive or negative result for the target and will not provide any further 

information such as a quantitative measure of the pathogen in the sample. These include 

tests such as the BinaxNOW® malaria test, available for deployments to geographical 

locations where malaria is endemic, that detects the P. falciparum histidine-rich protein 2 

and aldolase antigens with 84.2% sensitivity and 99.8% specificity (23), enabling the 

diagnosis of malaria without the need for microscopy, which cannot be performed in a role 

one environment.  

During the global COVID-19 outbreak, rapid LFD tests were rolled out, in addition to the 

qPCR tests available in the UK, to enable the isolation of positive cases and reduce 

transmission in deployed environments. The tests were simple to use, enabling self-

testing to be carried out and results to be provided within 30 minutes.  However, the 

sensitivity of the LFDs was heterogeneous and depended on the test used, ranging from 

37-99% for SARS-CoV-2 (24). This relatively poor sensitivity could lead to false-negative 

results and the continued spread of the pathogen amongst personnel. More complex 

molecular diagnostic tests that require additional equipment are not available at role one 

and require escalation to role two MTFs.  

1.3.2 Role two  

Role two MTFs are typically larger facilities than role one, dealing with a higher throughput 

of patients and providing more comprehensive patient care. Therefore, role two facilities 

are located further from the deployed personnel compared to role one but remain 

relatively mobile. Patient care includes deployed hospital care and damage control 

resuscitation by use of damage control surgery (DCS) providing blood transfusion and 

sedation ability. Evacuations due to limitations in capacity are commonplace, as well as 

the role two facility being bypassed for a role three facility for more severe cases and 

mass casualties. Role two facilities may not be deployed at all if the rapid evacuation of a 

patient to role three or four facilities can be routinely achieved, and this will be dependent 

upon the specific deployment. Within a role two environment, diagnostic equipment can 

include X-rays, magnetic resonance imaging, electrocardiograms, microscopy for 

pathogen morphology analysis and haematology to perform total blood counts. The DCS 



19 
 

capacity can include endotracheal intubation, laceration repairs and eye examinations. 

Infectious disease diagnostic capabilities, as with role one, rely primarily on rapid 

molecular tests. This includes the LFDs available at role one, as well as tests for 

additional targets, including Hepatitis B and C.   

Crucially, the use of the BioFire® FilmArray® 2.0 platform (Biomerieux), which processes 

the BioFire FilmArray diagnostic testing panels, is also enabled. There are several factors 

that contribute to the usability of the BioFire FilmArray 2.0 platform in role two 

environments. The BioFire FilmArray 2.0 is a relatively small benchtop platform that 

performs a nucleic acid extraction followed by nested PCR analysis of a range of different 

clinical sample types, depending on the test pouch used. The test pouches used at role 

two include GI, respiratory and meningitis pathogen panels (25-27). Each pouch tests for 

a panel of 14-34 (dependent upon the test pouch used) common pathogens or relevant 

targets such as AMR genes, enabling the rapid identification of multiple pathogens from a 

single test. In addition, the dehydrated test pouch reagents are contained within a series 

of tubes that, prior to sample loading, are re-hydrated. The sample is loaded directly to the 

test pouch, which is then loaded into the BioFire FilmArray 2.0 platform, requiring less 

than five minutes to complete the sample loading process. The majority of the BioFire 

FilmArray test pouches do not require growth of the pathogens prior to loading the 

sample. This reduces the total time to result and means that the static incubator 

equipment is not required. This excludes the Blood Culture ID panel that targets 

pathogens associated with blood stream infections that does require blood culture 

samples to be added to the test pouch and therefore, can only be performed at role three.  

Once the test has completed, a binary positive or negative result for each pathogen/gene 

target on the test panel is returned, with some test pouches, such as the Pneumonia 

panel plus, also providing quantification values for each target (28). The sensitivity and 

specificity of pathogen identification, although variable depending on the sample type and 

the specific target, are relatively high. The Respiratory Panel 2 achieves a sensitivity of 

66.7% for Bordetella pertussis ranging up to 100% sensitivity for Chlamydophila 

pneumoniae. The same panel achieved specificities of 96-100%, dependent on the target 

(26, 29). In addition, the BioFire FilmArray 2.0 platform is ruggedized for use in austere 

environments, reducing the potential for damage during transport, unloading and when in 

use.  

Whilst the BioFire FilmArray test panels are simple to operate and can provide a result 

within 60 minutes, the key limitation of testing for a panel of known targets is that 

untargeted pathogens will not be identified by the test. For example, outbreaks of novel 

pathogens for which no test target has yet been developed cannot be identified using 

these targeted test panels. The test panel would need to be amended, re-validated and 

then redeployed to enable to detection of novel pathogens, as was done with the BioFire 
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FilmArray Respiratory Panel 2.1 following the emergence of SARS-CoV-2 (30).  In 

addition, infections caused by uncommon pathogens which are not included as targets 

within these panels will not be identified, requiring additional testing to confirm the 

diagnosis which may not be available in a role two environment. The genetic mutation of 

the target region of a rapid molecular test can also prevent the identification of the 

causative pathogen resulting in the need for further testing, slowing the time to result 

significantly. In addition, sample testing cannot be multiplexed to allow for the testing of 

multiple samples per run. In outbreak situations where it may be necessary to test entire 

cohorts of personnel within a limited timeframe, the relatively low throughput of testing one 

sample per hour may be prohibitive to the operational readiness of the deployment. 

However, the newer BioFire® FilmArray® Torch platform (Biomerieux), compatible with six 

of the syndromic BioFire FilmArray panels, does enable the simultaneous testing of 

multiple samples. Therefore, although this platform is not currently validated for use in 

deployed MTFs, the multiplex testing of samples may soon be possible. 

In certain situations, an enhanced role two capability may be deployed. This will enable 

the deployment of all the capabilities used in role two, with some additional diagnostic 

tests included. Importantly, this includes the provision of microbiological culture, 

considered to be the gold standard for infectious disease diagnosis for many infection 

types, including bacteraemia (31),  and respiratory infections (32). Microbiological culture-

based methods are available at role two enhanced due to the increased availability of 

logistical support to enable the supply of equipment and reagents and the availability of 

the required infrastructure for solid and liquid growth media incubation. Microbiological 

culture involves collecting a sample from the patient and adding this sample to a liquid or 

solid growth medium. This growth medium is added to an incubator, a container heated to 

the optimal temperature for microbial growth, for 18 hours (or more if required) to grow the 

microorganism. For blood culture samples, samples are added to blood culture bottles 

and are incubated within automated continuous monitoring systems. Microbial growth is 

indicated by the measurement of volatile metabolites such as carbon dioxide. If microbial 

growth is detected, the sample is then sub-cultured on solid growth media to grow isolated 

colonies (33).  

The advantage of microbiology-based methods is that they are well-established, and once 

the organism has been cultured there are several different tests available using relatively 

simple techniques. These include simple, rapid methods such as agglutination testing, in 

which target-specific antibodies are added to a sample of the isolated microorganism and 

a positive identification is indicated by clumping observed in the sample. At role two 

enhanced, this includes tests for Salmonella O/Vi antigens and Escherichia coli O157. In 

the case of Salmonella, this agglutination test enables the identification of the subspecies 

S. enterica serovar Typhi, the causative organism of typhoid fever, which expresses the Vi 
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antigen (34). Agglutination tests for Staphylococcus aureus and Streptococcus 

pneumoniae, common respiratory pathogens, are also included. In addition, the classical 

technique of performing a Gram stain, in which the purple crystal violet-iodine complex 

dye is added to the isolated microbes to determine whether the microorganism is Gram 

positive or Gram negative based upon the differential retention of the crystal violet 

precipitate due to the thicker cell wall in Gram positive species (35), is available. Analytical 

profile index (API) tests can also be performed from isolated microbes. This method 

differentiates between groups of bacteria and yeast, such as non-fastidious, non-enteric 

Gram negative rods (e.g. Pseudomonas spp. and Acinetobacter spp.), anaerobic bacteria 

and Corynebacteria spp. API tests are based on the different enzymatic activity exhibited 

by these groups, such as activity related to fermentation of carbohydrates. Despite being 

relatively simple to carry out, these methods provide information that informs the optimal 

antibiotic treatments. 

For more detailed information on the optimal treatment, AST can also be performed on the 

isolated microbes. The isolated colonies are re-plated on a solid media in the presence of 

antimicrobial discs, known as the disk diffusion method (36). Organisms that are able to 

grow in the presence of an antimicrobial at concentrations above the defined breakpoint 

are considered resistant. This is key information required for treating an infection, as 

targeted use of antimicrobials reduces mortality and the faster the provision of targeted 

treatments the better the outcome for the patient (37). Finally, as blood culture is enabled, 

the BioFire FilmArray Blood Culture ID panel can be carried out for the identification of 

common causes of bacteraemia.  

The key limitation of applying microbiological culture is that the time to result for these 

methods can range from 18 hours up to 72 hours plus, due to the need to grow the 

microorganisms in an incubator. This often results in the use of non-specific treatments, 

such as the administration of empiric antibiotics that may not be optimal for the treatment 

of the causative pathogen, prior to test results being obtained. Further to this, fastidious 

microorganisms may not be identified at all due to slow growth rates and many of the 

additional diagnostic tests are pathogen-specific, such that non-targeted pathogens will 

not be identified. However, the key disadvantage of microbiological culture is the logistical 

requirements of maintaining the capability within a deployed environment. This includes 

installation and maintenance of large plate incubators requiring significant power and 

space to operate. Further to this, the reagents, including plates and various agar types 

must accompany the capability and may require restocking periodically due to limited 

storage time of the reagents. Therefore, it is key that alternatives are developed that can 

provide results to the same or greater sensitivity and specificity without incurring the 

logistical costs that are currently associated with microbiology. For more extensive 

diagnostic testing capabilities, the role three environment is required.  
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In addition to microbiology, microscopy, considered to be the gold-standard diagnostic 

method for the identification of enteric parasites (38), will also be enabled at role two 

enhanced. Microscopy methods involve the preparation of a sample for observation under 

a microscope, usually through addition of the sample to a microscope slide and depending 

on the sample type, addition of a dye to aid in pathogen identification. A trained BMS will 

then examine the sample for the presence of the pathogen based on morphological 

characteristics. Deployed microscopy methods include the identification of enteric 

parasites, including Cryptosporidium spp. and Giardia lamblia. The parasites are 

concentrated in the sample using the Midi Parasep® faecal parasite concentrator, which 

applies the Ridley-Allen formol-ether sedimentation technique within an enclosed system 

(39). The concentrated sample is then examined using a light microscope at X10 and X40 

objectives to identify the helminthic eggs or larvae and the protozoan cysts, oocysts or 

trophozoites (40). Microscopy based diagnosis can also be applied to the detection of the 

Plasmodium parasite species, the causative agents of the acute febrile illness malaria. 

Thick blood films are prepared and stained with a combination of methylene blue and 

eosin dyes to differentially stain the nucleus and the cytoplasm of the Plasmodium 

parasites replicating within the erythrocytes (41), and examined under oil immersion. 

Microscopy methods, when applied by trained personnel, are highly specific, with 

specificity of 98.3% achieved for the diagnosis of malaria from blood samples. However, 

sensitivity can be poor at just 39.3% (42). In addition, the processing of a sample can take 

more than 60 minutes and is labour intensive, requiring a trained BMS to process and 

examine each sample. Therefore, microscopy is not suitable for high-throughput 

diagnosis, which can delay the return of results, particularly during outbreak events in 

which increased sample numbers may be expected. 

1.3.3 Role three 

Role three facilities are field hospitals, evacuation hospitals (primary casualty receiving 

facility) and combat support hospitals, as well as advanced logistics support sites, with 

more permanent infrastructure than is possible at role one and two and include the 

highest level of medical care that can be provided with proximity to the battle zone. Role 

three MTFs should enable specialised surgery, care and additional services dependent 

upon the mission being supported. This increased capability means that role three 

facilities will be located further from deployed personnel and medical evacuation will be 

required. Role three facilities have surgical, preventative medicine and stress 

management teams. The higher capacity and holding level of patients enables more 

efficient diagnosis, treatment and recovery. Facilities are staffed by doctors, nurses and 

allied health professionals drawn from across Defence to enable more complex treatment 

to be administered. The facilities and equipment available at role three include 

resuscitation rooms, portable X-ray, ultrasound, CT scanners, haematology, biochemistry, 
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blood transfusion and microbiology. An extensively equipped operating theatre with 

capacity to perform three simultaneous surgeries, large capacity for over-night stays with 

70 ward beds, 20 high dependency beds and ten intensive care beds will also be available 

as a minimum. For infectious disease diagnostics, microbiological culture-based tests and 

microscopy, as described for role two enhanced MTFs, is available and will always be 

included at role three.  

As discussed, there are limitations associated with the current diagnostic methods 

available in deployed environments. In particular, the logistical burden of deploying the 

equipment and reagents required for microbiology and the time to result being a minimum 

of 18-36 hours, means that there is an opportunity to develop improved, novel methods of 

diagnosis. However, any new diagnostic technology must consider its implementation into 

the existing diagnostic pathway. All military capabilities are subject to Defence Lines of 

Development (DLOD) which provide a pan-defence taxonomy to enable the coherent, 

through life development and management of a defence capability. DLOD include training, 

equipment, personnel, information, doctrine, organisation, infrastructure and logistics 

(TEPIDOIL). Therefore, development of these new methods should consider the need for 

minimal logistical support, reduced time to result, and method complexity while enabling 

the identification of the causative pathogen in a target agnostic manner. The development 

of DNA sequencing and its application to infectious disease diagnostics has the potential 

to provide a solution to the current limitations of deployed diagnostics whilst taking the 

TEPIDOIL requirements into consideration.   

1.4 DNA sequencing for diagnostics 

DNA sequencing refers to the method of determining the sequence of nucleotides within 

the genetic content of an organism or a wider community of organisms in a sample. The 

method began with the development of the method known as Sanger sequencing in the 

1970s, based on the use of chain-terminating DNA polymerase inhibitors to determine the 

sequence of nucleotides (43). Methods have since developed rapidly and arguably the 

DNA sequencing method that is now most widely used for a variety of applications is 

sequencing-by-synthesis (SBS) technology, developed for Illumina™ sequencing 

platforms. This method involves determining the nucleotide sequence of fragments of 

DNA up to 300 base pairs (bp) in length by incorporating fluorescent nucleotides into 

clusters of identical DNA fragments by stepwise primer elongation and capturing high 

resolution images in a cyclical reaction (44).  

Crucially for diagnostic applications, the development of this method, amongst several 

other methods known collectively as next-generation sequencing (NGS), enabled a 

number of significant advances. This included the production of greater amounts of 

sequencing data per run from multiple samples at significantly lower cost compared to 
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previous technologies and within a shorter amount of time, with sequencing runs ranging 

between approximately 9.5-48 hours, depending on the platform. In addition, SBS is 

highly accurate, with error rates of 0.24 ± 0.06%, depending upon the preparation methods 

(45). Further to this, the bioinformatics technology that processes, analyses and interprets 

the raw sequence data to provide a diagnosis or clinically relevant information has greatly 

improved over recent years. This includes a wide range of computational tasks, from data 

pre-processing, quality control (46), de novo assembly (47) and reference-based mapping 

so that the required information is elucidated from the sequence data within a clinically 

relevant timeframe.  

The development of this technology has enabled DNA sequencing to become an 

increasingly important method for a range of uses across medicine, including infectious 

disease diagnosis, the identification of somatic genetic mutations and the high-throughput 

screening of gene variants for the diagnosis of cancers, amongst other applications (48-

50). The use of whole genome sequencing (WGS) identified an outbreak of methicillin 

resistant S. aureus (MRSA) of a novel sequence type at a UK special care baby unit that 

had not been identified using conventional methods. Further to this, NGS demonstrated 

the transmission of the pathogen within the unit by a specific member of staff. Therefore, 

measures could be put in place to limit further spread (51).  

However, while SBS sequencing continues to be highly useful in civilian medical 

environments, there are several limitations that prevent its use in deployed MTFs. The 

platforms are large and difficult to manoeuvre. The smallest Illumina sequencing platform, 

the iSeq, weighs 16 Kg and measures 30.5 cm × 33 cm × 42.5 cm. For the largest 

platform, the NovaSeq X, this increases to 587 Kg and measures 86.4 cm × 93.3 cm × 

158.8 cm, making them unfavourable for the dynamic MTF environments. In addition, SBS 

platforms, due to the requirement for precise imagery, are sensitive to movement, 

vibration and extremes of temperature and humidity and are likely to require installation by 

a qualified engineer (52). Therefore, SBS NGS platforms are unlikely to be routinely 

operated within a deployed environment. 

1.4.1 Nanopore sequencing 

Another generation of nucleic acid sequencers, termed “third generation” sequencing 

technologies, has the potential to further the use of DNA sequencing for infectious disease 

diagnostics and enable DNA sequencing to be performed in deployed environments. 

Nanopore sequencing, developed by Oxford Nanopore Technologies Ltd., sequences 

DNA by measuring the alterations in the electrical current across a semi-permeable lipid 

membrane as a strand of DNA moves through a protein pore. Each individual nucleotide 

generates a distinct electrical signal analysed in real-time to determine the sequence of 
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nucleotides in the DNA strand (53). This is repeated across approximately 1500 pores 

across the membrane enabling high-throughput simultaneous sequencing of DNA strands.  

This sequencing technology has several advantages for use in deployed MTFs compared 

to SBS technologies. The technology is small and portable. The first nanopore sequencing 

device, the MinION, released in 2014, was just 105 mm x 23 mm x 33 mm and weighed 

85 g. While this does require a connection to a suitable laptop with the required software, 

this set-up was significantly smaller and more lightweight compared to SBS-based 

technologies (54). Another nanopore sequencing device, the MinION Mk1c, further 

removes the need for a laptop connection, enabling nanopore sequencing runs to be set-

up, run and the data base called on one integrated device, further reducing the space 

requirements.  

Another significant advantage of nanopore sequencing is that the raw sequence data, 

consisting of the sequence of electrical signals generated as the DNA molecules move 

through the protein nanopores, are recorded in real-time. Therefore, the bioinformatics 

analysis can be started during the run, rather than once the run has finished, as is the 

case with SBS technologies, and workflows enabling real-time data analysis and 

interpretation of nanopore sequencing data are available (55). From an infectious disease 

diagnosis perspective, this has the potential to significantly reduce the time to result.  

These advantages of nanopore technology mean that there are a number of examples of 

nanopore sequencing being applied to a range of scenarios in which SBS sequencing 

could not be used, including on board the International Space Station and in the field 

within the Arctic Circle (56, 57). Nanopore sequencing technology has also been applied 

to a range of more conventional purposes, including disease diagnostics, cancer 

genomics and plant breeding amongst a wide range of other uses, as reviewed by Zheng 

P et al. 2023 (58). The development of nanopore sequencing opens up the possibility of 

DNA sequencing based diagnostic tests being applied for the diagnosis of infectious 

disease close to deployed personnel in MTFs or even at the point of care.  

1.5 Clinical metagenomics 

CMg refers to the untargeted sequencing of the total genetic material, DNA and/or RNA, 

contained within a patient sample. While this can refer to both the microbial and host 

genetic material, for the purpose of this study, CMg refers to the sequencing of the 

microbial genetic content of a sample. The untargeted nature of CMg allows a wide range 

information to be revealed and therefore, CMg has been applied to human health in 

several fields, as reviewed by Chiu and Miller, 2019 (59). Key examples include clinical 

microbiome analysis, used to inform disease prognosis, applying the untargeted nature of 

CMg to reveal the full diversity of species present in the microbiome of the patient. For 

example, CMg was applied to identify a significant reduction in gut microbiome species 
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richness in patients with cirrhosis of the liver compared to healthy subjects, associated 

with complications of cirrhosis and shown to predict 3-month survival (60). Analysis of the 

sputum microbiome revealed several bacterial biomarkers associated with the 

development of lung cancers, opening up the possibility of using CMg as a non-invasive 

method for monitoring the development and progression of the disease (61).  

In the context of infectious disease diagnostics, the aim of CMg methods is to identify the 

organism or organisms that are causing the infection and provide additional clinically 

relevant information to aid the treatment of the infection. The methods vary depending on 

the sample type and the aim of the diagnostic test; however, the basic process includes 

the following steps and is summarised in Figure 2: 

i) Sample collection. CMg has been applied to a range of sample types, including 

respiratory, blood, stool and cerebrospinal fluid, amongst others (62-65).  

ii) Host DNA depletion. The downstream processing for each sample type differs to 

accommodate for variances in the composition of the sample such as the human 

and microbial content. Depending on the proportion of human cellular material in 

the sample, a human genetic material depletion step may be required to reduce 

the proportion of human DNA in the sequencing data so that microbial species are 

identified with greater sensitivity. 

iii) Nucleic acid extraction. The microbial genetic material is extracted and eluted into 

a suitable buffer. Depending on the aims, DNA, RNA or both are extracted. This 

process is widely automated, reducing the hands-on steps for the user. 

iv) Nucleic acid amplification. In low biomass samples, the nucleic acids may require 

amplification using whole genome amplification (WGA) and/or PCR to generate 

sufficient DNA for the sequencing step. 

v) Library preparation. The DNA is prepared for sequencing during a library 

preparation step. This step depends upon the sequencing method to be used, 

with protocols available for different sequencing platforms, workflow aims and 

DNA input.  

vi) DNA sequencing. The DNA will then be sequenced, and the data analysed to 

identify the species present in the sample. Additional information such as the 

presence of AMR genes can also be elucidated at this stage. 
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Figure 2. A graphical representation of a CMg workflow for the diagnosis of infectious disease.  

Created with Biorender.com. 

 

1.5.1 Amplicon metagenomic sequencing 

CMg methods are broadly split into two approaches. Amplicon metagenomic sequencing 

refers to the amplification and sequencing of targeted regions of the genome to identify 

the pathogen species present in a sample. This method first amplifies by PCR universal 

hyper-variable target genes or regions that are flanked by conserved regions suitable for 
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oligonucleotide binding, such as the 16S ribosomal ribonucleic acid (rRNA) universal gene 

found in bacteria (66) or 18S rRNA gene found in fungi (67). The amplicons are then 

sequenced, and the resulting data analysed to compare the sequencing fragments 

present in the sample to a reference database. An example of this method being applied 

to the diagnosis of bacteraemia and fungaemia is the SepsiTest (Molzym, Germany). 

Evaluation of this method demonstrated 86% concordance with blood culture results and 

a sensitivity and specificity of detection of 87% and 85.8% respectively (68). The PCR 

method can be completed within four hours and the sequencing requires at least an 

additional eight hours, dependent upon the technology used, a considerable time saving 

compared to a typical blood culture.  

An additional advantage of the amplicon sequencing method is that it can identify any 

bacterial and fungal species present, if included in the relevant sequence database, and is 

not limited to a particular target or panel of targets, in contrast to PCR methods. However, 

it should be noted that viral pathogens will not be detected by 16S rRNA or 18S rRNA 

amplicon sequencing due to their lack of the required gene regions. In addition, inherent 

PCR biases, including differential primer mismatch and amplification efficiencies, can 

reduce the accuracy of microbial species detection using this method (69). Another key 

disadvantage of amplicon sequencing is the lack of additional information that can be 

gained from the sequencing data. While amplifying and sequencing the hyper-variable 

regions is effective for pathogen detection, it cannot be utilised to determine factors such 

as AMR and often cannot distinguish pathogens to a species or strain level. Therefore, 

additional testing would be required to gain this information, limiting the clinical utility. 

1.5.2 Shotgun metagenomics sequencing 

Shotgun metagenomics, in contrast to amplicon based sequencing, enables the 

untargeted sequencing of the total nucleic acid content of a clinical sample without the 

need for the prior amplification of targeted universal hyper-variable regions by PCR (70). 

During the library preparation stage, the DNA is fragmented, and specific adapters are 

attached to each end of the resulting DNA fragments. Fragmentation can be completed 

either through physical methods such as sonication or enzymatically. The ends of the 

DNA fragments are then repaired and ligated, with the enzymatic reaction differing 

depending on the sequencing technology used.  

There are examples of shotgun metagenomics being applied in a clinical context. Grumaz 

et al. 2019 (71) compared CMg sequencing of cell-free DNA in plasma with routine 

microbiology methods for pathogen identification from patients at the onset of septic 

shock. CMg achieved a positivity rate of 72% at sepsis onset, compared to 33% for 

routine microbiology. Importantly, expert evaluation found that the treatment method 

would have been altered in 53% of cases based on the sequencing results. CMg for 
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respiratory infections is relatively advanced and has been trialled for routine use in 

diagnostic laboratories in the UK. A pilot service was established at a respiratory intensive 

care unit (ICU) at Guy’s and St Thomas’ NHS Foundation Trust, London. One hundred 

and twenty eight samples were processed using a previously validated CMg workflow, 

providing results within 6.7 hours and the identification of respiratory pathogens with 93% 

sensitivity and 81% specificity compared to standard of care testing (72). Importantly, 48% 

of the results provided by the pilot service informed changes to the patient’s antimicrobial 

treatment, due to identification of the pathogen species or AMR genes.  

1.5.3 Advantages of clinical metagenomics  

A key advantage of the untargeted nature of shotgun CMg is the provision of additional 

clinically relevant information to inform the treatment of the infection, including the 

detection of AMR genes (73). The rise in the incidence of infections caused by pathogens 

resistant to one or more antimicrobial agents is of huge global concern, leading to 

increased rates of treatment failure, increased morbidity, mortality and treatment costs 

(74, 75). This has led to governments and global organisations including the World Health 

Organisation to take significant steps to try to control the development and spread of AMR 

and encourage the development of novel treatments (76), including for priority pathogens 

regarded as particular threats to the future of medical care due to AMR (77). From CMg 

data, if sufficient sequencing depth is achieved, the presence of genes associated with 

resistance to antimicrobials can be discerned. For example, the application of CMg to 

orthopaedic device infections enabled the identification of AMR genes, resulting in the 

correct prediction of phenotypic resistance in 87% of samples and the correct prediction of 

antibiotic phenotypic susceptibility of 100% (78).  

It is not only genes associated with AMR that are of relevance to the treatment of an 

infection. The detection of virulence factors and toxins, which can affect the severity of an 

infection, provides useful information and guides treatment options. Shotgun CMg has 

been applied to successfully detect both virulence factors and toxin genes, however, 

particularly for complex sample types such as stool, more complex bioinformatics analysis 

was required to determine the presence of different pathotypes and the associated 

virulence genes (64). The prediction of virulence factors and bacterial toxins by CMg has 

also been demonstrated, both in simulated and case-control examples with high accuracy 

and specificity (79).  

Whilst direct detection of the causative pathogen, AMR, toxin and virulence genes have 

obvious benefits, the range of additional data provided by CMg to inform on the progress 

of an infection and the appropriate treatment options extend beyond these. For sample 

types in which the sample contains commensal flora, the composition of this flora can be 

studied using CMg. Microbiome data, including species diversity, has been shown to 

differentiate patients with diarrhoea and healthy controls (80) and treatments developed to 
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increase microbiome diversity prevent re-infection (81). Further study of the composition 

of CMg data from a range of sample types in healthy controls compared to patients with a 

disease could reveal further data points that can inform treatments and the success of 

treatments over time. The untargeted sequencing of microbial DNA also means that any 

pathogen type can be detected and multiple pathogens can be detected from a single 

sequencing run, enabling the identification of the causative pathogen(s) even if the 

infection is caused by multiple microbial species (82). This advantage is particularly 

apparent in cases where the infection may be caused by a rare pathogen (83), during 

novel infectious disease outbreaks or the intentional release of undetermined pathogens 

where prior knowledge is not available. 

1.5.4 Limitations of clinical metagenomics 

While the potential for the use of CMg for the routine diagnosis of infectious disease in 

permanent medical facilities is clear and has been demonstrated, there are a number of 

limitations associated with current CMg methods that would prevent its routine use in 

deployed MTFs.  

Firstly, CMg enables the sequencing of the total nucleic acid present in a sample, 

irrespective of its origin. The presence of high levels of host nucleic acid in the sample 

reduces the proportion of sequence reads assigned to the pathogen species and therefore 

reduces the sensitivity of pathogen detection (62, 84). This is particularly impactful for 

sample types that contain high proportions of host cellular material compared to pathogen 

genetic material, such as blood samples. Therefore, for these sample types, host genetic 

material must be depleted prior to sequencing or during the bioinformatics analysis to 

increase pathogen detection sensitivity.  

Secondly, particularly for non-sterile sample types, CMg enables the detection of the 

nucleic acid of any microbial species present in the sample. Certain sample types, such 

as wound and respiratory samples, are likely to contain commensal microbial species 

irrespective of infection and this can impact the clinical utility of the sequencing data, 

masking the presence of pathogen genetic material. In some cases, commensal species 

are genetically similar to pathogen species, complicating the bioinformatics analysis and 

potentially leading to the misidentification of pathogen species as commensals and vice 

versa.  

Similarly, AMR genes will be detected irrespective of their origin, including from 

commensal species unrelated to the aetiological agent of infection and mobile genetic 

elements that can be horizontally transferred between species, particularly genetically 

similar species present within ecological niches (85), complicating the interpretation of the 

output of CMg to identify the resistance profile of the infection. Further to this, even if an 

AMR gene is identified, this does not necessarily directly relate to the phenotypic 
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resistance of the pathogen. AMR can result from a number of complex pathways, 

including from the presence of specific promoters that increase the expression of an AMR 

gene (86) and the expression of multiple AMR genes that work in combination to result in 

antibiotic resistance (87), such that the detection of an AMR gene associated with 

resistance to a specific antibiotic does not necessarily translate to the phenotypic 

resistance of the pathogen. AMR genes can also be present within an isolate without 

conferring resistance, known as silent AMR genes (88).  

In addition, exogenous contamination introduced during sample collection and processing 

may also be detected, potentially confounding the results and leading to false positives. 

The impact of contamination can be reduced by implementing thresholds to remove low 

level contamination (89), however, contamination is likely to be a significant problem 

associated with CMg for the foreseeable future. However, it should be noted that the 

colonising microbes and exogenous contamination issue is not unique to CMg and affects 

methods including culture and PCR. 

Focusing on utilisation in deployed military diagnostic facilities, there are several 

limitations that prevent the use of CMg for infectious disease diagnosis using currently 

available methods. As discussed, the development of new military capabilities is subject to 

DLODs. Although all DLODs will apply to the development of a deployable CMg capability 

(some of which will only become detailed as a capability is developed), it is possible to 

examine some of the likely issues now. CMg sample processing, despite being culture-

independent, can take between 12-48 hours to produce the data which then have to be 

analysed using complex bioinformatics software. In addition, the wet-lab processes 

required to prepare samples for sequencing are relatively complex and labour-intensive, 

significantly increasing the operator hands-on time and the total time to result. 

Subsequently, this complexity means that the training requirements to enable military 

personnel to produce and analyse sequencing data will be significant. The equipment 

required can have a significant footprint, energy requirements and can be disturbed by 

movement. Sensitive technologies of this nature may not be suitable for deployed 

laboratories in which space is at a premium. These limitations and the impact of the 

TEPIDOIL DLODs during the development and maintenance of an infectious disease 

diagnostics capability must be considered when developing a CMg diagnostic capability. 

1.6 Study aims  

Military personnel suffer from a range of infectious diseases, with wound, diarrhoeal and 

respiratory infections being of particular concern due to the high prevalence of these 

infection types and the challenges associated with diagnosis using current deployed 

methods (90). Whilst CMg is regarded as a potential solution to these limitations, the 

methods are not currently suitable for use in deployed MTFs due to method complexity, 
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time to result and the reagent and equipment requirements. In addition, technical 

limitations including poor pathogen detection sensitivity due to high proportions of host 

genetic material must be solved before CMg can be routinely applied for diagnostic 

purposes. The overall aim of this project was to develop, optimise and evaluate CMg 

methods for a range of relevant sample types that are routinely tested in deployed MTFs, 

providing a baseline for future development work towards deploying CMg as a standard 

diagnostic test.  

Firstly, in Chapter Two, this included the development of a CMg workflow for the diagnosis 

of wound infections, aiming to enable the sensitive and specific identification of wound 

pathogens whilst efficiently depleting host DNA and minimising the complexity of the 

methods to enable the future use of the workflow in deployed MTFs.  

In Chapter Three, the wound CMg workflow was then applied to wound swab samples 

prospectively collected from patients with suspected wound infections at two NHS 

healthcare facilities as part of a Ministry of Defence Research Ethics Committee 

(MODREC) approved study, with the aim of evaluating CMg for the diagnosis of wound 

infections and comparing the CMg results with current diagnostic tests. Further 

opportunities for method optimisation were identified for the improvement of the CMg 

workflow in future studies.  

In Chapter Four, CMg was applied to stool samples, stored using three storage methods, 

collected from UK military personnel during an outbreak of traveller’s diarrhoea (TD), 

caused by the enteric pathogen Cryptosporidium hominis, linked to the contamination of 

recreational water sources. This study aimed to compare the long-term storage methods 

for stool samples and optimise the stool sample CMg workflow for use in austere 

environments. Ultimately, this would enable military clinicians to store stool samples for 

extended periods at ambient temperatures, increasing the diagnostic testing options 

available during future outbreaks of TD.  

Finally, Chapter Five aimed to evaluate the application of CMg workflows for the diagnosis 

of respiratory infections in a deployed MTF. Two CMg workflows, developed for the 

identification of viral and bacterial respiratory pathogens were deployed to a role three 

MTF and respiratory samples were processed by a military BMS. The aim of this study 

was to gain a better understanding of the technical and logistical challenges associated 

with deploying CMg workflows to enable the optimisation of CMg during future work.  
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2. Development of a clinical metagenomics workflow for 

the diagnosis of wound infections  

2.1 Contribution statement  

The wet-lab work for section “2.3.4 Comparison of DNA extraction platforms” was carried 

out by Katie Edge (Dstl) as part of a six-month graduate scheme project under the direct 

supervision of Carl Halford. Carl Halford was responsible for the experimental design and 

results interpretation, with assistance from Katie Edge. All other wet-lab work and results 

interpretation was carried out by Carl Halford. The bioinformatics analysis was carried out 

by Dr. Thanh Le-Viet (Quadram Institute Bioscience) in close collaboration with Carl 

Halford using a bioinformatics pipeline that Dr Thanh Le-Viet previously developed. 

2.2  Introduction  

2.2.1 Clinical metagenomics 

CMg has the potential to provide a rapid, untargeted diagnostic test for a range of sample 

types relevant to deployed military personnel, including wound infections, using methods 

suitable for operation in austere environments. However, there are several limitations 

associated with CMg that prevent its routine application. The work carried out in this 

chapter aimed to develop a CMg workflow for the diagnosis of wound infections from 

wound swab samples. This focused on solving the limitations of CMg through the 

reduction of human DNA contamination whilst optimising for improved extraction of 

pathogen DNA and reducing the overall method complexity, time to result and equipment 

requirements. Figure 3 presents a schematic diagram of the wound swab CMg workflow.  

 

 

Figure 3. Schematic diagram of the wound CMg wet-laboratory workflow.  

Created with Biorender.com. 
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2.2.2 Host DNA depletion 

The collection of wound swab samples in clinical environments involves the identification 

of a small area of clean viable tissue at the base of the wound and rotating the swab on 

this area for five seconds, avoiding necrotic tissue and the wound edges (91). Therefore, 

wound swabs are likely to consist of a complex matrix of human epidermal and 

immunological cells, commensal microbial flora and, if present, pathogen species. The 

proportion of human and microbial cells collected on the wound swab is likely to vary due 

to the amount of genetic material in microbial species, particularly bacteria, being 

approximately 1000-fold lower than human cells. The presence of even a small number of 

human cells could interfere with the identification of microbial nucleic acids. Therefore, the 

first step of the process for preparing wound swab samples for metagenomics sequencing 

is the depletion of the human DNA content of the sample.  

Various commercially available methods of human DNA depletion are available, including 

the Molzym Ultra-Deep Microbiome Prep (Molzym GmbH & Co.), NEBNext Microbiome 

DNA Enrichment kit (New England Biolabs), QIAamp DNA Microbiome kit (Qiagen) and 

Zymo HostZERO microbial DNA kit (Zymo Research). A previous evaluation of these 

methods in human intestinal samples found that the QIAamp DNA Microbiome kit 

efficiently reduced the proportion of host DNA contamination, increasing bacterial DNA 

from 1% to 28% of sequence reads (92). In contrast, evaluation of the MolYsis kit in 

cerebrospinal fluid and nasopharyngeal aspirate samples spiked with known pathogen 

species did not improve the ratio of human to pathogen DNA (93). However, treatment 

with 0.025% final concentration of saponin, a non-ionic surfactant, resulted in a >95% 

reduction in human DNA without affecting the pathogen DNA; resulting in a 20-to 650-fold 

increase in the ratio of pathogen reads to human reads in the sequencing data. Incubation 

of human cells with saponin resulted in increased permeability of the lipid bilayer to 

macromolecules (94), but importantly, saponin did not have the same effect on bacterial 

cells, leaving them intact (95). The addition of a DNase enzyme, which enters the 

permeabilised human cells and digests the human DNA whilst the microbial DNA remains 

protected by the cell wall, effectively removed human DNA from the sample.  

A CMg workflow developed for the rapid identification of respiratory pathogens applied a 

2.5% final concentration saponin-based depletion of human DNA from lower respiratory 

tract infection samples (96). This resulted in an average of 103 – fold depletion in human 

DNA in depleted samples compared to non-depleted controls. When comparing the 

identification of an antimicrobial resistant pathogen, MRSA in this example, after two 

hours of DNA sequencing, the depleted sample resulted in a 47.9 × mean genome 

coverage compared to 3.9 × mean coverage in the non-depleted control (96). This 

increase in pathogen genome coverage was also demonstrated in additional samples, 

highlighting the importance of human DNA depletion for pathogen identification. Following 
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further optimisation of the saponin-based human DNA depletion method to reduce the 

time and number of hands-on steps in spiked whole blood samples, application of the 

saponin-based host depletion method increased the proportion of bacteria DNA from 

0.86% to 68.8% (63). The effective depletion of human DNA when treated with saponin 

followed by a suitable DNase enzyme led to the testing and evaluation of this method for 

the depletion of human DNA from wound swab samples as part of this study.  

2.2.3 Microbial DNA extraction  

Following the host depletion step, the next step in the sample processing workflow is the 

isolation and extraction of the microbial DNA. The efficiency of this step is critical to 

ensuring that the microorganisms present in the initial sample are identified by 

downstream processes. Further, the selection of the extraction methods can lead to the 

introduction of bias to the results, leading to the incorrect conclusions to be drawn from 

the resulting test (97).  

DNA was first extracted in 1869, having been crudely purified by the addition of acid to 

leukocytes during experiments conducted on leukocyte proteins (98, 99), almost a century 

prior to the discovery of the double-helical structure of DNA by Franklin (100), Watson and 

Crick (101). The study of the sequence of nucleotides within DNA has since become a 

cornerstone of molecular biology and the methods for the extraction and isolation of DNA 

have progressed significantly. The main steps of modern DNA extractions start with the 

disruption of the cytoplasm and nuclear membranes, followed by the isolation of the DNA 

and removal of other cellular structures, including proteins and lipids, before purification of 

the DNA and elution into a final buffer. The efficient disruption of the cytoplasmic 

membranes is of particular importance to CMg workflows, due to the potential for the 

presence of a wide variety of microorganisms, including Gram positive bacterial and 

fungal species. In general, it is more difficult to extract DNA from Gram positive bacteria 

due to the outer cell wall of Gram positive bacteria comprising a thicker peptidoglycan 

layer. The outer cell wall consists of polysaccharides including teichoic acids and 

lipoteichoic acids attached and inserted into the membrane, respectively (102). DNA 

extraction from fungal cells is also made more difficult by the presence of fibrous 

carbohydrate polymers with a range of proteins and additional components that combine 

to make very strong cell walls (103).  

The disruption of the cytoplasmic membrane is usually achieved through mechanical, 

chemical or enzymatic methods, or a combination of these. Mechanical disruption relies 

on the physical breaking of the membranes through the addition of beads of various sizes 

and subjection to high intensity vibration. Factors including the bead material, bead size 

and the duration and intensity of bead beating can be tailored to the specific sample type 

to improve the DNA yield (104) and the inclusion of a bead-beating step increases the 
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diversity of microbial species revealed from gut microbiome samples (105). Chemical lysis 

methods include the addition of the sample to buffers containing agents that disrupt the 

outer membrane or cell wall. This includes guanidine thiocyanate, a chaotropic agent that 

destabilisies macromolecules including proteins, disrupting cell and organelle membranes 

(106) and preventing the degradation of nucleic acids by nucleases (107). Enzymatic lysis 

methods utilise lytic enzymes to disrupt the cell membranes. One example, lysozyme, 

acts by lysing the cell wall peptidoglycan through the activation of autolytic enzymes in the 

bacterial cell wall (108). Both mechanical and enzymatic methods have been shown to be 

effective in different contexts, however, bead-beating has been shown to be more 

effective for the extraction of DNA from samples including Gram positive bacteria (109).  

The two most utilised methods for the isolation of DNA following cell membrane disruption 

rely on silica-based matrices or magnetic beads to bind the DNA. Silica matrices have 

high-affinity for DNA due to the presence of positively charged ions which attract the 

negatively charged DNA while the cell lysate can be removed (110). Similarly, magnetic 

beads consisting of magnetic nanoparticles coated with a DNA binding molecule, bind 

DNA and allow for the separation of the DNA from the cell lysate through the use of a 

magnet (111). In this project, initial experiments were carried out using the MaxWell 16 

LEV platform (Promega), an automated DNA extraction device available at Dstl that 

enabled the reproducible and relatively high-throughput extraction of microbial DNA from 

host depleted samples. Following the host depletion and prior to addition of the sample to 

the device, the sample is added to a lysis buffer with Proteinase K and incubated at 65°C 

for five minutes. The lysis buffer contains Guanidine Thiocyanate and Triton X-100 

detergent, which further lyse the cell membranes and nuclei of the cells. The Proteinase K 

degrades various proteins, and the histones bound to the DNA which enables the release 

of the genomic DNA ready for isolation. The MaxWell 16 LEV device then uses a 

sequential series of wells in a removable cartridge. The sample is moved from one well to 

the next, starting with a well containing paramagnetic particles that bind the DNA. The 

DNA is separated and washed with ethanol to purify the DNA, before being eluted into the 

elution buffer, with the process taking approximately 45 minutes. 

2.2.4 Whole genome amplification 

The inclusion of a WGA step is necessary for CMg workflows when working with low 

biomass samples, such as host depleted samples. In addition, nanopore based 

sequencing often requires higher DNA input in comparison to Illumina SBS based library 

prep methods. Therefore, a WGA step was included in the CMg workflow for this study. 

WGA refers to the non-selective amplification of the total DNA content of a sample, 

resulting in a significant increase in total DNA concentration reflecting the entire genetic 

content of the sample. This enables the study of DNA content from very low biomass 

samples including trace DNA and even single cells (112).   
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WGA can be categorised into two main methods of amplification: PCR and isothermal 

amplification. PCR based methods, such as primer extension pre-amplification PCR, uses 

random four-nucleotide primers that anneal to many sites along the DNA sample. The 

reaction is heated and cooled in a cyclical manner with a DNA polymerase enzyme to 

amplify the DNA. This results in the amplification of 75% of the genome after 50 cycles, 

requiring approximately three hours of amplification time (113). Isothermal amplification 

includes methods such as multiple displacement amplification (MDA), the most applied 

WGA method. MDA uses a DNA polymerase with high extension activity and random 

primers to amplify the genome and, in contrast to PCR-based methods, uses isothermal 

conditions without the need for cyclical heating and cooling. Advantages of this method 

include the uniform amplification of the whole genome, enabling fragments of 10-100 

kilobases in length to be amplified with high fidelity (114). Further to this, the method is 

generally simple to carry out, does not require pre-purification of the DNA requiring 

minimal steps and is available through a range of commercial off the shelf (COTS) 

products. In addition, advances in microfluidic technologies may enable the transfer of 

MDA WGA methods onto automated microfluidic devices, further reducing the user 

hands-on time, power requirements, potential for contamination and human error (112). 

Therefore, this method was selected for evaluation as part of this project.  

Despite being required for the generation of sufficient DNA from low biomass samples, 

there are disadvantages to applying WGA methods. Firstly, the amplification stage adds 

two to three hours to the total time to result, varying according to kit selection, DNA input 

and desired DNA yield. Also, whilst amplification is uniform across the genome, WGA 

does introduce bias to the identification of species by sequencing according to factors 

such as GC content and DNA conformation of the genome that can lead to the preferential 

amplification of some DNA sequences compared to others (115). Therefore, it may be 

necessary to better understand and account for the impacts of these biases on the 

detection of pathogen species. Finally, the amplification of DNA by MDA forms branched 

intermediate DNA structures and chimeras (116) that can block the protein nanopores 

during sequencing, reducing the total number of sequence reads. Therefore, a DNA de-

branching step, involving the incubation of the DNA with an endonuclease to break up the 

branched structures, is required. This reduces the average read length to an average of 

two to three kilobases (117) and further adds to the overall method complexity and time to 

result.  

2.2.5 Nanopore sequencing library preparation 

As discussed in Chapter One, there are several types of DNA sequencing methods 

available, with Illumina SBS technology currently being the most widely used. However, 

the nanopore based DNA sequencing technology developed by Oxford Nanopore 

Technologies is currently the most suitable technology for use in austere deployed 
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environments. This is due to the availability of rapid and simple library preparation 

methods, the small size and portability of the sequencing device and the ability for real-

time data analysis. These factors combine for reduced time to result and improved 

suitability for use in deployed MTFs compared to the alternatives.  

Part of the reduced time to result for nanopore sequencing is due to the availability of 

relatively simple library preparation methods. One example is the Rapid PCR Barcoding 

Kit (Oxford Nanopore Technologies) (SQK-RPB004). This method involves the enzymatic 

fragmentation of the DNA by an enzymatic complex termed the “transposome” that both 

cleaves the DNA template whilst simultaneously adding a DNA tag that contains PCR 

primer binding sites. Due to the use of 12 primers that each contain a unique barcode, up 

to 12 samples can be multiplexed onto one run, increasing the sample throughput. The 

tagmented DNA fragments are amplified by PCR, generating amplicons suitable for DNA 

sequencing. This amplification step, whilst adding to the total time to result, enables 

significantly more reads to be generated from DNA inputs as low as 1-5 ng. Sequencing 

adapters which facilitate the translocation of the DNA strands through the protein 

nanopores during the sequencing process are then added. This library preparation 

method requires approximately 15 minutes of hands-on time with additional time required 

for the PCR step which varies depending on the required number of amplification cycles. 

There are examples of this method being applied to low biomass samples to enable 

metagenome sequencing to be carried out for diagnostic purposes. When an optimised 

version of the Rapid PCR barcoding method was applied to host depleted urine samples 

for the detection of Neisseria gonorrhoeae from patients with symptomatic urethral 

gonorrhoea, researchers were able to achieve ≥92.8% coverage of the N. gonorrhoeae 

reference genome at ≥10-fold depth in 70% of samples (118). This was achieved directly 

from the samples and without the need for culture. 

An alternative library preparation method, the Rapid Barcoding Kit (SQK-RBK004), 

employs the same transposome enzymatic tagmentation reaction followed by the addition 

of DNA sequencing adapters but omits the PCR reaction. Therefore, the total time to 

result is reduced by approximately two hours compared to the PCR-based method. 

However, the kit requires an increased DNA input of 400 ng per sample, far higher than 

the five-ng required for the PCR based method. The ease of use of this method has 

enabled it to be employed in field-based exercises in deployed environments. A 

multicentre evaluation of the effect of different analytical approaches for the identification 

of bacteria from a range characterised DNA samples showed that the Rapid Barcoding kit 

was suitable for use, even in the austere field based environment (119). In addition, the 

sequencing data produced from the Rapid Barcoding kit more closely matched the 

composition of the input DNA compared to the PCR-based method. However, in this 

example, sufficient DNA was produced from the samples to enable the use of the Rapid 
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Barcoding kit without prior amplification. As discussed, low biomass samples that require 

pre-amplification to generate sufficient DNA for sequencing can potentially introduce 

distortion of the DNA composition compared to the sample input.  

2.2.6 Nanopore sequencing and data analysis 

Once prepared for sequencing, the multiplexed sample is sequenced on a nanopore 

sequencing device. A key advantage of nanopore based sequencing is the ability to 

analyse the data in real-time. The analysis of metagenomics data, due to the amount and 

complexity of the data, is difficult. Further, depending on factors such as the aim of the 

workflow and the sample type, bespoke analysis pipelines are required, needing input 

from expert bioinformaticians to establish. The selection of the optimal bioinformatics 

pipeline is critical for metagenomics studies and significantly influences the sensitivity of 

pathogen detection, particularly when the pathogens are present at low abundance (120).  

As the DNA strands move through the protein nanopore, it applies a different voltage 

across the membrane. This raw data is stored in Fast5 format by the MinKNOW software 

(Oxford Nanopore Technologies) in real-time and the first step in the bioinformatics 

pipeline is converting this raw data into a DNA sequence. The MinKNOW software has in-

built base calling software that can convert the Fast5 data to Fastq read data. 

Alternatively, base calling software can be applied offline using adjustable features that 

can be modified according to the pipeline aims.  

Following base calling, a series of quality control steps are often implemented. These 

usually remove shorter DNA reads, sequencing adapters, duplicate reads and reads that 

have not achieved a specified quality score (70). Non-target DNA and known 

contaminants, such as human DNA, can also be removed at this stage by aligning the 

sequences to a reference genome. Alignment software such as minimap2 are used for 

this (121) and is often one of the most time consuming steps (122).  

For the identification of microbial species, the next step is usually to compare the 

remaining reads to a suitable reference database. The choice of database will depend 

upon the aims of the workflow, with comprehensive bacterial, viral and fungal species 

databases available. The rise in the application of metagenomics has led to an increase in 

the number of databases available, with more compiled every year (123). There are 

different strategies for aligning sequences to reference databases. Microbial reads or 

microbial reads assembled into contigs can be aligned to the database. Alternatively, to 

reduce the time and computational power required, analysis of k-mers can be carried out, 

although this reduces the sensitivity of the output. However, this can be improved through 

the use of shorter k-mers (124). One example is the WIMP pipeline, developed by Oxford 

Nanopore Technologies, that utilises Centrifuge, a k-mer based identification with Burrow-



40 
 

Wheelers Transform and the Ferragina-Manzini index to classify reads into species using 

the RefSeq database in real-time (125).  

Metagenomic data can also be interrogated to identify AMR genes. This is commonly 

achieved by aligning single reads to a reference AMR gene database, using tools such as 

AMRFinder which utilises the Bacterial Antimicrobial Resistance Reference Gene 

Database (126). The more challenging aspect is to then link the AMR gene to a specific 

organism and infer the phenotypic resistance to inform optimal treatments. Using 

nanopore sequencing of long reads can enable the host species to be identified by 

aligning the AMR gene flanking regions. This method was able to attribute tetracycline 

resistance genes to N. gonorrhoeae from metagenomics data, as opposed to other 

contaminating species (127). The identification of certain AMR genes and the host 

organism can be used to discern the phenotypic resistance with confidence as they have 

been extensively studied and are well understood. The AMR gene Cefotaximase-Munich 

(CTX-M) has been characterised as an extended-spectrum β-lactamase present in 

Enterobacteriaceae species for many years (128). Similarly, the link between the 

presence of the mecA gene in S. aureus and resistance to methicillin is well understood 

due to its global significance and prevalence in healthcare environments (129).  

Linking AMR to the presence of specific genes is not always this simple. Resistance to 

antimicrobials is dependent upon a range of complex factors, including AMR gene 

presence/absence and gene expression that may involve multiple genes. Increased 

expression of efflux pumps and/or reduced expression of porins cause resistance to 

antibiotics by reducing the concentration of antibiotics in the cell. Increased AMR gene 

copy number, which is difficult to infer from metagenomics data alone, can also confer 

resistance (130). To solve this, machine learning approaches are being developed to 

generate confidence scores for the phenotypic resistance of an organisms in the presence 

of an AMR gene. This has been shown to be accurate when confidence scores were high, 

but struggled with identifying resistance conferred by gene mutations (131).  

2.2.7 Aims 

The aim of the work described in this chapter was to develop and optimise a CMg 

workflow for the rapid diagnosis of wound infections from wound swab samples suitable 

for use in austere environments, specifically deployed MTFs, prior to the prospective 

collection of samples from patients with suspected wound infections.  

2.3  Methods  

2.3.1 Contrived sample generation 

Contrived wound swab samples were generated by spiking blank Transwab® Amies 

Charcoal (Medical Wire & Equipment) swabs with 50 µL whole human blood in 
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dipotassium Ethylene Diamine Tetraacetic Acid (K2EDTA) collected from healthy donors 

(Cambridge Bioscience) or defibrinated Ovis aries blood (ThermoFisher), depending upon 

access to the suitable laboratory facilities. Whole human blood was mixed with serial 

dilutions of clinically relevant bacteria strains ranging from 5.0 × 104 to 5.0 × 102 colony 

forming units (CFU) per swab, with these concentrations selected based on the previous 

quantification of bacteria collected from infected wound sites by wound swab sampling 

(132). Spiked strains included Escherichia coli 10-β (New England Biolabs), Bacillus 

thuringiensis (ATCC 10792), blaCTX-M positive E. coli (NCTC 13441), mecA positive S. 

aureus (NCTC 14245), vanA positive Enterococcus faecium (NCTC 13633) and 

Acinetobacter baumannii (NCTC 13486). Cultures were grown in nutrient broth at 37°C at 

180 rpm for 16 h and quantified by plating in triplicate onto nutrient agar (E. coli, S. 

aureus, B. thuringiensis) or Sheep Blood agar (E. faecium and A. baumannii).  

2.3.2 Preparation of DNA from bacterial cultures 

To generate highly concentrated bacterial DNA from each spiked species, DNA was 

extracted from overnight cultures using the Qiagen UCP Pathogen Mini DNA extraction kit 

(Qiagen), including the pretreatment of microbial DNA from cultures steps, according to 

the manufacturer’s instructions. One millilitre of overnight culture was added to the 

pathogen lysis tube and centrifuged for 5 min at 14000 × g. The supernatant was 

removed, and the pellet was resuspended in 500 µL Buffer ATL. The pathogen lysis tube 

was placed in a FastPrep-24™ 5G (MP Biomedicals) bead-beater and bead beaten for 60 

s at 6.0 m/s. The tube was then centrifuged for 5 s at 8000 × g. Four hundred microliters 

of the supernatant were transferred to a 2 mL microcentrifuge tube. Forty microliters of 

Proteinase K were added, and the sample incubated at 56°C for 10 min. Two hundred 

microliters of Buffer APL2 was added, and the sample was incubated at 70°C for 10 min. 

Three hundred microliters of ethanol were added to the sample and 600 µL of the sample 

was added to the QIAamp UCP Mini spin column. The spin column was centrifuged at 

6000 × g for 1 min and the filtrate was discarded. This step was repeated until the whole 

sample had been filtered through the spin column and then 600 µL Buffer APW1 was 

added and the spin column and centrifuged at 6000 × g for 1 min. The filtrate was 

discarded, and this step was repeated with 750 µL Buffer APW2 and the spin column 

centrifuged at 20000 × g for 3 min. The spin column was then dried at 56°C for 3 min and 

50 µL Buffer AVE was applied to the spin column. The spin column was incubated at room 

temperature for 1 min and then centrifuged at 20000 × g to elute the DNA.  

2.3.3 Pre-sequencing sample preparation. 

2.3.3.1 Original host depletion and DNA extraction method 

The spiked swab sample was added to the charcoal media swab tube. The swab tip was 

added to 200 µL phosphate-buffered saline (PBS) and vortexed for 20 s at full speed. To 
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facilitate host DNA depletion, 40 µL 30% saponin (in PBS) was added to a final 

concentration of 2.5% with 200 µL heat labile salt activated nuclease (HLSAN) buffer (5.5 

M NaCl and 100 mM MgCl2 in molecular-grade water) and 10 µL HLSAN DNase 

(ArcticZymes). The sample was incubated at 37°C for 10 min at 1000 rpm. The sample 

was transferred to a new 2 mL tube and the swab tip disposed of. Nine hundred 

microliters of PBS were added and the sample was centrifuged at 12000 × g for 3 min. 

The supernatant was discarded, and the pellet resuspended in 600 µL PBS. The 

resuspended pellet was transferred to a Matrix lysing E tube (MP Biomedicals) and bead 

beaten for 30 s at 6.0 m/s on a FastPrep-24 5G bead beater and centrifuged at 17000 × g 

for 60 s. Four hundred microliters of the clear supernatant was transferred to a new tube 

with 300 µL lysis buffer and 30 µL Proteinase K (Promega). The sample was incubated at 

65°C for 5 min at 1000 rpm and added directly to a MaxWell 16 LEV Blood cartridge 

(Promega). The DNA extraction was carried out by the MaxWell 16 LEV system Blood 

DNA protocol and eluted into 50 µL elution buffer.  

2.3.3.2 Optimised host depletion 

The optimised host depletion method aimed to improve the yield of bacteria DNA. The 

vortex step was switched to after the saponin and HLSAN DNase incubation step and the 

PBS washed pellet was resuspended in 550 µL PBS and bead beaten for 60 s at 6.0 m/s. 

2.3.4 Comparison of DNA extraction platforms  

Comparison of three DNA extraction methods was carried out. This included the MaxWell 

16 LEV platform, as previously described and the following methods: 

PDQeX (MicroGEM): an automated DNA extraction platform that utilises a cyclical heating 

process and thermophilic enzymes within a closed tube filtration system to lyse bacterial 

cells and isolate the DNA, resulting in the elution of purified bacterial DNA. Once the 

sample has been prepared and added to the platform filter tube, the method does not 

require further hands-on steps and takes approximately 30 min to complete. The 

extraction mix was prepared using the following reagents: 15 µL 10X Green buffer, 2 µL 

Lysozyme, 15 µL Enhancer, 2 µL prepGEM and 116 µL sample. The extraction mix was 

then added to a PDQeX filter column and loaded into the platform column rack. The 

extraction run was then started using the following programme: 37°C 15 min, 75°C 15 min 

and 95°C 2 min.  

ZYMO Quick-DNA Fungal/Bacterial Miniprep Kit (ZYMO Research), is a manual DNA 

extraction kit that utilises a silica column-based DNA extraction method.  Bacterial cells 

are lysed, and the DNA bound to the column matrix and the debris and contaminants are 

removed. The DNA is then released from the silica matrix into the elution buffer. This 

manual process takes approximately 30 min but requires a high number of hands-on 

steps. Firstly, 200 µL of sample was added to a labelled ZR BashingBead™ Lysis Tube 
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(0.1 mm & 0.5 mm). Seven hundred and fifty microliters of BashingBead™ Buffer was then 

added and the tubes were bead beaten for 30 s at 6.0 m/s on a FastPrep-24 5G bead 

beater and centrifuged at 17000 × g for 60 s.  The tubes were then centrifuged at 12200 

rpm for 1 min and 400 µL of supernatant was transferred to a Zymo-Spin™ III-F Filter unit 

placed in a collection tube and centrifuged at 11000 rpm for 1 min.  The filter unit was 

removed and 1200 µL of Genomic Lysis Buffer was added to the filtrate. Eight hundred 

microliters of the mixture were added to a new Zymo-Spin™ IICR Column placed in a new 

collection tube and centrifuged at 12200 rpm for 1 min.  The flow through was discarded 

and the step repeated. The Zymo-Spin™ IICR Column filter unit was placed into a new 

filter unit and 200 µL DNA Pre-Wash Buffer was added to the column and was centrifuged 

at 12200 rpm for 1 min.  Five hundred microliters of g-DNA Wash Buffer were added to 

the column and centrifuged at 12200 rpm for 1 min.  The column filter unit was added to a 

1.5 mL microcentrifuge tube and 50 µL DNA Elution Buffer was added directly to the 

column matrix. The column was centrifuged at 12200 rpm for 30 s to elute the DNA. The 

50 µL DNA extract was then either stored at -20°C or progressed directly to library 

preparation. 

2.3.5 DNA quantification 

Total DNA concentration was quantified using the double-stranded DNA high-sensitivity 

(dsDNA HS) assay kit on the Qubit 4™ fluorometer (Invitrogen) according to the 

manufacturer’s instructions. One hundred and ninety-nine microliters of dsDNA HS buffer 

was mixed with 1 µL of dsDNA HS dye to generate the working solution. One hundred and 

ninety-eight microliters of working solution was mixed with 2 µL of DNA sample in a Qubit 

Assay Tube and incubated for 2 min at room temperature. For instrument calibration, 190 

µL of working solution was added to Qubit Assay Tubes. Ten microliters of dsDNA HS 

Standard #1 was added to tube one and 10 µL dsDNA HS Standard #2 was added to tube 

two and incubated for 2 min at room temperature. The standards and DNA samples were 

quantified using the dsDNA HS programme (Invitrogen).  

2.3.6 DNA purification 

To increase the concentration of the DNA and reduce the sample volume prior to WGA, 

the DNA extract was purified and concentrated by AMPure XP bead (Beckman Coulter) 

purification according to the manufacturer’s instructions. AMPure XP beads were removed 

from the refrigerator and kept at room temperature for 15 min prior to use. AMPure XP 

beads were then mixed with the DNA sample in a 1.5 mL Lo-Bind tube (Eppendorf) at a 

ratio of 1.8 × beads to DNA sample. The samples were then stored for 5 min at room 

temperature on a HulaMixer (Invitrogen) using the following settings: rotation speed 15 

and timer 10, reciprocal tilting turning angle 45° & timer 5, vibration turning angle 5° and 

timer 5. The samples were pulse-spun on a micro centrifuge and added to a magnetic 
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tube rack for 2 min until the supernatant was clear. The clear supernatant was then 

removed, and the beads washed with 200 µL of 70% ethanol for 30 s and the ethanol 

removed and the wash step repeated. The tubes were pulse-spun on a micro centrifuge 

and placed back on the magnetic rack. Residual ethanol was removed and the beads air 

dried for 90 s. The beads were then resuspended in 10 µL nuclease-free water and 

incubated at room temperature for 2 min before being placed back on the magnetic rack 

for 2 min. The clear supernatant was then transferred to a new 1.5 mL Lo-Bind tube.  

2.3.7 DNA fragment size analysis  

DNA fragment size was quantified using the TapeStation 4200 system with the Genomic 

DNA Screentape assay (Agilent). Ten microliters of the Genomic DNA assay sample 

buffer and 1 µL of the DNA sample or DNA ladder were added to the TapeStation tubes. 

The tubes were briefly vortexed and then pulse centrifuged. The tubes were added to the 

TapeStation 4200 system along with the Genomic DNA screentape reagent. The analysis 

was then carried out and visualised using the TapeStation analysis software (Agilent).   

2.3.8 Whole genome amplification 

Qiagen Repli-G Single Cell kit WGA (Qiagen) (herein referred to as Repli-G): 2 µL Buffer 

D2 was added to the DNA sample and the reaction made up to 15 µL with nuclease-free 

water in a 0.2 mL PCR tube and incubated at 65°C for 10 min. Three microliters of stop 

solution were then added at room temperature. The polymerase master mix was prepared 

by adding 29 µL of single cell reaction buffer to 2 µL of the REPLI-g single-cell DNA 

polymerase per sample and mixed by pipetting. Thirty-one microliters of polymerase 

master mix was added to the sample and the sample incubated at 37°C for 90 min 

followed by heat inactivation at 60°C for 3 min. For the WGA incubation time experiments, 

5 pg of purified bacteria DNA was amplified according to the described protocol. Five 

microliter aliquots of each reaction were removed at 1.5, 2.0 and 2.5 h time points, heat 

inactivated at 60°C for 3 min and stored on ice until further processing. 

Illustra™ GenomiPhi™ V3 Ready-to-Go™ WGA (Cytiva) (herein referred to as Genomiphi): 

10 µL of purified DNA was added to 10 µL of the 2 × denaturation buffer in a 0.2 mL PCR 

tube and heated to 95°C for 3 min and cooled to 4°C on ice. The 20 µL reaction was 

added directly to the freeze-dried reagent cake and incubated at 37°C for 90 min followed 

by a heating step at 65°C for 10 min. The sample was cooled to 4°C on ice. 

2.3.9 DNA de-branching 

Two microliters of the NEBuffer and 1 µL of the T7 Endonuclease (New England Biolabs) 

were added to a maximum of 1 µg amplified DNA in 17 µL total volume, adjusted with 

nuclease-free water. The sample was then incubated at 37°C for 15 min.   
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2.3.10 Nanopore DNA sequencing  

2.3.10.1 Library preparation and sequencing 

Rapid PCR barcoding (SQK-RPB004) library preparation kit (Oxford Nanopore 

Technologies): libraries were prepared according to the manufacturer’s instructions with 

the following modifications: i) up to 10 ng DNA used as the template in a total volume of 

7.5 µL ii) 2.5 µL fragmentation mix added per sample and the PCR reaction volume was 

doubled. This consisted of 2 µL barcode, 50 µL LongAmp Taq 2× Master Mix (New 

England Biolabs) and 38 µL nuclease-free water iii) the PCR programme used was 3 min 

at 95°C followed by 25 cycles of 15 s at 95°C, 15 s at 56°C, 4 min at 65°C and a final 

extension of 4 min at 65°C.  

Rapid Barcoding (SQK-RBK004) library preparation kit (Oxford Nanopore Technologies): 

libraries were prepared according to the manufacturer’s instructions. Up to 400 ng of the 

DNA in a total volume of 7.5 µL was added to a 0.2 mL PCR tube. Two point five 

microliters of the fragmentation mix RB01-12 was added, and the sample incubated at 

30°C for 1 min and 80°C for 1 min and the sample was cooled briefly on ice. Libraries 

were pooled into a 1.5 mL LoBind tube (Eppendorf) and mixed with an equal volume of 

AMPure XP beads. The pooled libraries underwent AMPure XP bead purification as 

previously described and eluted into 10 µL of 10 mM Tris-HCl pH 7.5-8.0 with 50 mM 

NaCl. One microliter of rapid adapter was added to 10 µL of the purified pooled libraries 

and the sample incubated at room temperature for 5 min.   

2.3.10.2 Flow cell priming  

An R9.4.1 Flowcell (Oxford Nanopore Technologies) was inserted into the MK1c 

Sequencing device (Oxford Nanopore Technologies). The flow cell was then checked 

using the Flow Cell Check programme to ensure >800 pores were available for 

sequencing. The priming port was opened, and any air bubbles removed using a pipette. 

The priming mix was prepared by adding 30 µL flush tether directly to the tube of flush 

buffer and mixed by pipetting at room temperature. Eight hundred microliters of the 

priming mix were added to the flow cell via the priming port and the flow cell incubated at 

room temperature for 5 min.  The SpotOn port was opened and the remaining 200 µL of 

priming mix was added to the flow cell via the priming port. The DNA libraries were then 

added to the flow cell via the SpotOn port. The SpotOn port and priming ports were then 

closed and the Mk1c lid was closed. A new experiment was then set up using the 

MinKnow software on the Mk1c device. The prepared libraries were sequenced for up to 

16 h and the data stored in Fast5 format. 

2.3.11 Bioinformatic and statistical analysis.  

ONT Taxonomic Profiling, a custom bioinformatics pipeline for the taxonomic profiling of 

microbial species and for the identification of AMR genes, previously developed for the 
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analysis of metagenomics datasets for infectious disease diagnostics, was applied (63). 

Fast5 files were base-called using the Super Accuracy model using the guppy_basecaller 

and de-multiplexed with the guppy_barcoder of the Guppy software v6.2.x. The minimum 

barcoding score was set to 65. Human reads were then removed from the data by 

mapping against the Homo sapiens reference genome CHM13v2 (133) using minimap2 

(version 2.17) (121). The remaining reads were then mapped to the RefSeq database 

using minimap2 v2.17. The reads were then filtered based on a score defined as a 

harmonic mean of identity and coverage of the mapped reads using the following 

equation:  

(2 ×
[𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦 + 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒]

[𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦 × 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒]
 

Reads with a taxa score ≥ 85 were included for taxonomic profiling, which identified the 

taxa and their relative abundance. The pipeline also included applying the KMA (version 

1.4.9) tool (134) to screen for AMR genes with the amrfinderplus (v3.10) database. 

Microbial species identification was presented as the total number of reads and the 

percentage of the total classified microbial reads aligned to the species. Species were 

concluded to be present if ≥5 reads, minus the number of reads of the same species 

identified in the negative control sample, were assigned to that species. AMR genes were 

concluded to be present if their template identity and coverage were ≥ 90% and their depth 

of coverage reported by KMA were ≥ 1×. Data are expressed as means + standard 

deviation and were analysed using GraphPad Prism 10 (version 10.0.2) software. When 

multiple comparison analyses were performed, p-values were obtained by performing an 

ordinary one-way or two-way ANOVA test or mixed effects analysis when the n number 

varied, with post hoc Tukey’s test. When two samples were individually compared, results 

were obtained using a two-tail unpaired t-test.  

2.3.12 qPCR  

Taqman probe-based qPCR assays were performed to quantify the spiked bacteria and 

human DNA in the DNA extracts. All assays were performed on the QuantStudio™ 7 Flex 

(ThermoFisher) platform and quantitation cycle (Cq) values determined by the 

QuantStudio™ software (ThermoFisher). Cq values below 38.0 were considered positive. 

Positive control reactions of purified bacterial DNA at a concentration of 1.0 ng/µL and 

negative control reactions of nuclease-free water only were run on each plate. The details 

of each assay are described in Table 1. The TaqMan Fast Advanced Master Mix (Applied 

Biosystems) was used for all assays. The following conditions were applied for each 

assay: 

E. coli 16S rRNA gene: 25 µL reactions using 12.5 µL master mix, final concentrations of 

900 nM forward primer, 900 nM reverse primer, 200 nM of probe, and 1 µL of template. 
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Thermal cycling conditions were 1 min at 95 °C followed by 40 cycles of 15 s at 95 °C and 

30 s at 60 °C. 

E. coli blaCTX-M-15 , S. aureus mecA, A.baumannii outer membrane protein A (ompA), E. 

faecium vancomycin A (vanA), O. aries prolactin receptor (prlr): 25 µL reactions using 

12.5 µL master mix, final concentrations of 400 nM forward primer, 400 nM reverse 

primer, 100 nM of probe, and 1 µL of template. Thermal cycling conditions were 1 min at 

95 °C followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. 

S. aureus protein coding sequence (NCBI Protein accession number: YP_500811.1): 10 

µL reactions using 5 µL master mix, 1 µM forward primer, 1 µM reverse primer, 200 nM 

probe, and 1 µL template. Thermal cycling conditions were 1 min at 95 °C followed by 40 

cycles of 15 s at 95 °C and 30 s at 57 °C.  

Human β-actin gene: 25 µL reactions using 12.5 μL master mix, 500 nM forward and 

reverse primers and 200 nM probe and 1.0 μL of template DNA. The reaction was then 

made up to a final volume of 25 μL with nuclease-free water. The reaction conditions were 

95°C for 1 min, followed by 40 cycles of 95°C for 15s and 60°C for 30s. 

B. thuringiensis Hemolysin BL (hbl) C gene: 25 µL reactions using 12.5 μL master mix, 

400 nM forward and reverse primers and 200 nM probe and 1.0 μL of template DNA. The 

reaction was then made up to a final volume of 25 μL with nuclease-free water. The 

reaction conditions were 95°C for 2 min, followed by 45 cycles of 95°C for 15 s and 58°C 

for 1 min.  

Table 1. Primer and probe sequences for spiked bacteria species and host qPCR assays. 

Assay target 
Forward primer 

(5’-3’) 
Reverse primer (5’-

3’) 
Probe sequence (5’-

3’) 
Reference 

E. coli 16S rRNA 
CATGCCGCGTGT
ATGAAGAA 

CGGGTAACGTCAA
TGAGCAAA 

TTCAGCGGGGAGG
AAGGGAGTAAAGT
TAATA 

(135) 

E. coli blaCTX-M-15  
CGGGCRATGGC
GCARAC 

TGCRCCGGTSGTA
TTGCC 

CCARCGGGCGCAG
YTGGTGAC 

(136) 

S. aureus mecA 
GCTCAAATTTCAA
ACAAAAATTTAGA
TAATG 

TGAAAGGATCTGT
ACTGGGTTAATCA
GT 

AGCTGATTCAGGT
TACGGACAAGGTG
A 

(137) 

A. baumannii 
ompA 

TCTTGGTGGTCA
CTTGAAGC 

ACTCTTGTGGTTGT
GGAGCA 

AAGTTGCTCCAGTT
GAACCAACTCCA 

(138) 

E. faecium vanA 
GCCGGAAAAAGG
CTCTGAA 

TTTTTTGCCGTTTC
CTGTATCC 

CGCAGTTATAACC
GTTCCCGCAGACC 

(139) 

S. aureus protein 
coding sequence 

(YP_500811.1) 

AACTACTAGGGG
AGCCTAATRAT 

GGTACTAACCAAAT
CAGGTCATAA 

TGGCTGAGATGAA
YTGTTCAGACCC 

(140) 



48 
 

O. aries prlr 
CCAACATGCCTT
TAAACCCTCAA 

GGAACTGTAGCCT
TCTGACTCG 

TGCCTTTCCTTCCC
CGCCAGTCTC 

(141) 

Human β-actin 
CCACACTGTGCC
CATCTACG 

AGGATCTTCATGA
GGTAGTCAGTCAG 

ATGCCCTCCCCCA
TGCCATCCTGCGT 

(142) 

B. thuringiensis 
hblC 

AAGATAGAGAAG
GGTTTTCGGATA
GA 

TGCCGTTGCGTAT
TTTCTTG 

AGTACTTCAAGAAA
TGGCTATG 

[in-house 
assay] 

 

2.4  Results  

2.4.1 Host depletion and DNA extraction from contrived wound swabs 

The workflow applied to CMg for wound swab samples was split into five sequential steps: 

host DNA depletion, DNA extraction, WGA, library preparation and DNA sequencing. 

Being the first steps in the process, it was essential to determine whether the wound swab 

samples collected with the Transwab Amies Charcoal swab, commonly used for the 

collection of wound swab samples from patients in the NHS, were compatible with the 

saponin-based host DNA depletion and DNA extraction steps. Contrived samples were 

generated by spiking blank wound swabs with 5 × 103 CFU of E. coli 10-β mixed with 

defibrinated O. aries blood and added to the charcoal media tube before undergoing the 

one-pot 2.5% saponin host depletion protocol. The saponin depletion reduced the host 

DNA concentration compared to non-depleted control samples, with no detection of the O. 

aries prlr gene by qPCR in the depleted samples. Non-depleted control samples returned 

mean Cq values of 31.71 in the charcoal swab samples (Figure 4B). There was no 

reduction in the efficiency of host DNA depletion between samples added to the charcoal 

media and control samples (Figure 4B). There was no detection of the prlr gene in any 

depleted sample, including charcoal and control swabs. In addition, there was no 

reduction in the concentration of E. coli DNA extracted from wound swab samples added 

to the charcoal media compared to the control samples (Figure 4A). These results 

demonstrated that the host DNA depletion and DNA extraction methods were not 

impacted by the presence of the Amies Charcoal Agar and were therefore suitable for the 

processing of wound swab samples for CMg analysis.  
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Figure 4. Evaluation of the impact of the Amies charcoal agar on the host DNA depletion and bacteria DNA 

extraction methods.  

Comparison of the E. coli 16s rRNA (A) and O. aries prlr (B) Cq values obtained from spiked swab samples 

added to a Transwab Amies Charcoal swab compared to control swabs. Addition to the charcoal agar did 

not impact the concentration of E. coli DNA or the efficiency of host DNA depletion compared to control 

swab samples.  

±SD. n=3. Ns p>0.05 (not shown) **p<0.01. 

A 

B 



50 
 

2.4.2 Storage of wound swab samples  

To evaluate whether the short-term storage of the wound swab samples, likely to be 

required due to the sporadic nature of wound swab sample collections, impacted the 

detection of spiked bacteria, experiments were carried out to quantify the concentration of 

bacteria DNA following storage for seven days. There was no change in the concentration 

of E. coli DNA, as measured by qPCR Cq values, extracted from the swab samples stored 

at 4°C for seven days compared to control samples processed immediately following 

swab spiking. However, the DNA extracted from the samples stored at room temperature 

for seven days contained an increased E. coli DNA concentration, with a ΔCq of 6.63 

lower compared to the control samples (Figure 5).  

 

 

2.4.3 Host depletion optimisation 

A preliminary workflow was designed for the processing of wound swab samples for CMg. 

Several of the steps were evaluated for optimisation to improve the extraction of microbial 

DNA. Firstly, the inclusion of a vortexing step was deemed necessary to remove the 

material from the swab tip into solution to enable the subsequent extraction of microbial 

DNA. However, previous work carried out by group members and shared in a 

conversation by J. Latham (April 2021) showed that the vortexing of bacterial cells 

Figure 5. Evaluation of wound swab sample storage methods. 

Comparison of the E. coli 16s rRNA Cq values obtained from spiked swab samples stored for 7 days at 4 °C 

and at room temperature (RT) compared to control swabs processed immediately. Storage at 4°C for seven 

days did not change the concentration of E. coli DNA compared to the control swabs processed immediately. 

Storage at room temperature resulted in increased E. coli DNA concentration.  

±SD. n=3. ns p>0.05  **p<0.01. 
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resulted in bacteria cell damage and DNA loss. It was hypothesised that damaging the 

bacteria cells by vortexing prior to the host depletion step would result in a loss of 

bacterial DNA by enabling the DNase enzyme to access the bacteria DNA. To evaluate 

this, experiments were carried out to compare the efficiency of host depletion and 

microbial DNA extraction when vortexing was carried out prior to and following the host 

depletion step. No decrease in host depletion efficiency, determined by O. aries prlr gene 

Cq value, was identified between pre and post-depletion vortexing (Figure 6A). However, 

carrying out vortexing, at all three tested durations of 20, 60 and 120 s, pre-depletion was 

shown to significantly increase the E. coli 16s rRNA Cq value, representing a decrease in 

the concentration of E. coli DNA, obtained from spiked swab samples compared to post-

depletion vortexing (Figure 6B). Therefore, post-depletion vortexing was applied moving 

forward.  

 

 

The bead-beating step was also evaluated. Data obtained from group members and 

shared in a conversation with L. Moragues-Solanas (May 2021) indicated that the 

efficiency of DNA extraction from Gram positive bacteria, including S. aureus, was poor. 

Therefore, the duration of the bead-beating step was evaluated. An increased duration of 

bead beating from the initial 30 s at 6.0 m/s to 60 s at 6.0 m/s was compared for the 

extraction of DNA from the representative Gram positive bacteria S. aureus. There was no 

significant change in the Cq values obtained from each bead-beating duration for either 

the S. aureus genomic DNA target assay or the mecA AMR gene target assay (Figure 7). 

Figure 6. The effect of pre and post-depletion vortexing on the host depletion and E. coli DNA extraction 

methods. 

Comparison of the host prlr (A) and E. coli (B) Cq values obtained from spiked swab samples that 

underwent vortexing pre and post-host depletion step. There was no difference in O. aries Cq values, 

representing no impact on the host deletion efficiency. Vortexing post-depletion resulted in a lower E. coli 

Cq value, representing an increase in E. coli DNA concentration compared to pre-depletion vortexing.  

±SD. n=3. ns p>0.05 (not shown) *p<0.05 **p<0.001 ****p<0.00001 

A

. 

B 
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Despite there being no significant increase in S. aureus DNA concentration by bead-

beating for 60 s, to ensure that the extraction method was suitable for microorganisms 

including fungal pathogens, subsequent experiments included the 60 s bead-beating 

duration.  

 

 

Additional steps were optimised to improve the ease of operation, and the optimised 

method was compared to the original for the extraction of E. coli and S. aureus DNA from 

spiked contrived wound swab samples. Blank wound swabs were spiked with one 

clinically relevant bacteria species including E. coli, S. aureus, E. faecium and A. 

baumannii mixed with human blood in K2 EDTA at approximately 5.0 x 103 CFU per swab. 

There was no significant change in the E. coli Cq values from the original and optimised 

depletion protocols. However, in S. aureus, E. faecium and A. baumannii the Cq values 

reduced significantly, from 35.01 to 29.48, 28.84 to 28.04 and 35.04 to 32.11 respectively, 

representing an increase in DNA concentration (Figure 8).  

 

 

 

Figure 7. The effect of bead-beating duration on the extraction of S. aureus DNA.  

Comparison of 30 s and 60 s bead beating steps on the concentration of S. aureus DNA extracted from 

spiked contrived wound swab samples as determined by qPCR. There was no change in the S. aureus and 

mecA AMR gene Cq values from DNA extracted with a 60 s bead beating step compared to 30 s bead 

beating.  

±SD  n=3  ns p>0.05. 
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To determine the efficiency of the host DNA depletion step using the optimised method, 

blank wound swabs were spiked with human blood in K2 EDTA and processed according 

to the optimised protocol. The concentration of human genomic DNA in depleted and non-

depleted control samples was evaluated by qPCR. Results showed a ΔCq value of 10.57 

between the depleted and non-depleted control samples, corresponding to a 1520-fold 

(210.57) depletion in human genomic DNA (Figure 9).  

 

 

 

 

 

 

 

 

Figure 8. Comparison of the original and optimised DNA extraction methods.  

Comparison of the spiked bacteria Cq values obtained from samples extracted using the original and 

optimised DNA extraction methods. Contrived wound swab samples were spiked with bacteria and 

extracted using the original or the optimised host depletion and DNA extraction methods. The optimised 

DNA extraction method resulted in lower Cq values for samples spiked with S. aureus, E. faecium and A. 

baumannii. There was no change in the Cq values of E. coli DNA extracts. 

±SD n=3  ns p>0.05 *p<0.05 **p<0.01  ***p<0.001 
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2.4.4 Whole genome amplification incubation time  

Previous work had demonstrated that the inclusion of a WGA step was required to 

generate sufficient concentrations of DNA for nanopore based DNA sequencing and a 

previously optimised Repli-G single cell kit protocol was identified as the most efficient 

WGA method from low DNA input samples (63). This protocol was further investigated to 

identify the optimal amplification step incubation time. There was a reduction in the Cq 

values of E. coli samples amplified for 1.5 and 2.0 h, but no significant increase in total 

DNA concentration in these samples. Conversely, there was an increase in total DNA 

concentration in the S. aureus DNA samples incubated for 2.5 h (Figure 10A) and a 

reduction in S. aureus Cq values when incubated for 2.0 and 2.5 h compared to 1.5 h. 

However, the total DNA concentration of the WGA NTC sample increased when incubated 

for 2.5 h (85.00 ng/µL) compared to 1.5 h (1.59 ng/µL). Therefore, the amplification time 

was maintained at 1.5 h to minimise the amplification of contaminating DNA.  

 

 

 

Figure 9. Depletion of human genomic DNA by the optimised host depletion method. 

Comparison of the human β-actin Cq values obtained from depleted and non-depleted control samples 

using the optimised host depletion and DNA extraction method. Contrived wound swab samples spiked 

with whole human blood were processed using the optimised host depletion and DNA extraction 

methods and the concentration of human genomic DNA was measured by qPCR. The depletion resulted 

in a ΔCq of 10.57, a 1520-fold depletion of human genomic DNA.   

±SD. n=3. ***p<0.001 
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2.4.5 Wound swab sample full clinical metagenomics protocol proof of concept  

A full workflow proof of concept experiment was carried out to highlight any technical 

issues prior to progressing to the processing of patient samples. Blank wound swabs were 

spiked with E. coli (NCTC 13441), positive for the blaCTX-M-15  AMR gene and S. aureus 

(NCTC 14245) positive for the mecA AMR gene mixed in human blood in K2EDTA at 5.0 × 

103 CFU per species. qPCR, carried out pre and post-WGA, demonstrated the 

amplification of spiked bacteria DNA in depleted samples, resulting in a ΔCq of 6.99 and 

8.55 pre and post-WGA for S. aureus mecA and E. coli blaCTX-M-15  qPCR assays 

respectively (Table 2). Conversely, the Cq value of human β-actin gene increased by 1.02 

Cq following WGA in the depleted spiked sample. This contrasted with the non-depleted 

control sample in which the human β-actin Cq value decreased by 4.7 Cq post-WGA. 

Therefore, the ΔCq for post-WGA human β-actin in depleted and non-depleted samples 

was 13.24 Cq, a 9674-fold (213.24) depletion in human genomic DNA.  

 

 

 

 

 

Figure 10. Optimisation of the Repli-G WGA amplification step duration. 

The total DNA concentration (A) and E. coli and S. aureus Cq values (B) of purified bacteria DNA amplified 

by the Repli-G WGA kit for 1.5, 2.0 and 2.5 h. E. coli and S. aureus DNA was extracted from overnight 

cultures. 5 pg of purified DNA underwent WGA by Repli-G WGA kit and aliquots of the reaction were taken 

at 1.5, 2.0 and 2.5 h of the amplification step. The total DNA and spiked bacteria DNA concentrations were 

quantified by Qubit dsDNA HS assay and qPCR, respectively. Increasing the incubation step to 2.5 h 

increased the total DNA concentrations from the S. aureus DNA samples and the NTCs. The E. coli and S. 

aureus Cq values were lower, representing increased DNA concentrations, when the DNA was amplified for 

2.0 and 2.5 h respectively.  

 ±SD   n=3   ns p>0.05 (not shown)   *p<0.05   **p<0.01   ****p<0.0001 
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Table 2. Cq values of the spiked bacteria and human genomic DNA in the spiked depleted wound swab 

samples pre and post-WGA.  

 

 

 

 

 

Spiked wound swab samples were prepared for CMg. Following the host depletion and DNA extraction steps, 

the DNA underwent WGA. The spiked bacteria and human genomic DNA was quantified by qPCR pre and 

post-WGA. Values are the mean of biological replicates (n=3).  

 

The saponin depletion of human genomic DNA reduced the proportion of sequencing 

reads assigned to the human genome and resulted in a higher proportion of reads aligning 

to the spiked bacteria species compared to the non-depleted control. In the saponin 

depleted samples, an average of 80.34% of the total sequencing reads were identified as 

E. coli and 0.26% of reads were identified as human. In comparison, in the non-depleted 

control, an average of 96.2% of the total reads were identified as human and the 

proportion of E. coli reads was reduced to 2.5% (Table 3). The efficient removal of human 

genomic DNA also resulted in improved genome coverage of the E. coli blaCTX-M-15 AMR 

gene, with an average of 68.23 × gene coverage achieved in the saponin depleted 

samples. This was reduced to 1.13 × coverage in the non-depleted control.  

In contrast to the significant proportion of reads assigned to E. coli, the proportion of reads 

assigned to S. aureus in the saponin depleted samples was an average of 1.69%. This is 

reflected in the reduced coverage of the mecA AMR gene, with 0.79 × average coverage 

in the depleted spiked samples. The coverage across the blaCTX-M-15 and mecA AMR 

genes obtained from depleted sample one are displayed in Figure 11 for comparison. 

Therefore, further evaluation of the amplification of S. aureus DNA was required to 

determine the cause of the low number of sequencing reads.   

 

 

 

 

 

 

 

qPCR assay target Pre-WGA Cq Post-WGA Cq ΔCq 

S. aureus mecA 28.10 21.11 -6.99 

E. coli  blaCTX-M-15  24.36 15.81 -8.55 

Human β-actin 34.64 35.66 +1.02 
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Table 3. Sequencing results from the full CMg workflow proof of concept experiment.  

Contrived wound swab samples were spiked with E. coli and S. aureus mixed with whole human blood at 

known concentrations and processed for CMg. The depleted samples resulted in an average of 80.34% E. coli 

reads, 1.69% S. aureus reads and 0.26% human reads. The non-depleted sample resulted in 96.38% human 

reads. 

 

 

 

 

 

 

Sample 
Total 
reads 

E. coli 
reads 

(proportion 
of total 
reads) 

blaCTX-M-15   

alignments  
(gene 

coverage ×) 

S. aureus 
reads 

(proportion 
of total 
reads) 

mecA 
alignments 

(gene 
coverage ×) 

Human reads 
(proportion 

of total 
reads) 

Negative control 346,912 
18,127 
(5.23) 

0                 
(0) 

0              
(0) 

0                 
(0) 

29929    
(8.63) 

Depleted sample 
one 

529,729 
434,917 
(82.10) 

100         
(61.3) 

4,104  
(0.77) 

2             
(0.63) 

1090      
(0.21) 

Depleted sample 
two 

524,246 
423,224 
(80.73) 

225    
(128.51) 

3,016  
(0.58) 

3            
(0.18) 

1036       
(0.20) 

Depleted sample 
three 

123,887 
96883 
(78.20) 

28         
(14.87) 

4612    
(3.72) 

3            
(1.56) 

466         
(0.38) 

Non-depleted 
control 

125,472 
3,486 
(2.78) 

4            
(1.13) 

51       
(0.04) 

0 
(0) 

120934 
(96.38) 
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To investigate the feasibility of utilising the Rapid Barcoding library preparation method, 

which had a reduced time to result, and hands-on time compared to the previously used 

rapid PCR barcoding method and to determine the limit of detection (LOD) of the full 

workflow, an LOD experiment was carried out on contrived samples spiked with four 

clinically relevant species. The samples were then prepared for sequencing with the Rapid 

Barcoding library preparation method. Blank wound swab samples were spiked with four 

serially diluted clinically relevant bacteria species ranging from 50000 to 50 CFU per 

species per swab. The total classified reads generated from these runs reduced as the 

bacteria CFU input was reduced, ranging from 123,002 reads at the 50000 CFU input to 

4182 reads from the 50 CFU input. All four bacteria species were detected at the 50000 

CFU input, ranging from 1.12% of total classified reads for S. aureus up to 43.44% for E. 

coli. As with previous experiments, a high proportion of the negative control sample reads 

were identified as E. coli contamination present in the negative control. Only blaCTX-M-15 

Figure 11. AMR gene coverage from host depleted sample 1.  

Comparison of the average coverage across the blaCTX-M-15 (A) and the mecA AMR genes (B) from 

saponin depleted sample 1. Contrived wound swab samples were spiked with E. coli and S. aureus mixed 

with whole human blood and processed for CMg. Average coverage of 61.3 × was achieved across the 

blaCTX-M-15 gene, compared to 0.63 × across mecA.  
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and vanA AMR genes were detected above 1× gene coverage at the 50000 CFU input, 

achieving 22 and 31 × gene coverage respectively and mecA was identified at 0.4 × gene 

coverage. At the 5000 CFU input, both S. aureus and E. faecium made up 0.93 and 

0.75% of the total reads respectively. vanA was identified at the highest coverage at 7.2 × 

gene coverage, despite the low number of reads aligned to E. faecium. At the 50 CFU 

input, all three spiked species were identified at low proportions of total reads and none of 

the spiked AMR genes were identified (Table 4). 

 

Table 4. CMg LOD sequencing results. 

Contrived wound swab samples were spiked with serial dilutions of bacteria and processed for CMg. E. coli 

was the only species identified >1% of total classified reads at the 50 CFU input. S. aureus and E. faecium 

were not identified at >1% of total classified reads at any input <50,000 CFU. 

 

2.4.6 Evaluation of the amplification of species-specific DNA by whole genome 

amplification 

The initial proof of concept experiments indicated that S. aureus and E. faecium reads 

were under-represented in the sequencing data in comparison to E. coli and A. 

baumannii. To investigate the impact of the Repli-G WGA step on the representation of 

bacteria species in the sequencing data, 250 pg of purified S. aureus and E. coli DNA was 

amplified by WGA, both separately and when combined in the same reaction and the 

resulting change in total DNA concentration and fold change in bacteria DNA 

concentration pre and post-WGA was determined by qubit and qPCR. This was repeated 

with A. baumannii and E. faecium. The average total post-WGA DNA concentration of E. 

coli DNA was not significantly higher compared to S. aureus when amplified in isolation 

(260.7 ng/µL vs. 124.0 ng/µL) (Figure 12A). However, the fold-change in E. coli DNA 

concentration was higher compared to S. aureus when amplified in a combined reaction 

(127.60 vs. 54.11) (Figure 12B). There was no significant difference in the total DNA 

concentration of the amplified A. baumannii and E. faecium DNA when amplified in 

isolation (94.18 vs 26.19 ng/µL) (Figure 12C). However, the fold-change in the 

concentration of E. faecium DNA was significantly higher when amplified in isolation 

Sample 
Total 

classified 
reads 

S. aureus 
reads 

(proportio
n of total 
classified 

reads) 

mecA 
reads 
(gene 

coverage 
×) 

E. coli 
reads 

(proporti
on of 
total 

classifie
d reads) 

blaCTX-M-15  

reads 
(gene 

coverage 
×) 

E. faecium 
reads 

(proportion 
of total 

classified 
reads) 

VanA         
(gene 

coverage 
×) 

A. baumannii 
reads 

(proportion of 
total classified 

reads) 

Human 
reads 

(proportion 
of total 

classified 
reads) 

Negative 
control 

7326 3 
0 

(0) 
1114 

0 
(0) 

1 
0 

(0) 
37 1719 

50000 CFU 
input 123,002 

1383  
(1.12) 

4        
(0.4×) 

53,428 
(43.44) 

18       
(22×) 

2046      
(1.66) 

32       
(31×) 

26,255    
(21.35) 

6175    
(5.02) 

5000 CFU 
input 

71,937 
667    

(0.93) 
1        

(0.1×) 
25,650 
(35.66) 

2       
(1.8×) 

542        
(0.75) 

6        
(7.2×) 

13,534    
(18.81) 

11,981 
(16.65) 

500 CFU 
input 

35,820 
70      

(0.20) 
0 

(0×) 
7845 

(21.90) 
0 

(0×) 
70          

(0.20) 
1 

(0.13×) 
3454         
(9.64) 

11,885 
(33.18) 

50 CFU 
input 

4182 
2        

(0.05) 
0 

(0×) 
667 

(15.95) 
0 

(0×) 
5            

(0.12) 
0 

(0×) 
37             

(0.88) 
502    

(12.00) 
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compared to A. baumannii in isolation (65.60 vs. 1.54). Notably, when amplified in a 

combined reaction, the fold change in concentration of E. faecium DNA was reduced to 

3.55-fold (Figure 12D).  

 

 

2.4.7 Whole genome amplification method comparison  

Previous experiments demonstrated that the amplification of bacteria DNA by the Repli-G 

WGA method was resulting in the over-representation of E. coli DNA in comparison to 

other spiked bacteria species in contrived wound swab samples. Therefore, an alternative 

WGA kit, the Genomiphi WGA kit was evaluated and compared to the Repli-G WGA kit. 

Two hundred and fifty pg of purified DNA from four bacteria species was amplified using 

each WGA method and the total bacteria DNA concentrations were compared. The 

Genomiphi kit resulted in lower total DNA concentrations compared to Repli-G amplified 

DNA samples for both sample types (see Figure 13A). However, the Cq values for 

bacteria species DNA concentrations, measured by qPCR, were lower in Genomiphi 

Figure 12. Comparison of the amplification of purified bacteria DNA by Repli-G WGA. 

Comparison of the total DNA concentration (A,C) and pre and post-WGA fold-change in bacteria DNA 

concentration as determined by qPCR Cq values in single and combined reactions (B,D) by Repli-G WGA. 

Purified bacteria DNA was amplified by WGA when in isolation and when combined with the DNA of an 

additional species. The fold-change in E. coli DNA concentration was higher compared to S. aureus when 

amplified in a combined reaction. The fold-change in E. faecium DNA concentration pre and post-WGA was 

higher when amplified in isolation compared to both A. baumannii in isolation and E. faecium when amplified 

in the same reaction as A. baumannii.             

±SD n=3. ns p>0.05 (not shown) *p<0.05  **p<0.01  
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amplified samples compared to Repli-G single cell in all species, excluding E. coli (Figure 

13B). For E. faecium and A. baumannii, amplification by Repli-G single cell resulted in 

increased Cq values post-WGA, indicating poor DNA amplification. This was consistent 

with previous results that the Repli-G WGA kit resulted in increased amplification of E. coli 

DNA compared to other spiked species.  

 

 

 

2.4.8 Genomiphi whole genome amplification optimisation 

The ease of use, ambient temperature storage requirements and improved amplification 

of bacteria DNA led to the selection of the Genomiphi WGA kit for ongoing sample 

processing. However, the reduced total DNA concentration required optimisation to 

ensure that low input samples could be processed and sequenced. Firstly, an AMPure XP 

bead purification step was added following the DNA extraction step and pre-WGA to 

concentrate the DNA sample. Purified DNA was then amplified by the Genomiphi WGA kit 

and compared to the amplification of an unpurified DNA sample. Pre-WGA AMPure XP 

bead purification resulted in an increased average total DNA yield of 4.89 ng/µL, 

compared to 1.30 ng/µL in the unpurified sample, although this was not significant (Figure 

14A). There was a reduction in the Cq values of E. coli and S. aureus, from 25.07 to 24.85 

and 20.20 to 18.79 respectively, although not significant. The human genomic DNA Cq 

Figure 13. Comparison of the amplification of bacteria DNA by Repli-G and Genomiphi WGA methods. 

Total DNA concentrations obtained from purified bacteria DNA amplified by Repli-G and Genomiphi WGA 

kits (A) and pre and post-WGA Cq values from bacteria DNA amplified with the RepliG and Genomiphi kits 

(B). Amplification by the Genomiphi kit resulted in lower total DNA concentrations compared to Repli-G. 

However, the Genomiphi kit resulted in lower Cq values for spiked bacteria compared to Repli-G, 

excluding E. coli in which Repli-G resulted in lower Cq values, representing higher DNA concentrations.  

+SD   n=3   ns p>0.05 (not shown)   *p<0.05   **p<0.01  *** p<0.001   



62 
 

values increased when the sample was purified prior to the WGA step from 36.33 to 

38.59, although this was not significant (Figure 14B).  

                                          

 

Increasing the amplification step from 1.5 h, as recommended by the manufacturer, to 2.0 

h was also evaluated. DNA samples obtained from spiked swab samples were amplified 

for 1.5 and 2.0 h. The total DNA concentration was determined by Qubit analysis and 

species-specific DNA concentrations by qPCR. The average total DNA concentration 

increased significantly in the 2.0 h samples compared to 1.5 h (3.22 vs 12.46 ng/µL) 

(Figure 15A). Average Cq values were reduced for all bacteria species, excluding E. 

faecium, although not significantly. There was also no significant difference in human 

genomic DNA Cq values (Figure 15B). Further experiments utilised a 2 h incubation step 

to increase the total DNA concentration to a level suitable for nanopore sequencing.   

Figure 14. The concentration of purified bacteria DNA following WGA. 

Total DNA concentration (A) and bacteria DNA Cq values (B) from pre-WGA purified DNA samples 

compared to unpurified controls. The DNA extracted from contrived spiked samples was purified prior to 

Genomiphi WGA and the total and species-specific DNA concentrations were quantified by Qubit dsDNA HS 

assay and qPCR, respectively. There was no significant increase in total DNA concentration or Cq values 

between purified and non-purified samples.  

±SD   n=3   ns p>0.05 

A B 

C
q
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2.4.9 Whole genome amplification vs non-whole genome amplification  

comparison 

Following the optimisation of the Genomiphi WGA method, the amplification of bacteria 

DNA from contrived spiked samples was evaluated and compared to non-WGA samples 

to determine any significant differences in the proportion of bacteria reads. Amplification of 

the DNA by the Genomiphi WGA kit resulted in an increase in the average proportion of E. 

coli reads, compared to the non-WGA control samples, increasing from 21.43% to 51.59% 

of reads. Conversely, the mean proportion of S. aureus reads was reduced from 57.23% 

of the total reads in the non-WGA samples to 28.76% in the WGA samples. However, 

despite the increased proportion of E. coli reads, the average number of reads and gene 

coverage of the blaCTX-M-15  gene was lower in the WGA samples compared to the non-

WGA sample (31.33 vs 14.67 and 16.29× vs 8.27×). Conversely, the average number of 

reads and gene coverage of the mecA gene increased in the WGA sample, despite S. 

aureus comprising a lower proportion of the total reads (17.67 vs 68.67 and 9.88× vs 

33.66×) (Table 5).  

 

 

 

Figure 15. Evaluation of increasing the Genomiphi WGA amplification step duration. 

Evaluation of the effect of increasing the Genomiphi WGA amplification step incubation time from 1.5 to 2 

h on the total DNA concentration (A) and bacteria Cq values (B). DNA extracts from contrived spiked 

wound swab samples were amplified by Genomiphi WGA with 1.5 and 2 h incubation times and the total 

and species-specific DNA concentrations were quantified by Qubit dsDNA HS assay and qPCR, 

respectively. The total DNA concentration increased when samples were amplified for 2 h compared to 

1.5 h, although there was no change in the spiked bacteria Cq values. 

±SD Total DNA concentration: n=5  Cq values: n=3  ns p>0.05  **p<0.01 
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Table 5. WGA compared to non-WGA sequencing results.  

Contrived spiked wound swab samples were processed for CMg, including the Genomiphi WGA step and 

compared to samples that omitted this step. Inclusion of the WGA step increased the average total number of 

classified reads from 19934 to 52016. The proportion of E. coli reads increased from 21.43% in the non-WGA 

sample to 51.59% in the WGA sample. Conversely, the proportion of S. aureus reads reduced from 57.23% in 

the non-WGA samples to 28.76% in the WGA samples.  

 

2.4.10 DNA extraction platform comparison  

The extraction of microbial DNA from the host-depleted sample is of critical importance to 

the success of the workflow, both in terms of the identification of the causative pathogen 

and for the ease of use for the operator. Therefore, further work was carried out to 

compare two automated DNA extraction platforms and a silica-column based manual DNA 

extraction kit using contrived wound swab samples spiked with clinically relevant bacteria 

species. The identification of the spiked bacteria species and the gene coverage of the 

associated AMR genes and the suitability of each platform for use in deployed MTF 

environments was compared.  

Blank wound swabs were spiked with E. coli and B. thuringiensis mixed with defibrinated 

O. aries blood at a known concentration, to generate contrived wound swab samples. 

Negative controls and non-depleted controls were processed concurrently. Samples then 

underwent the optimised host depletion method as previously described followed by one 

of the three DNA extraction methods. The bacteria and host DNA were quantified by 

qPCR before the DNA was then prepared for DNA sequencing.  

The PDQeX platform required approximately 30 min to complete with just five minutes of 

those requiring operator hands-on steps, compared to 44 min for the MaxWell 16 LEV 

method, of which seven minutes required operator hands-on steps. The manual Zymo 

method required 32 min to complete, however, all 32 min required operator input.  

Sample 
Total 

classified 
reads 

E. coli 
reads 

(proportion 
of total 

classified 
reads) 

blaCTX-M-15  

reads 
(mean gene 
coverage ×) 

S. aureus 
reads 

(proportion 
of total 

classified 
reads) 

mecA reads 
(mean gene 
coverage ×) 

Human 
reads 

(proportion 
of total 

classified 
reads) 

Spiked sample 
non-WGA 1 

6593 
1283     

(19.46) 
8           

(2.37) 
3792     

(57.51) 
3          

(1.98) 
384         

(5.82) 

Spiked sample 
non-WGA 2 

17831 
3514      

(19.71) 
23         

(13.8) 
11232   
(62.99) 

13           
(6.96) 

440         
(2.47) 

Spiked sample 
non-WGA 3 

35379 
8883     

(25.11) 
63        

(32.7) 
18112   
(51.19) 

37         
(20.69) 

730         
(2.06) 

Spiked sample 
WGA 1 

74396 
52151   
(70.10) 

13         
(7.54) 

6778       
(9.11) 

108        
(51.57) 

1439        
(1.93) 

Spiked sample 
WGA 2 

70041 
15543   
(22.19) 

21       
(11.44) 

43289    
(61.81) 

80        
(39.3) 

667         
(0.95) 

Spiked sample 
WGA 3 

11611 
7255     

(62.48) 
10        

(5.84) 
1785     

(15.37) 
18        

(10.1) 
565          

(4.87) 
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Following the host depletion and DNA extraction steps, the MaxWell platform DNA 

extracts had the highest concentrations of E. coli DNA, with an average of 1917 fg/µL. 

This was compared to the Zymo kit average of 1334 fg/µL and the PDQeX average of 

217 fg/µL (Figure 16A). For B. thuringiensis, the Zymo kit extracted an average of 4811 

fg/µL DNA compared to the MaxWell device which averaged 4390 fg/µL DNA. The 

PDQeX averaged 957 fg/µL (Figure 16B). 

 

 

The concentration of host DNA in each DNA extract was quantified by qPCR assay 

targeting the O. aries prlr gene. The MaxWell platform DNA extracts contained the highest 

concentration of host DNA (0.01 ng/µL) compared to the Zymo (0.00 ng/µL) and PDQeX 

(0.00 ng/µL) methods (Figure 17).  

 

 

 

Figure 16. Extraction of bacterial DNA from contrived wound swab sample using three DNA extraction 

methods. 

E. coli (A) and B. thuringiensis (B) DNA concentrations extracted by MaxWell, Zymo and PDQeX DNA 

extraction methods. Contrived wound swab samples were spiked with E. coli and B. thuringiensis and 

underwent the host depletion method before undergoing DNA extraction using three DNA extraction 

methods. The bacteria DNA concentrations were then determined by qPCR absolute quantification. The 

MaxWell platform extracted the highest concentration of E. coli DNA, whilst both the MaxWell and Zymo 

methods extracted higher concentrations of B. thuringiensis DNA compared to the PDQeX platform.  

+SD n=18. ns p>0.05 *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. 

A B 
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DNA extracts were then progressed through to DNA sequencing using the optimised 

workflow, as previously described, to determine the proportion of sequencing reads 

assigned to the spiked bacteria (Figure 18). The MaxWell platform DNA extracts had the 

highest proportion of E. coli reads, averaging 13.67% of the total sequence reads, 

significantly higher compared to Zymo at 8.45% and higher than PDQeX at 8.12%, 

although not significantly. There was no significant difference in the proportion of B. 

thuringiensis reads between the MaxWell and PDQeX platforms, however, the Zymo 

method had the highest percentage of B. thuringiensis reads averaging 68.78%, higher 

than the MaxWell averaging 59.52% and the PDQeX averaging 58.91%. The percentage 

of total sequence reads assigned to the host genome was low in all depleted samples, 

averaging 0.78% in MaxWell samples, 0.09% for Zymo and 0.16% for PDQeX samples.  

 

 

 

  

Figure 17. Concentration of host DNA extracted from contrived wound swab samples using three DNA 

extraction methods. 

Host genomic DNA concentrations extracted by MaxWell, Zymo and PDQeX DNA extraction methods. 

Contrived wound swab samples were spiked with bacteria mixed in defibrinated O. aries blood and 

underwent host depletion and DNA extraction using three DNA extraction methods. The O. aries DNA 

concentrations were then determined by qPCR absolute quantification by standard curve. The MaxWell 

platform extracted the highest concentration of host DNA of 0.01 ng/µL compared to the Zymo and 

PDQeX methods at 0.00 ng/µL. 

+SD n=12 ns p>0.05 *p<0.05. 
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The DNA extraction platforms were then compared for the identification of spiked AMR 

genes from extracted DNA from contrived wound swab samples. The Zymo method DNA 

extracts contained the highest average coverage for all three AMR genes, generating 21× 

coverage for the S. aureus mecA gene, 20.8× coverage for the E. coli blaCTX-M-15 gene and 

26.5× for the E. faecium vanA gene. This was compared to 15.52×, 12.49× and 20.13× for 

MecA, blaCTX-M-15 and VanA respectively for the MaxWell platform and 7.84×, 7.90× and 

15.80× for the PDQeX platform, although this increase in average gene coverage was not 

significant (Figure 19).  

       

 

 

 

 

 

 

  

Figure 18. Proportion of spiked bacteria sequence reads from samples extracted by three DNA extraction 

methods.  

Contrived wound swab samples were spiked with bacteria mixed in defibrinated O. aries blood and 

underwent the full CMg workflow including DNA extraction by one of three DNA extraction methods and the 

proportion of sequence reads assigned to the spiked bacteria were compared. The MaxWell platform DNA 

extracts contained the highest proportion of E. coli reads of 13.67% compared to the Zymo method at 8.45% 

and the PDQeX platform at 8.12. The Zymo method DNA extracts contained the highest percentage of B. 

thuringiensis reads at 68.78% compared to the MaxWell platform at 59.52% and the PDQeX at 58.91%.  

+SD n=9                                                                                                                                                        
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2.4.11 Full optimised workflow testing 

Following the workflow optimisation work using contrived samples, the full workflow was 

carried out in a final proof of concept experiment. For the depletion comparison, blank 

wound swabs were spiked with E. coli or S. aureus mixed with whole human blood at 5.0 

× 104 CFU per swab. To determine the detection of spiked bacteria at lower 

concentrations, overnight cultures were serially diluted and mixed with whole human blood 

and spiked onto blank wound swabs at concentrations of 5.0 × 104 to 500 CFU per swab. 

The spiked samples then underwent the optimised host depletion and DNA extraction 

workflow, including the post-host depletion vortexing and increased bead-beating duration 

steps. The samples were then prepared for sequencing using the Genomiphi V3 WGA kit 

and the Rapid Barcoding library preparation kit and the prepared DNA was sequenced on 

an MK1c nanopore sequencing device to determine the proportion of reads assigned to 

the spiked bacteria and human genome.  

When E. coli was spiked alongside human blood on a charcoal swab, the saponin-based 

host depletion protocol reduced the mean proportion of human DNA from 99.63% to 

0.59% of total classified reads and increased the proportion of E. coli reads from 0.09% to 

97.67% in the resulting sample metagenomes (Figure 20A). In contrived wound swabs 

Figure 19. Comparison of the gene coverage of spiked AMR genes from three DNA extraction methods.  

Three bacteria species containing known AMR genes were mixed with defibrinated O. aries blood and 

spiked onto blank swab samples at a known concentration and the swabs processed for CMg using each 

DNA extraction method. The Zymo method DNA extracts contained the highest AMR gene coverage for all 

three AMR genes, generating 21×, 20.8× and 26.5× gene coverage for the mecA, blaCTX-M-15 and vanA 

genes, respectively. 

+SD. n=3. ns p>0.05. 
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with S. aureus, host depletion reduced the mean proportion of human DNA from 99.73% 

to 2.87% and increased the mean proportion of S. aureus reads from 0.03% to 96.57% 

(Figure 20C). In samples containing serial dilutions of E. coli from 5.0 × 104 CFU to 500 

CFU per swab, the mean proportion of E. coli reads remained high, decreasing from 

98.41% to 91.27% (Figure 20B). The mean proportion of S. aureus reads reduced from 

97.56% in the 5.0 × 104 CFU input to 40.77% in the 500 CFU input samples (Figure 20D).  

 

 

The identification of AMR genes in the sample metagenomes was also compared. Host 

depletion of samples containing E. coli resulted in a significant increase in blaCTX-M 

coverage depth to 34.61× in depleted samples from 0× in the non-depleted samples 

(Figure 21A). There was also a significant increase in coverage of the mecA gene to 

1.84× in the depleted sample from 0× in the non-depleted samples (Figure 21C). From the 

Figure 20. Proportion of sequence reads assigned to spiked bacteria and the human genome from 

contrived wound swab samples.  

Blank wound swabs were spiked with E. coli (A) and S. aureus (C) and whole human blood and 

underwent the full CMg workflow. The proportion of total classified sequence reads assigned to the 

spiked bacteria and the human genome were compared to non-depleted control samples. Contrived 

samples were spiked with serial dilutions of E. coli (B) and S. aureus (D) (500 - 5.0 × 104 CFU) and whole 

human blood and processed for CMg and the proportions of the total sequence reads were compared. 

The saponin-based host depletion protocol reduced the mean proportion of human DNA from 99.63% to 

0.59% of total classified reads and increased the proportion of E. coli reads from 0.09% to 97.67% (A). 

The host depletion reduced the proportion of human DNA from 99.73% to 2.87% and increased the 

proportion of S. aureus reads from 0.03% to 96.57% (C). Samples spiked with 5.0 × 104 CFU to 500 CFU 

of E. coli per swab contained 98.41% to 91.27% E. coli reads (B). The proportion of S. aureus reads 

reduced from 97.56% in the 5.0 × 104 CFU input to 40.77% in the 500 CFU input samples (D). 

+SD NC= Negative control n=3. 
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serial dilutions, blaCTX-M was identified at all spiked concentrations, ranging from 9.76× 

coverage in the 500 CFU input to 82.5 in the 5.0 ×104 CFU input (Figure 21B). In samples 

containing S. aureus, mecA was identified at the highest CFU input (5.0 ×104 CFU) at 

1.78× depth of coverage but was not identified at any other input (Figure 21D).  

 

 

2.5  Discussion  

The overall aim of this thesis was the development of CMg workflows for sample types 

relevant to deployed military personnel and to optimise the methods towards enabling 

their routine utilisation in deployed MTFs to improve the treatment of infectious disease. 

Figure 21. Identification of AMR genes from contrived wound swab samples.  

The depth of AMR gene coverage from E. coli (A) and S. aureus (C) spiked samples was compared to non-

depleted control samples and from contrived samples spiked with serial dilutions of E. coli (B) and S. aureus 

(D). Host depletion of samples spiked with E. coli resulted in increased in blaCTX-M coverage depth from from 

0× in the non-depleted samples to 34.61× in depleted samples (A). Coverage of the mecA gene increased to 

1.84× in the depleted samples from 0× in the non-depleted samples (C). blaCTX-M was identified at all spiked 

serial dilutions, ranging from 9.76× coverage in the 500 CFU input to 82.5× in the 5.0 ×104 CFU input (B). 

mecA was identified at the highest CFU input at 1.78× depth of coverage but was not identified at any other 

dilution (D). 

+ SD. NC= Negative control. n=3. **p=<0.01. ***p =<0.001 
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Therefore, the key focus of the work described in this chapter was to develop a CMg 

workflow, including depletion of the host genomic DNA, extraction of the microbial DNA, 

WGA, DNA sequencing library preparation and nanopore based DNA sequencing steps, 

suitable for wound swab samples obtained from patients with suspected wound infections. 

Using contrived wound swab samples consisting of blank swabs spiked with host cellular 

material and bacterial pathogens, optimisation of the methods focused on reducing the 

hands-on steps, the total time taken to reach the sequencing step and equipment 

requirements. The quantification of host and pathogen genetic material by qubit, qPCR 

and comparison of the reads assigned to the spiked bacteria species was applied to 

identify the optimal methods. Ultimately, an optimised workflow was established in 

preparation for the collection and processing of patient wound swab samples as part of a 

proof of concept study.  

2.5.1 Host depletion 

Prior to the collection of wound swab samples from patients, the development of a robust 

set of methods to minimise the risk of method failure was required. Importantly, the ethical 

approval for the collection and processing of wound swab samples for CMg as part of a 

proof of concept study was contingent on previous testing having been carried out to 

provide evidence of the suitability of the sample type for CMg, to reduce the risk of study 

participant samples being wasted. The addition of host cellular material was achieved 

through the use of whole human and defibrinated O. aries blood, with defibrinated O. aries 

blood used in instances where access to the suitable containment level two laboratory 

was not available due to extended building shutdowns and COVID-19 lockdowns. The 

host cellular material was spiked with known concentrations of key bacterial pathogen 

species and the mixture added directly onto blank wound swabs before being added to 

the charcoal matrix to generate replicable contrived samples for method development.  

Preparation of the model sample type demonstrated that the application of the optimised 

saponin-based host depletion method resulted in the efficient depletion of human DNA 

and significantly increased the proportion of spiked bacterial sequence reads. Comparison 

of host depleted samples to non-depleted controls showed that the depletion reduced the 

proportion of host DNA from >99% down to <3% of total reads. Reduction of host DNA 

sequences from the sequence data is key to improving the sensitivity of pathogen 

detection by increasing the proportion of reads assigned to the microbial species present, 

rather than human genetic material (143). Whilst the effectiveness of a saponin-based 

host DNA depletion has been demonstrated before (62), these results provided evidence 

that the host depletion methods were compatible with the wound swab sample type, 

including the charcoal agar containing known inhibitors of downstream processing of DNA 

samples (144). This work enabled the ethical approval for the evaluation of CMg for the 

diagnosis of wound infections using samples collected from NHS patients to be obtained.  
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2.5.2 Nucleic acid extraction 

Once it had been demonstrated that the initial host depletion step was compatible with the 

sample type, further work was carried out to optimise the extraction of microbial DNA from 

the depleted sample. This included increasing the bead beating step and evaluating pre 

and post-depletion vortex steps. The importance of bead-beating for the extraction of 

Gram positive bacteria is well documented (145) due to the increased resistance of these 

bacteria to mechanical lysis. However, somewhat surprisingly, in this study, increasing the 

duration of the bead beating step did not result in a significant increase in the DNA yield of 

the representative Gram positive organism S. aureus. It may be that the intensity and 

duration of bead beating was already sufficient for the lysis of S. aureus cell walls and an 

increased duration was not required. However, this study did not include the evaluation of 

the bead beating for fungal species, which have cell walls that are tough and difficult to 

lyse and require a bead beating step (146). Therefore, although the improved DNA 

extraction yield was not observed for Gram positive bacteria, increased bead beating was 

included for further work. It may be necessary for future optimisation work to evaluate the 

methods for a larger range of microbial species, including fungal species, to ensure that 

nucleic acids are effectively extracted from all microbial species.  

The selection of a suitable nucleic acid extraction method can have a significant impact on 

nucleic acid yield and quality and therefore, the success of the workflow (147, 148). 

Comparisons of nucleic acid extraction methods for wound sample metagenomics studies 

are rare, particularly so for workflows that utilise nanopore based sequencing with the 

express aim of being applied in austere environments. The comparison carried out in this 

chapter demonstrated that the automated PDQeX platform generated significantly lower 

bacteria DNA concentrations compared to the MaxWell and Zymo methods. This was 

reflected by the reduced AMR gene coverage obtained from the PDQeX samples 

sequencing data. However, the PDQeX platform had the smallest footprint, weight, fewest 

hands-on steps and the lowest time to completion, making it the most suitable for use in 

austere environments. This agrees with previous evaluations of the PDQeX platform that 

found that, although suitable for use in resource-limited settings, the platform yielded 

reduced DNA concentrations and eluted proteins that would inhibit downstream 

processing (149). Therefore, to ensure that sufficient sensitivity of pathogen and AMR 

gene detection was achieved whilst reducing the method complexity, the MaxWell 

platform was selected for future work and used for the processing of patient wound swab 

samples in the evaluation of CMg for wound swab samples, carried out following this 

work. These results highlighted the potential trade-off between the ease of use and DNA 

yield when working in deployed MTFs. As the field of microfluidics progresses and more 

automated nucleic acid solutions are developed, these should continue to be monitored 
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for the development of novel methods that increase the DNA yield whilst maintaining ease 

of use suitable for austere environments.  

2.5.3 Whole genome amplification kit comparison 

The inclusion of the WGA step was based on previous examples of CMg pipelines in 

which the sample type did not yield sufficient DNA to directly progress to the library 

preparation step required for nanopore based sequencing, that requires higher DNA input 

(400 ng) compared to Illumina SBS sequencing methods (500 pg) (150). The original 

workflow employed the Repli-G WGA kit, previously optimised for low DNA input (63). 

This method generated significant increases in total DNA concentration from low biomass 

samples, hence its previous application for sample types such as host depleted blood 

samples. However, when the full workflow was first carried out as a proof of concept 

experiment, E. coli sequence reads were over represented compared to the other spiked 

species.  

It was hypothesised that the cause of this phenomenon was two-fold. Firstly, that E. coli 

was a contaminating species in the laboratory reagents, leading to its amplification during 

the WGA step compared to other species. E. coli is a known contaminant of molecular 

biology reagents, including the reagents used for the generation of metagenomic 

sequencing data (151) and specifically the WGA step has been shown to amplify 

contaminants, particularly in low biomass samples (152). This was further corroborated by 

the presence of a significant proportion of E. coli reads present in the negative control 

samples. Therefore, it may be necessary to incorporate steps for the reduction of 

contamination into the workflow and for the identification of possible contaminants in the 

sequencing results, to reduce the impact on the identification of the causative pathogen of 

infection. In addition, it was hypothesised that E. coli DNA was preferentially amplified by 

the WGA step compared to the DNA from other spiked bacterial species. Factors such as 

GC content and DNA conformation of the genome can lead to the preferential 

amplification of DNA sequences compared to others (115). The high proportion of E. coli 

reads in the sequence data may have been as a result of one of these factors.  

Importantly, whilst the bacteria DNA was shown to be amplified by the Repli-G WGA step, 

the human DNA, following the depletion step, was not amplified and was lower in 

concentration post-WGA. The absence of amplification of human genomic DNA by WGA 

in the depleted samples may have been due to the saponin and DNase digestion step 

causing fragmentation of the human genomic DNA so that it could not be effectively 

amplified. The degree of DNA fragmentation impacts amplification by WGA (153). The 

efficient depletion of human genomic DNA and preferential amplification of non-

fragmented bacteria DNA is an additional benefit to the use of a saponin-based host 

depletion step and will increase the sensitivity of bacteria detection. 
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As a result of the potential for the introduction of bias by the Repli-G WGA kit, an 

alternative WGA kit was evaluated. The Genomiphi WGA kit has several advantages over 

alternative methods, particularly for use in austere environments. Firstly, the reagents 

require ambient storage temperatures, reducing the requirement for cold chain transport. 

In addition, the number of hands-on steps is reduced compared to the Repli-G kit, 

reducing the burden on the operator. However, studies that had compared a previous 

version of the Genomiphi kit, Genomiphi V2, against the Repli-G kit for low biomass 

samples found that the Repli-G WGA kit was superior for allele recovery (154). Another 

study comparing these kits for infectious disease diagnosis found that the Repli-G kit 

provided the highest proportion of pathogen reads and the Genomiphi V2 kit identified the 

highest amount of background contaminant DNA (155). When compared to the Repli-G kit 

for the amplification of purified bacteria DNA in this study, the Genomiphi kit resulted in 

reduced total DNA yield from spiked samples, but, in contrast to previous studies, 

produced lower concentrations of contaminant DNA in non-template control samples. The 

Genomiphi kit reduced the Cq values for the spiked bacteria DNA in all species excluding 

E. coli, indicating improved amplification of spiked bacteria DNA. Therefore, the 

Genomiphi kit was selected for further evaluation.  

A limitation of the evaluation of the automated DNA extraction platforms and WGA kits 

was the use of qPCR for the quantification of bacterial and human DNA. The qPCR 

assays targeted a single gene per species and therefore, the quantification of each 

species may have been impacted by factors such as the efficiency of the particular qPCR 

assay, rather than differences in the recovery of DNA by the extraction method or the 

amplification of the DNA by WGA. In addition, there may have been differences in the 

recovery and amplification of the DNA across the genome of each species, which would 

not have been reflected by the use of a single qPCR assay per species. Future work 

should consider the use of multiple qPCR assays per species to reduce the impact of 

these variables.  

2.5.4 Future work and considerations for testing clinical samples 

Although the generation of contrived wound swab samples did enable the comparison of 

methods to optimise each step of the CMg workflow, there were several limitations of this 

approach. Wound swab samples present several challenges for the application of CMg. 

The composition, in terms of the ratio of human and microbial DNA, of patient wound 

swab samples varies from wound to wound. Wound swab samples can be collected from 

a wide range of wound types, wound locations and wounds at different stages of infection 

ranging from contaminated wounds through to spreading infections and pre and post 

antimicrobial treatment. For example, although experiments carried out in this chapter 

demonstrated that use of the Genomiphi WGA kit was optimal compared to Repli-G using 

contrived samples, it was not known whether WGA would be required for real patient 
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samples. Alternatively, and more complex, it may be that some samples contain sufficient 

DNA to warrant omission of the WGA step whilst others require amplification. Future work 

processing patient samples for CMg in a proof of concept study was required to determine 

whether the methods developed would be suitable and highlight further opportunities for 

method optimisation. 

Further to this, a wide range of microbial species have been obtained from wound swab 

samples, including bacterial and fungal species. However, only bacterial species were 

included in the method development experiments in this study. Future work should focus 

on including fungal pathogens in the method development process to ensure that they are 

identified by CMg analysis. In addition, although seemingly rarer compared to bacterial 

and fungal wound infections, viral pathogens have also been implicated in wound 

infections (156). The methods developed in this study have not included steps to enable 

the identification of viral species that have RNA based genomes and therefore, these 

species will not be identified. In addition, whilst DNA based viruses may be identified, it is 

unlikely, due to the comparatively small genome of viral species, that these will be 

detected with the sensitivity required in a clinical context without the addition of viral 

enrichment steps, of which there are several options including sequence-independent, 

single-primer-amplification (157) and hybridisation probes (158). A key focus of future 

work should be to develop an all-encompassing workflow that can identify all possible 

pathogen species, including RNA and DNA viral species. This may involve the 

development of a separate viral pathogen arm to the workflow, to allow for the preparation 

and enrichment of viral nucleic acids before pooling the sample for sequencing.  

Alongside the human and pathogen genetic material, patient wound swab samples will 

also have commensal flora species present. While the use of a defined contrived sample 

type did allow for the optimisation of methods, the effect of the commensal flora on the 

detection of pathogen species was not quantified. The impact of this could have been 

further quantified through the generation of a mock wound microbiome, consisting of a 

mixture of known wound commensal species at known concentrations spiked into the 

human cellular matrix alongside pathogen species. Previous studies have used reagents 

containing a larger number of defined pathogen species at a known concentration to 

replicate human microbiomes to improve metagenomics method development (159). 

Alternatively, collection of patient wound swab samples and spiking known pathogens 

onto these samples would also enable the impact of the presence of commensal species 

to be quantified and to provide a more accurate measurement of pathogen detection 

sensitivity. 

The experiments carried out in this chapter did demonstrate that the proportions of 

species DNA in the sequencing data was altered between the spiking of the bacteria and 

DNA sequencing. It was hypothesised that the inclusion of a WGA step was resulting in 
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amplification bias and therefore, an alternative WGA kit was selected for use. However, 

despite this, the results from the final full workflow run through still demonstrated reduced 

proportions of sequencing reads assigned to S. aureus compared to E. coli at the lowest 

CFU input and lower reads assigned to the mecA AMR gene compared to blaCTX-M-15. This 

may be due to inherent bias introduced during the CMg workflow, including the DNA 

extraction and WGA steps (153, 160). The reduced depth of coverage of the mecA gene 

may also be attributed to the chromosomal location of the staphylococcal cassette 

chromosome containing the mecA gene (161) compared to the blaCTX-M-15 gene, located on 

a plasmid (162), potentially impacting the number of AMR gene copies added at each 

CFU input. Future work should aim to understand further the impact of the reduced 

proportion of reads assigned to Gram positive species on the sensitivity of detection and if 

required, identify the cause and optimise the methods to reduce this bias. Further work to 

understand fully the cause of this affect was not carried out and therefore, cannot be 

accounted for in the sequencing data obtained from real patient samples. The sensitivity 

and specificity of E. coli and S. aureus detection should be compared from patient 

samples to determine whether the alterations in sensitivity observed in spiked samples 

are also observed in wound swab samples.  

2.6  Conclusions  

The work carried out in this chapter developed and evaluated a CMg workflow for wound 

swab samples and demonstrated the effective depletion of host DNA and the detection of 

spiked bacteria species and the associated AMR genes. This work provided the basis for 

the planning of a prospective wound swab sample CMg study and enabled the project to 

gain the required ethical approval to collect samples from patients with suspected wound 

infections. This was integral to the progression of CMg methods for wound swab samples 

and enabled the future work to identify opportunities for method optimisation. This will 

ultimately contribute to the further understanding of the clinical interpretation of CMg 

results to improve the treatment of deployed personnel with wound infections.  

2.6.1 Recommended wound clinical metagenomics workflow 

The work carried out in this chapter resulted in the establishment of an optimised wound 

swab CMg workflow. The recommended workflow consisted of the following steps:  

 Sample storage: unless immediate sample processing is available, the wound 

swab sample should be refrigerated at 4-8°C to minimise alterations to the 

composition of the microbial species present on the swab. The sample should not 

be frozen to avoid lysing the microbial cells and the subsequent loss of genetic 

material during the saponin-based host depletion step.  

 Host depletion: the swab sample is added to PBS and undergoes a saponin-based 

host DNA depletion step. Saponin is added to a final concentration of 2.5% 
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alongside the HLSAN DNase and HLSAN buffer and incubated for 10 minutes. 

The swab is then vortexed post-depletion to ensure that the microbial cellular 

material is removed from the the swab matrix for downstream processing without 

lysing the microbial cells prior to the addition of the DNase enzyme, reducing the 

loss of microbial genetic material.  

 DNA extraction: the sample is then bead-beaten for 60 seconds at 6.0 m/s to 

ensure the lysis of microbial cells, including Gram positive bacteria and fungal 

species. The sample then undergoes a further chemical lysis step and DNA 

extraction using the automated MaxWell 16 LEV blood DNA method. This platform 

was shown to combine the sufficient recovery of microbial DNA with reduced user 

hands-on time compared to the manual extraction method. As new platforms are 

developed, these should be evaluated for both the recovery of microbial DNA and 

their ease-of-use in austere environments.  

 WGA: the extracted DNA is then amplified using the Genomiphi V3 WGA kit. This 

kit uses lyophilised reagents, reducing the need for cold-chain storage and results 

in the more uniform amplification of microbial species DNA, resulting in 

sequencing results that better reflect the sample input.  

 Library preparation: the amplified DNA is prepared for nanopore-based 

sequencing using the Rapid Barcoding library preparation kit. This method uses 

minimal hands-on steps and reduces the total turnaround time compared to 

alternative nanopore library preparation methods.  

 DNA sequencing: the prepared DNA is sequenced using nanopore-based 

sequencing on an MK1c sequencing device for up to eight hours. Although not 

utilised in this study, nanopore sequencing enables real-time data analysis, 

potentially reducing the time required to provide a result. In addition, the 

equipment is small and portable, making nanopore sequencing suitable for use in 

deployed MTFs.  
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3 Evaluation of a clinical metagenomics workflow for the 

diagnosis of wound infections. 

3.1 Contribution statement  

The work detailed in this chapter was carried out as a collaborative study with partners 

from the NHS and the Quadram Institute Bioscience, which has been submitted to a peer-

reviewed journal for publication, for which Carl Halford was the first author. Wound swab 

samples were collected by Dr. Paul Russell, Fiona Trim (Salisbury District Hospital (SDH)) 

and Dr. Nathan Moore (Basingstoke North Hospital (BNH)). Routine microbiology was 

carried out by the NHS microbiology laboratories at each NHS site. Dr. Paul Russell 

provided the methodology for the routine microbiology investigations and the identification 

of reportable wound pathogens from the CMg results. The bioinformatics analysis was 

carried out by Dr. Thanh Le-Viet (Quadram Institute Bioscience) in close collaboration with 

Carl Halford using a bioinformatics pipeline that Dr Thanh Le-Viet previously developed. 

The MODREC and Health Research Authority (HRA) study protocol designs, the wet-lab 

work for the processing of the wound swab samples for CMg and the results interpretation 

were carried out by Carl Halford.  

3.2  Introduction  

3.2.1 Wound infections 

Wounds are defined as injuries that break the integrity of the skin barrier such as burns, 

lacerations, punctures, blast injuries and surgical sites. The skin is a barrier that prevents 

microbes from coming into contact with the underlying tissues, providing protection 

against infection. A break in the skin barrier enables microbes to colonise the wound site, 

which provides a suitable environment for microbial growth (163). In some cases, the 

colonising microorganisms become pathogenic, a process dependent upon the location 

and severity of the wound, the microbial burden, the species and virulence of the 

microbes present on the wound and the host immune response (164).  

The development of a wound infection has been defined into five distinct stages based on 

the presence and proliferation of microbes and the associated clinical symptoms, by the 

International Wound Infection Institute, known as the wound infection continuum (163). 

The majority of wounds are contaminated by microbes as a matter of course. The 

contaminating microbes can originate from a range of sources including the body’s own 

flora from sites such as mucosal barriers of the oral cavity, the gut and the skin. 

Environmental contaminants introduced during the injury contaminate wounds, particularly 

if foreign material, such as soil, is deposited onto the wound at the point of injury. 

Nosocomial transmission of microbes from healthcare facilities has also been identified as 

a route of microbial contamination of wounds, including from healthcare equipment and 
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personnel (165). Contaminating microorganisms are non-proliferating and at this stage 

and do not evoke a host immune response. However, wounds sites can provide a suitable 

environment for microbial proliferation. This stage of the continuum is defined as 

colonisation. This does not illicit a host response and the healing of the wound is not 

impaired. However, wound colonisation can progress to local infection, where the 

microbes proliferate at a rate that does cause a host reaction. Clinical symptoms are 

present, including delayed wound healing and increased pain but are limited to the wound 

site or structure. This can then progress to spreading and then systemic infections. In 

these cases, the microbes present on the wound reach critical colonisation and invade the 

surrounding tissue. The microbes spread via the vascular or lymphatic systems resulting 

in an immune response, inflammation and tissue damage. This can have serious 

consequences for the patient, including systemic inflammatory response and sepsis. 

Some of the known host risk factors associated with the development of a wound infection 

include but are not limited to poorly managed diabetes, conditions associated with hypoxia 

and immune system disorders. Risk factors associated with the wound itself include the 

presence of soil or plant matter and other foreign materials, necrotic wound tissue, the 

involvement of deep tissue and the injury being classed as traumatic (163). Hospitalisation 

can also lead to nosocomial wound infections, with wound infections being the most 

common of all nosocomial infection types and infection by AMR isolates being of particular 

concern (166, 167).  

3.2.2 Impact of wound infections 

Wound infections can have a significant and negative impact on the patients and the wider 

healthcare systems. These outcomes are dependent upon the type of wound, wound 

location and severity, the comorbidities of the patient and the access to an appropriate 

healthcare setting and treatments. In any setting, the development of a wound infection is 

a serious issue in the patient’s recovery and is associated with delayed wound healing 

(168) and increased mortality (169). Mortality commonly results from secondary sepsis, as 

the pathogens colonise the wound and then invade the surrounding tissue via the 

bloodstream. Fifty four percent of burn-related deaths are due to septic shock and 

subsequent organ dysfunction following invasive infection (170). The incidence of post-

operative surgical site infections, despite the wound being clean at the time of the surgery, 

has been shown to be as high as 31% (171) and can incur significantly increased costs, 

mainly due to the increased hospital stay resulting from the infection (172).  

Due to the risks of incurring an injury, such as burns, lacerations, punctures, blast injuries 

and surgical sites, associated with military operations, military personnel are at risk of 

suffering from a wound infection. In the first 6.5 years of Operation Iraqi Freedom, over 

30000 US military personnel were wounded in action (173). Recent conflicts have been 
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characterised by the use of improvised explosive devices that result in complex tissue 

damage, primarily of the limbs (174, 175). Improvements in body armour and the 

immediate care of personnel who have suffered a traumatic injury have led to reduced 

mortality in the immediate aftermath of the event (176). However, the significant and 

complex injuries resulting from explosive blasts and the microbial contamination from the 

environment mean patients are particularly susceptible to invasive bacterial and fungal 

infections (177). Therefore, the primary complication resulting from a combat-related 

extremity wound is infection. The risk of infection differs dependent upon the wound type, 

43% of US personnel that suffered a combat-related extremity wound resulting in lower 

extremity amputation developed a wound infection, rising to 68% of those requiring above-

knee amputations (178). 

3.2.3 Wound infection aetiology  

Infection represents the greatest risk to life in the combat casualty that survives the initial 

two hours post-injury, and wound infections are the most common cause for military 

hospital infectious disease consultations (179). Infection rates in the Iraq and Afghanistan 

conflicts among injured personnel ranged from 28-34% (177) and were caused by a range 

of pathogenic species, including Acinetobacter spp., E. coli, Pseudomonas spp. and 

Enterococcus spp. as the predominant organisms (180).  

The causative pathogen of wound infection depends on a range of factors. Seasonality 

has been shown to impact on the cause of wound infections. Analysis of the data 

collected as part of a retrospective observational study of infectious complications among 

military personnel wounded during deployment in Afghanistan found that Gram negative 

species, including multi-drug resistant isolates, were more commonly isolated from wound 

cultures in the summer and autumn seasons compared to winter and spring. E. coli and 

Enterobacter spp. were the most commonly identified Gram negative species whilst 

infecting Gram positive species did not vary by season (181).  

In addition to seasonality, the location of injury was associated with differences in the 

causative pathogen of infection. The exposure of combat-related extremity wounds to soil 

and debris material in Afghanistan’s southern region, characterised by warmer 

temperatures and lower elevation, resulted in the increased incidence of invasive fungal 

wound infections, associated with increased morbidity and mortality. Such was the 

proportion of wounded personnel developing an invasive fungal wound infection during 

operations in Afghanistan, the US Department of Defence subsequently conducted an 

outbreak investigation (182). From the Ukraine-Russia war, Pseudomonas aeruginosa 

(22.5%), Proteus mirabilis (21.3%), S. aureus (23.8%), Streptococcus pyogenes (18.8%), 

and E. coli (13.8%) are most commonly identified (183).  
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The pathogens identified at a wound site are also related to the type of wound. Organisms 

commonly identified at burn wounds include S. aureus, β-haemolytic streptococci, 

pseudomonads, as well as fungal species including Candida albicans (184-186). While 

bite wounds are likely to be infected by species such as Pasteurella multocida, S. aureus, 

α-haemolytic Streptococci and the Streptococcus angiosus group (187). In civilian 

healthcare environments, P. aeruginosa and S. aureus are commonly identified in 

community and hospital-acquired wound infections, with elderly patients receiving wound 

care at home or in long-term care facilities particularly susceptible to infection by S. 

pyogenes (188-191). 

It is not only the causative species that has an impact on the severity of a wound infection. 

The presence of AMR is also vitally important to treating the infection. Infections caused 

by pathogens with resistance to antimicrobials, such as MRSA, are associated with 

increased mortality and healthcare costs (192). AMR is found in a number of species 

commonly identified in wound infection samples. Eighty eight percent of isolates of the 

bacteria A. baumannii obtained from wound infection samples are resistant to 

trimethoprim and 80% of P. mirabilis isolates are resistant to piperacillin (188). Therefore, 

determination of the resistance profile of an infection is key to enabling the targeting of 

antimicrobial therapies to prevent the administering of ineffective treatments. Treatment is 

further complicated by the development of biofilms, composed of bacterial communities 

situated within a polysaccharide matrix. Biofilms are more resistant to disinfection, the 

action of the host immune system, antibiotics and more likely to result in a persistent 

wound infection (193, 194).  

Therefore, the ability to determine whether a wound is infected, identify the causative 

pathogen and the AMR profile so that the optimal treatment can be provided is key to 

reducing mortality. The availability of rapid diagnostic methods to provide this information 

in deployed environments and in hospital diagnostic laboratories are of vital importance.  

3.2.4 Wound infection diagnosis 

3.2.4.1 Current wound infection diagnostic tests 

The identification of a suspected wound infection is based upon the observation of clinical 

signs and symptoms, with diagnostic tests unlikely to be ordered until a spreading 

infection is suspected (163). Indicators of infection include hypergranulation, increased 

exudate and delayed wound healing. If the infection continues to progress to a local 

infection, this is signified by erythema, increased temperature, swelling, purulent 

discharge, increasing pain and an increase in wound size. In the absence of a sufficient 

immune response and effective treatment, this progresses to a spreading infection 

associated with swelling of the lymph glands, crepitus, breakdown of the wound site and 

spreading inflammation away from the wound site. Further progression to a systemic 
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infection will result in lethargy, general patient deterioration, fever, severe sepsis and 

septic shock with associated organ failure.  The observation of these symptoms as well as 

evaluation of the patient’s risk factors will be incorporated to make a clinical decision as to 

whether a wound has become infected (163). 

Clinical guidance may vary between medical facilities, however, NHS guidance states that 

diagnostic tests are not ordered until a spreading infection is suspected. Once requested, 

diagnostic tests include haematological, radiological and microbiological investigations. 

Haemotological investigations include measuring for increased white blood cell count or 

C-reactive protein (CRP) and erythrocyte sedimentation rate. Radiological investigations 

may be employed to identify the presence of an abscess associated with a wound 

infection, including an X-ray or magnetic resonance imaging (163). These methods 

indicate the presence of an infection, but do not provide information on the causative 

pathogen or inform on suitable treatment methods.  

Microbiological testing, based on the isolation and growth of the microorganisms present 

on the wound site, is used to confirm the diagnosis of a wound infection, identify the 

causative pathogen and the optimal treatment option based on the AMR of the isolated 

microbes. The sample types collected for wound culture investigations include deep-tissue 

biopsy, wound aspirate and wound swabs. Tissue biopsy refers to obtaining a tissue 

sample from the wound site and a quantifying the number of microorganisms per Gram of 

tissue by microscopic evaluation. Biopsies are known to yield more optimal results, 

particularly for the accurate identification of the invading pathogens and associated 

antibiotic resistance and are considered the gold-standard method (195). However, due to 

the invasive, painful nature of the sample collection and specialised equipment 

requirements, tissue biopsies are rarely collected. Wound aspirates involve the collection 

of the fluid within an abscess or a puncture wound to determine the concentration of 

microorganisms within the abscess. Similarly to the collection of a tissue biopsy, this 

method is relatively invasive and painful and therefore, is not often collected.   

In contrast, the quick, simple and non-invasive nature of wound swab collection means 

that this sample type is the most frequently collected (196). This method relies on the 

collection of microorganisms onto a swab which is then added to a growth media to grow 

the microorganisms for subsequent identification. The wound is first cleansed with a saline 

solution prior to swab collection to remove colonising organisms from the surface of the 

wound. The swab is pressed onto and moved across the surface of the wound to collect 

microbes onto the swab. The culture media selected will depend on the features of the 

wound, the suspected pathogen and the clinical circumstances of the suspected infection. 

Figure 22 details the culture media, conditions and the target organisms for the 

microbiological investigation of wound swabs, as detailed by the UK Standards for 

Microbiology Investigations (UK SMI): Investigation of swabs from skin and superficial soft 
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tissue infections (184). All specimens are likely to be cultured on blood agar at 35-37°C in 

a 5-10% CO2 atmosphere for 40-48 hours, as well as Cystine–lactose–electrolyte-deficient 

(CLED)/MacConkey agar at 35-37°C in air for 18-24 hours. While more specific clinical 

circumstances may result in the use of specific growth conditions. For example, wounds 

resulting from human bites are also cultured on chocolate agar at 35-37°C at 5-10% 

atmospheric CO2 for 40-48 hours to enable the growth of fastidious organisms. Therefore, 

the downstream analysis of isolated cultures will vary depending on the clinical features of 

the wound. For example, the suspected isolation of S. aureus from blood agar is indicated 

by colonial appearance, appearing as glistening, smooth, raised and translucent colonies 

with a golden pigment (197). S. aureus identification is confirmed using a number of 

different tests, the use of which will depend on the test availability at the laboratory 

location. Matrix-assisted laser desorption/ionisation - time of flight mass spectrometry 

(MALDI-TOF-MS) is an increasingly commonly utilised method in the UK that analyses the 

protein composition of an isolated colony enabling rapid species level identification using 

relatively simple preparation methods (198). PCR tests can also be employed. This 

method relies upon the amplification and detection of species-specific or gene -specific 

DNA sequences. Therefore, the presence of genes associated with resistance to 

antimicrobials can also be identified and commercial tests are available for this (199).  

There are a range of additional tests that may be used to identify an isolated colony. If 

required, methods including WGS, pulsed field gel electrophoresis and multiple-locus 

variable number tandem repeat analysis can be applied to identify the bacteria down to 

the strain level. Depending on the clinical features of the wound and the microbial species 

isolated, AST is carried out on an isolated colony. In the UK, the antimicrobial test panels 

will depend on the species and the methods based upon the European Committee on 

Antimicrobial testing (EUCAST) recommendations. The minimum inhibitory concentration 

of the isolated species will be determined by disk diffusion and this will be used to inform 

the antimicrobial treatment of the infection (36).  
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Figure 22. Routine microbiological investigation of wound swab samples carried out in NHS microbiology 

laboratories.  

Flow chart detailing the culture media and conditions used for the investigation of wound swabs by 

microbiology according to the clinical context of the wound. Figure published in the UK SMI: Investigation of 

swabs from skin and superficial soft tissue infections (184). 

 

3.2.4.2 Future diagnosis of wound infections 

Compared to the laboratory-based methods previously described, the use of point-of-care 

diagnostic methods reduce the time to result and the need for empirical antibiotic 

treatments prescribed in the absence of conclusive identification of the organism. The 

measurement of the host response to the onset of an infection can be utilised to detect 

early infection. In the immediate aftermath of an injury, there are a plethora of immune 

response proteins (IRP) involved in the initial response to achieve homeostasis, prevent 

infection and facilitate wound healing (200). The levels of specific IRPs can change 

dramatically over the course of an infection presenting a multitude of potential diagnostic 

test targets. CRP, as previously mentioned, is a well-established target for the detection of 

inflammation at the onset of an infection (201). Levels of CRP increase in human serum 

from approximately 1.4 mg/µL to >100 mg/µL at the onset of infection (202, 203) such that 

measuring levels of CRP can determine whether a wound is infected (203).  

To enable point-of-care CRP testing, electrochemical sensing devices to detect the levels 

of CRP have been developed. Wang et al. 2017 developed a CRP fibre optic surface 

plasmon resonance biosensor with a detection range of 10-20000 ng mL-1. The wide 



85 
 

detection range of this technology ensured that the onset of an infection could be detected 

as well as subsequent reductions in CRP as the infection responded to treatments. 

Critically, this technology was easily manufactured at low cost and was disposable, 

enabling use of the sensor at the point-of-care for rapid CRP detection in response to a 

suspected wound infection (204).  

An alternative method is to quantify the bacterial load in the wound tissue. The 

MolecuLight i:X (MolecuLight, Inc.) device detects the fluorophores emitted by bacterial 

species including Staphylococcus, Proteus, Klebsiella, and Pseudomonas spp. and can 

determine when the bacterial load has reached the critical bioburden at which a wound is 

considered to be infected (205). Another method that has potential for measuring the 

bioburden of a wound is through detection of the volatile organic compounds released by 

pathogens by gas chromatography ion mobility spectrometry (206). However, these 

technologies currently cannot identify specific species and the ability to identify fungal 

pathogens has not been demonstrated.  

Smart dressings refer to wound dressings with incorporated technology to monitor wound 

healing progress via one or several chemical stimuli associated with an infection and in 

some cases, actively stimulate wound healing. Examples of this technology include a 

hydrogel based smart dressing that quantifies bacterial load via the wound pH and 

detecting alterations in pH associated with the bacterial environment (207). The detection 

of a bacterial environment triggered the release of an antibacterial treatment to facilitate 

wound healing. The advantages of smart dressings are that the wound can be 

continuously monitored without the need for a healthcare professional to repeat 

measurements for infection and antibiotic treatments are applied immediately following 

detection of a bacterial environment. However, this technology in its current form would be 

unable to identify the causative pathogens and the antimicrobial susceptibility and tailor 

the antimicrobial treatment accordingly. Therefore, additional testing would still be 

required in the event of an infection.   

3.2.5 Wound infection treatment 

The treatment for a wound infection depends upon the stage of the infection and the 

clinical judgement of the care team that will factor in any comorbidities, such as diabetes 

mellitus or immunosuppression. Wounds that have been colonised by microbial species 

but have not progressed to a localised infection are debrided and treated with an 

appropriate wound dressing. No antimicrobial dressings or antibiotics will be used at this 

stage to prevent the development of an antibiotic-resistant infection. If the infection has 

progressed to a localised infection, antimicrobial irrigation solutions and topical wound 

dressings are applied to disrupt the formation of a biofilm and prevent the spread of the 

infection. Antimicrobial dressings can include the use of honey, iodine and silver, all of 
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which have antimicrobial properties (208). However, if the wound progresses to a 

spreading infection, the care team are then likely to carry out more extensive interventions 

to control the infection. As described previously, a wound swab will be collected to identify 

the causative organism, and systemic antibiotics will be prescribed. Until identification of 

the organism is provided, flucloxacillin is often prescribed as the first line antibiotic, with 

metronidazole added if the wound is located in the abdomen or pelvis. Doxycycline is 

prescribed if the patient is allergic to penicillin, or the infection does not respond to 

flucloxacillin. Specific wounds, such as animal or human bites, are prescribed with co-

amoxiclav (209). Once the causative organism is identified, the antimicrobial treatment is 

targeted. For example, wounds positive for MRSA will be treated with doxycycline, which 

has better coverage against MRSA infections compared to alternative antibiotics. Fungal 

wound infections are treated with amphotericin B or azole antifungal agents, depending on 

the specific causative organism. If the infection has further progressed to a systemic 

infection, the patient will be monitored closely for signs of sepsis. Systemic antibiotics and 

antimicrobial wound dressings will be continued, and blood cultures may be carried out to 

monitor for systemic infection.  

3.2.6 Limitations of current diagnostics 

Despite being the key to identifying a wound infection, the use of clinical symptoms is 

highly fallible to subjectivity and the variability of the clinical signs, due to factors such as 

the specific strain of the pathogen causing the infection and development of biofilms. 

Therefore, it has been demonstrated that clinical symptoms are not a suitable indicator of 

bacterial load or of wound infection when used in isolation (210).  

Further to this, while wound swab culture is the most common method for wound infection 

diagnosis, the method has several key limitations. Firstly, wound swab culture methods 

have a relatively poor pooled test sensitivity and specificity rate of 49% and 62% 

respectively (211). This is caused by a number of factors, including the presence of biofilm 

formation preventing access to the causative pathogen during sample collection and the 

presence of fastidious species including anaerobic bacteria that are not identified by 

culture (212). For example, Actinomyces spp. may require up to 7 days of growth to be 

detected. Often, unless there is a specific clinical indication that extended growth periods 

are required, cultures will not be incubated for this length of time, preventing pathogen 

identification. In addition, the previous use of empiric antibiotics immediately upon the 

suspicion of a wound infection may mean that the bacteria present on the wound do not 

grow in culture, leading to a negative result. Finally, the wound swab cannot physically 

access the invasive microbes present within the tissue rather than on the surface of the 

wound and therefore, these organisms will not be identified.    
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In the context of a deployed military MTF, there are a number of critical limitations 

associated with the use of wound culture methods. Firstly, the time to result for culture 

methods is significant. Bacterial growth generally requires 18-36 hours and increased 

times may be required for particularly fastidious or slow growing bacteria and AST 

requires further incubation time. This delay in achieving a result means that initial 

antimicrobial therapies, in the absence of any information relating to the causative 

pathogen and the antimicrobial susceptibility, are empirical and broad range, to provide 

the best chance of targeting the infection. However, the use of broad-range antimicrobials 

can cause serious side effects for the patient and has been implicated in the further 

development of antimicrobial resistance amongst bacterial populations.  

Further to this, culture methods have been shown to underestimate the number of 

bacteria and the various types of bacteria present in a wound sample. This is an issue 

particularly for fastidious bacteria that may not grow efficiently in the culture medium, such 

as obligate anaerobes. Zhou-Fleming et al. 2019 used 16S rRNA metagenomic 

sequencing to study necrotising skin and soft-tissue infections (NSSTI) and compared the 

results against standard culture testing. The results of the sequencing analysis found that 

anaerobic species, including Prevotella, Bacteroides, Anaerococcus, Peptoniphilus, and 

Porphyromonas species were frequently missed by culture testing. It was also found that 

anaerobes made up the majority of bacterial species identified by 16S rRNA sequencing 

in NSSTI non-survivors compared to patients that did survive the infection, demonstrating 

the importance of detecting these species (213). Culture methods are also unable to 

detect the full diversity of fungal infections unless additional specific testing is carried out. 

This can severely impair the progress of wound infection diagnosis. A case study that 

followed the progress of a combat-related wound infection demonstrated the importance 

of fungal species in wound infections. In this case, the presence of the fungal species was 

initially identified by culture, however, post-mortem PCR testing revealed further diversity 

of fungal species that had not been previously identified (214).  

Finally, the facilities required for microbiology testing, including large incubators, require a 

central diagnostics laboratory. Forward deployed settings at role one and role two do not 

have access to such infrastructure and therefore no information on the infection can be 

gained until the patient has been evacuated to a role two enhanced, role three or role four 

environment, with role four often being stationed in the patient’s home country or that of 

an allied nation. By this stage, the infection may have progressed significantly.   

Despite the issues associated with traditional microbiological culture-based diagnosis of 

wound infections, the use of molecular-based diagnostics is not widespread within the 

NHS and is not operated in deployed military MTFs for wound infection diagnosis. 

Therefore, alternative methods for the rapid diagnosis of wound infections are required.  
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3.2.7 Clinical metagenomics for wound infection diagnosis  

Studies involving the use of CMg for wound infection diagnosis are rare, particularly so for 

combat-related wounds. However, metagenomics has been applied to the diagnosis of 

soft skin and tissue infections in a civilian hospital setting. Wang et al. 2020 (215) 

demonstrated an increase in sensitivity of pathogen detection using metagenomics, 

particularly so for anaerobic bacteria and viruses, compared to standard culture-based 

methods (67.7% vs 35.4%). Metagenomics also increased the detection of poly-microbial 

infections. This example demonstrated a key advantage of metagenomics, where 

fastidious pathogens not detected by culture-based methods are identified by CMg, 

enabling more targeted treatments to be administered. This increase in sensitivity meant 

that targeted antibiotic therapies could be utilised in a significantly higher number of cases 

when metagenomics was used. 

3.2.8 Study aims  

This study aimed to evaluate the CMg workflow previously developed for wound swab 

samples and compare the results against routine microbiology testing carried out by the 

NHS laboratories. Importantly, this would provide a better understanding of the clinical 

interpretation of the CMg results for the identification of microbial species and additional 

clinically relevant information including the presence of AMR genes. In addition, additional 

opportunities for the future optimisation of the workflow would be identified to enable the 

future deployment of the workflow to deployed MTFs, including reducing the equipment 

requirements and the time to result.  

3.3  Methods  

3.3.1 Ethical approval 

The study protocol for the prospective collection of 40 wound swab samples, the provision 

of routine microbiology results and previous antibiotic treatments from NHS patients with a 

suspected wound infection was approved by the Dstl Scientific Advisory Committee and 

the MODREC (Reference: 2149/MODREC/22). Approval for the collection of wound swab 

samples at participating NHS sites was then provided by the HRA (Project ID: 307383) 

and the study was incorporated into the National Institute for Health Research clinical 

research network portfolio.  

3.3.2 Sample collection 

Forty participants with suspected wound infections from open wounds, defined as cuts, 

lacerations, abrasions, avulsions, punctures, bites, grades 2-4 pressure ulcers, arterial, 

venous or diabetic ulcers and burns, were prospectively recruited from SDH and BNH. 

Written informed consent was obtained prior to sample collection. One additional wound 

swab sample was collected according to best practice (184) immediately following the 
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collection of a standard of care wound swab. The additional swab sample was given an 

anonymised unique sample identifier and stored at 4 - 8°C. Samples were processed for 

CMg analysis following the protocol described below. 

3.3.3 Clinical metagenomics  

3.3.3.1 Host depletion 

The swab tip was added to 200 µL PBS in a 2.0 mL tube. Forty microliters of 30% saponin 

(in PBS) was added with 200 µL HLSAN Buffer (5.5M NaCl and 100mM MgCl2 in 

molecular-grade water) and 10 µL HLSAN DNase. The sample was incubated at 37°C for 

10 min at 1000 rpm on a thermomixer. The sample was vortexed for 20 s at full speed and 

the sample was transferred to a new 2 mL tube and the swab tip disposed of. Nine 

hundred microliters of PBS were added and the sample was centrifuged at 12000 × g for 3 

min.  The supernatant was discarded, and the pellet resuspended in 600 µL PBS. 

Negative controls, consisting of a blank swab processed alongside the participant swab 

samples were included prior to the host-depletion step. 

3.3.3.2 DNA extraction 

The resuspended pellet was transferred to a Matrix lysing E tube (MP Biomedicals) and 

bead beaten for 60 s at 6.0 m/s on a FastPrep-24 5G bead beater and centrifuged at 

17000 × g for 60 s. Four hundred microliters of clear supernatant was transferred to a new 

tube with 300 µL lysis buffer and 30 µL Proteinase K. The sample was incubated at 65°C 

for 5 min at 1000 rpm and added directly to a MaxWell 16 LEV Blood cartridge. The DNA 

extraction was carried out by the MaxWell 16 LEV platform using the Blood DNA protocol 

and eluted into 50 µL elution buffer. 

3.3.3.3 DNA quantification 

The total DNA concentration was quantified using the dsDNA HS assay kit on the Qubit 4 

fluorometer according to the manufacturer’s instructions, as previously described in 

Chapter Two section 2.3.5.  

3.3.3.4 DNA purification 

The DNA extract was purified by AMPure XP bead purification according to the 

manufacturer’s instructions. AMPure XP beads were added to the DNA extract at a ratio 

of 1.8 × beads to DNA extract and processed according to the methods described in 

Chapter Two section 2.3.6.  

3.3.3.5 Whole genome amplification 

The purified DNA underwent WGA using the Genomiphi WGA kit, as previously described 

in Chapter Two section 2.3.8. Ten microliters of purified wound swab DNA was added to 

10 µL of the 2 × denaturation buffer in a 0.2 mL PCR tube and heated to 95°C for 3 min 
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and cooled to 4°C on ice. The 20 µL reaction was added directly to the freeze-dried 

reagent cake and incubated at 37°C for 2 h followed by a heating step at 65°C for 10 min.  

The sample was cooled to 4°C on ice. The resulting amplified DNA was then re-quantified 

by Qubit dsDNA HS assay, as previously described. 

3.3.3.6 DNA de-branching 

The amplified DNA was then de-branched as described in Chapter Two section 2.3.9. The 

de-branched DNA was quantified by Qubit dsDNA HS assay as previously described and 

purified using a 0.6 × ratio of AMPure XP beads to DNA extract, as previously described.   

3.3.3.7 Library preparation and sequencing 

The de-branched DNA was prepared for sequencing using the Rapid Barcoding library 

preparation kit according to the manufacturer’s instructions, as previously described in 

Chapter Two section 2.3.10.1. Five to seven samples, plus a negative control, were run 

per multiplexed sequencing run. An R9.4.1 flowcell was inserted into the MK1c 

Sequencing device and the flow cell was then checked and primed for sequencing and the 

prepared libraries loaded into the flowcell according to the manufacturer’s instructions. A 

new experiment was then set up using the MK1c MinKnow user interface. The library 

preparation kit was selected, and the sequencing run set for 16-h duration. The 

sequencing run was started, and the data stored in Fast5 format.  

3.3.4 Bioinformatic and statistical analysis  

ONT Taxonomic Profiling, the custom bioinformatics pipeline, previously described in 

Chapter Two section 2.3.11, was applied. Microbial species identification was presented 

as the total number of reads and the percentage of the total classified microbial reads 

aligned to the species. Species were concluded to be present if ≥5 reads, minus the 

number of reads of the same species identified in the negative control sample, matched 

that species. Alternative thresholds for considering a positive identification were applied to 

compare the sensitivity when these were applied, including ≥50 reads assigned to a 

species and the total reads assigned to a species comprised ≥0.1% of the total classified 

microbial reads. Sequencing depth was calculated by dividing the total bp assigned to a 

species by the total genome size of the species. The pipeline included applying the KMA 

(version 1.4.9) tool to screen for AMR genes with the amrfinderplus (v3.10) database. 

AMR genes were concluded to be present if their template identity and coverage 

were ≥ 90% and their depth of coverage reported by KMA were ≥ 1×. AMR genes were 

linked to the resistances reported by AST through the Comprehensive Antibiotic 

Resistance Database (CARD), which lists the species associated with specific AMR 

genes and the antibiotic drug classes to which they are associated (216). Bacterial 

species were grouped into aerobes, facultative anaerobes and obligate anaerobes 

according to the BacDive database (217). Data are expressed as means and + standard 
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deviation and were analysed using GraphPad Prism 10 (version 10.0.2) software. When 

multiple comparison analyses were performed, p-values were obtained by performing an 

ordinary one-way or two-way ANOVA test or mixed effects analysis when the n number 

varied, with post hoc Tukey’s test. When two samples were individually compared, results 

were obtained using a two-tail unpaired t-test. Sensitivity and specificity values were 

calculated according to the following calculations as previously described (218):  

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = [(𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠)/(𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠)] × 100 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 = [(𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠)/(𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠)] × 100  

 

True positives = species identified by CMg and routine microbiology and/or qPCR.  

False Negative = species identified by routine microbiology and/or qPCR but not identified 

by CMg.  

True Negative = species not identified by CMg or routine microbiology and/or qPCR.  

False positive = species identified by CMg but not by routine microbiology and/or qPCR. 

Species α-diversity was calculated using the Shannon diversity index. The Shannon 

diversity index is an estimator for species richness and evenness (219). The formula is as 

follows:  

𝑆ℎ𝑎𝑛𝑛𝑜𝑛 𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =  − ∑[(𝑝i) × ln(𝑝i)] 

𝑝i =
𝑛

𝑁
 

n = number of reads assigned to a microbial species in a sample  

N = total reads assigned to microbial species in a sample 

 

3.3.5 Routine clinical microbiological investigation 

Microbiology testing of the routine wound swab sample was carried out by NHS staff at 

each participating NHS trust according to the standard protocols. Wound swabs were 

collected using a Transwab charcoal swab. Within 48 h of collection, wound swabs were 

streaked on to semi-solid agar media including columbia blood and chocolate agar, 

incubated at 35-37°C in 5% CO2; columbia selective agar and CLED agar, incubated at 

35-37°C under aerobic conditions and fastidious anaerobe agar with neomycin incubated 

at 35-37°C under anaerobic conditions. Additional media, such as sabouraud agar for the 

growth of fungal and yeast species, were used for wounds swabs collected from specific 

anatomical sites, or where particular clinical information or specific clinician instruction 

determined their use based on the UK SMI (184). Plates were examined at 18-24 h and 
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again at 48 h post-inoculation for growth with extended incubation if directed by the 

consultant microbiologist. Potentially significant isolates were selected and identified 

according to colony morphology, growth characteristics on particular media (e.g. 

haemolysis, growth on selective agar), Gram stain and rapid biochemical tests. 

Confirmation of colony identity was carried out by MALDI-TOF-MS or by extended 

biochemical tests including API. The level of identity reported was in accordance with the 

UK SMI (184) based on the anatomical site from where the swab was taken, the clinical 

presentation, the isolate and following any specific clinical instructions.  

AST was carried out by disc diffusion assay. Pure isolates were streaked on to Mueller-

Hinton agar against antibiotic panels according to the isolate. Conduct of antibiotic 

susceptibility testing and interpretation of zones of inhibition was done according to 

EUCAST guidelines (36).    

3.3.6 Interpretation of clinical metagenomics results 

The interpretation of the sequencing results to identify the species considered to be 

reportable in a clinical context was carried out by a consultant microbiologist in the context 

of the UK SMI (184). Reportable species, including species that would only be reported in 

specific circumstances including when identified in isolation, were reported.  

3.3.7 qPCR  

Taqman probe-based qPCR assays were performed in duplicate for four high priority 

pathogen species. All assays were performed on the QuantStudio 7 Flex platform, and Cq 

values were determined by the QuantStudio software. Cq values below 38.0 were 

considered positive. Positive control reactions of purified bacterial DNA at a concentration 

of 1.0 ng/µL and negative control reactions of nuclease-free water only were run on each 

plate. The primer and TaqMan probe sequences of each assay are described in Table 6. 

The TaqMan Fast Advanced Master Mix (Applied Biosystems) was used for all assays. 

The following conditions were applied for each qPCR assay: 

E. coli 16S rRNA: 25 µL reactions using 12.5 µL master mix, final concentrations of 900 

nM forward primer, 900 nM reverse primer, 200 nM of probe, and 1 µL of template. 

Thermal cycling conditions were 1 min at 95°C followed by 40 cycles of 15 s at 95°C and 

30 s at 60°C. 

S. aureus protein coding sequence (NCBI Protein accession number: YP_500811.1): 10 

µL reactions using 5 µL master mix, 1 µM forward primer, 1 µM reverse primer, 200 nM 

probe, and 1 µL template. Thermal cycling conditions were 1 min at 95°C followed by 40 

cycles of 15 s at 95°C and 30 s at 57°C.  

P. aeruginosa outer-membrane protein (opr) L: 10 µL reactions using 5 µL master mix, 

300 nM forward primer, 300 nM reverse primer, 200 nM TaqMan probe, and 1 µL 
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template. Thermal cycling conditions were 1 min at 95°C followed by 40 cycles of 15 s at 

95°C and 30 s at 60°C.  

S. pyogenes streptococcal pyrogenic exotoxin (spe) B: 25 µL reactions using 12.5 µL 

master mix, final concentrations of 100 nM forward and reverse primer, 150 nM probe and 

1 µL template. Thermal cycling conditions were 1 min at 95°C followed by 40 cycles of 

20 s at 95°C and 20 s at 60°C.  

 

Table 6. Primer and probe sequences for high priority pathogen qPCR assays 

Assay target Forward primer (5’-3’) Reverse primer (5’-3’) 
Probe sequence (5’-

3’) 
Source 

E. coli 16S rRNA 
gene 

CATGCCGCGTGTAT
GAAGAA 

CGGGTAACGTCAAT
GAGCAAA 

TTCAGCGGGGAGGA
AGGGAGTAAAGTTA
ATA 

(135) 

P. aeruginosa oprL 
gene 

CAGGTCGGAGCTGT
CGTACTC 

ACCCGAACGCAGGC
TATG 

AGAAGGTGGTGATC
GCACGCAGA 

(220) 

S. aureus protein 
coding sequence 

(NCBI Protein 
accession number: 

YP_500811.1) 

AACTACTAGGGGAG
CCTAATRAT 

GGTACTAACCAAATC
AGGTCATAA 

TGGCTGAGATGAAY
TGTTCAGACCC 

(140) 

S. pyogenes speB 
gene 

CTAAACCCTTCAGCT
CTTGGTACTG 

TTGATGCCTACAACA
GCACTTTG 

CGGCGCAGGCGGCT
TCAAC 

(221) 

 

3.4  Results  

3.4.1 Prospective wound swab sample collection 

 A total of 40 wound swab samples, prospectively collected from study participants with 

suspected wound infections, were processed for CMg and the results were compared to 

routine microbiology results obtained from a swab collected immediately prior. Samples 

were collected from wound types including 29 (72.50%) ulcers, three (7.50%) animal 

bites, three (7.50%) unspecified non-healing wounds, two (5.00%) pressure wounds and 

one (2.50%) each of burn, amputation and laceration wounds. Twenty-one participants 

(52.50%) had previously been prescribed antibiotics and 15 participants (37.5%) were not 

prescribed antibiotics prior to sample collection, with antibiotic history unknown for four 

(10%) participants. Sample characteristics are presented in Table 7.  
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Table 7. Wound swab sample characteristics 

Sample 
Number 

Wound Type Wound Location 
Antibiotics prescribed prior to sample 

collection 

01 Laceration 
Palmar aspect of 

metacarpophalangeal joint of 
index finger 

No antibiotics at time of sampling. 

02 Animal bite Leg No antibiotics at time of sampling 

03 Unspecified non-healing Ankle No antibiotics at time of sampling 

04 Animal bite Finger No antibiotics at time of sampling 

05 Ulcer Lateral upper aspect of foot No antibiotics at time of sampling 

06 Burn Wound location not specified Flucloxacillin 

07 Ulcer Upper aspect of toe Flucloxacillin 

08 Ulcer Left medial malleolus No antibiotics at time of sampling 

09 Ulcer Lower leg Flucloxacillin and clindamycin 

10 Ulcer Lower leg Flucloxacillin 

11 Non-healing amputation Toe No antibiotics at time of sampling 

12 Unspecified non-healing Plantar aspect of toe Flucloxacillin 

13 Ulcer Heel No antibiotics at time of sampling 

14 Ulcer 
Medial aspect of foot over 

metatarsal head 
No antibiotics at time of sampling 

15 Ulcer Toe apex No antibiotics at time of sampling 

16 Ulcer Hallux Co-amoxiclav, gentamicin 

17 Ulcer Foot Clindamycin 

18 Pressure Sacrum Clindamycin 

19 Ulcer Ankle Amoxicillin, meropenem 

20 Ulcer Lower leg Flucloxacillin, gentamycin 

21 Ulcer Lower leg Clindamycin 

22 Ulcer Heel Co-amoxiclav, flucloxacillin 

23 Ulcer Lower leg Flucloxacillin 

24 Ulcer Heel 
Metronidazole, ciprofloxacin, 

cotrimoxazole 

25 Ulcer Lower leg Linezolid, meropenem, clindamycin 

26 Animal bite Lower leg Doxycycline, ceftriaxone 

27 Ulcer Heel Co-amoxiclav 

28 Ulcer Foot No antibiotics at time of sampling 

29 Ulcer Heel Co-amoxiclav, flucloxacillin 

30 Ulcer Lower leg No antibiotics at time of sampling 

31 Ulcer Lower leg No antibiotics at time of sampling 

32 Pressure Heel Doxycycline 

33 Ulcer Ankle No antibiotics at time of sampling 

34 Ulcer Lateral foot over metatarsal head No antibiotics at time of sampling 

35 Unspecified non-healing Plantar aspect of foot Antibiotic history unknown 

36 Ulcer Plantar aspect of foot Antibiotic history unknown 

37 Ulcer Lateral aspect of foot Antibiotic history unknown 

38 Ulcer Plantar aspect right foot Antibiotic history unknown 

39 Ulcer Toe Co-amoxiclav 

40 Ulcer Toe Co-amoxiclav 
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3.4.2 Sample processing for clinical metagenomics  

The mean total DNA concentration following the host-depletion and DNA extraction steps 

was 3.53 ng/µL, ranging from below the Qubit dsDNA HS assay LOD (0.05 ng/µL) to 

21.60 ng/µL. The mean total number of sequencing reads per sample was 105688, with a 

mean number of classified microbial reads of 32760 and mean number of human reads of 

24657 and a mean read length of 1249 bp. The host depletion, DNA extraction, WGA and 

library preparation steps were completed within approximately four hours and fifteen 

minutes per batch of five to seven samples. Full sample processing for CMg results are 

provided in Table 8. 

 

Table 8. Results of CMg analysis of the wound swab samples. 

Sample 
Number 

Post-
depletion 

DNA Extract 
Concentration 

(ng/µL) 

Total 
Reads 

Mean 
Read 

Length 
(bp) 

Classified 
Microbial 

Reads 

Human 
Reads 

Organisms identified by 
metagenomics sequencing (≥ 
1% classified microbial reads) 

Species 
reads 

% classified 
microbial 

reads 

01 2.31 217440 1505 157878 32790 

Enterobacter hormaechei 
Enterobacter sp. DSM 30060 
Enterobacter roggenkampii 

Enterobacter cloacae complex 
spp. ECL414 

Klebsiella pneumoniae 

111837 
21481 
7014 
6398 

 
1707 

70.84 
13.61 
4.44 
4.05 

 
1.08 

02 0.313 308679 1247 8161 293523 

Mycobacteroides chelonae 
Toxoplasma gondii 

Mycobacteroides abscessus 
Mycobacterium stephanolepidis 
Mycobacteroides salmoniphilum 

6326 
497 
318 
96 
93 

77.52 
6.09 
3.90 
1.18 
1.14 

03 <0.05 196621 917 2764 190054 

S. aureus 
T. gondii 

Finegoldia magna 
Lacticaseibacillus paracasei 
Lentilactobacillus buchneri 

1550 
245 
231 
35 
28 

64.84 
10.22 
9.63 
1.46 
1.17 

04 <0.05 294741 927 8666 171392 

P. multocida 
Tannerella forsythia 

Fusobacterium nucleatum 
Porphyromonas gingivalis 

T. gondii 
Campylobacter sp. CCUG 57310 

Fusobacterium 
pseudoperiodonticum 

Fusobacterium hwasookii 
Campylobacter sp. RM16192 
Fusobacterium canifelinum 

2708 
2390 
771 
480 
451 
362 
170 

 
152 
113 
105 

31.25 
27.58 
8.90 
5.54 
5.20 
4.18 
1.96 

 
1.75 
1.30 
1.21 

05 11.7 288444 1461 247600 1298 
Enterococcus faecalis 
Klebsiella aerogenes 

232570 
8879 

93.93 
3.59 

06 0.135 39997 797 112.0 38457 

Staphylococcus epidermis 
Aspergillus luchuensis 

Corynebacterium 
glucuronolyticum 

60 
15 
 

13 

53.57 
13.39 

 
11.61 
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07 5.94 63333 1294 15474 19 

Streptococcus oralis 
Parvimonas micra 
Veillonella parvula 

Streptococcus sp. oral taxon 064 
Streptococcus constellatus 
Streptococcus sp. NSJ-72 

Streptococcus milleri 
Prevotella buccalis 

Anaerococcus obesiensis 
Anaerococcus vaginalis 

Streptococcus anginosus 
Peptoniphilus harei 

3480 
3020 
2310 
1380 
1030 
770 
716 
417 
307 
234 
166 
163 

22.49 
19.52 
14.93 
8.92 
6.66 
4.98 
4.63 
2.69 
1.98 
1.51 
1.07 
1.05 

08 7.88 109061 1377 45571 3948 

E. coli 
E. hormaechei 
K. pneumoniae 

E. faecalis 
E. cloacae 

Corynebacterium jeikeium 
Citrobacter portucalensis 

F. magna 
Corynebacterium coyleae 

20400 
9940 
4420 
1840 
1810 
1780 
945 
943 
457 

44.77 
21.81 
9.70 
4.04 
3.97 
3.91 
2.07 
2.07 
1.00 

09 0.097 5636 944 642 31 

Rothia dentocariosa 
Rothia aeria 

Cutibacterium acnes 
Corynebacterium 

tuberculostearicum 
Staphylococcus epidermidis 

Staphylococcus haemolyticus 
Staphylococcus warneri 
Staphylococcus pasteuri 

Malassezia restricta 

405 
44 
34 
33 
 

23 
16 
12 
10 
9 

63.08 
6.85 
5.30 
5.14 

 
3.58 
2.49 
1.87 
1.56 
1.40 

10 0.170 44840 1151 2735 34271 
S. pyogenes 

S. aureus 
1540 
1130 

56.31 
41.32 

11 <0.05 2112 365 51 299 Dermabacter jinjuensis 6 11.76 

12 0.931 64218 1461 31411.0 12773 Citrobacter koseri 29995 95.49 

13 7.76 34286 1194 23145 48 

B. fragilis 
Streptococcus dysgalactiae 

A. obesiensis 
Bacteroides ovatus 

A. vaginalis 
F. magna 
P. harei 

Helcococcus kunzii 

15096 
2830 
1010 
790 
594 
561 
463 
293 

65.22 
12.23 
4.36 
3.41 
2.57 
2.42 
2.00 
1.27 

14 4.98 43397 1084 23118 7243 S. aureus 23086 99.86 

15 5.54 33311 1227 15395 8541 S. aureus 15369 99.83 

16 0.156 14647 876 5787 2468 

S. aureus 
F. magna 

Corynebacterium striatum 
Acinetobacter johnsonii 

1937 
1880 
1380 
138 

33.47 
32.49 
23.85 
2.38 

17 0.559 20929 963 3525 856 
Pseudomonas sp. NIBR-H-19 

C. striatum 
Klebsiella oxytoca 

3127 
86 
68 

88.71 
2.44 
1.93 

18 
0.781 

 
151500 1474 53009 303 

E. coli 
Lacticaseibacillus rhamnosus 

C. albicans 
C. striatum 

Lactobacillus gasseri 
S. epidermidis 

35004 
8859 
3273 
2587 
1803 
537 

66.03 
16.71 
6.17 
4.88 
3.40 
1.01 

19 0.186 43525 1212 1498 32139 
C. striatum 

Corynebacterium simulans 
1396 
24 

93.19 
1.60 

20 2.77 161465 1555 30104 19182 

Corynebacterium urealyticum 
Corynebacterium propinquum 

Corynebacterium aurimucosum 
C. tuberculostearicum 

C. jeikeium 

16700 
7830 
1580 
469 
338 

55.47 
26.01 
5.25 
1.56 
1.12 

21 1.08 191440 1168 67266 9304 
C. koseri 

Citrobacter sp. TBCP-5362 
Mammaliicoccus lentus 

59255 
3843 
1279 

88.09 
5.71 
1.90 
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22 9.47 205000 1554 59660 82 

Morganella morganii 
Streptococcus gordonii 

A. obesiensis 
F. magna 

A. vaginalis 

45270 
5522 
1256 
914 
899 

75.88 
9.26 
2.11 
1.53 
1.51 

23 1.22 150218 1433 38028 22082 C. striatum 36283 95.41 

24 1.71 43689 1347 
8437 

 

1350 
 
 

C. albicans 
E. faecalis 
C. striatum 

S. haemolyticus 

3288 
2495 
2259 
217 

38.97 
29.57 
26.77 
2.57 

25 0.989 70854 1309 18975 581 
Staphylococcus 

pseudintermedius 
17986 94.79 

26 <0.05 43218 988 8430 6111 
S. pyogenes 

S. aureus 
S. epidermidis 

6994 
544 
538 

82.97 
6.45 
6.38 

27 0.337 75430 1172 10952 14475 

C. striatum 
F. magna 

A. vaginalis 
A. obesiensis 

S. aureus 
S. aureus 

C. simulans 

5646 
1156 
1140 
1100 
868 
868 
130 

51.55 
10.56 
10.41 
10.04 
7.93 
7.93 
1.19 

28 1.83 395134 1737 
42295 

 
13010 

C. striatum 
Rhodococcus erythropolis 

F. magna 
Rhodococcus sp. P-2 

P. aeruginosa 
Anaerococcus sp. Marseille-

Q7828 
P. harei 

Anaerococcus mediterraneensis 
Schaalia radingae 

H. kunzii 

30433 
1541 
1356 
1334 
1310 
1173 

 
1006 
943 
607 
592 

71.95 
3.64 
3.21 
3.15 
3.10 
2.77 

 
2.38 
2.23 
1.44 
1.40 

29 0.368 34373 779 
95 
 

31336 
S. aureus 
T. gondii 

62 
21 

65.26 
22.11 

30 21.6 292064 2046 122166 23705 
P. aeruginosa 

Pseudomonas putida 
101165 
18103 

82.81 
14.82 

31 <0.05 1993 651 218 756 
Staphylococcus simulans 

S. epidermidis 
175 
15 

80.28 
6.88 

32 0.091 42928 1220 
16523 

 
2544 

C. striatum 
S. dysgalactiae 

D. jinjuensis 
F. magna 
E. faecalis 

C. simulans 

9621 
4783 
424 
320 
217 
184 

58.23 
28.95 
2.57 
1.94 
1.31 
1.11 

33 10.9 200437 1765 95559 433 

B. fragilis 
M. morganii 

Peptoniphilus sp. SAHP1 
C. striatum 

Bacteroides uniformis 
P. mirabilis 

70466 
10540 
3211 
2297 
2221 
1938 

73.74 
11.03 
3.36 
2.40 
2.32 
2.03 

34 1.19 22931 1474 13068 2269 
C. striatum 

P. aeruginosa 
C. simulans 

10922 
1224 
153 

83.58 
9.37 
1.17 

35 1.27 40228 1346 18067 85 

Staphylococcus pettenkoferi 
C. striatum 

S. dysgalactiae 
E. faecalis 
S. simulans 

H. kunzii 
S. aureus 

S. epidermidis 

9809 
3799 
1239 
1198 
510 
260 
252 
182 

54.29 
21.03 
6.86 
6.63 
2.82 
1.44 
1.39 
1.01 

36 20.2 38948 1285 23440 393.00 

S. dysgalactiae 
S. aureus 

C. striatum 
S. pyogenes 

Streptococcus agalactiae 
P. aeruginosa 

18000 
1377 
1267 
631 
547 
314 

76.79 
5.87 
5.41 
2.69 
2.33 
1.34 

37 7.23 44806 1119 27416 27 
S. dysgalactiae 

Prevotella corporis 
B. fragilis 

20847 
2089 
1180 

76.04 
7.62 
4.30 
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S. pyogenes 
S. agalactiae 

Peptoniphilus sp. SAHP1 
F. magna 

722 
452 
312 
278 

2.63 
1.65 
1.14 
1.01 

38 5.66 56748 1594 32422 13.00 

Klebsiella michiganensis 
S. anginosus 
K. oxytoca 
C. striatum 

K. pneumoniae 
Citrobacter freundii 

E. faecalis 
A. obesiensis 

B. fragilis 
Klebsiella grimontii 

Peptoniphilus sp. SAHP1 
P. micra 

A. vaginalis 
E. coli 

P. aeruginosa 
E. hormaechei 

M. morganii 

12535 
3261 
1667 
1475 
1390 
1269 
1182 
890 
757 
731 
713 
658 
617 
576 
463 
442 
329 

38.66 
10.06 
5.14 
4.55 
4.29 
3.91 
3.65 
2.75 
2.33 
2.25 
2.20 
2.03 
1.90 
1.78 
1.43 
1.36 
1.01 

39 <0.05 36541 1253 7929 6088 

F. magna 
S. simulans 

A. obesiensis 
A. vaginalis 

P. harei 
H. kunzii 

A. mediterraneensis 
S. pettenkoferi 
S. pyogenes 
S. agalactiae 

2946 
830 
625 
589 
359 
347 
313 
129 
103 
97 

37.15 
10.47 
7.88 
7.43 
4.53 
4.38 
3.95 
1.63 
1.30 
1.22 

40 3.52 102369 1626 22819 1986 

Alcaligenes faecalis 
F. magna 
H. kunzii 

Anaerococcus sp. Marseille-
Q7828 

C. aurimucosum 
A. obesiensis 

P. harei 
Corynebacterium amycolatum 

A. vaginalis 
A. mediterraneensis 

P. aeruginosa 
C. jeikeium 

Anaerococcus prevotii 
Corynebacterium sp. ATCC 6931 

Fastidiosipila sanguinis 

4218 
4110 
2203 
983 

 
903 
787 
747 
737 
664 
587 
518 
408 
395 
347 
233 

18.48 
18.01 
9.65 
4.31 

 
3.96 
3.45 
3.27 
3.23 
2.91 
2.57 
2.27 
1.79 
1.73 
1.52 
1.02 

Additional wound swabs collected from study participants were processed for CMg. DNA extracts were 

quantified prior to WGA and library preparation. Human reads were quantified by aligning sequences to a 

reference human genome prior to further analysis. Microbial species identified ≥1% classified microbial reads 

are reported. % classified microbial reads = % of species reads over the total number of taxonomically 

classified microbial reads obtained. 

 

3.4.3 Routine microbiology 

Routine microbiology testing, carried out by the NHS microbiology laboratories, reported 

the identification of a microorganism according to species, genus or phenotypic 

characteristic in 32 (80.00%) samples. Seventy-one microorganisms were reported in 

total, with multiple microorganisms reported in 21 positive samples (Table 9). The 

remaining eight (20.00%) samples reported no microbial growth or mixed colonising 

organisms (MCO) only without a microorganism species, genus or phenotypic 

characteristic reported. 
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3.4.4 Clinical metagenomics species identification 

CMg identified a corresponding organism matching 62 of the 71 microorganism species, 

genus or phenotypic characteristics reported by routine microbiology testing at ≥5 reads, 

an overall sensitivity of 87% (Table 9). Additional organisms that would be considered 

reportable, as defined by consultant microbiologists reviewing the CMg results, were 

identified in 8/8 samples that reported no growth or MCO only by routine microbiology (≥ 5 

CMg reads). Further, the reportable organisms included those identified at a high 

proportion of microbial reads (≥1% classified microbial reads) in 4/8 of these samples. 

From the 32 microbiology positive samples, CMg identified additional reportable 

pathogens at a high abundance (≥1% classified microbial reads) in 13 samples. This 

included high priority pathogen species E. coli in sample 38, P. aeruginosa in samples 30, 

36, 38 and 40 and S. pyogenes in samples 10, 36, 37 and 39. CMg also identified the 

fungal pathogen C. albicans in sample 18. 

 

Table 9. Results of routine microbiology testing and CMg analysis of wound swab samples. 

Sample 
Number 

 

Routine 
microbiology 

report 

Corresponding 
species 

identified by 
CMg 

Reads (% 
classified 
microbial 

reads) 

Sequencing 
Depth (×) 

Additional 
reportable wound 

pathogens 
identified by CMg 

(≥1% classified 
microbial reads) 

Reads (% 
classified 
microbial 

reads) 

Sequencing 
Depth (×) 

01 
Enterobacter 

cloacaea 

Enterobacter 
hormaechei 

111837 
(70.84) 

29.76 

Enterobacter sp. 
DSM 30060 

E. roggenkampii 
E. cloacae complex 

sp. ECL414 
K. pneumoniae 

21481 
(13.61) 

7014 (4.44) 
6398 (4.05) 

 
1707 (1.08) 

7.16 
 

1.04 
0.22 

 
0.33 

02 No growth - - - - - - 

03 S. aureus S. aureus 1555 (64.85) 0.39 F. magnaC 231 (9.63) 0.06 

04 P. multocida P. multocida 2708 (31.25) 0.62 - - - 

05 

MCO  
Enterococci 

 
Coliformb 

N/A 
E. faecalis 

 
K. aerogenes 

N/A 
232570 
(93.93) 

8879 (3.59) 

 
93.48 

 
2.46 

- - - 

06 MCOb - - - - - - 

07 
S. oralis                                         

E. cloacae                                                      
S. oralis 

Not identified 
3482 (22.49) 

- 
1.81 

- 

S. constellatusC 
S. milleriC 

S. anginosusC 

1030 (6.66) 
716 (4.63) 
166 (1.07) 

0.45 
0.54 
0.02 

08 
E. coli                                                             

K. pneumoniae 
Enterococci 

E. coli 
K. pneumoniae 

E. faecalis 

20441 (44.77) 
4423 (9.70) 
1839 (4.04) 

5.19 
1.13 
0.67 

E. hormaechei 
 

E. cloacae 
C. portucalensis 

F. magnaC 

9940 
(21.81) 

1810 (3.97) 
954 (2.07) 
953 (2.07) 

2.69 
 

0.77 
495.75 
0.44 

09 No growth - - - - - - 

10 S. aureus S. aureus 1126 (41.17) 0.39 S. pyogenes 1542 
(56.31) 0.89 

11 

S. aureus 
Coagulase 
negative 

Staphylococcus 
Group D 

Streptococcus 

Not identified 
Not identified 

 
 
 

Not identified 

- - - - - 

12 Coliformb C. koseri 29984 (95.49) 6.89 - - - 
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13 

Anaerobesb 
Group A 

Streptococci 
Enterococci 

Coliformb 

B. fragilis 
S. pyogenes 

 
E. faecalis 
C. koseri 

15092 (65.22) 
138 (0.60) 

 
110 (0.48) 
50 (0.22) 

2.29 
0.05 

 
0.03 
0.01 

S. dysgalactiae 
 

F. magnaC 

2830 
(12.23) 

561 (2.42) 

0.08 
 

0.11 

14 S. aureus S. aureus 23082 (99.84) 7.11 - - - 

15 S. aureus S. aureus 15365 (99.81) 4.92 - - - 

16 S. aureus S. aureus 1933 (33.40) 0.39 F. magnaC 
1880 

(32.49) 
0.46 

17 

Coliformb 
E. faecalis 

Proteus overgrowth 
Diptheroidsb 

K. oxytoca 
Not identified 
Not identified 
C. striatum 

68 (1.93) 
- 
- 

86 (2.44) 

0.01 
- 
- 

0.04 

Pseudomonas sp. 
NIBR-H-19 

3127 
(88.71) 

0.76 

18 

E. coli 
Anaerobesb 
Coagulase 
negative 

Staphylococcus 
Diptheroidsb 

E. coli 
L. rhamnosus 
S. epidermidis 

 
 

C. striatum 

35004 (66.03) 
8859 (16.71) 
537 (1.01) 

 
 

2587 (4.88) 

8.00 
1.68 
0.18 

 
 

1.27 

C. albicans 3273 (6.17) 2.25 

19 

Scanty growth (SG) 
coagulase negative 

Staphylococcus 
SG Diptheroidsb 

Not identified 
 

 
C. striatum 

- 
 

 
1396 (93.19) 

- 
 

 
0.65 

- - - 

20 

S. aureus 
Enterococcus 
Non-lactose 
fermenting 
coliformb 

S. aureus 
E. faecium 

 
 

E. coli 

186 (0.62) 
161 (0.53) 

 
 

23 (0.08) 

0.05 
0.05 

 
 

0.00 

- - - 

21 
Group B 

Streptococcus 
S. aureus 

S. agalactiae 
 

S. aureus 

323 (0.48) 
 

94 (0.14) 

0.14 
 

0.02 

C. koseri 
 

Citrobacter sp. 
TBCP-5362 

59255 
(88.09) 

 
3843 (5.71) 

12.93 
 
 

1.03 

22 

Alpha-haemolytic 
Streptococcus 
Enterococci 

Coliformb 
Oxidase negative 

non-lactose 
fermenterb 

Diptheroidsb 

S. gordonii 
 

E. faecalis 
E. coli 

P. mirabilis 
 
 

C. striatum 

5522 (9.26) 
 

359 (0.60) 
73 (0.12) 
18 (0.03) 

 
 

94 (0.16) 

3.43 
 

0.14 
0.02 
0.00 

 
 

0.05 

M. morganii 
 

F. magnaC 

45270 
(75.88) 

914 (1.53) 

0.34 
 

0.18 

23 

SG Group C 
Streptococcus 
SG S. aureus 

Proteus 

S. dysgalactiae 
 

S. aureus 
P. mirabilis 

280 (0.74) 
 

212 (0.56) 
28 (0.07) 

0.02 
 

0.06 
0.01 

- - - 

24 

Yeastsb 
Coagulase 
negative 

Staphylococcus 

C. albicans 
S. haemolyticus 

3288 (38.97) 
 

217 (2.57) 

1.90 
 

0.06 
E. faecalis 

2495 
(29.57) 0.64 

25 
Coagulase 
negative 

Staphylococcus 
S. epidermidis 85 (0.45) 0.02 - - - 

26 
Group A 

Streptococcus 
S. aureus 

S. pyogenes 
 

S. aureus 

6994 (82.97) 
 

544 (6.45) 

3.10 
 

0.16 
- - - 

27 

S. aureus 
Group G 

Streptococcus 
Diptheroidsb 

S. aureus 
S. dysgalactiae 
 

C. striatum 

868 (7.93) 
6 (0.05) 

 
5646 (51.55) 

0.17 
0.00 

 
2.53 

F. magnaC 
1156 

(10.56) 
0.30 

28 

Pseudomonas 
SG coagulase 

negative 
Staphylococcus 

Proteus 
Diptheroidsb 

P. aeruginosa 
Staphylococcus 

equorum 
 

P. mirabilis 
C. striatum 

1294 (3.06) 
14 (0.03) 

 
 

11 (0.03) 
30433 (71.95) 

0.20 
0.00 

 
 

0.00 
15.63 

F. magnaC 1356 (3.21) 0.64 

29 S. aureus S. aureus 62 (65.26) 0.00 - -  
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30 

E. faecalis 
Strenotrophomonas 

maltophilia 
Diptheroidsb 

E. faecalis 
S. maltophilia 

 
Not identified 

561 (0.46) 
221 (0.18) 

 
- 

0.08 
0.06 

 
- 

P. aeruginosa 
 

P. putida 

101154 
(82.80) 
18103 
(14.82) 

16.36 
 

3.87 

31 MCOb - - - - -  

32 

Group G 
Streptococcus 
Enterococcus 

Coagulase 
negative 

Staphylococcus 

S. dysgalactiae 
 

E. faecalis 
 
 

Not identified 

4783 (28.95) 
 

217 (1.31) 
 
 
- 

0.27 
 

0.08 
 
 
- 

F. magnaC 320 (1.94) 0.14 

  
 
 

33 MCOb - - - 

B. fragilisC  
 

M. morganii 
 

Peptoniphilus sp. 
SAHP1C 

B. uniformisC 
P. mirabilis 

 
70466 
(73.74) 
10540 
(11.03) 

3211 (3.36) 
 

2221 (2.32) 
1938 (2.03) 

 
18.52 

 
3.92 

 
2.55 

 
0.73 
0.69 

34 Pseudomonas spp. P. aeruginosa 1224 (9.37) 0.17 - -  

35 
Group C 

Streptococcus 
S. aureus 

S. dysgalactiae 
 

S. aureus 

1239 (6.86) 
 

252 (1.39) 

0.05 
 

0.05 
E. faecalis 1198 (6.63) 0.30 

36 
Group C 

Streptococcus 
S. aureus 

S. dysgalactiae 
 

S. aureus 

17990 (76.75) 
 

1377 (5.87) 

0.69 
 

0.32 

S. pyogenes 
S. agalactiae 
P. aeruginosa 

631 (2.69) 
547 (2.33) 
314 (1.34) 

0.10 
0.10 
0.05 

37 
Group C 

Streptococcus 
S. aureus 

S. dysgalactiae 
 

S. aureus 

20847 (76.04) 
 

23 (0.08) 

0.79 
 

0.01 

P. corporisC 

B. fragilisC 

S. pyogenes 
S. agalactiae 
F. magnaC 

2089 (7.62) 
1180 (4.30) 
722 (2.63) 
452 (1.65) 
278 (1.01) 

1.15 
0.17 
0.12 
0.08 
0.07 

38 MCOb - -  

K. michiganensis 
 

S. anginosusC 

 
K. oxytoca 

K. pneumoniae 
C. freundii 
E. faecalis. 
B. fragilisC 
K. grimontii 

E. coli 
P. aeruginosa 
E. hormaechei 

M. morganii 

12527 
(38.66) 
3261 

(10.06) 
1667 (5.14) 
1390 (4.29) 
1269 (3.91) 
1182 (3.65) 
757 (2.33) 
731 (2.25) 
576 (1.78) 
463 (1.43) 
442 (1.36) 
329 (1.01) 

2.31 
 

1.02 
 

0.14 
0.24 
0.27 
0.30 
0.13 
1.63 
0.14 
0.07 
0.03 
0.08 

39 MCOb - -  

F. magnaC 

 
S. pettenkoferiC 

S. pyogenes 
S. agalactiaeC 

2946 
(37.15) 

129 (1.63) 
103 (1.30) 
97 (1.22) 

0.54 
 

0.04 
0.03 
0.03 

40 MCOb - -  
F. magnaC 

 
P. aeruginosa 

4110 
(18.01) 

518 (2.27) 

0.97 
 

0.07 

Species identified by routine microbiology and the corresponding species identified by CMg at the highest 

classified microbial read proportion are reported. Additional reportable pathogens identified by CMg, as 

determined by a consultant microbiologist, identified ≥1% classified microbial reads are listed. % classified 

microbial reads = % of species reads over the total number of taxonomically classified microbial reads 

obtained. Sequencing depth was calculated by dividing the total bp assigned to a species by the total genome 

size.  

a= routine microbiology test reporting refers to a group of Enterobacter species as E. cloacae for routine 

reporting purposes This group includes Enterobacter hormaechei, listed as the corresponding organism in 

sample 01. 

b=microbial species or genus identification not provided by routine microbiology report.  

c= organism reported by routine microbiology if identified in pure culture only. 
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CMg reported the presence of obligate anaerobic species at a high proportion of microbial 

reads (≥1%) in 17 of the 40 samples (Figure 23). The presence of anaerobic species was 

specifically reported by routine microbiology in two samples, 13 and 18. CMg reported the 

presence of anaerobic species in both samples. CMg reported high proportions of 

anaerobic species in several samples including 04, 07, 33, 39 and 40 in which routine 

microbiology did not specifically report the presence of anaerobes.     

 

 

Figure 23. Proportion of aerobic and obligate anaerobic bacteria species identified by CMg.  

All bacterial species identified at ≥1% of classified microbial reads were included and grouped as either 

obligate anaerobes or aerobes and facultative anaerobes and presented as the proportion of total bacterial 

reads. The presence of anaerobic species was reported in samples 13 and 18 in agreement with routine 

microbiology. Anaerobic species were reported by CMg in samples 04, 07, 33, 39 and 40 in which routine 

microbiology did not report the presence of anaerobes.      

 

3.4.5 qPCR 

To provide additional corroboration of the CMg species identifications compared to 

microbiology testing, four high priority pathogens were selected for confirmatory testing by 

qPCR: E. coli, S. aureus, P. aeruginosa and S. pyogenes. The full list of qPCR Cq values 

and target species sequence reads and read lengths are provided in Annex A Table A1. 

Applying the threshold of ≥5 reads assigned to a species for positive identification; CMg 

achieved a mean sensitivity of 83.82% and specificity of 66.64% across the four species 

(Table 10). Increasing the threshold to ≥50 reads reduced the mean sensitivity to 71.04% 

but increased the specificity to 90.66%. Applying a threshold of 0.1% of the total classified 

microbial reads achieved a sensitivity of 76.94% and a specificity of 82.85%. Modification 

of the thresholds had differing impacts on the sensitivity and specificity according to 

species. For example, the application of the 0.1% classified microbial read threshold or 

the ≥50 read threshold did not change the sensitivity of 80.00% for S. aureus. In contrast, 

this resulted in an increase in sensitivity for the detection of P. aeruginosa from 66.67% to 

77.78%.  Of the 24 samples that identified a high priority pathogen at a high concentration 
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by qPCR (<30 Cq), the pathogen was identified by CMg at ≥5 reads in 24 (100%) 

samples. This reduced to 21 (87.50%) and 22 (91.67%) when applying the ≥50 reads and 

0.1% classified microbial read thresholds respectively. The mean sequence read lengths 

of reads assigned to S. aureus and S. pyogenes, at 916 and 905 bp, respectively, were 

lower than both E. coli and P. aeruginosa at 1236 and 1474 bp, respectively.  

 

Table 10. Sensitivity and specificity of CMg compared to qPCR and routine microbiology testing. 

Target species 

Sensitivity (%) Specificity (%) 

≥5 reads ≥50 reads 

0.1% 
classified 
microbial 

reads 

≥5 reads ≥50 reads 

0.1% 
classified 
microbial 

reads 

E. coli 62.50 37.50 50.00 78.13 87.50 84.38 

P. aeruginosa 77.78 66.67 77.78 87.10 96.77 96.77 

S. aureus 95.00 80.00 80.00 50.00 100.00 80.00 

S. pyogenes 100.00 100.00 100.00 51.35 78.38 70.27 

Sensitivity and specificity of CMg compared to qPCR and microbiology testing for four high priority pathogen 

species according to three reporting thresholds; ≥5 reads assigned to the target species, ≥50 reads assigned 

to the species and 0.1% of the total classified microbial reads assigned to the target species. % classified 

microbial reads = % of species reads over the total number of taxonomically classified microbial reads 

obtained. 

 

To determine whether the number of sequencing reads assigned to a high priority 

pathogen represented the concentration of pathogen DNA in the DNA extract, the 

correlation of qPCR Cq values to the sequencing reads was calculated. There was a 

negative correlation between the Cq values and sequence reads for all four species, 

indicating that the number of reads assigned to the species was representative of the 

concentration of pathogen DNA in the sample (Figure 24).  
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Figure 24. Correlation of qPCR with CMg for the detection of four high priority pathogen species.  

The qPCR Cq values and the number of reads assigned to E. coli (A) P. aeruginosa (B) S. aureus (C) and S. 

pyogenes (D) by CMg were compared, showing correlation for all four species. The linear regression line and 

95% confidence interval are presented.  

 

3.4.6 Detection of antimicrobial resistance genes 

AST was carried out on 34 colonies isolated from 24 samples. Of these 34 colonies, 20 

reported resistance to one or more antibiotics and 14 were sensitive to all tested 

antibiotics. CMg reported the identification of ≥1 AMR genes corresponding to the 

organism and resistance profile identified by AST for 10 (50%) of the 20 resistant 

colonies. For example, tetK, associated with resistance to tetracycline and previously 

identified in S. aureus (222) was identified in sample 23, in which AST had identified S. 

aureus resistant to doxycycline. Across all samples, CMg identified ≥1 AMR genes in 

32/40 samples. AMR genes associated with resistance to macrolide antibiotics were most 

identified with 48 AMR gene identifications, followed by streptogramins and lincosamides, 

with 47 and 44 AMR gene identifications, respectively (Table 11). 
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Table 11. Results of routine microbiology AST and AMR genes identified by CMg from wound swab samples. 

Sample 
Number 

AST Report 

AMR genes 
identified 
by CMg 

sequencing 

Template 
Coverage 

Depth of 
coverage 

(×) 
Associated antibiotic drug class resistance 

01 
E. cloacae: 
Amoxicillin 

fosA 
blaACT-23 

100 
100 

23.75 
32.11 

Phosphonic acid 
Penam, cephamycin, cephalosporin, carbapenem 

02 
No growth: AST 
not carried out. 

- - - - 

03 

S. aureus: 
Sensitive 

(Levofloxacin 
intermediate) 

- - - - 

04 

P. multocida: 
Sensitive 

 
S. aureus: 
Sensitive 

(Levofloxacin 
intermediate) 

- - - - 

05 
MCO: AST not 

carried out. 
 

blaCMY-2 

vgaA 
emrD 
qacR 
dfrS1 
blaZ 

aac(6′)Ie 
blaZ 
lsaA 

vgaB 

100 
100.25 
103.04 
105.47 

100 
104.26 
104.1 
102.36 

100 
98.07 

1 
2.05 
1.47 
1.58 

1 
1.52 
1.82 
1.84 
59.89 
1.64 

Penam, cephamycin, cephalosporin, carbapenem 
Streptogramin, lincosamide, pleuromutilin 

Phenicol 
Fluoroquinolone 

Diaminopyrimidines 
Penam 

Aminoglycoside 
Penam 

Streptogramin, lincosamide, pleuromutilin 
Streptogramin, pleuromutilin 

06 
MCO: AST not 

carried out. 
- - - - 

07 

S. oralis: 
Sensitive 

                                                         
E. cloacae: 
Amoxicillin 

mefA 
msrD 
tetM 
tetL 

ermF 
blaCFXA-3 

100.08 
101.5 
100.16 
99.71 
100 

100.21 

5.33 
2.6 

1.79 
3.84 
5.19 
2.81 

Streptogramin, macrolide 
Streptogramin, macrolide 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Cephamycin 

08 

E. coli: Sensitive 
                                                                    

K.  pneumoniae: 
Amoxicillin 

                                                                      
Enterococcus 
species:  AST 
not carried out. 

 
                                                                   

ermX 
tetD 
kdeA 
acrF 
ermA 

aph(3')-IIIa 
ermB 
oqxA 

blaCFXA 
emrE 
blaEC 
fosA2 
blaACT 
emrD 

100.23 
101.35 
99.59 
100 

102.73 
100.25 
100.95 
100.43 
95.34 
100 

100.09 
101.41 
100.17 
99.16 

3.68 
1.8 

2.36 
8.96 
1.81 
2.72 
2.01 
2.88 
1.6 

9.96 
5.63 
2.01 
3.03 
2.55 

Streptogramin, macrolide, lincosamide 
Tetracycline 

Multidrug resistance 
Fluoroquinolone, penam, cephamycin, cephalosporin 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Streptogramin, macrolide, lincosamide 
* 

Oxacephem, cephamycin 
Multidrug resistance 

Cephalosporin 
Phosphonic acid 

Carbapenem, cephalosporin, cephamycin, penam 
Phenicol 

09 
MCO: AST not 

carried out. 
- - - - 

10 
S. aureus: 
Sensitive 

tet38 

blaZ 

100.23 
101.35 

3.68 
1.8 

Tetracycline 
Penam 

11 

S. aureus: 
Sensitive 

Coagulase 
negative 

Staphylococcus: 
AST not carried 

out 
Group D 

Streptococcus: 
AST not carried 

out 

- - - - 

12 
Coliform: 

Amoxicillin 
blaCKO 100 8.46 Penam 

13 
Group A 

Streptococci: 
Tetracycline 

tetM 
blaCepA 

100 
100 

3.73 
7.61 

Tetracycline 
Cephalosporin 
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14 
S. aureus: 

Levofloxacin 

mepA 
blaZ 

blaR-1 

tet38 
lmrS 

100.07 
100 
100 
100 
100 

4.69 
25.67 
31.91 
5.47 
55.75 

Tetracycline, glycylcycline 
Penam 
Penam 

Tetracycline 
** 

15 
S. aureus: 

Levofloxacin 

mepA 
blaZ 

blaR-1 
tet38 
lmrS 

100 
100 
100 
100 

103.19 

9.77 
29.72 
28.4 
8.48 
3.82 

Tetracycline, glycylcycline 
Penam 
Penam 

Tetracycline 
** 

16 
S. aureus: 

Levofloxacin 
fosB 100.95 2.01 Phosphonic acid 

17 
AST not carried 

out. 
- - - - 

18 

E. coli: 
Amoxicillin, 

CoTrimoxazole, 
Ceftriaxone, 

CoAmoxiclav, 
Cefpodoxime, 

Gentamicin 

dfrA17 
Sul1 
vgaA 

acrF 
mdtM 
blaTEM 
mphA 

aph(6)-Id 
aadA5 

aac(3)-IId 
tetW 
tetA 
sul2 

blaCTX-M 

emrE 
ermX 

aph(3'')-Ib 
blaEC 
emrD 

100 
100 

100.25 
99.97 
98.95 
100 
100 
100 
100 
100 

100.21 
100 
100 
100 
100 
100 

99.88 
100 
100 

24.01 
14.14 
1.45 
18.44 
14.4 
14.55 
25.32 
26.15 
16.61 
30.91 
4.53 
21.1 
26.14 
5.88 
27.67 
2.48 
26.74 
16.08 
17.66 

Diaminopyrimidine 
Sulfonamide 

Streptogramin, lincosamide, pleuromutilins 
Fluoroquinolone, penam, cephamycin, cephalosporin 

Nucleoside, fluoroquinolone, phenicol, lincosamide 
Penam, monobactam, cephalosporin, penem 

Macrolide 
Aminoglycoside 
Aminoglycoside 
Aminoglycoside 

Tetracycline 
Tetracycline 

Sulfonamide 
Cephalosporin 

Multidrug resistance 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Cephalosporin 

Phenicol 

19 
AST not carried 

out. 
sul1 
ermX 

103.5 
100 

2.03 
3 

Sulfonamide 
Streptogramin, macrolide, lincosamide 

20 
S. aureus: 

Erythromycin, 
Clindamycin 

ermX 
tetW 
qacR 
dfrS1 
sul1 

ant(2'')-Ia 
aph(6)-Id 

tetK 

ermC 
tet33 
ermX 
ermX 

99.88 
100 

101.59 
103.7 
100 
100 

101.91 
100 

100.14 
100 
100 

100.13 

6.46 
114.6 
2.01 
1.96 
71.52 
133.1 
2.02 
16.92 
3.62 

128.19 
25.8 
256.3 

Streptogramin, macrolide, lincosamide 
Tetracycline 

Fluoroquinolone 
Diaminopyrimidines 

Sulfonamide 
Aminoglycoside 
Aminoglycoside 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Tetracycline 
Streptogramin, macrolide, lincosamide 
Streptogramin, macrolide, lincosamide 

21 

Group B 
Streptococcus: 

Sensitive 
 

S. aureus: 
Sensitive 

tetM 
blaMAL-1 

tetK 
ermC 
spd 

fosA7.3 

99.69 
100 
100 
100 
100 
100 

1.19 
34.79 
22.67 
35.48 
52.6 
13.21 

Tetracycline 
Carbapenem 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 
Phosphonic acid 

22 
AST not carried 

out. 

blaDHA-5 

mefA 
ermA 

catA2 
ant(6)-Ia 

100 
101.07 

100 
99.84 
101.87 

27.76 
2.01 
4.45 
24.59 
1.94 

Cephamycin, cephalosporin 
Macrolide 

Streptogramin, macrolide, lincosamide 
Phenicol 

Aminoglycoside 

23 

S. aureus: 
Doxycycline, 

Erythromycin, 
Clindamycin, 
Fusidic acid, 
Norfloxacin 

 
Group G 

Streptococcus: 
Doxycycline 

tetK 
tetW 
ermA 
ermX 

aac(3)-XI 

100 
100 

107.1 
100.13 

100 

7.64 
67.76 
2.06 
16.3 

6 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

24 
AST not carried 

out. 

dfrC 
sul1 

tet(W) 
ermC 

aac(6')-Ie 
ermB 

100 
100.71 

100 
100 

100.07 
100.41 

9.28 
2.01 
4.74 
5.04 
6.17 
2.79 

Diaminopyrimidine 
Sulfonamide 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Streptogramin, macrolide, lincosamide 
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25 
AST not carried 

out. 

dfrC 
sat4 
blaZ 

ermB 
blaR-1 

aph(3')-IIIa 
ant(6)-Ia 

blaZ 

100 
100 
100 
100 

100.06 
100 
100 
100 

2 
8.83 
11.2 
4.8 

6.36 
4.29 
6.18 
5.8 

Diaminopyrimidine 
Nucleoside 

Penam 
Streptogramin, macrolide, lincosamide 

Penam 
Aminoglycoside 
Aminoglycoside 

Penam 

26 

S. aureus: 
Norfloxacin 

 
Group A 

Streptococcus: 
Doxycycline 

blaTEM 
tetM 

100 
100 

3 
6.12 

Penam, monobactam, cephalosporin, penem 
Tetracycline 

27 

S. aureus: 
Doxycycline, 

Erythromycin, 
Clindamycin 

 
Group G 

Streptococcus: 
Doxycycline 

 

ermX 
blaTEM 
ermA 
ermX 
tetW 

100 
102.67 

100 
100.13 

100 

11.97 
1.84 
5.73 

109.45 
46.8 

Streptogramin, macrolide, lincosamide 
Penam, monobactam, cephalosporin, penem 

Streptogramin, macrolide, lincosamide 
Streptogramin, macrolide, lincosamide 

Tetracycline 

28 
AST not carried 

out. 

ermX 
iri 

tetM 
sat4 

tetW 
ermA 

aph(3')-IIIa 
ant(6)-Ia 

cmx 
ermX 
ermX 
crpP 

aac(3)-XI 

100 
100 

100.16 
100.18 

100 
100 
100 
100 

102.47 
100.13 
98.83 
100.51 

100 

7 
2 

4.14 
6.01 
33.01 
25.91 
5.81 
2.89 
2.34 
15.15 
1.71 
2.01 
6.78 

Streptogramin, macrolide, lincosamide 
Rifamycin 

Tetracycline 
Nucleoside 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 
Aminoglycoside 

Phenicol 
Streptogramin, macrolide, lincosamide 
Streptogramin, macrolide, lincosamide 

Fluoroquinolone 
Aminoglycoside 

29 
S. aureus: 
Sensitive 

- - - - 

30 
AST not carried 

out. 

blaPDC 
blaOXA-50 

mexA 
fosA 
catB7 

aph(3')-IIb 
mexX 
mexE 

100 
100 
100 
100 
100 

100.12 
100 
100 

2.28 
27.1 
46.28 
12.8 
19.85 

3.9 
6.54 
7.04 

Monobactam, carbapenem, cephalosporin 
Penam, cephalosporin 

*** 
Phosphonic acid 

Phenicol 
Aminoglycoside 

**** 
Diaminopyrimidine, phenicol, fluoroquinolone 

31 
MCO: AST not 

carried out. 
ermC 105.03 1.94 Streptogramin, macrolide, lincosamide 

32 
Group G 

Streptococcus: 
Doxycycline 

tetM 
tetW 
ermX 

99.69 
100 

100.13 

2.64 
12.42 
8.34 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 

33 
MCO: AST not 

carried out. 

tetD 
blaDHA 

sat4 
tetW 
tetM 
ermA 

aph(3')-IIIa 
tetQ 
tetJ 

blaCFXA-3 
blaCepA 
ermX 

aac(3)-XI 

100 
100 

100.37 
100 

100.16 
100.82 
100.5 
100 

100.33 
100 
100 

100.13 
100 

6.72 
7.49 

2 
12.67 
3.63 
2.01 
2.01 
14.38 
1.96 

405.12 
27.96 
12.35 

1 

Tetracycline 
Cephalosporin, cephamycin 

Nucleoside 
Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Tetracycline 
Tetracycline 
Cephamycin 

Cephalosporin 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 

34 

Pseudomonas 
spp.: Sensitive 
(ciprofloxacin, 
ceftazidime, 
piperacillin-
tazobactam, 
gentamicin 

intermediate) 

tetW 
ermX 

100 
100.13 

15.68 
6.92 

Tetracycline 
Streptogramin, macrolide, lincosamide 

 

35 

Group C 
Streptococcus: 
erythromycin, 
clindamycin. 

 
S. aureus: 

qacB 
dfrS1 
tetW 
blaZ 

blaR-1 
qacC 
blaZ 
bcrC 

101.94 
100 
100 
100 

101.37 
100 
100 
100 

1.41 
5.51 
5.95 
8.44 
2.67 
11.83 
8.12 

3 

Fluoroquinolone 
Diaminopyrimidine 

Tetracycline 
Penam 
Penam 

Fluoroquinolone 
Penam 
Peptide 
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Results of routine microbiology AST from each routine wound swab and the AMR genes identified from the 

corresponding additional wound swab sample are reported. The antibiotic class to which each AMR gene is 

associated, according to the CARD is reported. AMR genes associated with resistance to the antibiotic drug 

classes identified by AST in the same sample are highlighted in bold.  

* Tetracycline, diaminopyrimidine, glycylcycline, nitrofuran, fluoroquinolone 

** Aminoglycoside, macrolide, phenicol, diaminopyrimidine, oxazolidinone 

*** Peptide, sulfonamide, Diaminopyrimidine, phenicol, aminocoumarin, tetracycline, penam, cephalosporin, 

carbapenem, monobactam, fluoroquinolone, macrolide, penem, cephamycin 

**** Aminoglycoside, phenicol, tetracycline, carbapenem, fluoroquinolone, macrolide, penam, cephamycin, 

cephalosporin 

 

3.4.7 Species diversity 

The species α-diversity in CMg data sets from each sample was determined by calculating 

the Shannon diversity index. There was a reduction in the α-diversity from samples in 

which routine microbiology testing reported the presence of a colony according to species, 

genus or phenotypic characteristic compared to samples that reported no growth or MCOs 

only (Figure 25A). There was also a reduction in the species α-diversity associated with 

the sampling location, with the species diversity lower in samples collected at BNH 

compared to SDH (Figure 25C). However, there was no change in α-diversity observed 

between patients that had undergone antibiotic treatment prior to sample collection 

(Figure 25B). 

Sensitive 
(levofloxacin 
intermediate) 

bcrB 
ermX 

aac(3)-XI 

100 
100.13 

100 

5 
10.37 

3 

Peptide 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 

36 

Group C 
Streptococcus:  
erythromycin, 
clindamycin. 

 
S. aureus: 
Sensitive 

(levofloxacin 
intermediate) 

ermX 
ermA 
fosB 
catB7 
mepA 

100.23 
101.23 
100.71 
100.31 
101.18 

1.66 
1.01 

2 
1.84 
2.33 

Streptogramin, macrolide, lincosamide 
Streptogramin, macrolide, lincosamide 

Phosphonic acid 
Aminoglycoside 

Tetracycline, glycylcycline 
 

37 

Group C 
Streptococcus:  
erythromycin, 
clindamycin. 

 
S. aureus: 
Sensitive 

(levofloxacin 
intermediate) 

ermA 100.27 1.84 Streptogramin, macrolide, lincosamide 

38 
MCO: AST not 

carried out. 
 

tetM 
blaOXY-1-7 

tetW 
aph(3')-IIIa 
ant(6)-Ia 

aad9 
ermF 

101.09 
101.35 
99.96 
100.68 
101.64 
100.99 

100 

3.99 
9.84 
2.02 
1.8 

2.01 
15.95 
16.62 

Tetracycline 
Penam, cephalosporin, monobactam 

Tetracycline 
Aminoglycoside 
Aminoglycoside 
Aminoglycoside 

Streptogramin, macrolide, lincosamide 

39 
MCO: AST not 

carried out. 

ermA 
ermC 
qacC 
ermX 

qacG 
tetM 

100 
100 
100 

100.7 
100 

100.52 

5.74 
14.53 
41.27 

2 
1 

2.75 

Streptogramin, macrolide, lincosamide 
Streptogramin, macrolide, lincosamide 

Fluoroquinolone 
Streptogramin, macrolide, lincosamide 

Fluoroquinolone 
Tetracycline 

40 
MCO: AST not 

carried out. 

ermX 
tetM 
ermA 
ermC 
qacC 
tet33 
qacG 

100 
100 
100 
100 
100 

97.55 
100 

20.74 
5.49 
14.48 
17.01 
17.6 
1.17 
2.98 

Streptogramin, macrolide, lincosamide 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Streptogramin, macrolide, lincosamide 

Fluoroquinolone 
Tetracycline 

Fluoroquinolone 
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3.5  Discussion  

Microbiology based diagnostic tests are well established for use in fixed laboratories and 

enable a plethora of tests to identify the causative pathogen and inform treatment. 

Therefore, these methods continue to be the gold standard for wound infection diagnosis. 

However, the equipment, time and BMS expertise required to grow and identify the 

microorganisms, particularly for fastidious and fungal species, mean that there are 

opportunities to develop additional improved methods. This is critical for austere 

environments such as deployed military MTFs in which time and physical space are at a 

premium. CMg offers a potential alternative to microbiology-based testing and has been 

applied to numerous sample types, including respiratory, blood and cerebrospinal fluid 

(223-225).  

This study presents a CMg workflow that identifies reportable wound pathogen species 

with good concordance to routine microbiology testing and qPCR. Wound swab samples 

were processed directly without the need for a growth step, removing the requirement for 

incubator equipment, reducing the time to result, reaching the DNA sequencing step in 

approximately four hours, and enabling untargeted pathogen detection. The identification 

of AMR genes, key to informing rapid antimicrobial treatment, was demonstrated and 

additional data provided by CMg, including the microbial species α-diversity, could be 

Figure 25. Comparison of wound swab sample species α-diversity.   

The Shannon diversity index was calculated for each wound swab sample and the results compared 

according to microbiology test results (A), antibiotic treatment prior to sample collection (B) and 

sampling location (C). The antibiotic history of four participants was unknown and these samples were 

omitted from the antibiotic treatment comparison. Increased α-diversity was observed in samples that 

reported no growth or colonising microorganisms only by routine microbiology and samples collected 

from SDH. 

Error bars represent the minimum and maximum values. ns p>0.05.*p=<0.05. Microbiology and 

sampling location n=40. Antibiotic treatment n= 36.  
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applied to improve the clinical interpretation of CMg outputs. Additional studies applying 

CMg to wound swab samples to inform clinical interpretation and method optimisation 

focused on increased automation are now required to enable the routine use of CMg for 

wound infection diagnosis in austere environments.   

Regarding the sample processing, there was variation observed in the total DNA yield 

obtained from each sample. This complicated the processing of the samples in batches 

and may require the use of a different library preparation method depending on the DNA 

obtained from the sample. Future optimisation of the methods may require the use of 

specific DNA yield thresholds to determine the library preparation method used. In 

addition, the proportion of reads assigned to the human genome varied between samples. 

This may be due to reduced effectiveness of the host-depletion or a reduced yield of 

bacteria DNA. For example, wound swabs obtained from patients with a low bacterial load 

may result in higher proportions of human DNA due to the absence of bacteria in the 

original sample. It was observed that the samples with the highest DNA yields resulted in 

sequence data with the lowest proportion of human reads and vice versa, providing further 

evidence for this.  

Consistent with previous studies (226, 227), CMg identified a greater diversity of species 

than was reported by routine microbiology, including additional reportable pathogen 

species in microbiology negative samples, fungal species and anaerobic species. Routine 

microbiology is selective in nature, with the selection of the growth media, evaluation of 

plates by the BMS and reports to clinicians all focused on the pathogen species relevant 

to the clinical context of the patient (184). For example, anaerobic species were identified 

in several samples by CMg in which they were not reported by routine microbiology. 

Anaerobic species are only tested for according to the sample type, including wound 

swabs of traumatic wounds or swabs of pus. Therefore, the additional identification of 

anaerobic species by CMg may not reflect the detection of additional anaerobic species, 

but that routine microbiology did not test for these species at all. CMg therefore represents 

an opportunity to better understand the presence of anaerobic species in wound infections 

and the impact of their presence on patient outcomes. Further to this, pathogen species 

may be ignored by microbiology testing if not considered relevant or missed completely if 

mixed in with morphologically similar colonising species. In-keeping with the UK SMI 

recommendations, microbiology reporting may only specify the genus or phenotypic 

characteristics of a microorganism, further complicating the interpretation of CMg results.  

To understand the CMg outputs in relation to microbiology testing, four high priority 

pathogen species were selected for species-specific qPCR testing, resulting in non-

concordant results between culture, qPCR and CMg. Species misidentifications are a 

common issue for metagenomics studies, especially when pathogen species may share 

similar genomic regions to commensal species that are also present in high abundance. 
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To minimise false-positive identifications, previous CMg studies have applied reporting 

thresholds, such as the total number of reads or the proportion of microbial reads 

assigned to a species. The reporting threshold of ≥5 reads assigned to a species applied 

in this study resulted in an average sensitivity of 83.82% and specificity of 67.19% across 

the four high priority species. Application of the reporting thresholds of ≥50 reads and 

0.1% of classified microbial reads increased the specificity for all tested species. However, 

changing the reporting thresholds had different impacts on each tested high priority 

species due to the higher proportion of false-positive samples for S. aureus and S. 

pyogenes with ≥50 reads, resulting in increased specificity observed in these species 

when this threshold was applied, as an example. An improved understanding of the 

interpretation of the identification of wound pathogens, including the relationship between 

the proportions/total number of sequence reads assigned to a specific pathogen and the 

cause of the wound infection, is required. This should include the development of a 

comprehensive list of wound pathogens and statistically robust reporting thresholds, 

developed by the scientific and clinical community, for optimal sensitivity and specificity. 

Development of these reporting thresholds would aid in the interpretation of CMg to inform 

infection treatment. The output of CMg workflows can include a myriad of microbial 

species of variable relevance to the treatment of the infection. Improved understanding of 

the consequences of the identification of each species and whether the treatment should 

be adjusted accordingly will be key to the implementation of CMg for wound infections. 

Invasive fungal wound infections have been reported amongst military personnel (182). 

The identification of fungal species by routine microbiology requires culturing on additional 

growth media, using additional time and resources and may only be reported generally as 

yeasts, as with sample 24 in this study. The CMg workflow enabled the identification of 

fungal pathogens at the species level, including in sample 18 where routine microbiology 

did not report the presence of a fungal species as the sample was not tested for fungal 

species. The rapid identification of fungal species without the need for additional testing 

could enable clinicians to target fungal pathogens faster, reducing the spread of invasive 

fungal wound infections.  

The untargeted nature of CMg enables the provision of additional clinically relevant 

information. One metric that could be applied in a clinical context is the diversity of 

microbial species present at a wound. There was a significant reduction in the species α-

diversity between samples that tested positive by routine microbiology testing compared 

to negative samples. Previous studies have linked bacterial diversity, as a component of 

wound bioburden, to poor patient outcomes including delayed wound healing (228). The 

reduced α-diversity observed in microbiology positive samples may be related to the 

increased proportion of reads assigned to the pathogen species as the infection 

progresses. Therefore, α-diversity could be applied to provide clinicians with additional 
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information on the progress of a wound infection. There was also a significant difference 

in the α-diversity from samples collected at each sampling location. This may reflect 

differences in the environmental contaminants that initially colonise the wound site at each 

location. Therefore, interpretation of the α-diversity when evaluating a wound infection 

may need to be location specific. Surprisingly, previous antibiotic treatment did not result 

in changes to species diversity. It may be expected that antibiotic treatment would reduce 

species diversity through the removal of sensitive bacteria species, as observed at other 

sites, such as the gut microbiome (229). However, it may be that removal of sensitive 

species at the wound site by antibiotics results in increased colonisation by resistant 

bacteria and fungal species, without impacting the overall species diversity. Further work 

should be carried out to understand the relationship between species α-diversity, wound 

infection severity, antibiotic treatment and delayed healing.  

In addition to identifying the causative pathogen, determining the antibiotic resistance is 

key to enabling optimal treatment of a wound infection. These results have demonstrated 

that AMR genes associated with the resistance observed by AST are identified from CMg 

sequencing data. However, further understanding of the relationship between the 

presence of an AMR gene and the phenotypic resistance profile of a pathogen is required. 

AMR genes were also identified in samples that did not report the presence of a wound 

pathogen and in samples with colonies determined to be sensitive by AST, potentially 

originating from the commensal species present in the sample. Further work should be 

carried out to better understand the consequence of AMR gene identification and identify 

a comprehensive list of reportable AMR genes associated with specific pathogen species 

for wound infections, as has been done for other sample types (230). Targeting a specific 

list of AMR gene targets would reduce the complexity of the bioinformatics analysis and 

the reporting of the CMg results. 

A key aim of this study was to ensure that the methods developed minimised the method 

complexity so that the workflow can be adapted for use in a deployed military 

environment. Adapting methods for use in austere environments could also open up the 

application of CMg-based diagnostics in additional environments with limited access to 

permanent healthcare facilities, such as for remote expeditions. The caveat was that the 

sensitivity and specificity of pathogen detection must remain as high as possible to inform 

patient treatment. Several steps, ordinarily included in CMg workflows that involved large, 

bulky equipment, were omitted. Specific reagent kits developed for ease-of-use, including 

the Genomiphi WGA kit and the nanopore Rapid Barcoding library preparation kit were 

selected. The use of nanopore-based sequencing itself was employed due to the reduced 

size of the equipment, robustness against movement and reducing the total time to result 

through enabling real-time data analysis, having previously been applied for point-of-care 

and in-field diagnostics for a range of sample types (231-233). Further optimisation of the 
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workflow should now be carried out. In a routine clinical context, the use of a spike in 

control would be a key requirement and future iterations of the workflow should 

incorporate a spike-in control allowing the identification of inter-run variation and to 

differentiate true negative and false negative results. Method optimisation to reduce the 

hands-on steps and method complexity via increased method automation will reduce the 

burden on deployed BMSs. The workflow in this study required approximately four hours 

to start sequencing and the samples were sequenced for 16 hours to ensure that sufficient 

reads were generated. The use of a real-time analysis pipeline would further reduce the 

time to result, allowing sequencing runs to continue until a reportable pathogen is 

identified at the reporting threshold. With this, it is feasible that the methods developed in 

this study could be adapted for the rapid diagnosis of wound infections in deployed 

environments.  

3.6  Conclusions 

The work reported in this chapter includes the development and proof of concept 

evaluation of a CMg workflow for the diagnosis of wound infections. The workflow required 

approximately four hours to reach the start of DNA sequencing using methods and 

equipment suitable for use in austere environments. The results showed good 

concordance with routine microbiology and qPCR testing and enabled the identification of 

AMR genes. CMg identified additional reportable wound pathogens including fungal 

pathogens, demonstrating the advantages of applying untargeted, non-selective 

diagnostic methods. Whilst this study shows the potential for CMg for deployed 

diagnostics, increased method automation, understanding of the interpretation of CMg 

results including a threshold for species identification and a list of reportable AMR genes 

is required before CMg can be routinely implemented in a deployed healthcare setting.  
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4 Comparison of stool sample storage methods for 

deployed clinical metagenomics 

4.1 Contribution statement  

The work detailed in this chapter was carried out as a collaborative study with partners 

from the Liverpool School of Tropical Medicine, the Defence Centre of Pathology and the 

Quadram Institute Bioscience. Stool samples were previously collected from UK military 

personnel as part of routine testing, including by the BioFire FilmArray GI panel, by 

Sergeant Romeo Toriro. The stool samples were then provided to Dstl for CMg analysis 

under a Material Transfer Agreement by the Liverpool School of Tropical Medicine. Some 

of the CMg wet-lab work was carried out by Emily Rowlands, Dstl, as part of a six-month 

graduate scheme project under the direct supervision of Carl Halford. Carl Halford was 

responsible for the experimental design and results interpretation, with assistance from 

Emily Rowlands. The bioinformatics analysis was carried out by Dr. Thanh Le-Viet 

(Quadram Institute Bioscience) in close collaboration with Carl Halford using a 

bioinformatics pipeline that Dr Thanh Le-Viet previously developed.  

4.2  Introduction  

4.2.1 Traveller’s diarrhoea  

TD is defined as the passage of ≥3 loose stools within a 24 hour period, alongside 

additional symptoms including one or a combination of vomiting, abdominal cramps, 

nausea, fever, blood/mucus in the stools and faecal urgency, experienced whilst travelling 

or within ten days of travel (234). Annually, approximately 100-500 million people travel to 

low- or middle-income countries for business or touristic purposes and between 10-40% of 

these traveller’s develop TD (235, 236). The destination of travel greatly affects the 

incidence of TD. Regions including South-East Asia, North and West Africa and South 

and Central America are high-risk regions. For example, 15.2% of a group of traveller’s to 

Mexico, monitored for TD as part of a study, reported experiencing all-cause diarrhoea 

during travel (237). Activities whilst at a destination also impact the risk of developing TD, 

with eating at all-inclusive buffets considered high-risk (238). Although often self-limiting, 

GI infections, including TD, can have significant morbidity and mortality rates amongst 

vulnerable populations, including young children, the elderly and the immunocompromised 

(239).   

Diarrhoeal diseases are a common medical complaint amongst deployed military 

personnel and have been throughout human history, often having a significant impact on 

the outcome of conflicts. During the American civil war, 44,558 Union soldiers were 

recorded as having died from diarrhoea or dysentery, compared to 110,070 combat-

related deaths (240). The impact of diarrheal diseases have continued to affect deployed 
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personnel into modern times, affecting 76.8% and 54.4% of deployed U.S troops in Iraq 

and Afghanistan, respectively, between 2003 and 2004, with 80% of patients requiring 

medical care (241).  

Advancements in the understanding of the microbiology and pathophysiology of diarrheal 

diseases have led to more effective methods of prevention and treatment. Prevention of 

diarrheal disease focuses on improving the levels of sanitation and hygiene, including 

measures such as water chlorination to prevent pathogen transmission, shown to 

significantly reduce the incidence of diseases such as cholera (242). More recently, 

modulation of the gut microbiota through the pre-emptive use of pre and probiotics as a 

preventative measure for diarrheal disease have been investigated, although meta-

analyses have concluded that the evidence for the reduction of diarrheal disease using 

these supplements is weak (243). Treatments include oral rehydration solutions with 

added electrolytes, of which an imbalance is a significant cause of mortality during acute 

diarrhoea, particularly amongst vulnerable patients in resource-poor settings (244). Anti-

diarrheal medications, including loperamide, a piperadine derivative that slows intestinal 

motility through the activation of µ-opiate receptors, have also been developed to manage 

the symptoms (245). Antibiotics can also be administered in severe cases of bacterial 

diarrhoea, although this carries the risk of inducing further imbalances in the gut 

microbiome and causing additional complications, including infection with Clostridioides 

difficile (246).  

As a result of these advancements, the incidence and severity of diarrheal disease, 

particularly in economically developed nations, have significantly reduced. However, 

whilst military populations do not include those most vulnerable to TD due to the selection 

criteria, the relatively poor hygiene in deployed military environments means that TD is still 

common, resulting in reduced operational capability, lost ability to work and in some cases 

additional GI disorders including irritable bowel syndrome, constipation and dyspepsia, 

increasing pressures on the provision of deployed healthcare (247-249). Therefore, TD is 

a key concern for deployed military healthcare.  

4.2.2 Aetiology of traveller’s diarrhoea  

GI infections, including TD, are caused by bacteria, viruses or parasites that infect the gut 

(usually the stomach or intestines) (250), in some cases releasing toxins, resulting in 

inflammation. The majority of cases of TD in military populations are linked to bacterial 

pathogens, varying according to region (251), with diarrheagenic E. coli being the most 

prevalent (248). E. coli is a common component of the human gut microbiome (252), 

however, some E. coli strains have acquired virulence characteristics that enable them to 

cause GI infection. The type and combination of virulence characteristics are used to 

define the strains of pathogenic E. coli into different pathotypes. Each pathotype has 
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different disease presentation, including the mode of transmission, symptoms, host 

preferences and global prevalence, as reviewed by Gomes et al. 2016 (253) and Jesser 

and Levy, 2020 (254).  

Whilst diarrheagenic E. coli is the most common cause of TD amongst military personnel 

and civilian travellers globally, there are variations observed by region. Campylobacter 

spp. are a common cause of TD in South-East Asia, accounting for 15-63% of cases (249) 

and the incidence is increasing over time (255). By comparison, in Sub-Saharan Africa, 

West Africa, East Africa, Middle Africa and Southern Africa, Campylobacter spp. account 

for between 0-9% of cases (249). Viruses are also known to cause TD, although less 

common than bacterial pathogens. However, viral TD is associated with more severe 

symptoms and misuse of antibiotics (256). These include pathogens such as norovirus, 

characterized by acute nausea, abdominal cramps, vomiting and diarrhoea, with 

outbreaks often spreading rapidly, particularly in healthcare environments, due to its low 

infectious dose (257). Parasites also cause TD, although less commonly than both 

bacterial and viral pathogens, and are associated with persistent symptoms (258). 

Examination of persistent TD identified the parasite G. lamblia as the most common 

cause, with other parasites including Blastocystis hominis, Cyclospora and Entamoeba 

histolytica also implicated (259).  

The causative pathogen of TD is often not identified. As the disease is self-limiting, it is 

often unreported or medical advice is not sought (260). Even when medical treatment is 

required, factors including poor stool culture sensitivity and the complexity of 

differentiating pathotypes may prevent the pathogen from being accurately identified and 

an appropriate treatment pathway being determined.  

4.2.3 Diagnosis of traveller’s diarrhoea    

The diagnosis of TD is challenging. Often, the symptoms associated with different 

aetiological agents are very similar, but the optimal treatments are different, such that it is 

important that the pathogen is correctly identified to aid in treatment. In cases of bacterial 

TD, primary diagnostics includes culturing the causative pathogen from a stool sample 

using selective media. Media is selected to enable the identification of common bacterial 

causes of TD including Salmonella, Shigella, Campylobacter and Shiga-toxin producing E. 

coli, with more specific media selected based on the context of the patient, including travel 

history and known exposure events (261). Faecal samples are diluted and spread across 

the plates and incubated in different conditions (dependent upon the target pathogen) to 

identify individual colonies. As an example, xylose lysine deoxycholate agar is used, and 

cultured at 37°C for 24 hours in air for Salmonella and Shigella species. The 

recommended process for UK laboratories include 13 different combinations of growth 

media dependent upon the suspected causative pathogen (261). Once cultured, an 
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isolated colony can undergo additional testing including AST to determine the presence of 

resistance to specific treatments. Testing for the enteric parasites G. lamblia and 

Cryptosporidium is recommended alongside the common bacterial pathogens during 

primary testing. This can be carried out using nucleic acid amplification tests including 

PCR and/or antigen-based tests, with the methods varying depending upon the laboratory 

(262). However, despite being less sensitive and requiring time and expertise to carry out 

(263), microscopy is more commonly applied for the identification of parasites. For 

Cryptosporidium, a faecal sample is prepared by staining with auramine phenol and 

observing the stained sample under a microscope. Under observation the parasites 

fluoresce compared to the dark background of the sample and additional confirmation is 

achieved by Ziehl–Neelsen staining (264).  

In deployed military environments, diagnosis of TD relies upon multiplex PCR panels, 

including the BioFire FilmArray GI panel (265). The stool sample is mixed with the sample 

buffer and added directly to the sample pouch and the platform carries out the DNA 

extraction and multiplex PCR without further input from the operator. The panel includes 

22 targets, including common bacterial pathogens such as C. difficile and Salmonella. 

Different diarrheagenic E. coli pathotypes, including enteroaggregative and 

enterotoxigenic E. coli are differentiated through the detection of virulence determinant 

genes. The panel also enables the detection of parasites and viral pathogens. A 

multicentre evaluation found the panel to be highly sensitive and specific, achieving 94.5-

100% sensitivity and >97.1% specificity, depending on the target (25). However, whilst 

highly sensitive and specific, this platform only allows for the detection of targeted 

pathogens and does not include the provision of additional clinically relevant information, 

such as the presence of AMR genes and quantification of the targeted pathogens. 

Pathogens that have been genetically modified through natural mutation or intentional 

genetic manipulation might also be missed. Further, each platform has the capacity to run 

one sample pouch per hour, reducing testing throughput, which is critical during outbreaks 

in which many samples may require testing within a short time frame.  

In addition to PCR, microscopic identification of parasites can also be carried out. 

Parasitic ova, larvae, cysts and oocysts are concentrated from stool samples using 

devices such as the MIDI PARASEP® before the sample is stained and examined under 

the microscope. However, this method achieves moderate sensitivity of 70-80% and 

requires a trained BMS to carry out the relatively complex sample preparation and use of 

sensitive equipment that is unsuitable for high throughput diagnostics (263). Therefore, 

additional rapid, untargeted diagnostic methods would be beneficial for the diagnosis of 

TD amongst deployed military personnel. 
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4.2.4 Clinical metagenomics for the diagnosis of traveller’s diarrhoea 

As previously discussed, CMg, the untargeted sequencing of the genetic content of a 

sample without the prior isolation of an organism (59) has the potential to provide an 

additional option for deployed TD diagnosis.  

Due to its importance to human health across a range of areas, the gut microbiome is 

well-studied. As the field of NGS has progressed, metagenomic DNA sequencing has 

been applied to stool samples for a variety of purposes, including determining the 

composition of the gut microbiome. These have included the changes to the gut 

microbiome related to international travel and incidences of diarrhoea (266, 267), the 

altered gut microbes associated with a range of common intestinal diseases (268), cancer 

diagnosis (269) and diarrhoeal pathogen identification (270). Shotgun metagenomic 

sequencing identified C. difficile with a sensitivity of 90.9% and 86.3%, respectively whilst 

enabling the co-detection of additional pathogens and antibiotic resistance genes. 

Metagenomics has also been applied for the identification of enteric E. coli infections, 

enabling the reliable detection of the cultured isolate with a sensitivity of 97%. However, 

the presence of the virulence genes associated with enterotoxigenic E. coli on plasmids 

prevented their inclusion in the metagenome-assembled genomes, demonstrating a 

limitation of metagenomics for the differentiation of E. coli pathotypes (64). Metagenomic 

DNA sequencing has also been applied for the detection of enteric parasites, for outbreak 

investigations and the identification of parasites in wastewater sources (271, 272).  

The challenges associated with the detection of enteric pathogens, particularly closely 

related strains and pathotypes, may be one reason that CMg is not currently routinely 

applied for the diagnosis of TD, in addition to the limitations associated with complex wet-

laboratory procedures and equipment requirements, particularly for deployed MTFs.   

4.2.5 Cryptosporidium  

Species belonging to the Cryptosporidium genus, the causative agents of 

cryptosporidiosis, are protozoan enteric obligate parasites with a global distribution and 

are a significant cause of TD with limited effective therapeutic options available (273, 

274). First identified as a human pathogen in the 1970s (275), there are at least 44 

Cryptosporidium species described, with 19 identified in humans. Two species, C. hominis 

and Cryptosporidium parvum are responsible for ~95% of infections in humans, with C. 

hominis being the most common (276). Common symptoms include watery diarrhoea, 

which can be severe and prolonged, abdominal pain, myalgia, weakness and headaches 

(275). Transmission is via the faecal-oral route through water, food or direct contact with 

human or animals contaminated with the oocyte life cycle stage. The life cycle initiates 

when the oocyst is ingested and undergoes excystation before entering the intestinal 

epithelial cells and undergoing asexual reproduction and subsequent sexual reproduction 
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life stages. The oocysts are shed in faeces so that the life cycle can repeat (Figure 26) 

(277). 

Cryptosporidiosis is associated with significant morbidity and mortality amongst vulnerable 

populations, including children under five years of age and the immunocompromised. It 

was estimated to have caused over one million deaths globally between 2005 and 2015, 

with close to 50% being children under five (278). Although Cryptosporidium spp. have a 

global distribution, the majority of cases occur in low-income countries, with prevalence 

greatest in countries including Mexico, Nigeria and Bangladesh (279). 

   

4.2.6 Cryptosporidium outbreak  

In February 2022, there was an increase in the reports of profuse watery diarrhoea 

amongst British Army personnel stationed at the British Army Training Unit Kenya 

(BATUK), in Nanyuki, Kenya, approximately 200 Km north of Nairobi. Over 69 days, 172 

of the 1200 personnel displayed diarrhoeal symptoms (280) . An outbreak investigation 

was conducted, including the on-site testing of 106 primary stool samples by the BioFire 

FilmArray GI panel and molecular characterization of repatriated samples by the 

Cryptosporidium Reference Unit (CRU; Swansea, UK).   

Of the 106 samples tested, 63 were found to be positive for Cryptosporidium. This 

included 38 samples that tested positive for Cryptosporidium solely and 25 that tested 

positive for Cryptosporidium and an additional pathogen. Twenty-seven tested positive for 

non-Cryptosporidium pathogens and 16 were negative. Of the 63 Cryptosporidium 

positive samples, 58 were subsequently genotyped as C. hominis, with the remaining not 

Figure 26. The life cycle of C. hominis.  

Figure created with Biorender.com. 
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genotypable. Of the C. hominis positive samples, 27 were sub-typed; 26 as the unusual 

ImA13G1 subtype and one as the more common gp60 subtype IeA11G3T3 (281).  

Epidemiological investigations were also carried out to determine the source of the 

infection. This included the analysis of individual sleeping arrangements, activities and 

ablution locations and exposure to the suspected point source or close contact with 

anyone who had visited the location. It was concluded that the rare C. hominis ImA13G1 

subtype responsible for the outbreak originated from faecal contaminated recreational 

swimming water. Public health interventions, including restricted access to the outbreak 

source, PCR testing of food handlers stool samples, isolation of symptomatic cases and 

encouraging improved personal hygiene were then implemented to limit the outbreak 

(280).  

During the sample collection process, primary stool samples were prepared for long-term 

storage to allow for sample repatriation to the UK for further testing and for the 

comparison of three stool sample storage methods: i) Flinders Technical Associate (FTA) 

(Whatman™) cards, ii) OMNIgene® GUT tubes (DNAgenotek®) and iii) DNA Shield™ Faecal 

Collection Tubes (Zymo Research). Studies have shown that the method used for stool 

sample storage can have a significant impact on the species composition (282-284) and is 

a key challenge for enabling the deployed application of CMg for TD diagnosis and for 

wider deployed diagnostic methods where immediate testing is not available. This may be 

during outbreaks of GI infections or for the repatriation of samples to home countries for 

more extensive laboratory investigations when standard deployed diagnostic testing is not 

sufficient. Cold-chain storage at -80°C, the preferred method of stool sample preservation 

(285), is not always feasible due to limited equipment, power and space availability and 

room temperature alternatives are required. The development of sample preparation 

methods with minimal equipment, complexity and time to result are also required to 

enable exploitation in austere deployed environments in which space, time and personnel 

availability are at a premium.  

4.2.7 Aims 

The work detailed in this chapter aimed to develop and optimise CMg methods for stool 

samples for use in austere environments. In addition, three long-term stool sample 

storage methods for the detection of C. hominis from a retrospective cohort of stool 

samples collected from British military personnel during a significant outbreak event were 

compared. Long-term stool sample storage would allow military clinicians to store and 

transport stool samples at ambient temperatures for extended periods of time without the 

need for cold-chain logistics, allowing for the storage of samples prior to testing during 

periods when the availability of diagnostic tests is limited or overwhelmed and the 

repatriation of samples to home countries for more extensive testing.  
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4.3  Methods 

4.3.1 Ethical approval 

Ethical approval for the collection and additional testing of the primary stool samples was 

provided by the MODREC (2076/MODREC/21). All samples were anonymised prior to 

transfer to Dstl for CMg analysis.  

4.3.2 Sample collection  

Stool samples were collected from British Army personnel displaying symptoms of TD 

whilst undergoing training at the BATUK, situated near to Nanyuki, Kenya, in February 

2022 following an increase in the prevalence of TD, as previously described (280). 

Primary stool samples collected from personnel displaying symptoms of TD were 

evaluated using the BioFire FilmArray GI multiplex PCR panel. Stool samples were then 

split and transferred to three long-term storage media: FTA cards (n=35), OMNIgene GUT 

tubes (n=39) and DNA Shield tubes (n=39). Samples were stored at room temperature 

until the CMg analysis was carried out. 

4.3.3 DNA extraction  

DNA was extracted from 250 µL of OMNIgene GUT and DNA Shield samples using the 

QIAamp® PowerFecal® Pro DNA extraction kit (Qiagen) according to the manufacturer’s 

instructions, with minor modifications, in batches of up to ten samples. The 250 µL of stool 

sample was added to the Matrix Lysing E tubes with 800 µL of Solution CD1. The tubes 

were bead beaten for 60 s at 6.0 m/s on a FastPrep-24 5G and the tubes were centrifuged 

at 15000 × g for 60 s. The supernatant was transferred to a 2 mL microcentrifuge tube and 

200 µL of Solution CD2 was added. The microcentrifuge tube was centrifuged at 15000 × 

g for 60 s and 700 µL of the supernatant was transferred to a new 2 mL microcentrifuge 

tube. Six hundred microliters of Solution CD3 was added and 650 µL of the lysate was 

loaded onto an MB Spin Column and centrifuged at 15000 × g for 60 s. The flow through 

was discarded and the step repeated until all the lysate had been filtered through the spin 

column. The spin column was transferred to a new 2 mL collection tube and 500 µL of 

Solution EA was added to the spin column. The spin column was centrifuged at 15000 × g 

for 60 s and the flow through was discarded. Five hundred microliters of Solution C5 was 

added to the spin column and centrifuged at 15000 × g for 60 s and the flow through was 

discarded. The spin column was dried by centrifuging at 16000 × g for 2 min and placed 

into a new 1.5 mL elution tube. Fifty microliters of Solution C6 was added directly to the 

spin column and incubated at room temperature for 30 s to elute the DNA. The spin 

column was centrifuged at 15000 × g for 60 s and the eluted DNA stored at 4-8°C.  

DNA was eluted directly from the FTA cards according to a previously described method 

(286). Three 5 × 5 mm punches per sample were collected from the FTA cards and added 
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directly to a Monarch® DNA clean-up column (New England Biolabs) with 175 µL Elution 

Buffer (Qiagen). The columns were incubated at 37°C at 1000 rpm for 1 h and centrifuged 

for 10 min at 13000 × g. The FTA card DNA eluent then underwent an AMPure XP bead 

purification step. AMPure XP beads were added to the 175 µL Elution Buffer at a ratio of 

1.2 × volume of beads to sample in a 1.5 mL LoBind tube. The sample was then 

incubated at room temperature for 5 min on a shaking HulaMixer using the following 

settings: rotation speed 15 and timer 10, reciprocal tilting turning angle 45° & timer 5, 

vibration turning angle 5° and timer 5. The samples then underwent the AMPure XP bead 

purification according to the manufacturer’s instructions, as previously described, and 

were eluted into 50 µL nuclease-free water. Negative controls consisting of PBS only and 

positive controls consisting of 30 µL microbial community standard II (Log distribution) 

(Zymo Research) made up to a total volume of 250 µL with PBS were processed 

alongside each batch of samples.  

4.3.4 DNA quantification  

The total DNA concentration was quantified using the dsDNA HS assay kit on the Qubit 4 

fluorometer according to the manufacturer’s instructions, as described in Chapter Two 

section 2.3.5.  

4.3.5 DNA fragment analysis  

The DNA fragment size of extracted DNA was measured using the TapeStation 4200 

system with the Genomic DNA Screentape assay according to the manufacturer’s 

instructions, as described in Chapter Two section 2.3.7.  

4.3.6 DNA purification  

The 50 µL DNA extract was purified by AMPure XP bead purification according to the 

manufacturer’s instructions at a ratio of 1.8 × volume of beads to DNA extract in a 1.5 mL 

LoBind tube and eluted into 10 µL nuclease-free water, as described in Chapter Two 

section 2.3.6.  

4.3.7 Rapid Barcoding library preparation method  

DNA was prepared for sequencing using the Rapid Barcoding library preparation kit V14 

(SQK-RBK114.24) (Oxford Nanopore Technologies) (RBK) according to the 

manufacturer’s instructions. Up to 12 libraries, including a negative and positive control, 

were multiplexed per sequencing run. The purified DNA samples were quantified using 

the Qubit dsDNA HS assay, as previously described. Up to 50 ng of the DNA libraries in a 

total volume of 10 µL per sample was added to a 0.2 mL PCR tube. One microliter of 

Rapid Barcode (RB01-24) was added, and the samples were incubated at 30°C for 2 min, 

80°C for 2 min and then cooled briefly on ice. The libraries were pooled into a 1.5 mL 

LoBind tube and mixed with an equal volume of AMPure XP beads, and the library DNA 
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purified as previously described, except the concentration of ethanol was increased from 

70% to 80%. The DNA libraries were eluted into 12 µL of Elution Buffer. The pooled 

libraries were again quantified by Qubit dsDNA HS assay as previously described and up 

to 800 ng of the pooled libraries were added to a 0.2 mL PCR tube. One microliter of the 

diluted Rapid Adapter was added, and the reaction was incubated at room temperature for 

5 min.  The pooled libraries were loaded onto a Nanopore R10.4.1 flowcell (Oxford 

nanopore Technologies) according to the manufacturer’s instructions and sequenced for a 

total of 24 h. The data was stored in POD5 format.  

4.3.8 Optimised Rapid Barcoding library preparation method 

The RBK library preparation method was optimised (RBK OP) to increase the yield of total 

sequencing reads. This included the addition of TapeStation Genomic DNA Screentape 

analysis of the purified DNA samples prior to the library preparation. The DNA fragment 

size and DNA concentration were then used to calculate the library molarity according to 

the following formula:  

𝐿𝑖𝑏𝑟𝑎𝑟𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑀) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝑛𝑔
µ𝐿)

660 (
𝑔

𝑚𝑜𝑙
) × 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑖𝑧𝑒 (𝑏𝑝)

× 106 

Up to 14 fmol of the DNA libraries in a total volume of 10 µL per sample was then added 

to a 0.2 mL PCR tube, increased from 50 ng per sample. Then, up to 1600 ng of pooled 

libraries were then taken forward for sequencing, increased from 800 ng. The libraries 

were then sequenced as previously described. 

4.3.9 Rapid PCR barcoding library preparation method  

To determine the performance of another library preparation method, DNA was also 

prepared for sequencing using the Rapid PCR barcoding library preparation kit V14 (SQK-

RPB114.24) (Oxford Nanopore Technologies) (RPCR) according to the manufacturer’s 

instructions without amendment. Up to 5 ng of the DNA libraries in a total volume of 3 µL 

per sample was added to a 0.2 mL PCR tube. One microliter of the Fragmentation Mix 

was added, and the samples incubated at 30°C for 2 min, 80°C for 2 min and then cooled 

briefly on ice. Libraries then underwent PCR amplification using the following reaction mix: 

4 µL of the tagmented DNA was added to 1 µL of the Rapid barcodes (RLB 01-24) and 25 

µL of the LongAmp Taq 2 × master mix (New England Biosciences) and the reaction was 

made up to 50 µL total volume with nuclease-free water. The PCR reaction underwent the 

following cycling conditions; initial denaturation of 95°C for 3 min followed by 14 cycles of 

denaturation at 95°C for 15 s, annealing at 56°C for 15 s and extension at 65°C for 6 min 

with a final extension at 65°C for 6 min.  Once the PCR was completed, 4 µL of EDTA was 

added to each sample and incubated at room temperature for 5 min.  Libraries were 

pooled in equimolar ratios to a final combined concentration of up to 400 fmol per library. 
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Pooled libraries were further purified by AMPure XP bead purification at a ratio of 0.6 × 

beads to library volume, as previously described. Libraries were eluted into 15 µL Buffer 

EB (Qiagen) and the DNA concentration and fragment length quantified, as previously 

described. One microliter of the diluted Rapid Adapter was added to 10-50 fmol of the 

pooled libraries in a total volume of 11 µL and incubated for 5 min at room temperature. 

An R10.4.1 flow cell (Oxford Nanopore Technologies) was then primed for sequencing 

according to the manufacturer’s instructions. Prepared libraries were sequenced for 24 h 

and the data stored in POD5 format.  

4.3.10 Bioinformatic analysis  

ONT Taxonomic Profiling, a custom bioinformatics pipeline for the taxonomic profiling of 

microbial species and for the identification of AMR genes, previously developed for the 

analysis of metagenomics datasets for infectious disease diagnostics, was applied (63). 

Fast5 files were base-called and de-multiplexed using the guppy_basecaller Super 

Accuracy model and the guppy_barcoder of the Guppy software v6.2.x, respectively. The 

minimum barcoding score was set to 65. Human reads were then removed from the data 

by mapping against the Homo sapiens reference genome CHM13v2 and the remaining 

reads were mapped to the RefSeq database using minimap2 v2.17. The reads were then 

filtered based on the harmonic mean of identity and coverage of the mapped reads using 

the following equation:  

(2 ×
[𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦 + 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒]

[𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦 × 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒]
 

Reads with a taxa score ≥ 85 were included for taxonomic profiling. The pipeline also 

included applying the KMA (version 1.4.9) tool to screen for AMR genes with the 

amrfinderplus (v3.10) database. Microbial species identification was presented as the total 

number of reads and the percentage of the total classified microbial reads aligned to the 

species. Species were concluded to be present if ≥5 reads, minus the number of reads of 

the same species identified in the negative control sample, were assigned to that species. 

AMR genes were concluded to be present if their template identity and coverage 

were ≥ 90% and their depth of coverage reported by KMA were ≥ 1×.  

4.3.11 qPCR  

To provide additional information from a comparison diagnostic method, a C. hominis 

species-specific Taqman probe-based qPCR assay was performed in triplicate on all 

samples. All assays were performed on the QuantStudio 7 Flex platform and the Cq 

values were determined by the QuantStudio software. Positive control reactions of 

synthetic C. hominis DNA (PRA-3011SD™, American Type Culture Collection) at a 

concentration of 0.5 × 105 genome copies per µL and negative control reactions of 

nuclease-free water only were run on each plate. The primer and probe sequences are 
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described in Table 12. The TaqMan Fast Advanced Master Mix (Applied Biosystems) was 

used for all assays. The qPCR assay was run in 25 µL total volume using 12.5 µL of 

master mix, final concentrations of 500 nM of forward primer, 500 nM of reverse primer, 

250 nM of probe, and 2.0 µL of template. Thermal cycling conditions were 2 m at 95 °C 

followed by 45 cycles of 10 s at 95 °C and 1 min at 60 °C. 

 

Table 12. Primer and probe sequences for C. hominis qPCR assays.  

 

 

 

 

 

 

4.3.12 Statistical analysis 

Data are expressed as means and standard deviation and were analysed using GraphPad 

Prism 10 (version 10.0.2) software. When multiple comparison analyses were performed, 

p-values were obtained by performing an ordinary one-way or two-way ANOVA test or 

mixed effects analysis when the n number varied, with post hoc Tukey’s test. When two 

samples were individually compared, results were obtained using a two-tail unpaired t-

test. Sensitivity, specificity, positive predictive values (PPV) and negative predictive values 

(NPV) were calculated according to the following calculations (218):  

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = [(𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠)/(𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠)] × 100 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 = [(𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠)/(𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠)] × 100  

𝑃𝑃𝑉 = [𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒/(𝑇𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒)] × 100 

𝑁𝑃𝑉 = [𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒(𝐹𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒)] × 100 

 

Species α-diversity was calculated using the Shannon diversity index. The Shannon 

diversity index is an estimator for species richness and evenness (219). The formula is as 

follows:  

𝑆ℎ𝑎𝑛𝑛𝑜𝑛 𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =  − ∑[(𝑝i) × ln(𝑝i)] 

𝑝i =
𝑛

𝑁
 

n = number of reads assigned to a microbial species in a sample  

N = total reads assigned to microbial species in a sample 

 

Assay target Forward primer (5’-3’) Reverse primer (5’-3’) Probe sequence (5’-
3’) 

C. hominis Lib13 
(287) 

TCCTTGAAATGAATA
TTTGTGACTCG 

AAATGTGGTAGTTGC
GGTTGAAA 

CTTACTTCGTGGCG
GCGT 
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4.4  Results  

4.4.1 Sample characteristics  

Thirty-nine samples, stored using three storage methods, were selected from the samples 

collected from UK military personnel displaying symptoms of TD during an outbreak of C. 

hominis and retrospectively analysed using CMg. From the BioFire FilmArray GI panel 

results obtained from the primary samples at the time of the outbreak, 16 (41.0%) 

samples contained Cryptosporidium only and eight samples (20.5%) contained 

Cryptosporidium and ≥1 additional pathogen(s). The remaining samples included eight 

that were positive for bacterial pathogens, two non-Cryptosporidium parasitic infections 

and one polymicrobial infection containing C. difficile and norovirus. The remaining four 

(10.3%) tested negative. Of the 39 samples included for CMg analysis, four 

Cryptosporidium positive samples included in the study had not been stored on FTA cards 

and were not available for CMg analysis.  

4.4.2 Optimisation of the Rapid Barcoding library preparation method 

Ten samples were selected for initial method evaluation using the RBK library preparation 

method according to the manufacturer’s instructions. The mean total reads per sample 

were 43880, 117570 and 4557 reads from DNA Shield, OMNIgene GUT and FTA 

samples, respectively (Figure 27). In addition, the number of sequencing reads aligned to 

the Cryptosporidium genus in samples that tested positive for Cryptosporidium by BioFire 

FilmArray GI panel testing was low, with no identification above the threshold of five reads 

from DNA Shield and FTA samples and a maximum of 18 reads from OMNIgene GUT 

samples (Table 13).   

The RBK library preparation method was then optimised. This included using the library 

molarity rather than just the DNA concentration, with libraries normalised up to 14 fmol per 

library. The optimisation steps resulted in increased total reads per sample, to 119000 for 

DNA Shield samples, 169000 for OMNIgene GUT samples and 17000 for the FTA 

samples (Figure 27A). In addition, the average read length increased significantly in the 

DNA Shield and OMNIgene GUT samples, from 1439 bp to 1839 bp and 1486 bp to 1968 

bp respectively (Figure 27B), although there was no significant change in the FTA 

samples. The number of Cryptosporidium reads also increased, with a maximum of 9, 26 

and 12 Cryptosporidium reads identified in DNA Shield, OMNIgene GUT and FTA 

samples respectively (Table 13). The RBK OP method was therefore taken forward for 

further evaluation. 
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Figure 27. Comparison of the sequencing metrics from the RBK and RBK OP prepared libraries.  

The mean total sequence reads (A), read lengths (B), and sequencing quality scores obtained from RBK 

and RBK OP prepared libraries from samples stored in each storage method. A cohort of stool samples 

were prepared for sequencing using the manufacturer’s recommended RBK library preparation method 

and the optimised RBK OP method and the resulting sequencing data metrics were compared. RBK OP 

generated significantly higher total reads, read length and quality scores for DNA Shield samples, higher 

read length and quality score for OMNIgene GUT samples and higher total reads for FTA samples 

compared to RBK.  

+SD. DNA Shield and OMNIgene GUT n=10. FTA cards n=9. ns p>0.05. * p<0.05. **p<0.01. ***p<0.001. 

****p<0.0001 

A B 

C 
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Table 13. Comparison of the detection of Cryptosporidium by CMg using the RBK and RBK OP library 

preparation methods. 

 

A cohort of stool samples stored using 3 storage methods were processed for CMg using the RBK and RBK 

OP methods and the number and proportion of classified microbial reads assigned to the Cryptosporidium 

genus were compared. % classified microbial reads = % of Cryptosporidium reads over the total number of 

taxonomically classified microbial reads obtained. RBK OP identified higher Cryptosporidium read numbers 

compared to RBK. There were no Cryptosporidium reads identified in BioFire FilmArray GI panel negative 

samples. 

 

4.4.3 Sample processing  

The remaining samples were processed for CMg using the RBK OP library preparation 

method. Due to the low total read yields and number of reads assigned to 

Cryptosporidium, samples were also processed using the RPCR library preparation 

method and the results were compared. Samples stored in the OMNIgene GUT tubes 

yielded a mean DNA concentration of 117.3 ng/µL per sample, significantly higher than 

the DNA Shield samples at 45.06 ng/µL and the FTA samples at 17.97 ng/µL. The FTA 

samples had significantly lower mean DNA fragment sizes at 9362 bp compared to 19001 

 Cryptosporidium reads (% of classified microbial reads) 

Sample 
BioFire FilmArray GI 

panel result 

DNA Shield OMNIgene
 
GUT FTA 

RBK RBK OP RBK RBK OP RBK RBK OP 

C1 
C. difficile 

Norovirus 
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

B1 Cryptosporidium 1 (0.012) 2 (0.031) 18 (0.023) 16 (0.035) - - 

B2 Cryptosporidium 2 (0.0028) 1 (0.0020) 2 (0.0020) 4 (0.011) 0 (0) 0 (0) 

B3 
Cryptosporidium 

C. difficile 
Enteropathogenic E. coli 

0 (0) 9 (0.050) 17 (0.023) 26 (0.043) 0 (0) 12 (0.33) 

B10 Negative 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

B40 Campylobacter 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

B44 Campylobacter 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

B56 Enteropathogenic E. coli 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

B80 Enteropathogenic E. coli 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

B94 G. lamblia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
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bp for the DNA Shield and 19086 bp for the OMNIgene GUT samples. The DNA Shield 

and OMNIgene GUT samples generated higher total reads, read length, and quality 

scores compared to FTA samples from both RBK OP and RPCR prepared samples 

(Figure 28). 

 

Figure 28. Comparison of the sequencing metrics from RBK OP and RPCR prepared libraries. 

Comparison of the total number of reads (A), sequence read length (B) and sequencing quality score (C) 

obtained from each storage method using the RBK OP and RPCR library preparation methods. Stool 

samples stored using each storage method were prepared for nanopore-based DNA sequencing and the 

total reads, read length and sequencing quality scores compared. The RPCR method generated the 

higher total reads, read length and quality scores across all storage methods. Samples stored on FTA 

cards generated the lowest total reads, read lengths and quality scores.  

+SD. ns p>0.05 (not shown). *p<0.05. **p<0.01. ***p<0.001. ****p<0.0001 
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4.4.4 Detection of Cryptosporidium  

The number of reads assigned to Cryptosporidium from positive samples were compared 

between the storage kits and the library preparation methods (Figure 29A). The DNA 

Shield samples prepared with the RPCR method generated significantly higher numbers 

of Cryptosporidium reads compared to the RPCR prepared FTA samples and the RBK 

prepared DNA Shield samples. There was no significant difference in the total 

Cryptosporidium reads between the RBK OP prepared samples for any storage method. 

Cryptosporidium reads were not identified in any of the BioFire FilmArray GI panel 

negative samples. Whilst the FTA samples generated significantly lower Cryptosporidium 

reads, there was no significant difference in the proportion of classified microbial reads 

assigned to Cryptosporidium between any storage method or library preparation method. 

Comparison of the average read length assigned to Cryptosporidium and the sequencing 

depth (Figures 29B and 29C) showed that there was no significant difference in read 

length between any storage method. However, samples prepared using RPCR generated 

significantly longer Cryptosporidium reads compared to RBK OP for all storage methods. 

The RPCR method also generated significantly higher Cryptosporidium sequencing depth 

compared to RBK OP. There was no significant difference in sequencing depth between 

any of the sample storage methods or preparation method for the OMNIgene GUT and 

FTA samples (Figure 29C).  
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To provide a quantitative measure of C. hominis DNA and the positivity rate in each 

sample following long-term storage, the samples were analysed by a species-specific C. 

hominis qPCR assay. There was a reduction in the Cq values obtained from the 

OMNIgene GUT samples compared to the DNA Shield samples. There was no significant 

difference between the DNA Shield and the FTA or the OMNIgene GUT and the FTA 

samples (Figure 30). Compared to the BioFire FilmArray GI panel results immediately 

following sample collection, there was a reduction in C. hominis qPCR positive samples 

(Cq<45) for all storage methods. Twenty-one DNA Shield samples tested positive by 

qPCR, compared to 24 by BioFire FilmArray GI Panel. The number of positive OMNIgene 

Figure 29. Cryptosporidium sequence reads from the BioFire FilmArray GI panel positive samples.  

Stool samples stored in each storage method were prepared using the RBK OP or RPCR library 

preparation methods for nanopore-based sequencing. The total number of reads assigned to the 

Cryptosporidium genus were compared. The RPCR method from samples stored in DNA Shield samples 

generated higher Cryptosporidium reads compared to the RBK method and samples stored by FTA card.  

DNA Shield and OMNIgene GUT n= 24. FTA n=20. +SD. ns p>0.05 (not shown). *p<0.05. **p<0.01 ****p 

<0.0001 
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GUT samples reduced to 23 from 24 positive samples and the number of positive FTA 

samples reduced to 17 from 20. The full list of the Cryptosporidium reads, and the 

proportion of classified microbial reads identified from each sample with the corresponding 

BioFire FilmArray GI panel result are presented in Table 14.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. C. hominis Cq values from BioFire FilmArray GI panel positive samples stored using three 

methods.  

DNA extracts were analysed by qPCR for the detection of C. hominis species-specific DNA. Cq values from 

samples stored in each storage method were compared. Cq values from C. hominis negative samples were 

not included in the analysis. There was a significant reduction in Cq values obtained from Omnigene GUT 

samples compared to the DNA Shield samples.  

Error bars represent the minimum and maximum values. DNA Shield n= 24. OMNIgene GUT n= 24. FTA 

n=20. ns p>0.05 (not shown). ****p<0.0001 
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Table 14. Comparison of CMg and qPCR for the detection of Cryptosporidium.  

Sample 
Number 

BioFire FilmArray 
GI panel result 

C. hominis qPCR assay Cq 

Total reads assigned to Cryptosporidium genus by CMg 
(proportion of classified microbial reads) 

RBK RPCR 

DS OG FTA DS OG FTA DS OG FTA 

C1 
C. difficile toxin A/B 

Norovirus GI/GII 
No 

detection 
No 

detection 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B1 Cryptosporidium 

 
31.95 

 
30.93 - 2 (0.09) 16 (0.10) - 

324 
(0.25) 

41 (0.62) - 

B2 Cryptosporidium 33.08 30.70 31.21 1 (0.00) 4 (0.03) 0 (0.00) 16 (0.01) 6 (0.00) 0 (0.00) 

B3 
Cryptosporidium 

C. difficile toxin A/B 
29.28 27.49 28.87 9 (0.09) 26 (0.07) 12 (1.29) 

312 
(0.21) 

339 
(0.21) 

1 (1.27) 

B10 Negative 
No 

detection 
No 

detection 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B40 
Campylobacter (C. 
jejuni / C. coli / C. 

upsaliensis) 

No 
detection 

No 
detection 

No 
detection 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B44 
Campylobacter (C. 
jejuni / C. coli / C. 

upsaliensis) 

No 
detection 

No 
detection 

No 
detection 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B56 
Enteropathogenic 

E. coli 
No 

detection 
No 

detection 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B80 
Enteropathogenic 

E. coli 
No 

detection 
No 

detection 
40.33 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B94 G. lamblia 
No 

detection 
No 

detection 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B4 Cryptosporidium 32.14 29.61 30.99 0 (0.00) 4 (0.00) 1 (0.03) 7 (0.01) 11 (0.01) 1 (0.11) 

B5 Cryptosporidium 33.85 31.41 32.76 1 (0.0) 1 (0.00) 0 (0.00) 3 (0.00) 10 (0.01) 1 (0.15) 

B6 Cryptosporidium 34.99 32.21 34.46 1 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 5 (0.00) 1 (0.19) 

B7 Cryptosporidium 33.96 32.02 33.52 1 (0.00) 1 (0.00) 0 (0.00) 3 (0.00) 5 (0.00) 2 (0.03) 

B8 Cryptosporidium 33.97 37.49 39.84 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.00) 0 (0.00) 0 (0.00) 

B9 Cryptosporidium 28.99 28.55 28.84 26 (0.07) 31 (0.06) 0 (0.00) 
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(0.19) 
242 

(0.24) 
0 (0.00) 

B11 Cryptosporidium 39.54 36.32 39.22 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B12 Cryptosporidium 32.92 30.77 34.08 0 (0.00) 3 (0.00) 0 (0.00) 4 (0.00) 7 (0.00) 0 (0.00) 

B13 Cryptosporidium 31.01 28.92 - 0 (0.00) 4 (0.00) - 10 (0.01) 18 (0.02) - 

B14 Cryptosporidium 28.39 27.51 - 72 (0.06) 23 (0.04) - 
149 

(0.19) 
50 (0.05) - 

B015 Negative 
No 

detection 
No 

detection 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B016 Cryptosporidium 25.94 25.28 28.85 42 (0.05) 
200 

(0.24) 
16 (0.12) 

260 
(0.16) 

127 
(0.02) 

4 (0.55) 

B017 Cryptosporidium 27.73 26.22 - 30 (0.06) 
135 

(0.16) 
- 29 (0.04) 47 (0.01) - 

B018 Cryptosporidium 38.16 37.92 37.92 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B020 
Cryptosporidium 

Salmonella 

 
43.12 

 

 
38.93 

 
39.26 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B021 

Enteroaggregative 
E. coli 

Enteropathogenic 
E. coli 

No 
detection 

 
No 

detection 
 

No 
detection 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B022 Cryptosporidium 
 

36.18 
 

 
32.69 

 
36.39 1 (0.00) 0 (0.00) 1 (0.01) 2 (0.00) 1 (0.00) 0 (0.00) 

B026 

Cryptosporidium 
Enteropathogenic 

E. coli 
Enterotoxigenic E. 

coli 

43.07 37.62 
 

39.87 
 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 
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B032 
Enteropathogenic 

E. coli 
No 

detection 
No 

detection 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B033 
Cryptosporidium 

Astrovirus 
38.35 36.14 42.99 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B045 

Campylobacter (C. 
jejuni / C. coli / C. 

upsaliensis) 
Enteropathogenic 

E. coli 

No 
detection 

No 
detection 

No 
detection 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B046 Negative 
No 

detection 
No 

detection 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B049 
Campylobacter (C. 
jejuni / C. coli / C. 

upsaliensis) 

No 
detection 

No 
detection 

No 
detection 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B057 

Cryptosporidium 
Campylobacter (C. 
jejuni / C. coli / C. 

upsaliensis) 

No 
detection 

42.60 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B085 
Entamoeba 
Histolytica 

No 
detection 

No 
detection 

No 
detection 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B081 
Cryptosporidium 
Enteropathogenic 

E. coli 
37.09 36.57 38.52 0 (0.00) 2 (0.01) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C07b 
Cryptosporidium 
Enteropathogenic 

E. coli 

No 
detection 

No 
detection 

No 
detection 

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C012 
Cryptosporidium 
Enteropathogenic 

E. coli 

No 
detection 

42.77 
No 

detection 
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C013 Negative 
No 

detection 
No 

detection 
No 

detection 
No 

detection 
No 

detection 
No 

detection 
No 

detection 
No 

detection 
No 

detection 

DNA extracts were analysed by qPCR for the detection of C. hominis species-specific DNA. C. hominis Cq 

values obtained from all samples and the corresponding number of reads assigned to the Cryptosporidium 

genus obtained from CMg analysis and the BioFire FilmArray GI panel results performed on the primary 

samples are reported. There was no detection of Cryptosporidium by CMg in any BioFire FilmArray and qPCR 

negative samples.  

 

The sensitivity, specificity, PPV and NPV for the detection of Cryptosporidium were 

calculated (Table 15 A-C). Compared to the BioFire FilmArray GI panel, the OMNIgene 

GUT samples achieved the highest sensitivity and NPV values by qPCR of 95.83% and 

93.75 respectively (Table 15A). For CMg, the OMNIgene GUT samples processed using 

the RPCR method achieved the highest sensitivity and NPV of 54.17% and 57.69 

respectively compared to the BioFire FilmArray GI panel testing carried out prior to long-

term storage, whilst the FTA RPCR samples had the lowest, with no samples identifying 

Cryptosporidium above the threshold of ≥5 reads using the RPCR method (Table 15B). All 

the DNA Shield and OMNIgene GUT samples had a specificity of 100% and PPV of 100, 

with no false positive detection of Cryptosporidium in any sample.  

Comparing CMg to the qPCR assay also carried out following long-term storage, the 

OMNIgene GUT RPCR samples achieved the highest sensitivity of 56.52% and a NPV of 

61.54 (Table 15C). Reducing the threshold for a positive identification to ≥1 read assigned 

to Cryptosporidium, the highest sensitivity was achieved by the OMNIgene GUT and DNA 

Shield RPCR samples (66.67%) and a NPV of 68.18 compared to qPCR. The specificity 
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and PPV remained at 100% and 100.00 respectively when applying this threshold, with no 

false positive identifications.  

 

Table 15 A-D. Sensitivity, NPV, specificity and PPV of CMg for the detection of Cryptosporidium. 

Storage Method Sensitivity (%) NPV Specificity (%) PPV 

DNA Shield 87.50 83.33 100.00 100.00 

OMNIgene
 
GUT 95.83 93.75 100.00 100.00 

FTA 85.00 82.35 93.33 94.44 

A 

Method Sensitivity (%) NPV Specificity (%) PPV 

DNA Shield RBK  20.83 44.12 100.00 100.00 

DNA Shield RPCR 37.50 50.00 100.00 100.00 

OMNIgene
 
GUT 

RBK  
25.00 45.45 100.00 100.00 

OMNIgene
 
GUT 

RPCR 
54.17 57.69 100.00 100.00 

FTA RBK  5.00 44.12 100.00 100.00 

FTA RPCR 0.00 42.86 100.00 0.00 

B 

Method Sensitivity (%) NPV Specificity (%) PPV 

DNA Shield RBK 23.81 52.94 100.00 100.00 

DNA Shield 
RPCR 

42.86 60.00 100.00 100.00 

OMNIgene
 
GUT 

RBK 
26.09 48.49 100.00 100.00 

OMNIgene
 
GUT 

RPCR 
56.52 61.54 100.00 100.00 

FTA RBK 11.76 51.52 100.00 100.00 

FTA RPCR 0.00 48.57 100.00 0.00 

C 

The sensitivity, NPV, specificity and PPV for the detection of Cryptosporidium following long-term storage by 

(A) qPCR compared to the BioFire FilmArray GI panel (B) CMg compared to the BioFire FilmArray GI panel 

and (C) CMg compared to qPCR. 

 

 



136 
 

 

To understand the concordance of CMg and the C. hominis species-specific qPCR assay, 

the correlation between the number of C. hominis reads identified by CMg per 100,000 

classified microbial reads and the concentration of C. hominis genome copies per µL in 

the DNA extract was calculated. For the DNA Shield samples, both RBK OP and RPCR 

were not positively correlated (RBK: R2=0.1043; p=0.1532. RPCR: R2=0.007858; 

p=0.7024). The OMNIgene GUT RBK OP samples were positively correlated (R2=0.8652; 

p=<0.0001) but OMNIgene GUT RPCR samples were not (R2=0.0004506; p=0.9234). 

Both the FTA RBK OP and RPCR samples were positively correlated (RBK: R2=0.2389; 

p=0.0465. RPCR: R2=0.3686; p=0.0097) (Figure 31). 
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Figure 31. Correlation of qPCR and CMg for the detection of Cryptosporidium.  

DNA extracts obtained from stool samples stored in each storage method were analysed by C. hominis 

species-specific qPCR with a standard curve and prepared using the RBK OP and RPCR methods for 

CMg. The concentration of C. hominis DNA was then plotted against the number of Cryptosporidium reads 

per 100,000 classified microbial reads identified by CMg to determine the R2 value. The samples that were 

positive for C. hominis by qPCR (Cq value <45) are included. The DNA Shield RBK OP and RPCR 

Cryptosporidium reads per 100,000 reads were not positively correlated with the C. hominis genome 

copies/µL. The OMNIgene GUT RBK OP samples were positively correlated but OMNIgene GUT RPCR 

samples were not. Both the FTA RBK and RPCR samples were positively correlated. 

The linear regression lines are presented. DNA Shield n=21. OMNIgene GUT n=23. FTA n=17 
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4.4.5 Comparison of the detection of additional species and antimicrobial 

resistance genes 

The detection of non-Cryptosporidium pathogens identified by the BioFire FilmArray GI 

panel at the species and genus level was evaluated. The detection of E. coli pathotypes 

was not evaluated, due to the challenges associated with differentiating between each 

pathotype and commensal E. coli species by CMg. The current CMg workflow was not 

developed to include the detection of RNA based viruses, therefore, detection of 

astrovirus and norovirus was also excluded. The comparison included the detection of C. 

difficile, Campylobacter jejuni, Campylobacter coli, Campylobacter upsaliensis, 

Salmonella and the enteric parasites, G. lamblia and Entamoeba histolytica from samples 

stored using the different storage methods and processed with the different library 

preparation methods. Of the ten samples that tested positive for these species, there was 

no difference in the sensitivity of detection between the DNA Shield and OMNIgene GUT 

samples, with six of the ten species and/or genus identified by the BioFire FilmArray GI 

panel comparable to the CMg result for both storage and preparation methods. Two of the 

ten identifications were identified in the FTA RBK samples, increasing to five of the ten 

from FTA RPCR samples. Campylobacter, which includes the species C. upsaliensis, C. 

coli and C. jejuni was the most common positive identification by the BioFire FilmArray GI 

panel amongst the cohort of samples, identified in five samples. The OMNIgene GUT 

samples resulted in the highest number of reads assigned to C. jejuni from the RBK OP 

and RPCR prepared samples respectively, although these increases were not significant. 

Similarly for C. difficile, the OMNIgene GUT samples identified the highest number of 

reads from both the RBK OP and RPCR prepared samples. There were no reads 

assigned to the enteric parasites G. lamblia and E. histolytica in any sample. The number 

of and proportion of classified microbial reads assigned to additional species are reported 

in Table 16. 
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Table 16. Detection of additional enteric pathogens by CMg.  

Sample 
Number 

BioFire 
FilmArray GI 
panel result 

Total reads assigned to species/genus by CMg (proportion of classified 
microbial reads) 

RBK OP RPCR 

DNA Shield 
OMNIgene 

GUT 
FTA 

DNA 
Shield 

OMNIgene 
GUT 

FTA 

C1 C. difficile 28 (0.10) 30 (0.14) 4 (0.52) 142 (0.11) 161 (0.14) 70 (0.26) 

B3 C. difficile 15 (0.16) 71 (0.20) 3 (0.32) 269 (0.18) 342 (0.21) 0 (0.00) 

B40 

C. upsaliensis 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C. coli 4 (0.13) 0 (0.00) 0 (0.00) 39 (0.12) 25 (0.10) 86 (0.65) 

C. jejuni 60 (1.97) 40 (1.72) 5 (3.03) 1276 (3.83) 698 (2.76) 993 (7.47) 

B44 

C. upsaliensis 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C. coli 1 (0.01) 0 (0.00) 0 (0.00) 6 (0.01) 9 (0.01) 3 (0.02) 

C. jejuni 35 (0.19) 13 (0.07) 1 (0.31) 221 (0.21) 303 (0.37) 69 (0.37) 

B94 G. lamblia 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

B020 Salmonella 0 (0.00) 1 (0.01) 0 (0.00) 1 (0.00) 0 (0.00) 0 (0.00) 

B045 

C. upsaliensis 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C. coli 20 (0.38) 19 (0.30) 3 (0.10) 183 (0.40) 343 (0.69) 228 (1.16) 

C. jejuni 432 (8.25) 559 (8.76) 86 (2.73) 
5992 

(13.22) 
10773 
(21.70) 

3932 
(20.09) 

B049 

C. upsaliensis 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C. coli 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C. jejuni 1 (0.02) 0 (0.00) 0 (0.00) 2 (0.03) 1 (0.01) 2 (0.06) 

B057 

C. upsaliensis 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

C. coli 1 (0.00) 5 (0.01) 0 (0.00) 11 (0.00) 9 (0.00) 40 (0.02) 

C. jejuni 67 (0.09) 98 (0.11) 0 (0.00) 432 (0.13) 245 (0.12) 552 (0.31) 

B085 E. histolytica 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

The number and proportion of classified microbial reads assigned to the enteric pathogens identified by the 

BioFire FilmArray GI panel from the primary stool samples from each storage and library preparation method 

are reported. The OMNIgene GUT samples prepared using the RPCR method resulted in the highest mean 

number of reads assigned to the enteric pathogens.  
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The detection of AMR genes by CMg from samples stored in each storage method and 

prepared using the RBK OP library preparation method were compared. A higher mean 

number of AMR genes per sample were identified from samples stored in the DNA Shield 

and OMNIgene GUT samples, 8.6 and 10.2 respectively, compared to 0.3 identified from 

the FTA card samples (Figure 32). The majority of the samples stored on the FTA cards 

(25/35) did not identify the presence of an AMR gene.  

 

 

AMR genes associated with resistance to tetracyclines were most commonly identified 

from all storage methods, followed by lincosamide and macrolides as the second and third 

most commonly identified drug class (Figure 33). The full list of AMR genes identified per 

sample are reported in Tables A2-A4 in the Annex.    

 

 

Figure 32. Frequency of AMR gene identifications.  

AMR genes were identified using KMA (version 1.4.9) from the amrfinderplus database. AMR genes 

identified with a template coverage of ≥90% and depth of coverage of ≥1× were included. The mean 

number of AMR genes identified per sample were then compared. DNA Shield and OMNIgene GUT 

samples identified a higher number of AMR genes per sample compared to the FTA samples. 

DNA Shield n=39. OMNIgene GUT n=39. FTA n=35. ns p>0.05. ****p<0.0001 
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4.4.6 Operational considerations 

The FTA cards required minimal space for storage at ambient temperatures. Both the 

DNA Shield and OMNIgene GUT samples were stored within re-sealable tubes. DNA was 

eluted directly from the FTA cards without the need for a DNA extraction step. DNA was 

extracted from the DNA Shield and OMNIgene GUT samples using a manual DNA 

extraction kit. However, the use of an automated platform would minimise the need for 

manual extraction steps. The RPCR method increased the method complexity and total 

time to result compared to the RBK OP method, requiring additional sample dilution prior 

to the PCR step and taking an additional 2.5 hours to reach the sequencing step. Overall, 

preparation of all sample types using the RBK OP method required approximately four 

hours to reach the sequencing step for the preparation of ten samples. This increased to 

6.5 hours using the RPCR method.   

4.4.7 Species diversity and microbiome composition  

Further analysis of the sequencing data was undertaken to understand the impact of the 

storage and library preparation methods on the composition of the gut microbiome 

identified by CMg sequencing. The α-diversity was measured by calculating the Shannon 

diversity index at a species level. There was a significant reduction in species diversity 

obtained from the FTA samples compared to the DNA Shield and OMNIgene GUT 

Figure 33. Identification of AMR genes associated with antibiotic drug classes. 

The AMR genes were identified using KMA (version 1.4.9) from the amrfinderplus database. The 

AMR genes identified with a template coverage of ≥90% and depth of coverage of ≥1× were 

included. The antibiotic drug class for which each AMR gene was associated was determined 

according to the CARD. AMR genes associated with resistance to tetracyclines were most identified 

for all three storage methods.  

DNA Shield n=39. OMNIgene GUT n=39. FTA n=35.  
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samples. There was no significant difference in species diversity between the DNA Shield 

and OMNIgene GUT samples (Figure 34). The α-diversity obtained from samples that 

tested positive for C. hominis by the BioFire FilmArray GI panel analysis was also 

compared. There was no change in α-diversity between C. hominis positive and negative 

samples in any storage media or library preparation method, except the FTA RPCR 

samples. In this case, there was a reduction in α-diversity in C. hominis positive samples 

compared to negative samples. 

 

 

 

 

 

Figure 34. Microbial species α-diversity from stool samples. 

The α-diversity identified by CMg was compared by calculating the Shannon diversity index at a species 

level, including all species identified at ≥5 reads. The diversity observed from samples stored in three 

storage types and prepared with the RBK OP and RPCR library preparation methods is reported. Four 

FTA samples that did not generate sufficient reads assigned to a microbial species were excluded. There 

was a significant reduction in species diversity from the FTA samples prepared with the RBK and RPCR 

methods.  

DNA Shield and OMNIgene GUT n= 39. FTA n=30. Error bars represent the minimum and maximum 

values. ns p>0.05 (not shown) *p<0.05 ****p<0.0001 
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The proportion of reads assigned to the six most abundant phyla obtained from each 

storage and library preparation method were compared across all analysed samples 

(Figure 35). Bacteroidota and Bacilotta were the most abundant phyla across all storage 

methods. Use of the RPCR method resulted in an increased proportion of Bacteroidota in 

the DNA Shield and OMNIgene GUT samples and a reduction in Bacilotta and 

Actinomycetota compared to the RBK OP method. There was no significant alteration to 

the abundance of any phyla between any storage type prepared using the same method.  

 

  

There were differences in the composition of phyla observed between samples collected 

from different individuals. Samples B1, B49 and B57 contained a high proportion of 

Pseudomonadata related to the high abundance of species including E. roggenkampii, M. 

morganii and E. coli in these samples. Sample B20 contained a high abundance of 

Actinomycetota due to the high abundance of Bifidobacterium longum in this sample 

(Figure 36). 

 

 

Figure 35. Proportion of classified microbial reads assigned to the most abundant phyla. 

The effect of the storage and library preparation methods on the proportion of classified microbial reads 

assigned to the Bacteroidota, Bacilotta, Pseudomonadata, Actinomycetota, Verrucomicrobiota and 

Campylobacterota phyla in stool samples stored in the DNA Shield, OMNIgene GUT and FTA cards. The 

RPCR method resulted in a significant increase in the proportion of Bacteroidota and reduction of Bacilotta 

and Actinomycetota compared to the DNA Shield and OMNIgene GUT samples prepared using the RBK 

OP method.  

+SD. DS = DNA Shield. OG = OMNIgene GUT. DS n=39. OG n=39. FTA n=29. ns p>0.05 (not shown)   

*p<0.05. **p<0.01. ***p<0.001. ****p<0.0001 
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Figure 36. Proportion of classified microbial reads assigned to the most abundant phyla per individual 

from samples stored in three storage methods and prepared using the RPCR method.  

Samples stored using each storage method were prepared for CMg. The proportion of classified microbial 

reads assigned to the most abundant phyla was then compared between individual samples.  

DS = DNA Shield. OG = OMNIgene GUT. DS n=39. OG n=39. FTA n=30. 
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4.5  Discussion 

CMg has the potential to be utilised as a future untargeted diagnostic test to complement 

the current methods available in deployed MTFs. However, CMg can only be applied 

effectively if the sample is collected and stored appropriately to preserve all genetic 

material, and the sample is prepared for sequencing using methods suitable for austere 

environments. This study aimed to develop stool sample CMg methods by comparing 

three sample storage and two nanopore-based DNA sequencing library preparation 

methods for the detection of a protozoan enteric pathogen, C. hominis. CMg was applied 

to stool samples from a retrospective cohort collected during an outbreak of TD amongst 

UK military personnel undergoing training exercises in Kenya. This work will help to inform 

the future deployment of CMg to improve the diagnosis of TD amongst deployed military 

personnel. 

4.5.1 Stool sample storage method comparison  

The addition of stool samples to preservatives that inactivate bacteria and prevent further 

growth are known to preserve the genetic material of microbial species, even at ambient 

temperatures, reducing the need for logistically challenging cold-chain storage. Previous 

studies have identified DNA Shield, OMNIgene GUT and FTA cards as effective methods 

for preserving microbial genetic material from stool samples (282, 283, 288) and these 

methods were compared as part of this study.  

Samples stored in the OMNIgene GUT tubes had the highest sensitivity of 

Cryptosporidium detection by CMg analysis compared to the BioFire FilmArray GI panel 

analysis of the primary stool samples following an extended period of storage. FTA cards 

had the lowest sensitivity of Cryptosporidium detection, failing to identify Cryptosporidium 

sequence reads in the majority of known positive samples, irrespective of the library 

preparation method used. Despite the reduced sensitivity of C. hominis detection by 

sequencing from the FTA cards, qPCR analysis demonstrated that there was no 

significant increase in the C. hominis Cq values from the FTA card DNA. FTA cards are 

treated with chemicals to lyse and inactivate bacteria cells whilst capturing DNA in the 

card matrix, thereby preserving the DNA (289). It may be that a chemical component of 

the FTA card was co-eluted with the DNA and subsequently inhibited the preparation of 

the DNA for sequencing. In addition, DNA eluted from FTA cards was significantly more 

fragmented compared to the other methods, shown by the significantly smaller DNA 

fragment lengths, an indicator of DNA degradation when using this consumable. The 

increased fragmentation may also have impacted on the preparation of the DNA for long 

read nanopore sequencing, resulting in the reduced sequencing read yield. Increased 

fragmentation may not have had the same impact on the detection of C. hominis DNA by 

qPCR which amplifies a shorter DNA fragment (<200bp), leading to the differences in 
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sensitivity of detection between CMg and qPCR from the FTA card samples. Therefore, 

without further optimisation, FTA cards are not a suitable stool sample collection and long-

term storage method for nanopore sequencing based CMg.  

The sensitivity of Cryptosporidium detection by CMg was low across all storage methods 

compared to the BioFire FilmArray gastrointestinal panel testing of the primary stool 

samples. The stool samples were collected in February 2022 during the outbreak of TD 

for routine diagnostics. These samples were made available for CMg analysis following an 

extended period of storage of 14-16 months, beyond the manufacturer’s recommended 

storage period for stool samples. The genetic material stored within the samples may 

have degraded during this time, reducing the sensitivity of detection by CMg. The results 

of the qPCR analysis corroborated the low proportion of Cryptosporidium reads identified 

by CMg, with only five samples returning Cq values of <30, indicating that the amount of 

Cryptosporidium genetic material in the DNA extracts was low. In the absence of the 

primary stool samples, which were not available for CMg analysis, it is not clear whether 

this loss of sensitivity is due to the length of storage time, or limitations associated with the 

CMg workflow. Future studies should aim to include the analysis of stool samples 

immediately following sample collection and include stool samples stored at -80°C, the 

current gold-standard for long-term stool sample storage. This would identify the cause of 

the loss of sensitivity and whether the low proportion of reads assigned to 

Cryptosporidium was because of poor pathogen genetic material load or loss of genetic 

material during long-term storage.  

Whilst the sensitivity of Cryptosporidium detection was relatively poor for all methods, 

notably, there were no false positive identifications in any sample. This specificity was 

maintained even when the identification of one Cryptosporidium read was applied as the 

threshold for a positive identification. This finding has implications for the future 

application of CMg for the diagnosis of Cryptosporidium, suggesting that the identification 

of Cryptosporidium reads from stool samples, even at very low abundances, is indicative 

of an infection and requires intervention measures to monitor and prevent an outbreak.  

A limitation associated with the application of CMg for the identification of 

Cryptosporidium, highlighted by this study, was that sufficient genome coverage was not 

obtained to identify the specific C. hominis genotype and subtype causing the outbreak. 

One of the key outcomes of the initial analyses performed on the primary stool samples 

following repatriation of the samples to the CRU was the identification of the unusual 

ImA13G1 subtype as the primary cause of the outbreak through amplification and 

sequencing of the gp60 gene and the identification of microsatellite repeats downstream 

of this region (280). Using CMg. it was only possible to identify Cryptosporidium at the 

genus level, with reads incorrectly assigned to the C. parvum species by the 

bioinformatics analysis, likely due to the low number of reads identified by CMg and the 
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genetic similarities between Cryptosporidium species. Therefore, the methods evaluated 

in this study cannot, at this stage, provide the detailed identification of Cryptosporidium 

genotypes and subtypes that can be crucial for epidemiological investigations into 

outbreaks. Whilst CMg could provide the initial indication of the start of an outbreak, the 

repatriation of the samples to a fixed laboratory environment would still be required for 

subtyping. Enrichment for Cryptosporidium, either through the pre-extraction enrichment 

of the oocysts, similar to those previously developed for enteric pathogens (290), or post-

extraction enrichment of Cryptosporidium reads through targeted sequence amplification 

could enable an increased number of reads assigned to Cryptosporidium to be 

sequenced, potentially allowing the detection of the gp60 gene and microsatellite repeats 

with the sufficient coverage needed for subtyping. However, the addition of these steps 

would increase the complexity of the wet-lab methods and increase the time to a definitive 

result, in addition to potentially reducing the sensitivity of other untargeted pathogens. 

Moving forward, clinicians will need to inform the priorities for the deployed diagnosis of 

Cryptosporidium by CMg and determine whether the subtyping of Cryptosporidium would 

be advantageous. 

4.5.2 Library preparation method comparison  

The methods used to process samples for DNA sequencing are known to affect the 

sensitivity of species detection and the composition of microbial species identified, 

dependent upon factors including DNA input and sample type (291, 292). A key aim of this 

study was to develop the methods to enable the identification of enteric pathogens whilst 

being suitable for use in austere environments. Therefore, nanopore-based sequencing 

using the RBK OP and RPCR library preparation methods was evaluated, due to the 

reduced sample handling steps, increased equipment suitability for austere environments 

and lower total time to result compared to alternative technologies. The RPCR method 

achieved the highest sensitivity of Cryptosporidium detection, and the greatest number of 

reads assigned to additional enteric pathogens. However, this method added to the 

method complexity and an additional 2.5 hours to the total time to result. In addition, the 

required DNA input for the PCR amplification reaction was low enough to require dilution 

of the DNA samples, further adding to the method complexity. The addition of a PCR 

amplification step also adds potential for bias to metagenomics data sets that could 

interfere with the interpretation of the results (293). TD amongst military cohorts is unlikely 

to result in serious disease, being more likely to cause patient discomfort, lost working 

hours and increased pressure on healthcare personnel and facilities. Therefore, the 

clinical community may determine that the additional time to result associated with use of 

the RPCR method is worth the improved sensitivity of pathogen detection and the 

increased method complexity may be offset by increased workflow automation. The 

clinical community should therefore determine the priorities of method optimisation to 
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focus on their priorities for the diagnosis of TD and this should determine whether 

optimisation focuses on increasing sensitivity using the RBK OP method or reducing the 

time to result and complexity of the RPCR method.  

4.5.3 Microbiome storage 

When comparing the composition of the wider gut microbiome, the storage method did 

impact the α-diversity at a species level, with a lower species α-diversity observed in the 

FTA samples compared to the DNA Shield and OMNIgene GUT samples. However, the 

storage method did not impact the proportion of reads assigned to the most abundant 

phyla, perhaps surprisingly given the impact on the detection of C. hominis and species α-

diversity. This suggests that the reduced total sequencing yield from the FTA card 

samples primarily impacted the detection of species present at low abundances, including 

C. hominis. In contrast, the use of different library preparation methods did impact the 

proportion of the most abundant phyla, with the RPCR method increasing the proportion 

of the Bacteroidota phylum and reducing the Bacilotta phylum. However, the library 

preparation method had no significant impact on the observed α-diversity at a species 

level. This may be linked to the biases introduced by the PCR amplification step resulting 

in the over-representation of the more abundant phyla. However, it is not clear why the 

PCR step would result in increased abundance at the phylum level but not impact the 

observed species α-diversity. Careful consideration must be taken prior to selecting the 

library preparation method and further work is required to select the optimal method for 

the diagnosis of TD.   

4.5.4 Detection of additional pathogens 

A key advantage of CMg is its untargeted nature, potentially enabling the identification of 

any causative pathogen of TD. This included the additional pathogen species identified by 

the BioFire FilmArray gastrointestinal panel, including C. difficile and Campylobacter 

species. However, a limitation of the current workflow is that it does not enable the 

identification of RNA based viruses. Detection of RNA alongside DNA would require the 

addition of a reverse transcription (RT) step to convert the RNA to complementary DNA 

(cDNA) prior to sequencing. In addition, a number of studies have shown that the use of 

pre-extraction viral particle enrichment steps including all or a combination of 

centrifugation, filtration and nuclease treatments increase the sensitivity of viral pathogen 

detection by CMg (294, 295). However, this requires the separation of the sample into two 

workflows so that RNA and DNA-based pathogens can be identified, increasing the 

method complexity. The enrichment of viral sequences post-extraction has also been 

demonstrated as an effective method for enabling the detection of viral pathogens by 

CMg, including the use of large panels of hybridization probes to amplify known viral 

pathogen sequences, such as the Twist Target Enrichment method (296). This method 
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does not require the separation of workflows enabling the simultaneous detection of DNA 

and RNA based pathogens. Future work should focus on the incorporation of or 

development of a separate viral CMg workflow for stool samples to enable the full range of 

TD pathogens to be detected.  

Whilst the untargeted nature of CMg is an advantage, it also complicates the interpretation 

of the results. In addition to the presence of pathogen species, the wide range of 

commensal species that make up most species in stool samples are also identified. In 

some cases, there may be overlap between these and it may not be clear whether a 

species is a pathogen or a commensal species from the sequencing data alone. Further 

work is required to understand the full range of pathogen species implicated in TD and the 

thresholds at which species should be considered as the causative pathogen of infection. 

Further understanding is also required of how the pathogen and commensal species 

interact within the gut microbiome, including the transfer of genetic material (297) and how 

this impacts on the detection of the aetiological agent of TD. The role of fungal and viral 

pathogens may also be of relevance to this and should be further investigated to 

understand the interpretation of metagenomics data for the diagnosis of TD (298). The list 

of TD pathogens should be compiled by and agreed by the wider research and clinical 

communities and continually updated as the pathogens involved in TD and wider 

gastrointestinal infections are more fully understood.  

A further complication of the interpretation of CMg results is that some species, such as 

different pathotypes of pathogenic E. coli, require the identification of particular genes or 

virulence determinants to identify the specific pathotype (299). This includes the presence 

of specific enterotoxins such as the heat labile and heat stable toxins used to identify 

enterotoxigenic E. coli (300). Some of these pathotype determinants may not have been 

fully elucidated in the literature at this stage and may be revealed by further WGS and 

metagenomics studies of the gut microbiome. Therefore, the use of CMg to differentiate 

between different E. coli pathotypes is highly complex and beyond the scope of this study. 

Therefore, the ability of CMg to identify pathogenic E. coli pathotypes has not been 

evaluated and further work is required to understand the use of CMg to differentiate 

between pathogen strains and pathotypes in stool samples.  

The identification of AMR genes from CMg datasets must also be considered. Identifying 

the presence of pathogen species resistant to antibiotics is important for selecting the 

optimal treatment options. However, commensal species present in the gut microbiome 

are known to act as a reservoir for and horizontally transfer AMR genes to pathogenic 

species, which can include mobile genetic elements such as plasmids (301, 302). 

Therefore, it is not always clear whether the identification of an AMR gene is related to the 

resistance profile of the causative pathogen. In this study, AMR genes were identified in 

samples that tested negative by BioFire FilmArray gastrointestinal panel testing for 
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pathogens associated with TD. Assigning the AMR genes identified by CMg to a species 

through the analysis of the regions flanking the gene would help to better interpret the 

detection of each AMR species and whether it should be considered when selecting 

treatment options. This method of analysing the AMR gene flanking regions has been 

shown to provide useful information on the antibiotic-susceptibility phenotypes and there 

are analysis pipelines available for this (303). However, this method is bioinformatically 

complex, time consuming and is not always possible if the region flanking the gene is not 

identified, which can be the case if the species is present at a low abundance. In addition, 

if the AMR gene is present within a mobile genetic element, it may not be possible to 

assign this to a specific pathogen species based on the flanking region alone. Further 

understanding of the interpretation of the detection of AMR genes from stool samples is 

required before it can be used to inform the antibiotic treatment of TD.  

4.6  Conclusions 

The work carried out in this chapter compared three long-term stool sample storage 

methods and two nanopore-based DNA sequencing library preparation methods for the 

detection of Cryptosporidium by CMg. This work found that FTA cards, although 

convenient for sample collection, storage and transport, were not suitable for CMg due to 

the lower total sequencing reads and poor detection of low abundance species, including 

Cryptosporidium. Samples stored in OMNIgene GUT achieved the highest sensitivity of 

Cryptosporidium detection and contained higher concentrations of C. hominis DNA. 

Therefore, this method is recommended for the collection and storage of stool samples for 

CMg testing in deployed environments. The RBK OP library preparation method, although 

resulting in the lower total reads and sensitivity of Cryptosporidium detection compared to 

the RPCR library preparation method, is less complex and has a reduced time to result. 

The focus of future work should be determined by the priorities of the clinical community 

to address the limitations identified by this study, including the low sensitivity of 

Cryptosporidium detection. Ultimately, this work will contribute to informing the 

implementation of CMg for deployed TD diagnostics, including the optimal sample storage 

and preparation methods, improving the diagnosis of TD and reducing the impact of TD 

on deployed personnel.  

4.6.1 Recommended stool sample clinical metagenomics workflow 

The work carried out in this chapter resulted in the development of an optimised workflow 

for the collection, storage and processing of stool samples for the detection of enteric 

pathogens by CMg. This recommended workflow consists of the following steps:  

 Sample collection and storage: samples should be collected and stored using 

OMNIGene GUT tubes. This method resulted in the highest concentration of DNA 

and the highest sensitivity of Cryptosporidium detection by CMg. In contrast, the 
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collection and storage of stool samples using FTA cards is not recommended, due 

to the poor sensitivity of Cryptosporidium detection and the low DNA extraction 

and sequencing yield.  

 DNA extraction: in contrast to other clinical sample types including wounds, stool 

samples do not require a host DNA depletion step due to the relatively low 

proportion of host genetic material. Therefore, the sample is progressed directly to 

the DNA extraction step. In this study, the QIAamp PowerFecal Pro DNA 

extraction kit was used for the OMNIGene GUT and DNA Shield samples and a 

previously published bespoke method was applied to the FTA cards. However, 

these methods, although developed for stool samples, were carried out manually, 

increasing the number of hands-on steps. Future work should evaluate automated 

extraction platforms, developed for stool samples, to reduce the method 

complexity and increase the suitability for use in austere environments.  

 Library preparation: due to the relatively high concentration of DNA extracted from 

stool samples, a WGA step was not required and the samples were progressed 

directly to the library preparation step. Despite the high DNA concentrations, the 

RPCR library preparation method resulted in the highest sensitivity of 

Cryptosporidium detection and sequencing yield and is recommended. However, 

future improvements to the sequencing yield of the RBK kit should be monitored, 

due to the reduced turnaround time and hands-on steps of this method.  

 DNA sequencing: similarly to the wound swab workflow, nanopore-based DNA 

sequencing is recommended due to the potential for real-time data analysis and 

the reduced size and portability of the equipment. However, due to the high 

proportion of commensal bacteria in stool samples, and as demonstrated in this 

study, the causative pathogen of infection can be present at a low proportion of 

reads. Therefore, the number of reads generated per sample should be maximised 

to increase the sensitivity of detection of the pathogen species.   
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5 Evaluation of clinical metagenomics in a deployed 

medical treatment facility 

5.1 Contribution statement  

The work detailed in this chapter was carried out as a collaborative exercise with partners 

from the Defence Centre of Pathology. Major Colin Hudson (Royal Army Medical Corps) 

was responsible for the collation of respiratory samples collected as part of routine testing. 

Routine diagnostic testing was carried out by the microbiology laboratory at Frimley Park 

hospital. The processing of respiratory samples for CMg on board the Royal Fleet 

Auxiliary (RFA) Argus was carried out by Sergeant Jack Robson (Royal Air Force) and 

Surgeon Commander Matthew O’Shea (Royal Navy). Method development and testing, 

additional testing of the sputum sample DNA extracts by BioFire FilmArray multiplex PCR, 

analysis of the viral CMg sequencing data using the EPI2ME Antimicrobial Resistance 

Mapping Application (ARMA) pipeline and results interpretation was carried out by Carl 

Halford. The bioinformatics analysis of the bacterial CMg workflow sequencing data was 

carried out by Dr. Thanh Le-Viet (Quadram Institute Bioscience) in close collaboration with 

Carl Halford using a bioinformatics pipeline that Dr Thanh Le-Viet previously developed. 

5.2  Introduction  

5.2.1 Lower respiratory tract infections 

Lower respiratory tract infections (LRTIs) are a significant cause of morbidity and mortality 

worldwide, responsible for 2.59 million deaths, 4.7% of the total all-cause deaths and the 

most deaths of any communicable disease, in 2019 (304). Pneumonia, an acute infection 

of the lung parenchyma by one or multiple co-infecting pathogens (305), and bronchiolitis, 

an acute viral infection of the lower respiratory tract (306) are considered to be the most 

important LRTIs. Pneumonia is caused by a wide range of aetiological agents, including 

bacterial, viral and fungal species. These vary according to geographic location (307), age 

and gender of the patient (308), existing comorbidities (309) and whether the patient is 

situated within a healthcare facility. For example, community acquired pneumonia in 

children under five years of age is commonly caused by viral pathogens, accounting for 

30-67% of cases, whilst bacterial infections are more common in older children (310). 

Nosocomial pneumonia is commonly caused by bacterial species including MRSA, P. 

aeruginosa, extended-spectrum β-lactamase-producing Enterobacteriaceae spp., and 

multi drug-resistant A. baumannii (311). Bronchiolitis mainly affects young children, 

causing the hospitalisation of 2-3% of infants younger than one year. Respiratory syncytial 

virus is the main cause of Bronchiolitis, detected in 60-80% of cases (312).   

LRTIs are prevalent amongst military personnel both during training exercises and when 

on deployment, with acute respiratory diseases being the most common cause of the 
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need for outpatient treatment and hospitalisation (313). Deployed military environments, 

associated with exposure to endemic respiratory pathogens, mixing of personnel in 

crowded living conditions and physical and psychological stress, create a high risk for the 

spread of respiratory diseases (314). The prevalence of respiratory disease is also high 

amongst new military recruits, with upwards of 80% becoming symptomatic and 20% 

requiring medical treatment within two months of training, placing a significant burden on 

healthcare facilities and resulting in the loss of working days and reduced operational 

readiness. Adenoviruses and influenza A and B viruses are amongst the most commonly 

identified pathogens associated with these infections (315).   

More recently, the emergence and rapid development and spread of novel variants of 

COVID-19, caused by the SARS-CoV-2 virus (316-318), placed significant pressures on 

the ability of military populations across the globe. In April 2020, an outbreak of COVID-19 

on board the French aircraft carrier Charles de Gaulle resulted in 1148 of the 1767 

personnel on-board the ship testing positive for COVID-19 by RT-PCR. Whilst only 2.6% 

of positive cases resulted in severe symptoms and only three staff were hospitalised, this 

outbreak had a significant impact on the deployment. Personnel were required to 

undertake activities to reduce the spread of the infection including remote working, 

separation of personnel into cohorts with minimal mixing between cohorts, and lockdowns, 

all of which were difficult to achieve and manage within the confined space of a ship. 

These activities resulted in reduced staff availability and the interruption of military 

activities (319).  

5.2.2 Deployed lower respiratory tract infections diagnostics 

The impact of respiratory infections on military personnel and the effectiveness of the 

deployments means that the ability to diagnose LRTIs rapidly in deployed environments is 

highly important. Current methods available within role two MTFs rely upon the use of 

rapid molecular tests. This includes the BioFire FilmArray pneumonia plus panel, which 

enables the detection and quantification of 18 bacterial pathogens, nine viruses and seven 

AMR genes with good sensitivity and specificity (28). The BioFire FilmArray respiratory 

panel 2.1 plus panel is also available, testing for 18 viral and four bacterial targets, 

including five influenza viruses and respiratory syncytial virus with high sensitivity and 

specificity (26). Importantly, this panel has been updated to include the detection of 

SARS-CoV-2, providing a highly sensitive method of detection suitable for use in deployed 

environments (29). This automated platform tests one sample per run, extracting the DNA 

and carrying out the multiplex PCR reactions sequentially without the need for operator 

input once the sample has been loaded. Whilst the platform is simple to operate, the 

limitation of running one sample per run can limit the utility of the platform in outbreak 

situations in which hundreds of samples may require testing to limit the spread of an 

outbreak. Microbiology based tests are available at role two enhanced and role three 
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environments. However, as discussed previously, microbiological culture-based tests, 

whilst being the gold standard methods for diagnosis, require static incubator equipment 

and the supply (and periodic resupply) of reagents, proving to be logistically challenging. 

Further, the growth of microorganisms requires 18-36 hours to produce an actionable 

result, and the identification of fastidious organisms is limited. Even in well-resourced 

civilian diagnostics laboratories that have access to a range of methods including 

molecular and microbiological culture based tests, 25-47% of community acquired LRTIs 

go undiagnosed (320). The untargeted nature of CMg, with the potential to identify both 

the more common aetiological agents alongside the rarer agents that may not be 

expected or tested for using other methods, presents an opportunity to provide a 

diagnosis when other methods fail. Already, CMg has been applied to respiratory samples 

both in case reports (321) and more recently, as part of more routinized service 

evaluations within diagnostic laboratories (72, 322). The additional detection of genotypic 

AMR genes has the potential to further inform treatment options, with innovative methods 

of improving the sensitivity of AMR gene detection becoming available through enrichment 

of low abundance sequences (323), adding to and complementing the current diagnostic 

tests available in deployed environments. 

5.2.3 Deploying clinical metagenomics workflows to the RFA Argus 

The work carried out and described thus far in this project involved the development of 

CMg workflows for various sample types relevant to military patient cohorts with the aim of 

reducing the method complexity and operator hands on time whilst reliably identifying the 

aetiological agent. Ensuring that the methods were suitable for use in deployed military 

MTFs was crucial to demonstrating the potential for the future utility of CMg to the military 

clinical community, who would be the end-users of any diagnostic technology developed 

by the project. However, all this work was carried out within static laboratory environments 

and therefore, was not a true reflection of the difficulties associated with operating within 

austere environments. The only reliable method of better understanding these challenges 

was to process samples within a deployed environment and identify the technical and 

logistical challenges first-hand. Through links developed with the military clinical 

community, an opportunity to work directly with the military end-users to deploy and 

operate a CMg workflow within a role three military medical environment, the RFA Argus 

ship, became available.  

The RFA Argus operates as a primary casualty receiving ship and is equipped with a role 

three MTF, including a 100-bed hospital with resuscitation and surgical facilities, a ten-bed 

critical care unit and a 20-bed high dependency unit. The ship is also equipped with fixed 

laboratory facilities for diagnostic activities. BMSs from all three services deploy with the 

RFA Argus to support the delivery of medical care on board within a clinical laboratory. 

This involves a range of activities, including performing diagnostic tests and the screening 
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of blood products. In-between deployments, BMSs embed into and support NHS 

diagnostic laboratories. Therefore, while BMSs have a range of related skills, the 

preparation of samples for DNA sequencing represents a divergence from their day-to-day 

activities and required additional training.  

The work described in this chapter comprised of two proof of concept exercises, carried 

out in collaboration with the Defence Centre of Pathology, with the aims of identifying the 

technical and logistical requirements of deploying and operating a CMg workflow in a 

deployed MTF. The first exercise involved the processing of excess nasopharyngeal 

swabs collected during routine testing of military personnel for COVID-19. This exercise 

was organised with a rapid turnaround, with just six-weeks separating the inception of the 

project and delivery of the equipment to the RFA Argus. Due to the samples being 

collected as part of routine COVID-19 testing, the CMg workflow was adapted, 

incorporating methods previously developed for the detection of RNA viruses by CMg 

(294, 295, 324), to enable the detection of viral pathogens. Subsequently, the BMS was 

trained in the workflow procedures, including the DNA extraction, RT and library 

preparation and nanopore sequencing. The equipment and samples were then delivered 

onto the RFA Argus, and the samples were processed on board the RFA Argus by the 

BMS. Subsequently, a second opportunity to deploy a CMg workflow to the RFA Argus 

became available. Due to challenges associated with detection of viral pathogens, this 

exercise aimed to detect bacterial pathogens from excess sputum samples. A CMg 

workflow was adapted from a previously published method that successfully identified 

respiratory pathogens with good sensitivity and specificity using nanopore-based DNA 

sequencing within a fixed laboratory environment (62) and deployed to the RFA Argus to 

process excess sputum samples and the results compared to routine microbiology testing. 

5.2.4 Aims 

The aims of this chapter were to evaluate the operation of CMg workflows within a 

deployed MTF by a military BMS to identify the logistical and technical challenges and 

inform the future optimisation of CMg wet-lab methods. Whilst the development of a CMg 

workflow for respiratory samples was not intended to be a focus of this project, the 

processing of respiratory samples for CMg and compared to routine microbiology would 

provide a greater understanding of the interpretation of CMg outputs for the identification 

of the causative pathogen of a respiratory infection, building upon the work previously 

carried out by other research groups.  
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5.3  Methods  

5.3.1 Exercise one: viral clinical metagenomics workflow 

5.3.1.1 Sample collection 

Ten nasopharyngeal swab samples were collected for routine COVID-19 testing from UK 

military personnel and tested using the BioFire FilmArray respiratory panel RP2.1. 

Following the completion of routine testing, samples were anonymised and provided for 

CMg analysis as part of the proof of concept exercise. Permission for the use of the 

excess samples was provided by the Defence Centre of Pathology as part of a service 

evaluation exercise. 

5.3.1.2 RNA extraction 

Processing for CMg was carried out by a Royal Air Force BMS on board the RFA Argus 

within the role three MTF. The laboratory set-up, including the mobile workstation, thermal 

cyclers and MK1c sequencing device (Oxford Nanopore Technologies) is shown in Figure 

37.  

 

 

Figure 37. Image of the equipment and laboratory set-up used on board the RFA Argus to process samples 

for CMg.  

Image credit: Sergeant Jack Robson. 

 

Two hundred microliters of viral transport media was taken from each swab sample tube 

and added to a separate labelled 1.5 mL tube. One negative control consisting of 

DNase/RNase free water (Invitrogen) was included at this stage and processed 

simultaneously. Multiple viral particle enrichment steps were then applied, as recommended 
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by previous viral metagenomics studies for the removal of host genetic material and 

increasing the sensitivity of viral detection (294, 295). These viral enrichment steps were 

selected due to their compatibility with the equipment available for the exercise and due to 

constraints on the reagents available. For example, filtration of the sample through a 0.45 

µM polyethersulfone filter was omitted due to delays to the delivery of the required reagents. 

Each tube was centrifuged at 13400 rpm for 12 min to pellet the human and bacteria cells 

and the supernatant was transferred to a new labelled 1.5 mL tube. RNA was then extracted 

using the Quick-RNA Viral Kit (Zymo Research) according to the manufacturer’s 

instructions, selected due to the end-user’s familiarity with the protocol. Four hundred 

microliters of Viral RNA Buffer were added to 200 µL of the supernatant and mixed by 

pipetting. The mixture was then transferred to a Zymo-Spin IC Column in a Collection Tube 

and centrifuged for 2 min at 13400 rpm. Four hundred microliters RNA Wash Buffer was 

added to the column and the column was centrifuged for 1 min and the flow-through 

discarded. The DNase I reaction mix was then prepared by mixing 35 µL DNA Digestion 

buffer with 5 µL reconstituted DNase I enzyme (1 U/µL) and 40 µL of this mix was then 

added to the matrix of the Zymo-Spin IC Column and incubated at room temperature for 15 

min.  This DNase incubation step represented the second viral enrichment step. Five 

hundred microliters of RNA prep buffer were then added to the column and centrifuged at 

13400 rpm for 1 min.  The flow through was discarded and the treated sample proceeded 

to RNA purification. Five hundred microliters Viral Wash Buffer was added to the column, 

the column was centrifuged at 13400 rpm for 30 s and the flow through discarded and the 

step repeated. Five hundred microliters of 95% ethanol were added to the column and 

centrifuged at 13400 rpm for 1 min.  The column was then transferred to a new 1.5 mL 

elution tube and 15 µL DNase/RNase free water was added to the column and centrifuged 

at 13400 rpm for 30 s to elute the RNA.  

5.3.1.3 Whole Transcriptome Amplification (WTA) 

The protocols for cDNA synthesis and WTA using the Qiagen WTA single cell kit (Qiagen) 

were adapted from methods described by Fomsgaard et al. 2022 (324) and Rosentierne et 

al. 2014 (325). Firstly, 11 µL of purified RNA was added to a 0.2 mL PCR tube. Two 

microliters of gDNA wipeout buffer were added to the RNA and incubated at 42°C for 10 

min on a miniPCR® mini16 thermal cycler (miniPCR Bio). Samples were added to a 96-well 

cool block to cool. The RT mix was then prepared by mixing 4 µL of RT/Polymerase buffer, 

1 µL Random Hexamers (25 ng/µL), 1 µL Random Primer and 1 µL Quantiscript RT Enzyme 

Mix. Seven microliters of the RT mix were then added to the purified RNA and incubated at 

42°C for 60 min followed by 95°C for 5 min on a thermal cycler. The tubes were then placed 

on a 96-well cool block to cool. The ligation mix was then prepared in a 0.2 mL PCR tube 

by mixing 8 µL Ligase Buffer and 2 µL Ligase Mix. Ten microliters of the ligation mix were 

added to the sample tube and incubated at 24°C for 30 min and 95°C for 5 min on a thermal 
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cycler and the tubes placed on a 96-well cool block to cool. The REPLI-g SensiPhi 

amplification mix was then prepared in a 1.5 mL tube by mixing 29 µL REPLI-g SC Reaction 

Buffer and 1 µL REPLI-g SensiPhi DNA Polymerase. Thirty microliters of the REPLI-g 

SensiPhi amplification mix was added to the ligation reaction from the previous step and 

incubated at 30°C for 2 h and 65°C for 5 min on a thermal cycler. The tubes were then 

placed on a 96-well cool block to cool.  

5.3.1.4 DNA quantification  

Total DNA concentration was quantified using the dsDNA HS assay kit on the Qubit 4 

fluorometer according to the manufacturer’s instructions, as previously described.  

5.3.1.5 Library preparation and sequencing  

Quantified samples were then prepared for sequencing using the Rapid Barcoding (SQK-

RBK004) library preparation kit (Oxford Nanopore Technologies) according to the 

manufacturer’s instructions. Ten samples plus the negative control were multiplexed on the 

sequencing run. Up to 400 ng DNA in a total volume of 7.5 µL was added to a 0.2 mL PCR 

tube and 2.5 µL Fragmentation Mix RB01-12 was added and the reaction incubated at 30°C 

for 1 min and then at 80°C for 1 min on the thermal cycler. The tubes were then placed on 

a 96-well cool block to cool. Five microliters from each library were pooled into a 1.5 mL 

LoBind tube and 10 µL of the pooled libraries was transferred to a new 0.2 mL PCR tube. 

One microliter of Rapid Adapter was added to 10 µL of the pooled libraries and the tube 

was incubated at room temperature for 5 min.  A R9.4.1 Flow cell (Oxford Nanopore 

Technologies) was inserted into an MK1c sequencing device (Oxford Nanopore 

Technologies). The flow cell was then checked using the flow cell check programme. Once 

checked and if there were >800 pores available for sequencing, the flow cell was primed for 

loading. Thirty microliters of thawed and mixed Flush Tether were added directly to the tube 

of thawed and mixed Flush Buffer and mixed by vortexing at room temperature. Eight 

hundred microliters of this priming mix were then added to the priming port of the flow cell. 

The flow cell was then incubated on the MK1c device for 5 min at room temperature. Once 

incubated for 5 min, the pooled libraries were prepared for loading. Thirty-four microliters of 

sequencing buffer, 25.5 µL of loading beads and 4.5 µL of nuclease-free water were added 

directly to the tube containing the pooled libraries. The SpotOn sample port cover was lifted 

and 200 µL of the priming mix was added to the priming port. Seventy-five microliters of the 

prepared library were loaded into the SpotOn sample port in a dropwise fashion. The 

SpotOn sample port and Priming port covers were then replaced. A new experiment was 

then set up using the MK1c MinKnow user interface. The library preparation kit was 

selected, and the sequencing run set for 12 h duration. The sequencing run was then 

started, and the data stored in Fast5 and Fastq format. 
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5.3.1.6 Bioinformatics analysis  

Analysis of the sequencing data to determine the number of reads assigned to the viral 

pathogens was carried out using the EPI2ME ARMA pipeline (Oxford Nanopore 

Technologies) following transfer of the MK1c to Dstl Porton Down. The EPI2ME ARMA 

pipeline includes a species identification workflow, known as What’s in my Pot (WIMP). 

WIMP uses Kraken to map kmers to the Refseq database, identifying at the strain or 

species level, or at a higher taxonomic level if the species is not present in the database 

(326). The additional ARMA pipeline then uses the CARD for AMR gene identification, 

applying the default threshold for identification of >75% alignment identity and >40% 

coverage.  

5.3.2 Exercise two: bacterial clinical metagenomics workflow  

5.3.2.1 Sample collection 

Twenty sputum samples were collected from patients with a suspected LRTI as part of 

their routine care at Frimley Park Hospital, UK. Samples were stored at 4-8°C until the 

completion of routine microbiological culture testing, carried out by the Frimley Park 

Hospital diagnostic laboratory. Samples were anonymised and provided for CMg analysis 

as part of a service evaluation exercise.  

5.3.2.2 Routine microbiology testing 

Samples were processed for routine microbiology according to the procedures detailed by 

the UK SMI: Investigation of bronchoalveolar lavage, sputum and associated specimens 

(32). Plates were examined at 18-24 h and again at 48 h post-inoculation for growth with 

extended incubation if required. Potentially significant isolates were selected and identified 

according to colony morphology, growth characteristics, Gram stain and rapid biochemical 

tests. Confirmation of colony identity was carried out by MALDI-TOF-MS or by extended 

biochemical tests including API® test strips (Biomerieux). The level of identity reported 

was based on the clinical presentation, the isolate and following any specific clinical 

instructions. AST was carried out by disc diffusion assay. Pure isolates were streaked 

against antibiotic panels according to the isolate. Conduct of antibiotic susceptibility 

testing and interpretation of zones of inhibition was done according to EUCAST guidelines 

(36).    

5.3.2.3 DNA extraction 

Suitable containment level 3 laboratories were not available on board the RFA Argus at the 

time of the exercise. Therefore, samples underwent the host depletion and heat inactivation 

steps at Frimley Park hospital prior to delivery to the RFA Argus. An equal volume of sputum 

sample and Remel™ sputasol solution (ThermoFisher) were mixed and incubated at 37°C 

with periodic shaking until liquefied. Four hundred microliters of liquefied sample were 
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transferred into a 2 mL microcentrifuge tube and centrifuged at 11000 rpm for 5 min.  The 

supernatant was removed, and the pellet resuspended in 200 µL PBS. The sample then 

underwent the optimised one-pot saponin host depletion. Forty microliters of 30% saponin 

in PBS, 200 µL HLSAN buffer (5.5 M NaCl and 100 mM MgCl2 in molecular-grade water) 

and 10 µL HLSAN DNase enzyme were added to the sample and mixed by pipetting. The 

tube was then incubated at 37°C for 10 min at 1000 rpm on a thermomixer. Nine hundred 

microliters PBS was added, and the tube centrifuged at 13400 rpm for 3 min.  The 

supernatant was discarded, and the pellet re-suspended in 200 µL PBS. The sample was 

then heat inactivated at 80°C for 30 min and then frozen at -20°C ready for transfer to the 

RFA Argus.  

On board the RFA Argus, the DNA was extracted from the depleted samples using the 

ZYMO Quick-DNA Fungal/Bacterial Miniprep Kit (ZYMO Research) according to the 

manufacturer’s instructions. Two hundred microliters of sample were added to a labelled 

ZR BashingBead™ Lysis Tube (0.1 mm & 0.5 mm). A negative control of nuclease-free water 

only was included at this stage and processed simultaneously. Seven hundred and fifty 

microliters of BashingBead Buffer was then added and the tubes were secured to a vortex 

with 2 mL adapter and vortexed at maximum speed for 20 min.  The tubes were then 

centrifuged at 12200 rpm for 1 min and 400 µL of supernatant was transferred to a Zymo-

Spin™ III-F Filter unit placed in a collection tube and centrifuged at 11000 rpm for 1 min.  

The filter unit was removed and 1200 µL of Genomic Lysis Buffer was added to the filtrate. 

Eight hundred microliters of the mixture were added to a new Zymo-Spin™ IICR Column 

placed in a new collection tube and centrifuged at 12200 rpm for 1 min.  The flow through 

was discarded and the step repeated. The Zymo-Spin™ IICR Column filter unit was placed 

into a new filter unit and 200 µL DNA Pre-Wash Buffer was added to the column and was 

centrifuged at 12200 rpm for 1 min.  Five hundred microliters of g-DNA Wash Buffer were 

added to the column and centrifuged at 12200 rpm for 1 min.  The column filter unit was 

added to a 1.5 mL microcentrifuge tube and 40 µL of DNA Elution Buffer was added directly 

to the column matrix. The column was centrifuged at 12200 rpm for 30 s to elute the DNA. 

The 40 µL DNA extract was then either stored at -20°C or progressed directly to library 

preparation.  

5.3.2.4 DNA purification and quantification 

The 40 µL DNA extract was purified by AMPure XP bead purification according to the 

manufacturer’s instructions. AMPure XP beads were added to the DNA extract at a ratio 

of 1.2 × beads to DNA extract in a 1.5 mL LoBind tube. Following the DNA purification, 

carried out as previously described, the DNA was eluted into 20 µL nuclease-free water.  

The purified DNA was then quantified using the dsDNA HS assay on the Qubit 4 

fluorimeter, as previously described.  
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5.3.2.5 DNA library preparation and sequencing 

DNA was then prepared for sequencing using the Rapid PCR Barcoding kit. Firstly, 2.5 µL 

Fragmentation Mix was added to 10 ng DNA made up to 7.5 µL total volume with nuclease-

free water, for a total volume of 10 µL and the reaction heated to 30°C for 1 min and 80°C 

for 1 min on the thermal cycler. The sample then underwent the PCR reaction with the 

following reagent volumes; 10 µL fragmented DNA sample, 2 µL Rapid Barcode, 50 µL 

LongAmp Taq 2 × Master mix (New England Biosciences) and 38 µL nuclease-free water 

for a total reaction volume of 100 µL. The PCR programme used was initial denaturation for 

3 min at 95°C (1 cycle), denaturation for 15 s at 95°C, annealing for 15 s at 56°C, extension 

for 4 min at 65°C (25 cycles) followed by a final extension of 4 min at 65°C (1 cycle). Up to 

11 libraries, including 1 × negative control, were then pooled and purified by 0.6 × AMPure 

XP bead purification as previously described. The purified DNA was then quantified by Qubit 

dsDNA HS assay as previously described and 370 ng of DNA was taken forward to the 

adapter ligation step in a total volume of 10 µL. The pooled libraries then underwent adapter 

ligation and library loading according to the manufacturer’s instructions as previously 

described. Libraries were sequenced on an MK1c device on an R9.4.1 flow cell for 24 h and 

the data stored in Fast5 and Fastq formats. 

5.3.2.6 Bioinformatics analysis  

ONT Taxonomic Profiling, a custom bioinformatics pipeline for the taxonomic profiling of 

microbial species and for the identification of AMR genes, previously developed for the 

analysis of metagenomics datasets for infectious disease diagnostics was applied (63). 

Fast5 files were base-called and de-multiplexed using the guppy_basecaller Super 

Accuracy model and the guppy_barcoder of the Guppy software v6.2.x, respectively and 

the minimum barcoding score was set to 65. Minimap2 v2.17 was used to remove human 

reads from the data by mapping against the Homo sapiens reference genome CHM13v2 

and then to map to the remaining reads to the RefSeq database to identify the microbial 

species. The reads were then filtered based on the harmonic mean of identity and 

coverage of the mapped reads using the following equation:  

(2 ×
[𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦 + 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒]

[𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦 × 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒]
 

Reads with a taxa score ≥ 85 were included for taxonomic profiling. The pipeline also 

included applying the KMA (version 1.4.9) tool to screen for AMR genes with the 

amrfinderplus (v3.10) database. Microbial species identification was presented as the total 

number of reads assigned to the species and the percentage of the total classified 

microbial reads aligned to the species. Species were concluded to be present if ≥5 reads, 

minus the number of reads of the same species identified in the negative control sample, 
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matched that species. AMR genes were concluded to be present if their template identity 

and coverage were ≥ 90% and their depth of coverage reported by KMA were ≥ 1X.  

5.3.3 BioFire FilmArray pneumonia panel plus analysis 

The DNA extracts were stored at -20°C on board the ship and were transferred to Dstl 

Porton Down for additional analysis using the BioFire FilmArray pneumonia panel plus. 

Firstly, the pouch was loaded onto the pouch loading station and hydrated using the 

hydration vial. The sample buffer was added to the sample injection vial and the DNA 

extract was added directly to the sample buffer and mixed by pipetting. The sample mix 

was then added to the pouch via the sample port. The prepared pouch was then loaded 

into the BioFire FilmArray 2.0 platform, and the run started using the BioFire FilmArray 2.0 

software sputum protocol. 

5.4  Results  

5.4.1 Exercise one: Deployment of a viral pathogen clinical metagenomics 

workflow to the RFA Argus 

Routine testing of nasopharyngeal samples collected as part of asymptomatic COVID-19 

testing of military personnel was carried out and ten samples were provided for CMg 

analysis on board the RFA Argus. Eight samples reported the identification of ≥1 

respiratory virus, including adenovirus, parainfluenza 2 and 3, influenza A and B virus and 

respiratory syncytial virus. The remaining two samples were reported as negative (Table 

17). CMg sequencing produced a mean total reads of 13574 (range; 1019-25010) per 

sample. The mean number of human reads per sample was 10811 reads (range; 672-

23259) compared to a mean number of viral reads of 110 (range; 4-247). Of the viruses 

reported by BioFire FilmArray respiratory panel RP2.1 testing, the same virus was not 

reported in any sample by CMg (Table 17).  
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Table 17. Results of the CMg analysis of nasopharyngeal swab samples processed on board the RFA Argus.  

Sample Total Reads Bacteria reads Viral reads 
Human 
reads 

BioFire 
FilmArray 

respiratory 
panel 2.1 

report 

Corresponding 
viral pathogen 
identified by 

CMg 

1 1019 341 4 672 Adenovirus None 

2 21645 1346 247 19844 Adenovirus None 

3 25010 1350 240 23259 
Parainfluenza 

2 
None 

4 23935 1180 138 22540 
Parainfluenza 

3 
None 

5 9414 893 79 8401 
Influenza A 
virus H1N1 

None 

6 14701 1201 113 13349 
Influenza B 

virus 
None 

7 9696 610 105 8940 
RSV and 

Parainfluenza 
3 

None 

8 8272 711 107 7436 

Influenza B 
virus and 

Parainfluenza 
3 

None 

9 18468 14778 50 2950 Negative None 

10 3578 2790 20 715 Negative None 

Viral transport media from nasopharyngeal swab sample tubes collected as part of routine COVID-19 testing 

of military personnel was processed for CMg on board the RFA Argus as part of a proof of concept exercise. 

The sequencing data was analysed using the Epi2me ARMA pipeline. No viral pathogens identified by the 

BioFire FilmArray respiratory panel RP2.1 were identified by CMg.  

 

5.4.2 Exercise two: deployment of a bacterial clinical metagenomics workflow to 

the RFA ARGUS 

Twenty excess sputum samples were collected from patients with a suspected LRTI and 

19 were processed for standard of care microbiological culture testing by an NHS 

laboratory. One sample was provided for CMg testing but had not undergone culture 

testing. Five out of nineteen (26%) samples reported the presence of upper respiratory 

tract commensal (URTC) species without a respiratory pathogen present. The remaining 

14/19 (74%) samples reported the presence of ≥1 respiratory pathogens, identifying a 

total of 22 respiratory pathogens. Multiple pathogens were detected in 5/14 samples and 

pathogens were reported to be mixed with respiratory commensal species in six samples. 

Haemophilus influenzae and P. aeruginosa were the most identified respiratory pathogens 

(n=4) followed by S. aureus (n=3).  

Working on board the RFA Argus within the role three MTF, the BMS successfully 

processed and generated sequencing reads from all samples. The mean total number of 

reads per sample was 346634. The mean number of human reads per sample was 61144 

and the mean number of classified microbial reads was 285490. Of the 22 respiratory 

pathogens reported by routine microbiology, 14/22 were identified by CMg at ≥1% of 



164 
 

classified microbial reads. An additional three reported pathogens were identified by CMg 

at ≥0.1% classified microbial reads. From the culture positive samples, CMg identified 

additional respiratory pathogens in 9/14 samples. In the samples in which microbiology 

identified URTCs only, CMg agreed in 2/5 samples, with no respiratory pathogens 

identified. CMg identified additional pathogens not identified by microbiology in 3/5 of 

these samples. S. pneumoniae was the most identified respiratory pathogen by CMg 

(n=7), followed by H. influenzae (n=3).  

To provide additional corroboration of the CMg results, the DNA extracts were repatriated 

from the ship and transferred to Dstl Porton Down for additional analysis using the BioFire 

FilmArray pneumonia panel plus v2.0. Fourteen of the 20 DNA extracts tested positive for 

the detection of ≥1 respiratory pathogen, reporting 20 respiratory pathogen species in 

total, including 19 bacteria and one virus. Of the 19 bacteria species reported, CMg 

identified 12/19 (63.2%) at ≥1% classified microbial reads. This increased to 16/19 

(84.2%) when applying the threshold of ≥0.1% of classified microbial reads. Additional 

pathogens were identified by CMg in three samples that tested negative by BioFire 

FilmArray analysis, with all three being S. pneumoniae. The results of routine 

microbiology, CMg and BioFire FilmArray pneumonia panel plus analysis are presented in 

Table 18.  

 

Table 18. Results of CMg from sputum samples processed on board the RFA Argus and additional routine 

microbiology and BioFire FilmArray pneumonia panel plus testing carried out in the UK. 

Sample 
Total 

Reads 
Human 
Reads 

Classified 
microbial 

reads 

Organism 
identified by 

Culture 

BioFire 
FilmArray 

Pneumonia 
panel plus report 

(copies/mL) 

Respiratory pathogens 
identified by CMg 

Respiratory 
pathogen 

reads 

Proportion 
of 

classified 
microbial 

reads 

1 339265 2307 233017 URTC Negative S. pneumoniae 29536 12.7 

2 592078 590361 922 
SG S. aureus. 

Mixed with 
respiratory flora. 

S. aureus (104) None - - 

3 363967 33667 251502 URTC Negative None - - 

4 494087 53065 342112 
Light growth (LG) 

H. influenzae 

H. influenzae 
(106) 

S. pneumoniae                       
H. influenzae 

9154      
2619 

2.7 
0.8 

5 44565 25010 15595 

Routine 
microbiology 

testing results not 
reported. 

Negative S. pneumoniae 288 1.8 

6 511417 6495 355694 
S. oralis mixed 

with URTCs 
Negative S. pneumoniae 7392 2.1 

7 474205 8346 345198 

Moderate growth 
(MG) H. 

influenzae. 
Mixed with 

respiratory flora. 

H. influenzae 
(107) 

H. influenzae 
S. pneumoniae 

13893 
5559 

4.0 
1.6 

8 403305 79330 320988 MG S. aureus 
S. aureus (106) 
H. influenzae 

(105) 

S. aureus 
 

H. influenza 

314496 
 

4128 

98.0 
 

1.3 

9 686981 14564 521873 

MG H. influenzae 
SG K. 

pneumoniae. 
Mixed with 

respiratory flora. 

Moraxella 
cattarhalis (107) 

 

M. catarrhalis 

 

113544 
 

21.8 
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10 583793 1693 441744 URTC 
Parainfluenza 

virus 

Neisseria meningitides 
Aggregatibacter sp. oral taxon 

513 
S. pneumoniae 

12804 
8829 

 
5938 

2.9 
2.2 

 
1.5 

11 60329 4772 46988 
MG S. 

pneumoniae 
S. pneumoniae 

(106) 
S. pneumoniae 172 0.4 

12 69781 5757 55134 
Heavy growth 

(HG) Serratia spp. 
Serratia 

marcescens (107) 
S. marcescens 28547 51.6 

13 61632 302 47578 

HG P. aeruginosa 
MG yeast 

LG S. 
marcescens 

P. aeruginosa 
(107) 

S. marcescens 
(106) 

P. aeruginosa 
Stenotrophomonas maltophilia 
Aggregatibacter aphrophilus 

S. marcescens 

10464 
4974 
1253 
443 

22.0 
10.5 
2.6 
0.9 

14 57857 81 53142 

MG M. catarrhalis 
LG P. aeruginosa 

Neisseria spp. 
Mixed with 

respiratory flora. 

M. catarrhalis 
(107) 

P. aeruginosa 
(107) 

M. catarrhalis 

Neisseria mucosa 
P. aeruginosa 

47419 
3070 
158 

89.2 
5.8 
0.3 

15 76487 4268 56412 URTC S. aureus (105) None - - 

16 274964 19220 177184 

MG M. 
catarrhalis. 
Mixed with 

respiratory flora. 

Negative None - - 

17 545312 1745 506232 
MG S. 

marcescens 

S. marcescens 
(107) 

H. influenzae 
(106) 

S. marcescens 
K. pneumoniae 

385530 
13009 

76.2 
2.6 

18 335856 8430 259281 
LG H. influenzae 

Mixed with 
respiratory flora. 

H. influenzae 
(106) 

H. influenzae 
S. pneumoniae 

12030 
5206 

4.6 
2.0 

19 385404 18114 346898 
MG P. aeruginosa 

LG S. aureus 

P. aeruginosa 
(107) 

S. aureus (107) 

S. aureus 
P. aeruginosa 

242342 
65793 

69.9 
19.0 

20 571399 345354 192591 

MG P. aeruginosa 
LG 

Achromobacter 
spp. 

SG yeast 

P. aeruginosa 
(107) 

P. aeruginosa 
S. maltophilia 
C. albicans 

Achromobacter xylosoxidans 

159910 
8881 
7804 
7086 

83.0 
4.6 
4.1 
3.7 

Excess sputum samples collected from NHS patients with a suspected LRTI were transferred to the RFA 

Argus for CMg testing, as part of a proof of concept exercise. DNA extracts were returned to Dstl Porton Down 

for BioFire FilmArray pneumonia panel plus analysis. Respiratory pathogen species identified by routine 

microbiology, BioFire FilmArray analysis and CMg are reported. % classified microbial reads = the number of 

reads assigned to a species over the total number of taxonomically classified microbial reads obtained.  

 

The results of AST carried out as part of routine microbiology testing were provided for six 

samples. Of these six samples, AMR genes associated with resistance to the antibiotic 

class and species identified by routine microbiology AST was also identified by CMg in 

sample four H. influenzae was determined to be β-lactamase resistant by AST and CMg 

identified the blaTEM AMR gene, associated with resistance to penam, penem, 

cephalosporin and monobactam antibiotics in H. influenzae, according to the CARD (216). 

However, AMR genes associated with resistance to tetracyclines and fluoroquinolones, 

amongst other antibiotic classes, were also identified by CMg which were not identified by 

AST. Notably, resistance to tetracyclines and macrolides were most identified by CMg but 

were not identified by AST. MefA, associated with resistance to macrolide antibiotics, was 

the most identified AMR gene, identified in 14 samples. Resistance genes associated with 

resistance to tetracycline were the most identified, identified 63 times in 14/19 samples, 

followed by resistance genes associated with resistance to macrolides, with 44 AMR gene 

identifications. BioFire FilmArray analysis did not report the presence of an AMR gene in 

any sample (Table 19).   
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Table 19. Results of AST and identification of AMR genes by BioFire FilmArray pneumonia plus panel and 

CMg.  

Sample 
Routine 

microbiology AST 
report 

BioFire FilmArray 
Pneumonia panel 
plus AMR gene 

report 

AMR gene 
identified by CMg 

Associated Resistance to antibiotic drug class 

1 
AST result AST result 

not reported 
None 

tetA46 
pmrA 
mefA 

msrD 
tetM 
ermB 

Tetracycline 
Fluoroquinolone 

Macrolide 
Macrolide 

Tetracycline 
Streptogramin, macrolide, lincosamide 

2 
AST result not 

reported 
None None identified - 

3 
AST result not 

reported 
None 

tetA46 
mefA 
msrD 
tetW 

blaCfxA-3 
tetB(46) 

Tetracycline 
Macrolide 
Macrolide 

Tetracycline 
Cephamycin 
Tetracycline 

4 
H. infleunzae β-

lactamase positive 
None 

lsaC 

tet37 
tetQ 

tetA46 
pmrA 
blaTEM 
mefA 
msrD 
tetM 
tetO 
ermB 
tetW 

blaCfxA-3 
ermX 

tetB46 

Lincosamide, streptogramin, pleuromutilin 
Tetracycline 
Tetracycline 
Tetracycline 

Fluoroquinolone 
Penam, penem, cephalosporin, monobactam 

Macrolide 
Macrolide 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Tetracycline 
Cephamycin 

Streptogramin, macrolide, lincosamide 
Tetracycline 

5 
Routine microbiology 

result not reported 
None 

pmrA 
mefA 
msrD 

Fluoroquinolone 
Macrolide 
Macrolide 

6 
AST result not 

reported 
None 

lnuC 
lsaC 
tetQ 

tetA46 
pmrA 
mefA 

msrD 
tetM 
tetO 

blaCfxA 
tetB46 

Lincosamide. 
Lincosamide, streptogramin, pleuromutilin 

Tetracycline 
Tetracycline 

Fluoroquinolone 
Macrolide 
Macrolide 

Tetracycline 
Tetracycline 

Oxacephem, cephamycin 
Tetracycline 

7 
H. infleunzae β-

lactamase negative 
 

None 

lsaC 
mefA 
tetM 
tetQ 

tetA46 
tetA60 
pmrA 
hmrM 
msrD 
ermB 

aph(3')-IIIa 
ermF 
blaCfxA 
tetO 

tetB46 
tetB60 

Lincosamide, streptogramin, pleuromutilin 
Macrolide 

Tetracycline 
Tetracycline 
Tetracycline 
Tetracycline 

Fluoroquinolone 
Fluoroquinolone 

Macrolide 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Streptogramin, macrolide, lincosamide 

Cephamycin 
Tetracycline 
Tetracycline 
Tetracycline 

8 
AST result not 

reported 
None 

blaR-1 
tetM 

mepA 
hmrM 
blaZ 
tet38 
lmrS 

 
Penam 

Tetracycline 
Tetracycline 

Fluoroquinolone 
Penam 

Tetracycline 
Oxazolidinones, trimethoprim, phenicol, macrolide, 

fusidane 
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9 
AST result not 

reported 
None 

lsaC 

tetA46 
tetA60 
pmrA 
mefA 
msrD 

aph(6)-Id 
aph(3'')-Ib 

tetB 
aph(3')-IIIa 

blaBRO 
blaCfxA-3 
ermX 
catA2 

blaTEM 
tetB46 
tetM 

Lincosamide, streptogramin, pleuromutilin 
Tetracycline 
Tetracycline 

Fluoroquinolone 
Macrolide 
Macrolide 

Aminoglycoside 
Aminoglycoside 

Tetracycline 
Aminoglycoside 

Penam 
Cephamycin. 

Streptogramin, macrolide, lincosamide 
Phenicol 

Penam, penem, cephalosporin, monobactam 
Tetracycline 
Tetracycline 

10 
AST result not 

reported 
None 

mefA 
tetM 

tetA46 
tetA60 

pmrA 
hmrM 
msrD 
ermB 
tetW 

blaCfxA-3 
blaOXA-85 

tetB46 
tetB60 

Macrolide 
Tetracycline 
Tetracycline 
Tetracycline 

Fluoroquinolone 
Fluoroquinolone 

Macrolide 
Streptogramin, macrolide, lincosamide 

Tetracycline 
Cephamycin 

Penam 
Tetracycline 
Tetracycline 

11 
AST result not 

reported 
None 

tetM 

ermX 

Tetracycline 
Streptogramin, macrolide, lincosamide 

12 
S. marcesans AmpC 

positive 
None sdeY Multidrug 

13 
S. marcescens β-
lactamase positive 

None 

lsaC 
mefA 
tetW 
catB7 

blaCfxA-3 

ermX 
crpP 

Lincosamide, streptogramin, pleuromutilin 
Macrolide 

Tetracycline 
Phenicols. 

Cephamycin 
Streptogramin, macrolide, lincosamide 

Fluoroquinolone 

14 
AST result not 

reported 
None 

norM 
blaBRO 

Multidrug 
Penam 

15 
AST result not 

reported 
None 

lsaC 
tetM 

tetA46 
tetA60 
mefA 
msrD 
tetB46 

Lincosamide, streptogramin, pleuromutilin 
Tetracycline 
Tetracycline 
Tetracycline 
Macrolide 
macrolide 

Tetracycline 

16 
AST result not 

reported 
None 

lsaC 
tetA46 
tetA60 
blaTEM-1 

mefA 
msrD 
tetM 
ermB 

blaCfxA 
tetB46 
tetB60 

Lincosamide, streptogramin, pleuromutilin 
Tetracycline 
Tetracycline 

Penam, monobactam, penem, cephalosporin 
Macrolide 
Macrolide 

Tetracycline 
Streptogramins, macrolide, lincosamide 

Oxacephem, cephamycin 
Tetracycline 
Tetracycline 

17 
S. marcescens 
AmpC positive 

None 

pmrA 
sdeY 
tetM 
ermX 

Fluoroquinolone 
Multidrug 

Tetracycline 
Streptogramin, macrolide, lincosamide 

18 
H. influenzae β-

lactamase negative 
None 

lsaC 
tetM 

tetW 
tetA46 
tetA60 
pmrA 
hmrM 
mefA 
msrD 
tetO 
ermB 
tet(B) 

tetB(46) 
tetB(60) 

Lincosamide, streptogramin, pleuromutilin 
Tetracycline 
Tetracycline 
Tetracycline 
Tetracycline 

Fluoroquinolone 
Fluoroquinolone 

Macrolide 
Macrolide 

Tetracycline 
Streptogramins, macrolide, lincosamide 

Tetracycline 
Tetracycline 
Tetracycline 
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19 
AST result not 

reported 
None 

mepA 
mefA 
msrD 
tetM 
blaZ 

fosB-Saur 
ermB 
blaR-1 
tet38 
lnuG 

catB7 
ermX 
lmrS 
crpP 

tetB46 

Tetracycline 
Macrolide 
Macrolide 

Tetracycline. 
Penam 

Phosphonic 
Streptogramins, macrolide, lincosamide 

Penam 
Tetracycline 
Lincosamide 

Phenicols 
Streptogramin, macrolide, lincosamide 

Oxazolidinone, trimethoprim, phenicol, macrolide, fusidane 
Fluoroquinolone 

Tetracycline 

20 
AST result not 

reported 
None 

catA16 
mefA 
pmrA 

emrB-sm 
mexA 

 
 

 
catB7 
ermX 
crpP 

Phenicol 
Macrolide 

Fluoroquinolone 
Fluoroquinolone. 

Peptide, sulfonamide, diaminopyrimidine, carbapenem, 
tetracycline, macrolide, penam, aminocoumarin, 

fluoroquinolone, cephalosporin, phenicol, monobactam, 
cephamycin, penem 

Phenicols. 
Streptogramins, macrolide, lincosamide 

Fluoroquinolone 

Results of routine microbiology AST from sputum samples collected from NHS patients with a suspected 

LRTI, the AMR genes identified by CMg and BioFire FilmArray pneumonia panel plus analysis are reported. 

The antibiotic class to which each AMR gene is associated was determined according to the CARD. AMR 

genes associated with resistance to the antibiotic drug classes identified by AST in the same sample are 

highlighted in bold. Six samples reported AST results, with CMg identifying a matching AMR gene in sample 4. 

BioFire FilmArray analysis did not report the identification of any AMR genes. 

 

5.5  Discussion 

This chapter describes two proof of concept exercises, carried out to better understand 

the technical and logistical challenges associated with operating a CMg workflow within a 

deployed MTF. Ultimately, this work will be used to inform the future development and 

optimisation of CMg workflows and the interpretation of the output of these workflows. The 

first exercise consisted of the processing of excess nasopharyngeal swabs, collected as 

part of routine COVID-19 testing, on board the RFA Argus ship by a military BMS. The 

BMS was trained in each step of the workflow prior to the start of the exercise, the 

equipment and reagents were delivered to the RFA Argus and the BMS set-up and 

operated the equipment within the laboratory. The 11 excess respiratory samples were 

processed on board the ship by the BMS, and the sequence data analysed for the 

detection of viral pathogens. The second exercise aimed to build upon the experience 

gained during the first, processing sputum samples collected from patients with a 

suspected LRTI and comparing the results to routine microbiology testing.  

5.5.1 Exercise one: viral clinical metagenomics workflow 

This exercise represented the first example of CMg being carried out on board a RFA ship 

for the diagnosis of infectious disease. However, there were several limitations and 

challenges associated with operating within the deployed environment, leading to the 

failure to identify the viral respiratory pathogens previously identified by routine testing.  
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Firstly, delays to the delivery of certain reagents prior to the start of the exercise meant 

that it was not possible to establish and optimise the workflow within a standard, fixed 

laboratory environment prior to the delivery of the equipment and reagents to the RFA 

Argus. Therefore, it was feasible that there were technical issues that occured during the 

exercise that had not been previously encountered, leading to the failure to identify the 

viral pathogens. However, without the previous experience of carrying out the workflow it 

was not possible to conclusively identify the cause of the issues experienced during the 

exercise and these can only be speculated on.  

The delay to the delivery of the reagents also meant that the filter centrifuge columns, 

intended for the removal of human and bacterial cellular material pre-RNA extraction, 

were not included in the protocol. This was likely to have increased the proportion of 

human genomic DNA in the sample, which represented the majority of reads relative to 

pathogen reads, preventing the detection of viral pathogens. A comparison of different 

viral particle enrichment strategies for metagenomics studies have found that the inclusion 

of a multi-step approach of centrifugation, syringe filtration and DNase treatment was the 

most effective method for reducing host genetic material whilst retaining viral genetic 

material (294). Future workflows, if targeting viral pathogens, must ensure that the pre-

extraction viral enrichment steps are included to increase the sensitivity of virus detection.  

The logistical requirements of delivering temperature sensitive reagents to the ship also 

presented a significant challenge. Due to last-min changes to the departure location, the 

reagents and equipment were transported to several locations en route to the ship. It is 

likely that this led to the freeze-thaw of the frozen sequencing reagents and the incorrect 

storage of the nanopore flow cells, causing degradation to the reagents and damaging the 

protein nanopores of the flow cells. As a result, a flow cell that had been previously used 

for training purposes with fewer than the recommended 800 pores available for 

sequencing was used for the sequencing run. In a deployed environment, it may be 

necessary to re-locate the MTF for operational reasons or to carry out diagnostics within a 

mobile facility without fixed infrastructure. The use of reagents that are more robust to 

fluctuations in temperature would be advantageous in these situations. Oxford Nanopore 

Technologies have previously released a field sequencing library preparation kit with 

lyophilised reagents suitable for room temperature storage, although this kit is no longer 

available to purchase (327). Use of these reagents may have prevented the reagent 

degradation observed in this exercise. The use of temperature monitoring equipment, 

stored with the reagents to record and alarm during anomalous temperature events would 

also have prevented the incorrect storage of reagents or at least highlighted that the 

reagents had been stored incorrectly and allowed corrective action to be taken and should 

be included in future.  
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Once the reagents and equipment had been delivered, the BMS set up and carried out the 

workflow, providing feedback on any difficulties experienced during sample processing. It 

was reported that the methods were too complex for use on board a ship and that further 

optimisation was required to reduce the method complexity and the number of hands-on 

steps. It was therefore recommended that the number of manual pipetting steps were 

reduced, due to the potential for human error when operating on a ship environment, 

particularly during inclement weather in which the laboratory environment may be 

unstable. The DNA extraction methods used were manual, as a suitable automated 

platform was not available within the timeframe of the exercise. In addition, the library 

preparation methods, including quality control steps, were carried out manually. 

Automated DNA extraction and liquid handling solutions are commercially available and 

bespoke programmes for each step could be designed to reduce the manual handling 

steps. Ultimately, the aim should be to deploy a fully automated sample to result CMg 

platform, operated in a similar manner to platforms such as the BioFire FilmArray 2.0, that 

require no manual input once the sample has been loaded and produces a simple report 

as the output. Direct involvement of industry partners is likely to be required for this to 

develop a bespoke, ruggedized CMg platform suitable for use in austere deployed MTFs.  

Despite these challenges, the first deployment of a CMg workflow to a role three MTF 

environment provided useful experience and greater understanding of the requirements of 

the military end user, space and equipment availability, user time availability and the 

opportunity for the BMS to provide feedback on the operation of the methods. This 

information was then incorporated into the method development for the second exercise.  

5.5.2 Exercise two: bacterial clinical metagenomics workflow 

The second exercise aimed to evaluate the processing of sputum samples for CMg in a 

deployed environment by a military BMS, applying the lessons learned from the first 

exercise. The resulting CMg data was evaluated for the identification of respiratory 

pathogens compared to routine microbiology testing. Following the logistical issues 

experienced when delivering the reagents during the first exercise, additional measures 

were put in place to ensure the correct storage of the reagents. These included 

temperature monitoring of the temperature sensitive reagents to ensure that these were 

maintained at the correct temperature range during transfer. An additional amendment in 

response to the results of the first exercise was that, instead of aiming to detect viral 

pathogens from nasopharyngeal swab samples, the workflow was developed to identify 

bacterial and fungal pathogens from sputum samples. This enabled the use of a saponin 

based host depletion method, previously demonstrated for respiratory sample CMg (62), 

to be incorporated into the workflow to reduce the proportion of human DNA in the 

samples. As a result, sequencing data was successfully generated for all samples, the 



171 
 

human proportion of the sequencing data was reduced, and respiratory pathogens were 

identified in good concordance with routine microbiology.  

Similarly to the first exercise, it was not possible to evaluate the full CMg workflow in 

patient samples within a fixed laboratory environment, including the heat inactivation step, 

prior to the start of the exercise. The heat inactivation step of 80°C for 30 minutes, carried 

out following the host-depletion, was required due to the lack of a suitable containment 

level three laboratory on-board the RFA Argus. Heat inactivation steps alter the 

composition of the microbiomes identified by metagenomics sequencing, depending on 

the sample type, potentially preventing the detection of certain pathogen species (328). 

However, the impact of the heat inactivation step on the detection of bacterial pathogens 

from sputum samples was not fully understood prior to the exercise. The inclusion of a 

positive control mixture of a range of bacterial pathogens at known concentrations, spiked 

into known negative sputum samples and processed alongside the patient samples, could 

have enabled a better understanding of the impact of the heat inactivation step on the 

detection of certain species and is recommended for future exercises. 

Despite representing a more successful attempt at carrying out CMg methods within a 

deployed environment compared to the first exercise, there were still several logistical and 

technical challenges. Firstly, the sensitivity of pathogen detection compared to routine 

microbiology, at 64%, was lower compared to previous examples of respiratory CMg 

workflows carried out in fixed hospital environments (230). For several samples, it was 

reported by the BMS that the viscosity of the sputum sample, despite the addition of 

sputasol solution, that the sample could not be adequately mixed during the host depletion 

step. As a result, it is likely that the efficiency of the host depletion was reduced, resulting 

in a high proportion of human reads. This was observed in sample two, in which scanty 

growth of S. aureus was reported by microbiology testing but was not identified by CMg. 

This is likely due to the low number of classified microbial reads at 922 reads, compared 

to 590361 human reads, indicating that the human depletion had not worked as expected. 

Additional methods for the liquefaction of the sputum samples should be investigated to 

ensure that sufficient human DNA depletion is achieved for all samples.  

An additional challenge for the detection of lower respiratory pathogens was the 

significant proportion of classified microbial reads identified to be URTCs. This was also 

reflected by the reporting of the presence of URTCs by routine microbiology in 6/14 

positive samples. The method for the collection of sputum, involving the patient coughing 

the sputum sample into a sterile container, carries considerable risk of upper respiratory 

tract contamination (329). The presence of URTCs in the sequencing data is likely to 

inhibit the detection of respiratory pathogens by reducing the proportion of reads assigned 

to the lower respiratory pathogen species. Attention should be paid during the sample 

collection process to ensure the adequate quality of sputum sample based on cytologic 
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criteria. Samples can be screened via the detection of squamous epithelial cells, 

indicating upper respiratory tract contamination, and inflammatory cells, such as 

polymorphonuclear leukocytes, that indicate the sample was collected from a site of active 

infection (330). Samples shown to be significantly contaminated should be rejected for 

CMg analysis and, if possible, an additional sample collected to ensure adequate 

sensitivity of pathogen detection.  

The specificity of CMg compared to routine microbiology testing was reduced by the 

erroneous identification of S. pneumoniae in several microbiology and BioFire FilmArray 

negative samples. As discussed, the sequencing data identified significant proportions of 

URTCs, including Streptococcal species such as Streptococcus mitis. S. mitis was 

identified in nine samples by CMg, including every sample in which S. pneumoniae was 

incorrectly identified by CMg. S. mitis shares many genetic features with S. pneumoniae 

and is a reservoir for the exchange of genetic information with S. pneumoniae within the 

respiratory tract environment (331). Therefore, the genetic similarities between the two 

species may have led to the misidentification of S. pneumoniae by the bioinformatics 

analysis pipeline through the incorrect assigning of S. mitis reads. Future deployed 

analysis pipelines should aim to differentiate between S. pneumoniae, a recognised 

respiratory pathogen, and commensal Streptococcal species to improve the specificity of 

the workflow. Similar relationships involving the transfer of genetic material between 

known pathogens and commensal species should be investigated, including those in 

which species are mis-labelled within the database itself, and accounted for in the 

analysis process to prevent false positive identifications.  

An additional challenge related to the identification of AMR genes. A significant number of 

AMR genes were identified per sample by CMg, most related to resistance to tetracycline. 

Although AST results from only six samples were reported, most AMR genes identified by 

CMg were not related to the resistance profile reported by AST. Whilst the untargeted 

nature of CMg is one of the key advantages over targeted tests, the drawback of this 

feature is that information that may not be relevant to the treatment of the infection is also 

reported. As with the reporting of respiratory pathogens, the analysis pipelines for 

deployed CMg workflows must produce an easily interpretable report that enables 

clinicians with limited experience of CMg to inform the treatment of the patient. The 

identification of AMR genes unrelated to the aetiological pathogen should not be reported. 

Previous respiratory sample CMg workflows reported the phenotypes from acquired-

resistance elements, ensuring that only the relevant information was provided to the 

clinician (72). Applying this method, the relevant AMR genes reported by a deployed CMg 

workflow may be pre-determined prior to the deployment and be subject to updates based 

on the location of the deployment and intelligence gained from previous deployments to 
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better target the reporting of AMR genes and ensure that relevant information is not 

omitted.  

Another issue associated with the data analysis was that the analysis was carried out off-

board once the ship had returned to port in the UK. Access to the internet on board the 

ship was limited for operational reasons and there was no availability of a standalone 

device with the required bioinformatics pipelines and databases installed. To enable the 

full processing of samples for CMg whilst on deployment, a standalone data analysis 

platform is required.  

Despite these challenges, this exercise also demonstrated a key advantage of CMg, 

through the identification of respiratory pathogens not identified by routine microbiology. 

This included the identification of M. catarrhalis in sample nine, which was subsequently 

confirmed by BioFire FilmArray testing but had not been identified by microbiology. The 

ability to identify pathogens that are not usually tested for or may be missed by standard 

diagnostic tests is a key advantage of CMg and has been demonstrated throughout this 

project. However, the ability to understand the context and significance of the identification 

of additional pathogens and whether their identification requires treatment must be 

improved. When operating in deployed environments, the BMSs and clinical staff are 

unlikely to have access to a specialist molecular biologist with an in-depth understanding 

of the relationship between the proportion of sequencing reads assigned to a pathogen 

species and the cause of the infection. For example, some additional respiratory 

pathogens identified in this exercise, including S. maltophilia identified in sample 20, 

constituted a low proportion of microbial reads. When identified at low proportions, it may 

not be clear to a clinician whether this represents an aetiological pathogen requiring 

treatment or is present as a commensal species. As CMg becomes a more commonly 

used approach, the understanding of the interpretation and reporting of CMg results 

amongst the clinical community will improve and this should be incorporated into the 

output of deployed CMg workflows. 

5.5.3 The future of deployed diagnostics 

These exercises have demonstrated that it is feasible for CMg methods to be performed in 

deployed military MTFs by BMSs as an additional diagnostic test. This work should now 

be applied to inform the future development of the deployed diagnostic pathway to ensure 

that military personnel receive the optimal treatments for the range of infectious disease 

that they are exposed to, reducing morbidity and mortality. In the short-term, it is expected 

that CMg could provide an additional diagnostic test complimenting the current suite of 

diagnostic tests available to deployed clinicians, applied in instances where standard 

testing is not sufficient. Continued development of CMg methods, including improved 

automation and better interpretation of the results would then enable CMg to be utilised 
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more routinely, even replacing existing diagnostic tests in some cases. However, while 

this project has laid the groundwork for this, the limitations and challenges associated with 

deploying CMg demonstrate that there is much to do before CMg could be used routinely.  

During the completion of this project, external research groups have published CMg 

workflows for the diagnosis of infectious disease, further demonstrating the potential of 

CMg. In a key development, this includes workflows that have combined the detection of 

viral and bacterial pathogens (230), representing another step towards CMg becoming a 

truly untargeted method enabling the detection of all potential pathogens from one test. 

Collaborations with these external research groups to evaluate RNA and DNA based CMg 

workflows in a range of different deployed environments, including land-based MTFs 

would allow CMg methods to continue to be developed for deployed diagnostics. Leading 

on from this project, the Royal Navy have now initiated a project for the procurement of 

the equipment required for CMg workflows so that additional evaluation of CMg in 

deployed environments can take place.  

Further to the ongoing research into the detection of the aetiological agent of an infection, 

there is also considerable research focused on applying measurements of the host 

response to infection. Whilst most studies focus on the measurement of protein host 

biomarkers (332), host metatranscriptomics methods are also in development, as 

reviewed by Haslam, 2021 (333). A potential advantage of introducing CMg methods to 

deployed environments is that related tests measuring additional relevant data points 

could then be applied using the same equipment, or even simultaneously within the same 

workflow, reducing the logistical challenge and providing another method for clinicians to 

evaluate their patients. Rapid host biomarker systems are already in development to 

determine whether an infection is viral or bacterial, to reduce the use of antibiotics in 

cases of viral infection, showing good potential (334) and CMg could expand upon this 

progress.  

Further additions are required for the CMg workflows described in this study to enable 

their routine use for the diagnosis of infectious disease where erroneous results can have 

disastrous consequences for the patient, with method standardisation being crucial to this. 

This includes the use of spike-in controls to identify method failure events and quantify 

exogenous contamination (151, 335),  workflow automation to reduce the potential for 

human error and the production of a simple user interface and report format. The 

generation of the reports should include the automated interpretation of thresholds for the 

positive identification of pathogens according to the pathogen species and the sample 

type, as informed by the clinical and research community as the understanding of the 

detection of specific pathogens increases. The final step towards deploying CMg as a 

routine diagnostic test will be the completion of clinical validation tests consisting of larger 

scale studies to demonstrate the benefits of using CMg in terms of reduced healthcare 
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costs, reduced logistical requirements, and improved patient outcomes compared to 

current diagnostic methods. This is likely to pose a considerable challenge due to the 

untargeted nature of CMg and the ability to, in theory, identify any pathogen present in a 

sample. However, validated commercial CMg services have been established and are in 

operation (336) showing that it is possible, and the potential benefits to patients from the 

availability of rapid, untargeted diagnostics in a deployed environment mean that we 

should continue to work towards this goal.  

5.6  Conclusions 

The work described in this chapter consists of two proof of concept exercises in which 

CMg workflows were deployed to the RFA Argus MTF and samples were processed by a 

military BMS. These represent the first examples of CMg methods carried out on board an 

RFA ship for the diagnosis of infectious disease. Several key challenges were highlighted 

that should be addressed by future method development, including better monitoring of 

temperature sensitive reagents, reducing method complexity through increased 

automation, enabling on-board data analysis and producing simple result outputs. As a 

result of this work, the Royal Navy will expand the evaluation of CMg into new deployed 

environments, and if successful, CMg will become a key part of the deployed diagnostic 

pathway.  
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6 Concluding remarks  

The overall aim of this project was to develop, optimise and evaluate CMg methods for a 

range of sample types relevant to deployed military personnel, building towards the 

ultimate goal of CMg being routinely used for the diagnosis of infectious disease in 

deployed MTFs. The work carried out in this project included the development of a novel 

CMg workflow for the identification of pathogens from wound swab samples, initially using 

contrived swab samples before applying the methods to wound swab samples collected 

from patients with a suspected wound infection. CMg was also applied to stool samples, 

stored using three storage methods, collected from UK military personnel during an 

outbreak of TD. This included the development of the CMg workflow and comparison of 

the three storage methods to help inform the future deployment of CMg to austere 

environments. Finally, CMg workflows were deployed to a role three MTF on board the 

RFA Argus and carried out by a military BMS, in the first example of CMg methods being 

used for the diagnosis of infectious disease in a UK deployed MTF.  

One of the key outcomes of this work was the demonstration of the potential for CMg as a 

deployed diagnostic test to the wider military clinical community. Prior to this project, the 

knowledge of CMg and its applications for the diagnosis of infectious disease amongst the 

military clinical community was poor, understandably so given that CMg was a novel 

method that had not been used routinely within fixed healthcare facilities, let alone within 

deployed MTFs. Through collaborations with military clinicians during this project, the 

potential advantages of CMg over the current deployed diagnostic tests, including the 

identification of pathogens that were missed by conventional methods and the 

identification of additional clinically relevant information such as the presence of AMR 

genes without the need for additional testing, have been demonstrated.  

The untargeted nature of CMg, a key advantage for infectious disease diagnostics, has 

also been demonstrated. The emergence of novel pathogens, through natural genetic 

mutation or intentional genetic engineering, presents a risk to deployed military personnel. 

If these changes to the pathogen genetic code affect the regions of the genome used for 

targeted detection methods, this can result in false-negative results. Untargeted CMg 

represents a solution to this limitation, enabling the detection of the wider genome, both 

for the identification of the pathogen and for the detection of clinically relevant genomic 

regions, including AMR genes. This advantage has been demonstrated to the military 

clinical community during this project through the identification of additional pathogen 

species and AMR genes not identified by routine testing.  

This is crucial, as without the investment of the senior decision makers within the military 

clinical community, development of CMg towards a deployed diagnostic test would likely 

stall. As a direct result of the work detailed in Chapter Five, the Royal Navy have initiated 
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a research project to continue the evaluation of CMg in deployed environments, involving 

a wider cohort of BMSs and external academic collaborators. Therefore, whilst there are 

several technical hurdles that must be overcome before CMg could be used routinely, this 

project represents a major step towards the incorporation of CMg into the deployed 

diagnostic pathway.  

Equally as important as demonstrating the potential of CMg for deployed diagnostics, this 

project has also highlighted specific situations in which CMg may not be the correct 

solution and areas that require improvement. In Chapter Four, the processing of stool 

samples stored using FTA cards by CMg resulted in poor sensitivity of pathogen 

detection, including C. hominis. As a result, the military clinical community have been 

advised against the use of FTA cards for the storage of stool samples. Similarly, the 

processing of nasopharyngeal swabs for the detection of viral pathogens highlighted 

several technical challenges, including poor sensitivity of pathogen detection and the 

complexity of the CMg workflow. As a result, it is likely that the development of CMg 

workflows, in the short-term, will focus on the detection of bacterial and fungal pathogens. 

These outcomes demonstrate the impact of this project on shaping the direction of the 

future development of CMg as a deployed diagnostic test.  

Another key limitation identified at several points during this project was the bioinformatics 

analysis and interpretation of the output of CMg workflows. The identification of reportable 

pathogens using statistically robust reporting thresholds and determining the resistance of 

the pathogens to antimicrobial treatments from the plethora of information provided by 

CMg outputs represents the next major hurdle for the continued development of CMg and 

future work should aim to address these issues. Achieving this is likely to require further 

collaboration with external parties, including academic, healthcare and military partners, to 

generate larger CMg data sets alongside detailed sample metadata that can be used to 

inform the interpretation of CMg outputs.  

This project represents significant progress towards the use of CMg in deployed MTFs for 

the diagnosis of infectious disease and included the first example of the operation of a 

CMg workflow within a UK deployed MTF. Whilst further method development and 

optimisation is required, CMg represents an opportunity to provide rapid and untargeted 

diagnostics, complementing and adding to the current suite of diagnostic tests and 

improving the treatment of infectious disease amongst deployed military personnel.  
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7 Annex  

Table A 1. Detection of high priority wound pathogen species by microbiology testing, qPCR and CMg.   

Sample 
Number 

 

E. coli P. aeruginosa S. aureus S. pyogenes 

Species 
reported by 
microbiology 

Cq 
CMg 

Reads 
(*) 

Average 
read 

length 
(bp) 

Species 
reported by 
microbiology 

Cq 
CMg 

Reads 
(*) 

Average 
read 

length 
(bp) 

Species 
reported by 
microbiology 

Cq 
CMg 

Reads 
(*) 

Average 
read 

length 
(bp) 

Species 
reported by 
microbiology  

Cq 
CMg 

Reads 
(*) 

Average 
read 

length 
(bp) 

01 No ND 
935 

(0.59) 
900.04 No ND 

6     
(0.01) 

1823.17 ND ND 

02 ND ND No ND 
26    

(0.32) 
1189.15 ND 

03 ND ND Yes 34.29 
1555 

(64.85) 
793.02 ND 

04 ND ND No ND 
32   

(0.37) 
636.36 ND 

05 No 25.13 
251 

(0.10) 
1536.50 No 34.45 

0 
(0.00) 

- No 34.15 
854 

(0.34) 
1072.55 ND 

06 ND ND ND ND 

07 ND ND No ND 
6        

(0.04) 
793.66 No ND 

39   
(0.25) 

1342.90 

08 Yes 19.29 
20441 
(44.77) 

1391.72 ND ND No ND 
8    

(0.02) 
1163.14 

09 ND ND ND ND 

10 ND ND Yes 24.91 
1126 

(41.17) 
998.23 No 26.47 

1542 
(56.31) 

1074.60 

11 ND ND Yes 32.47 
0     

(0.00) 
- ND 

12 No ND 
120 

(0.38) 
594.44 ND ND ND 

13 ND ND No 36.18 
0     

(0.00) 
- No ND 

138 
(0.60) 

682.46 

14 ND ND Yes 18.01 
23082 
(99.84) 

878.67 ND 

15 ND ND Yes 19.13 
15365 
(99.81) 

911.72 ND 

16 ND ND Yes 25.78 
1933 

(33.40) 
745.26 No ND 

25   
(0.43) 

800.71 

17 No ND 
20   

(0.57) 
1873.63 ND ND ND 

18 Yes 21.02 
35004 
(66.03) 

1366.20 ND No ND 
29   

(0.06) 
1336.12 ND 

19 ND ND ND ND 
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20 No ND 
23   

(0.08) 
976.61 No ND 

27   
(0.09) 

1342.40 Yes 27.51 
186 

(0.62) 
1074.10 ND 

21 No ND 
36   

(0.05) 
735.15 ND Yes 35.02 

94   
(0.14) 

950.76 No ND 
9    

(0.01) 
1533.50 

22 No ND 
72   

(0.12) 
1515.62 No ND 

26   
(0.04) 

1408.39 ND No ND 
29   

(0.05) 
1294.08 

23 ND ND Yes 28.85 
212 

(0.56) 
907.75 No ND 

10   
(0.03) 

831.67 

24 ND ND No ND 
42   

(0.50) 
1034.74 No ND 

6    
(0.07) 

775.50 

25 ND ND No ND 
32   

(0.17) 
1019.96 No 24.14 

125 
(0.66) 

1052.53 

26 ND ND Yes 31.53 
544 

(6.45) 
964.70 Yes 29.13 

6994 
(82.97) 

1019.32 

27 No 36.06 
0 

(0.00) 
- ND Yes 27.67 

868 
(7.93) 

921.96 No ND 
28   

(0.26) 
966.19 

28 ND Yes 26.93 
1294 
(3.06) 

1508.12 No ND 
10   

(0.02) 
996.80 No ND 

56   
(0.13) 

1151.87 

29 ND ND Yes 28.18 
62 

(65.26) 
1014.03 ND 

30 ND No 17.70 
101154 
(82.80) 

1742.53 ND ND 

31 ND ND ND ND 

32 ND ND No ND 
5     

(0.03) 
1092.00 No ND 

54   
(0.32) 

785.56 

33 No 26.93 
39   

(0.04) 
1544.59 No ND 

536 
(0.56) 

2493.68 No 34.76 
11   

(0.01) 
1223.44 No ND 

54   
(0.06) 

1227.55 

34 ND Yes 26.48 
1224 
(9.37) 

1061.42 ND ND 

35 No 37.81 
0     

(0.00) 
- No 30.25 

20   
(0.11) 

1234.06 Yes 34.82 
252 

(1.39) 
575.16 No ND 

48   
(0.27) 

549.17 

36 No 26.48 
43   

(0.18) 
1030.63 No 22.44 

314 
(1.34) 

1245.78 Yes 22.46 
1377 
(5.87) 

728.68 No ND 
631 

(2.69) 
442.17 

37 ND No 34.57 
0     

(0.00) 
- Yes 29.39 

23   
(0.08) 

691.43 No ND 
722 

(2.63) 
454.00 

38 No ND 
576 

(1.78) 
1372.05 No 22.35 

463 
(1.43) 

1199.77 No ND 
9     

(0.03) 
491.22 No ND 

14   
(0.04) 

536.91 

39 ND ND No 37.53 
75   

(0.95) 
598.06 No ND 

103 
(1.30) 

674.48 

40 No 33.22 
0     

(0.00) 
- No 23.84 

518 
(2.27) 

1150.95 No 34.67 
85   

(0.37) 
1013.27 No ND 

145 
(0.64) 

652.39 

The DNA extract from each additional wound swab sample was tested for four high priority pathogen species 

by qPCR. The routine microbiology testing report, qPCR Cq value and the number of reads assigned to the 

target species by CMg are reported. % classified microbial reads = % of species reads over the total number 

of taxonomically classified microbial reads obtained.  

* % classified microbial reads. ND= No detection 
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Table A 2. Detection of AMR genes from DNA Shield RBK samples.  

Sample 
Number 

AMR genes identified 
by CMg sequencing 

Template 
Coverage 

Depth 
(×) 

Associated antibiotic drug class 

C1 

dfrF 
mef(En2) 

cfr(C) 
aph(3')-IIIa 

catA13 
tet(Q) 

100 
101.16 
99.04 
100.25 

100 
100 

2 
3.42 
3.96 
4.72 
5.72 
13.7 

Diaminopyrimidine 
Macrolide, lincosamide 

Oxazolidinone, lincosamide, phenicol, streptogramin 
Aminoglycoside 

Phenicol 
Tetracycline 

B1 tet(A) 100.75 1.19 Tetracycline 

B2 

erm(F) 
lnu(AN2) 

mexA 
 
 

tet(O) 
blaPDC 
crpP 
mdtM 

aph(6)-Id 
blaOXA 
tet(Q) 
tet(W) 
dfrA14 

sul2 

100 
100 

100.35 
 
 

100.05 
100.08 
98.99 
99.68 
100 
100 
100 
100 
100 
100 

1 
1 
1 
 
 

1.07 
1.95 
1.97 
1.99 

3 
3 
3 

3.76 
4 

5.24 

Streptogramin, macrolide, lincosamide 
Lincosamide 

Peptide, sulfonamide, diaminopyrimidine, carbapenem, tetracycline, 
macrolide, penam, aminocoumarin, fluoroquinolone, cephalosporin, phenicol, 

monobactam, cephamycin, penem 
Tetracycline 

Cephalosporin, monobactam, carbapenem 
Fluoroquinolone 

Nucleoside, fluoroquinolone, phenicol, lincosamide 
Aminoglycoside 

Penam 
Tetracycline 
Tetracycline 

Diaminopyrimidine 
Sulfunamide 

B3 

vanR-D 
erm(F) 

vanS-D 
tet(O) 

catA13 
tet(Q) 

100 
100.12 
100.26 
93.07 
100.16 
100.1 

1 
1 
1 

1.29 
2 

3.55 

Glycopeptide 
Streptogramin, macrolide, lincosamide 

Glycopeptide 
Tetracycline 

Phenicol 
Tetracycline 

B10 
tet(Q) 
tet(W) 

100 
100 

5.41 
6.69 

Tetracycline 
Tetracycline 

B40 
acrF 
tet(Q) 

100.03 
100.1 

1 
2 

Fluoroquinolone, cephalosporin, cephamycin, penam 
Tetracycline 

B44 

mef(En2) 
tet(O/32/O) 

tet(32) 
catP 
tet(Q) 

100.66 
100.05 
100.47 

100 
100 

1.01 
1.85 
1.85 

3 
3.57 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 

Phenicol 
Tetracycline 

B56 

tet(Q) 

blaCfxA-6 
aph(6)-Id 

sul2 
blaCfxA 

89.2 
100 
100 

100.25 
101.14 

1.7 
12.29 
4.88 

2 
1.81 

Tetracycline 
Cephamycin 

Aminoglycoside 
Sulfunamide 
Cephamycin 

B80 

tet(Q) 
tet(Q) 

blaCfxA-6 
tet(W) 
tet(32) 

erm(F) 
aadS 
nimE 

blaCfxA-5 

96.88 
100.16 

100 
100 

100.1 
100 

101.5 
100 

101.04 

1.18 
5.15 
10.52 
4.31 

1 
9.61 
1.9 
3.78 
1.33 

Tetracycline 
Tetracycline 
Cephamycin 
Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 
Nitroimidazole 
Cephamycin 

B94 
tet(Q) 
dfrF 

erm(F) 

100.67 
100.2 
100.5 

3.11 
1 
1 

Tetracycline 
Diaminopyrimidine 

Streptogramin, macrolide, lincosamide 

B4 

mef(En2) 
tet(Q) 
mdtM 
erm(B) 
catP 

lnu(AN2) 
blaCfxA 
mef(A) 
tet(40) 
tet(O) 

100 
100 

100.41 
100 

100.32 
100.78 

100 
100 

81.65 
91.3 

4.48 
6.26 
2.65 

2 
1 

2.01 
2.9 
8.08 

2 
1.94 

Macrolide, lincosamide 
Tetracycline 

Nucleoside, fluoroquinolone, phenicol, lincosamide 
Streptogramin, macrolide, lincosamide 

Phenicol 
Lincosamide 
Cephamycin 

Macrolide 
Tetracycline 
Tetracycline 

B5 

blaCfxA-2 
tet(Q) 

blaCfxA-6 
sul2 

blaCblA 

100 
100 

100.31 
101.84 

100 

12.44 
21.1 

2 
1.46 
3.64 

Cephamycin 
Tetracycline 
Cephamycin 
Sulfunamide 

Cephalosporin 

B6 

mef(En2) 
blaCepA 

dfrF 
tet(W) 
tet(32) 

100.08 
100.11 
100.61 

100 
100.1 

1 
2 

1.01 
10.02 

1 

Macrolide, lincosamide 
Cephalosporin 

Diaminopyrimidine 
Tetracycline 
Tetracycline 
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lnu(AN2) 
blaCblA 
tet(O) 

100 
102.58 
101.35 

3 
1.34 
1.48 

Lincosamide 
Cephalosporin 
Tetracycline 

B7 

tet(Q) 
tet(W) 

blaCfxA-6 
tet(40) 
tet(O) 

blaCfxA-5 

100.26 
100 
100 

100.82 
96.46 
100.52 

4.78 
6.8 
9.08 
1.5 
1.91 
1.9 

Tetracycline 
Tetracycline 
Cephamycin 
Tetracycline 
Tetracycline 
Cephamycin 

B8 

mef(En2) 
tet(Q) 
tet(W) 
tet(X2) 
blaCfxA-6 
blaTEM 

sul2 
aph(3')-IIIa 

aadE 
lnu(B) 
erm(B) 

dfrF 
tet(32) 
erm(F) 
blaOXA 

lnu(AN2) 
blaCfxA 
blaCblA 

tet(O) 
tet(40) 

100 
100 
100 
100 
100 

100.12 
100.98 
99.87 
100 
100 
100 
100 

101.3 
100 

100.36 
100 
100 

100.34 
100 
100 

4.26 
15.63 
15.69 
3.57 
7.7 
1 

1.38 
2.73 

3 
3 

3.58 
2 

1.76 
8.88 

1 
7.83 
8.83 
2.3 

13.28 
3.63 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

Penam, penem, cephalosporin, monobactam 
Sulfunamide 

Aminoglycoside 
Aminoglycoside 

Lincosamide 
Streptogramin, macrolide, lincosamide 

Diaminopyrimidine 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Penam 

Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 
Tetracycline 

B9 

tet(Q) 

sul2 
dfrF 

erm(F) 
aadS 
blaOXA 
blaCblA 
tet(X2) 
tet(O) 

erm(G) 
ere(D) 
tet(W) 

100 
100 
100 
100 
100 
100 
100 

100.09 
100.1 
101.36 
100.08 
100.05 

4.95 
8.68 

1 
3.97 
6.22 
3.23 
10.93 
3.18 
5.57 
2.21 
7.16 
4.25 

Tetracycline 
Sulfunamide 

Diaminopyrimidine 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Penam 

Cephalosporin 
Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Macrolide 

Tetracycline 

B11 

lnu(C) 
tet(O) 
tet(Q) 
tet(W) 

blaCfxA-6 
tet(M) 
tet(L) 
tet(32) 
blaCblA 
tet(W) 
mef(A) 
blaCfxA-5 

100.61 
101.09 

100 
99.9 
100 

101.82 
99.64 
100.1 
100 

99.48 
100 
100 

2.01 
1.42 
10.94 
5.87 
7.66 
1.75 
1.81 

1 
3 

1.16 
6.11 
8.57 

Lincosamide 
Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 
Tetracycline 
Tetracycline 
Tetracycline 

Cephalosporin 
Tetracycline 
Macrolide 

Cephamycin 

B12 

tet(M) 
tet(Q) 
cfr(C) 
erm(B) 
tet(W) 
erm(F) 
aadS 

dfrA14 
blaCfxA 
tet(X2) 
tet(O) 

102.66 
100 

101.32 
100 
100 

100.12 
100 

100.21 
100.93 
100.26 

100 

1.87 
12.58 
2.01 

1 
18.03 

3 
5.16 

2 
2.89 
3.66 
13.04 

Tetracycline 
Tetracycline 

Oxazolidinone, lincosamide, phenicol, streptogramin 
Streptogramin, macrolide, lincosamide, streptogramin 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Diaminopyrimidine 

Cephamycin 
Tetracycline 
Tetracycline 

B13 

erm(G) 
mef(En2) 

tet(Q) 
tet(W) 
erm(F) 
tet(Q) 
blaCblA 
tet(X2) 
tet(O) 
tet(40) 

100.82 
103.23 

100 
100.42 

100 
100.05 
100.67 

100 
101.41 
100.74 

1.99 
2.3 

12.78 
3.04 
14.33 

1 
1.45 
9.36 
2.69 
1.42 

Streptogramin, macrolide, lincosamide 
Macrolide, lincosamide 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Tetracycline 

Cephalosporin 
Tetracycline 
Tetracycline 
Tetracycline 

B14 

lnu(C) 
mef(En2) 

tet(Q) 

tet(Q) 
aph(6)-Id 

sul2 
aadA1 
tet(W) 

lnu(AN2) 
blaCfxA 
blaCblA 
tet(40) 
mef(A) 

100.81 
100 
100 
100 

101.19 
100 
100 
100 

100.19 
100 
100 
100 
100 

2.01 
5.32 
10.37 
15.76 
2.01 
2.78 

3 
27.88 
2.72 

3 
5 

3.55 
6.34 

Lincosamide 
Macrolide, lincosamide 

Tetracycline 
Tetracycline 

Aminoglycoside 
Sulfunamide 

Aminoglycoside 
Tetracycline 
Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 
Macrolide 
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dfrA14 
tet(O) 

100 
100.1 

3 
17.65 

Diaminopyrimidine 
Tetracycline 

B015 

mef(En2) 
tet(Q) 

lnu(AN2) 
blaCfxA-3 
tet(O) 

102.16 
99.95 
100.19 

100 
100 

1.53 
4.24 

3 
8.34 

5 

Macrolide, lincosamide 
Tetracycline 
Lincosamide 
Cephamycin 
Tetracycline 

B016 

mef(En2) 
tet(Q) 
tet(X2) 
aadE 
tet(Q) 
catP 

tet(W) 
erm(F) 
aadS 

lnu(AN2) 
blaCfxA 
blaCblA 
tet(O) 
tet(40) 

100 
100.16 
100.17 

100 
100.1 
100 
100 
100 
100 
100 
100 
100 
100 
100 

2 
41.7 

1 
2.81 
2.59 

2 
6.43 
12.4 
6.94 

3 
11.89 

5 
9.8 

10.52 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 

Aminoglycoside 
Tetracycline 

Phenicol 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 
Tetracycline 

B017 

erm(G) 
mef(En2) 

tet(Q) 
tet(Q) 
erm(B) 

dfrF 
tet(M) 

tet(W) 
blaCfxA 
blaCepA 
blaCblA 
tet(40) 
mef(A) 
tet(O) 

100.27 
100.33 

100 
100 

100.27 
104.85 
100.47 

100 
100.41 
100.11 

100 
100.33 
99.92 
100 

1.96 
2.55 
8.35 
2.54 

1 
1.94 

1 
15.55 

1 
1 

4.85 
2.33 
3.78 
14.87 

Streptogramin, macrolide, lincosamide 
Macrolide, lincosamide 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Diaminopyrimidine 

Tetracycline 
Tetracycline 
Cephamycin 

Cephalosporin 
Cephalosporin 
Tetracycline 
Macrolide 

Tetracycline 

B018 

erm(G) 
mef(En2) 

tet(Q) 
sul2 

erm(T) 
tet(Q) 
erm(F) 

lnu(AN2) 

blaCblA 
tet(X2) 
tet(O) 
tet(40) 
tet(W) 

blaCfxA-4 

100 
100 
100 
100 

100.14 
100 
100 
100 

103.03 
100.09 

100 
100 

101.41 
100 

1 
7.26 
6.5 
9.49 

2 
16.22 
21.74 
5.52 
1.95 
2.35 
19.82 
11.88 
1.97 
3.3 

Streptogramin, macrolide, lincosamide 
Macrolide, lincosamide 

Tetracycline 
Sulfunamide 

Streptogramin, macrolide, lincosamide 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Lincosamide 

Cephalosporin 
Tetracycline 
Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

B020 - - - - 

B021 

mef(En2) 
tet(Q) 

blaCfxA-6 
dfrA1 
sul2 
dfrF 

tet(W) 
lnu(AN2) 

blaCfxA 
blaCepA 
tet(O) 

98.76 
100 
100 

100.21 
100 

101.21 
100 
100 
100 
100 
100 

1.48 
8.01 
14.4 

1 
2 

1.89 
5.53 

2 
2.73 

1 
4.64 

Macrolide, lincosamide 
Tetracycline 
Cephamycin 

Diaminopyrimidine 
Sulfunamide 

Diaminopyrimidine 
Tetracycline 
Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 

B022 

blaEC 
dfrA1 
tet(Q) 
tet(W) 
tet(X2) 
vanY-D 

aph(6)-Id 
sul2 
dfrF 
aad9 

erm(F) 
tet(Q) 

lnu(AN2) 
blaCblA 
tet(40) 
mef(A) 
tet(O) 

tet(O/32/O) 
emrD 

100.79 
100 
100 

96.41 
100 

101.44 
100 
100 

101.21 
100 
100 

100.42 
100 

100.11 
100 

99.92 
97.76 
100.1 
100 

2.01 
1 

16.73 
3.38 
2.96 
1.01 
2.96 
2.39 
2.01 

1 
2 
2 
1 

4.27 
4.43 
2.62 
2.27 
2.8 
3 

Cephalosporin 
Diaminopyrimidine 

Tetracycline 
Tetracycline 
Tetracycline 
Glycopeptide 

Aminoglycoside 
Sulfunamide 

Diaminopyrimidine 
Aminoglycoside 

Streptogramin, macrolide, lincosamide 
Tetracycline 
Lincosamide 

Cephalosporin 
Tetracycline 
Macrolide 

Tetracycline 
Tetracycline 

Phenicol 

B026 

tet(Q) 
blaCfxA-6 

dfrF 
erm(F) 

100 
100 

100.4 
100.12 

6.99 
14.28 

2 
3 

Tetracycline 
Cephamycin 

Diaminopyrimidine 
Streptogramin, macrolide, lincosamide 
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aadS 
tet(32) 
blaCfxA-3 

100 
98.33 
100 

4.19 
1.86 
5.67 

Aminoglycoside 
Tetracycline 
Cephamycin 

B032 

tet(Q) 
tet(X1) 
msr(D) 
tet(A) 
aadE 

erm(B) 
dfrF 
aad9 
tet(W) 

erm(F) 
aadS 
tet(Q) 
blaCblA 
tet(W) 
mef(A) 
tet(O) 

erm(G) 
blaCfxA-4 

100 
100.44 

100 
100.25 

100 
100 

100.2 
100 
100 
100 
100 

100.16 
101.91 
100.21 

100 
100 
100 
100 

11.98 
1.36 
6.55 

1 
1.97 
5.87 

2 
3 

6.94 
4.98 

2 
4.04 
1.92 

1 
7.08 
12.15 
7.25 
8.29 

Tetracycline 
Tetracycline 

Streptogramin, macrolide 
Tetracycline 

Aminoglycoside 
Streptogramin, macrolide, lincosamide, streptogramin A, streptogramin B 

Diaminopyrimidine 
Aminoglycoside 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Tetracycline 

Cephalosporin 
Tetracycline 
Macrolide 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Cephamycin 

B033 

mef(En2) 
tet(Q) 
tet(Q) 

blaCfxA-6 
catP 

tet(W) 

tet(O) 
tet(40) 

100.17 
100.05 

100 
100.83 

100 
100.1 
101.61 
100.66 

1.36 
2.4 
7.86 
1.85 

2 
5.58 
2.85 
2.21 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 
Cephamycin 

Phenicol 
Tetracycline 
Tetracycline 
Tetracycline 

B045 - - - - 

B046 
tet(Q) 

blaCfxA-6 
90.91 
100.31 

1.45 
2.1 

Tetracycline 
Cephamycin 

B049 

sul1 
blaTEM 

mph(A) 
aac(3)-IId 

dfrA12 
aadA2 

100.36 
100 
100 

100.23 
100.4 
100.38 

2 
1 
3 
1 
2 

1.87 

Sulfonamide 
Penam, penem, cephalosporin, monobactam 

Macrolide 
Aminoglycoside 

Diaminopyrimidine 
Aminoglycoside 

B057 

tet(Q) 
acrF 
emrD 
blaTEM 

aph(6)-Id 
sul2 

aph(3'')-Ib 
tet(B) 

dfrA14 
blaEC 

100.26 
100 
100 
100 
100 
100 
100 

101.58 
100 
100 

3.4 
13.28 
27.3 
25.2 
19.75 
24.92 
15.43 
2.02 
10.89 
23.81 

Tetracycline 
Fluoroquinolone, cephalosporin, cephamycin, penam 

Phenicol 
Penam, penem, cephalosporin, monobactam 

Aminoglycoside 
Sulfunamide 

Aminoglycoside 
Tetracycline 

Diaminopyrimidine 
Cephalosporin 

B085 

tet(Q) 
vanG2 
catP 

tet(W) 
blaCfxA 

100.36 
99.14 
101.28 
100.1 
100.21 

2.53 
1.35 
1.01 
3.02 

2 

Tetracycline 
Glycopeptide 

Phenicol 
Tetracycline 
Cephamycin 

B081 

tet(Q) 
tet(W) 
aadE 

erm(F) 
tet(Q) 

blaCfxA-3 
nimE 

vanR-G 

100.05 
99.95 
100 

100.37 
99.95 
100 
100 

100.14 

2 
1.17 

2 
1.96 
1.24 
4.02 

1 
1 

Tetracycline 
Tetracycline 

Aminoglycoside 
Streptogramin, macrolide, lincosamide 

Tetracycline 
Cephamycin 

Nitroimidazole 
Glycopeptide 

C07b 

tet(Q) 
aadE 
tet(32) 
erm(F) 

aadS 
blaCfxA 
mef(A) 
tet(W) 
tet(O) 

100 
100.12 

100 
100.37 

100 
100.1 
100.16 

100 
100 

7.74 
1 

3.6 
2 
3 

2.89 
2 

7.14 
8.96 

Tetracycline 
Aminoglycoside 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Cephamycin 

Macrolide 
Tetracycline 
Tetracycline 

C012 

dfrA17 
mef(En2) 

tet(Q) 
blaCTX-M 

aadA5 
tet(W) 
erm(B) 
qnrS 
dfrF 

erm(F) 

lnu(AN2) 
blaCfxA 

tet(O) 

101.69 
100.25 

100 
100 
100 
100 
100 
100 

100.2 
100.12 

100 
100 
100 

1.02 
1.63 
15.53 

5 
1 

3.87 
1.96 

3 
3 

4.75 
1 
1 

8.79 

Diaminopyrimidine 
Macrolide, lincosamide 

Tetracycline 
Cephalosporin 

Aminoglycoside 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Fluoroquinolone 

Diaminopyrimidine 
Streptogramin, macrolide, lincosamide 

Lincosamide 
Cephamycin 
Tetracycline 
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AMR genes identified from samples stored in DNA Shield™ and prepared using the RBK library preparation 

method are reported. AMR genes were identified using KMA (version 1.4.9) from the amrfinderplus database. 

AMR genes identified with a template coverage of ≥90% and depth of coverage of ≥1× were included.  

 

Table A 3. Detection of AMR genes from OMNIgene GUT RBK samples.  

C013 

tet(Q) 
tet(W) 
tet(X2) 
blaCfxA-6 
blaEC 
mdtM 
dfrF 

blaCfxA 
tet(40) 
emrD 

100 
100.16 
100.34 
102.08 
100.26 

100 
100 

100.31 
100 

100.08 

4.65 
3.25 
1.74 
2.02 

1 
2 
1 

1.41 
1.38 
1.55 

Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

Cephalosporin 
Nucleoside, fluoroquinolone, phenicol, lincosamide 

Diaminopyrimidine 
Cephamycin 
Tetracycline 

Phenicol 

Sample 
Number 

AMR genes 
identified by CMg 

sequencing 

Template 
Coverage 

Depth (×) Associated antibiotic drug class 

C1 

mef(En2) 
tet(Q) 
cfr(C) 

aph(3')-IIIa 
aadA1 
aadE 
tet(W) 

lnu(AN2) 
catA13 

100.17 
100 

98.25 
96.98 
100.25 

100 
101.15 
101.17 

100 

2.46 
12.2 
3.11 
2.59 

1 
1 

1.77 
1.01 

3 

Macrolide, lincosamide 
Tetracycline 

Oxazolidinone, lincosamide, phenicol, streptogramin 
Aminoglycoside 
Aminoglycoside 
Aminoglycoside 

Tetracycline 
Lincosamide 

Phenicol 

B1 

mef(En2) 
tet(Q) 
cfr(C) 

aph(3')-IIIa 
aadA1 
aadE 

tet(W) 
lnu(AN2) 
catA13 

100.17 
100 

98.25 
96.98 
100.25 

100 
101.15 
101.17 

100 

2.46 
12.2 
3.11 
2.59 

1 
1 

1.77 
1.01 

3 

Macrolide, lincosamide 
Tetracycline 

Oxazolidinone, lincosamide, phenicol, streptogramin 
Aminoglycoside 
Aminoglycoside 
Aminoglycoside 

Tetracycline 
Lincosamide 

Phenicol 

B2 

mef(En2) 
tet(Q) 
mdtM 

aph(6)-Id 
sul2 

tet(W) 
erm(F) 

fosA_PA112 
tet(Q) 

lnu(AN2) 
dfrA14 

103.4 
100 

101.05 
100 

100.25 
100 
100 
100 

93.46 
100 

100.21 

1.83 
3.58 
2.01 
2.8 
2 

12.63 
1 
1 

1.06 
2.9 
2 

Macrolide, lincosamide 
Tetracycline 

Nucleoside, fluoroquinolone, phenicol, lincosamide 
Aminoglycoside 

Sulfunamide 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Phosphonic acid 

Tetracycline 
Lincosamide 

Diaminopyrimidine 

B3 

tet(Q) 
erm(F) 
tet(O) 
catA13 

100.05 
100 

100.21 
100 

5.07 
9.53 

2 
7.96 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Tetracycline 
Phenicol 

B10 

tet(Q) 
tet(W) 

msr(D) 
tet(32) 
mef(A) 
tet(O) 

100 
100 

101.09 
68.07 
100.08 
77.14 

6.78 
5.94 
1.51 
1.02 

1 
1.75 

Tetracycline 
Tetracycline 

Streptogramin, macrolide 
Tetracycline 
Macrolide 

Tetracycline 

B40 
blaCfxA-6 
dfrA8 

100 
100.2 

1 
2 

Cephamycin 
Diaminopyrimidine 

B44 
tet(Q) 
dfrF 
catP 

100.05 
100.2 
100.32 

2.94 
1 
2 

Tetracycline 
Diaminopyrimidine 

Phenicol 

B56 

blaCfxA-6 
aph(6)-Id 

sul2 
qnrS 
tet(Q) 
tet(O) 
dfrA14 

100 
100.12 
103.68 

100 
101.19 
91.98 
101.27 

9.19 
2 

1.64 
1 

1.24 
1.44 
2.01 

Cephamycin 
Aminoglycoside 

Sulfunamide 
Fluoroquinolone 

Tetracycline 
Tetracycline 

Diaminopyrimidine 

B80 

tet(M) 
tet(Q) 
tet(Q) 
tet(W) 

blaCfxA-6 
emrD 
tet(O) 
tet(A) 
sul2 

99.17 
100 

98.23 
100 
100 

100.08 
100 

80.75 
100 

2.22 
22.45 
1.87 
13.12 
20.15 

1 
15.09 
1.35 
5.67 

Tetracycline 
Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

Phenicol 
Tetracycline 
Tetracycline 
Sulfunamide 
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dfrF 
erm(F) 
aadS 
nimE 
blaCblA 
tet(40) 
blaCfxA-5 

100 
100 

101.27 
100 

100.11 
100 
100 

3 
79.78 
1.86 
31.47 

1 
2.63 
6.27 

Diaminopyrimidine 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Nitroimidazole 
Cephalosporin 
Tetracycline 
Cephamycin 

B94 

tet(Q) 
tet(W) 
aadE 

erm(B) 
dfrF 

erm(F) 
erm(X) 
tet(O) 
tet(40) 

100 
100.26 
98.62 
100.27 
100.61 
107.62 
100.66 

100 
100 

8.04 
2.3 
1.86 

1 
1.01 
2.08 
1.01 
7.8 
4.22 

Tetracycline 
Tetracycline 

Aminoglycoside 
Streptogramin, macrolide, lincosamide 

Diaminopyrimidine 
Streptogramin, macrolide, lincosamide 
Streptogramin, macrolide, lincosamide 

Tetracycline 
Tetracycline 

B4 

mef(En2) 
tet(Q) 
tet(W) 
tet(O) 
erm(B) 

dfrF 
tet(32) 
erm(F) 

lnu(AN2) 
blaCfxA 
blaCblA 

tet(40) 
emrD 

100 
100 
100 

100.57 
100 

100.2 
100.68 

100 
100 
100 

102.02 
100.9 
100.17 

14.06 
9.71 
7.04 
1.92 
5.38 

1 
2.65 

1 
15.66 

3 
1.98 
2.24 

2 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide, streptogramin 
Diaminopyrimidine 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 

Phenicol 

B5 

tet(Q) 

tet(W) 
blaCfxA-6 

cfiA 
tet(O) 
sul2 

aph(3')-IIIa 
tet(Q) 
erm(F) 
blaCfxA 
blaCblA 

100 
103.12 

100 
100 

99.43 
100 

101.01 
93.15 
104.49 

100 
100.11 

25.67 
1.65 
4.62 
2.08 
1.93 

1 
2.01 
1.49 
2.74 
12.06 
7.44 

Tetracycline 
Tetracycline 
Cephamycin 
Carbapenem 
Tetracycline 
Sulfunamide 

Aminoglycoside 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Cephamycin 

Cephalosporin 

B6 

mef(En2) 
tet(Q) 
tet(Q) 
aadE 
dfrF 

tet(32) 
erm(F) 

lnu(AN2) 
blaCblA 
tet(O) 
tet(W) 

100 
100 

99.95 
101.73 
100.61 

100 
99.5 
100 

103.37 
100 
100 

4.55 
12.79 
6.11 
1.27 
1.85 
3.76 
3.27 
3.98 
2.47 
3.17 
12.82 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 

Aminoglycoside 
Diaminopyrimidine 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Lincosamide 
Cephalosporin 
Tetracycline 
Tetracycline 

B7 

lnu(C) 
tet(O) 
tet(Q) 
tet(W) 
tet(X2) 
blaCfxA-6 
aadE 

tet(40) 
blaCfxA-5 

100 
100.1 
100 
100 

98.46 
100 
100 

100.25 
99.9 

2 
4.03 
32.23 
14.2 
2.38 
10.87 
2.96 
2.53 
1.77 

Lincosamide 
Tetracycline 
Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

Aminoglycoside 
Tetracycline 
Cephamycin 

B8 

aph(3')-IIIa 
lnu(C) 

mef(En2) 
tet(Q) 
tet(X2) 
blaCfxA-6 

sul2 
aadE 

erm(B) 
spw 
dfrF 

tet(Q) 
tet(W) 
erm(F) 
aadS 

lnu(AN2) 
blaCfxA 
blaCblA 
tet(W) 
tet(O) 
tet(40) 

tet(O/32/O) 

100.5 
100.2 

100.25 
100 
100 

100.31 
102.94 

100 
101.22 

100 
100 

99.01 
100 
100 
100 
100 
100 

95.17 
100 
100 
100 

99.95 

2.56 
1 

4.02 
29.81 
11.02 
5.21 
1.39 
3.27 
1.78 

1 
2.79 
1.35 
14.11 
12.72 

1 
4 

10.79 
1.81 
2.61 
16.43 
6.36 
1.51 

Aminoglycoside 
Lincosamide 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 
Cephamycin 
Sulfunamide 

Aminoglycoside 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Diaminopyrimidine 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 
Tetracycline 
Tetracycline 
Tetracycline 

B9 

tet(Q) 
tet(W) 
sul2 
catP 

erm(F) 

100 
100 
100 

100.48 
100.12 

6.34 
4.8 
7.45 

1 
2.71 

Tetracycline 
Tetracycline 
Sulfunamide 

Phenicol 
Streptogramin, macrolide, lincosamide 
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aadS 
blaOXA 
blaCfxA 
blaCblA 
tet(X2) 
tet(O) 
ere(D) 

100 
100 

100.93 
100.45 
100.26 
100.1 
101.63 

3.58 
4.47 
2.01 
2.71 
2.33 
4.44 
2.52 

Aminoglycoside 
Penam 

Cephamycin 
Cephalosporin 
Tetracycline 
Tetracycline 
Macrolide 

B11 

lnu(C) 
tet(Q) 
tet(Q) 
tet(W) 
blaCfxA-6 

catP 
erm(F) 
aadS 
blaCfxA 
blaCblA 
tet(40) 

100 
100 

100.16 
100 
100 

100.96 
100 

101.74 
100 
100 
100 

3 
14.01 
6.32 
5.57 
4.82 
1.01 
5.63 
4.74 
11.78 
2.92 

4 

Lincosamide 
Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

Phenicol 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Cephamycin 

Cephalosporin 
Tetracycline 

B12 

mef(En2) 
tet(M) 
tet(Q) 
dfrF 

tet(W) 
erm(F) 
aadS 

lnu(AN2) 
blaCblA 

tet(X2) 
tet(40) 
tet(O) 

100 
100.1 
100 

100.81 
100 
100 

99.54 
100 

102.24 
100 

102.21 
100 

5.5 
2.51 
31.09 
1.87 
19.61 
2.73 
2.19 

4 
1.31 
6.38 
1.64 
14.54 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 

Diaminopyrimidine 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Lincosamide 
Cephalosporin 
Tetracycline 
Tetracycline 
Tetracycline 

B13 

erm(G) 
mef(En2) 

tet(Q) 
tet(W) 
msr(D) 
aadE 
dfrF 
catP 

erm(F) 
tet(Q) 
blaCblA 
tet(X2) 

tet(40) 
mef(A) 
tet(O) 

100 
100 
100 
100 

102.32 
100.23 

100 
99.84 
100 

100.83 
99.78 
100 
100 
100 
100 

7.74 
8.23 
33.43 
6.16 
2.35 
2.83 
3.59 
1.84 
25.35 
1.14 
1.46 
26.48 
7.1 
3.51 
8.02 

Streptogramin, macrolide, lincosamide 
Macrolide, lincosamide 

Tetracycline 
Tetracycline 

Streptogramin, macrolide 
Aminoglycoside 

Diaminopyrimidine 
Phenicol 

Streptogramin, macrolide, lincosamide 
Tetracycline 

Cephalosporin 
Tetracycline 
Tetracycline 
Macrolide 

Tetracycline 

B14 

tet(Q) 
tet(Q) 

aph(6)-Id 
aadA1 
tet(W) 
blaCblA 
mef(A) 
dfrA14 
tet(O) 

100.1 
100 
100 

100.13 
100 
100 

99.92 
100 

100.1 

4.27 
14.6 

1 
1 

11.72 
5.82 
2.55 

1 
5.56 

Tetracycline 
Tetracycline 

Aminoglycoside 
Aminoglycoside 

Tetracycline 
Cephalosporin 

Macrolide 
Diaminopyrimidine 

Tetracycline 

B015 

tet(Q) 
lsa(E) 
lnu(B) 
tet(W) 

lnu(AN2) 
blaCfxA-3 

blaCblA 
tet(X2) 
mef(A) 
tet(O) 

100 
100.34 

100 
100 

100.19 
100 

101.35 
100.43 
100.08 

100 

7.15 
2.28 

1 
1 
1 

10.34 
1.8 
1 

1.36 
5.15 

Tetracycline 
Lincosamide, pleuromutilin, streptogramin 

Lincosamide 
Tetracycline 
Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 
Macrolide 

Tetracycline 

B016 

lnu(C) 
mef(En2) 

tet(M) 
tet(Q) 
aadE 

erm(B) 
catP 
aad9 

erm(F) 
aadS 

lnu(AN2) 

blaCfxA 
tet(O) 
tet(40) 

tet(O/32/O) 

100.2 
100.17 
102.45 
100.16 
100.81 
100.14 

100 
100 
100 
100 
100 
100 
100 
100 

100.1 

1 
2 

1.52 
26.68 
2.01 

1 
1 
2 

6.38 
4.44 
2.95 
14.87 
6.73 
7.12 
1.39 

Lincosamide 
Macrolide, lincosamide 

Tetracycline 
Tetracycline 

Aminoglycoside 
Streptogramin, macrolide, lincosamide, streptogramin A, streptogramin B 

Phenicol 
Aminoglycoside 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Lincosamide 
Cephamycin 
Tetracycline 
Tetracycline 
Tetracycline- 

B017 

mef(En2) 
tet(Q) 
tet(Q) 
msr(D) 

aph(6)-Id 
tet(M) 
aadE 
dfrF 

100 
100 
100 

100.07 
100 

100.94 
100.12 

100 

6.79 
9.95 
17.31 
1.34 

1 
1.2 
2 
4 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 

Streptogramin, macrolide 
Aminoglycoside 

Tetracycline 
Aminoglycoside 

Diaminopyrimidine 
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tet(Q) 
tet(W) 
tet(32) 
tet(Q) 

lnu(AN2) 
blaCfxA 
tet(O) 

100 
100 

100.05 
100.36 

100 
100 

100.1 

3.2 
12.23 
4.45 

2 
5 

3.97 
22.97 

Tetracycline 
Tetracycline 
Tetracycline 
Tetracycline 
Lincosamide 
Cephamycin 
Tetracycline 

B018 

erm(G) 
mef(En2) 

tet(Q) 
tet(Q) 
msr(D) 

sul2 
erm(B) 

dfrF 
tet(Q) 
tet(W) 
erm(F) 

lnu(AN2) 
blaCfxA 
blaCblA 
tet(X2) 
mef(A) 
tet(O) 
tet(40) 

100 
100 
100 

100.21 
101.57 

100 
103.79 

100 
100 
100 
100 
100 
100 

101.01 
100 
100 
100 
100 

1 
12.97 
48.88 
2.78 
1.62 
20.87 
1.75 

3 
15.16 
8.05 
52.65 
13.51 
4.11 
2.01 
13.7 

1 
31.5 
16.76 

Streptogramin, macrolide, lincosamide 
Macrolide, lincosamide 

Tetracycline 
Tetracycline 

Streptogramin, macrolide 
Sulfunamide 

Streptogramin, macrolide, lincosamide, streptogramin 
Diaminopyrimidine 

Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 
Macrolide 

Tetracycline 
Tetracycline 

B020 
lnu(AN2) 

emrD 
100 

100.25 
1 
1 

Lincosamide 
Phenicol 

B021 

mef(En2) 

tet(Q) 
blaCfxA-6 
aadE 
dfrF 

tet(W) 
erm(F) 
aadS 
tet(Q) 

lnu(AN2) 
blaCfxA 
blaCblA 
tet(X2) 
tet(O) 

100 
100 
100 

100.23 
103.84 

100 
100.25 

100 
100.36 

100 
100 
100 
100 

100.45 

3.95 
10.97 
12.37 

2 
1.46 
3.18 

1 
1 
2 
3 

2.97 
3 

6.56 
2 

Macrolide, lincosamide 
Tetracycline 
Cephamycin 

Aminoglycoside 
Diaminopyrimidine 

Tetracycline 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Tetracycline 
Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 
Tetracycline 

B022 

lnu(C) 
tet(Q) 

acrF 
aph(6)-Id 

sat4 
tet(A) 
sul2 
aadE 
dfrF 
aad9 
aadS 

tet(32) 
blaOXA 
blaCblA 
tet(O) 

tet(40) 
dfrA14 

100.81 
100 

100.35 
100 

100.37 
100.17 

100 
100.46 

100 
100.13 

100 
101.04 
103.88 

100 
100.08 
100.42 
100.32 

2.01 
23.05 
2.08 
4.69 

1 
2 
3 

1.86 
1 
1 
3 

1.24 
1.47 

3 
5.75 
2.71 

2 

Lincosamide 
Tetracycline 

Fluoroquinolone, cephalosporin, cephamycin, penam 
Aminoglycoside 

Nucleoside 
Tetracycline 
Sulfunamide 

Aminoglycoside 
Diaminopyrimidine 

Aminoglycoside 
Aminoglycoside 

Tetracycline 
Penam 

Cephalosporin 
Tetracycline 
Tetracycline 

Diaminopyrimidine 

B026 

tet(Q) 
blaCfxA-6 

dfrF 
tet(W) 
erm(F) 
blaCfxA 
tet(O) 

100.16 
100 
100 

100.21 
100 
100 

100.16 

4.46 
11.47 
4.88 

1 
3.19 
6.27 
6.78 

Tetracycline 
Cephamycin 

Diaminopyrimidine 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Cephamycin 
Tetracycline 

B032 

tet(Q) 
vanR-Cd 
blaCfxA-6 
msr(D) 
erm(B) 
aadE 
tet(W) 
aadS 

tet(44) 
tet(Q) 
tet(X2) 
mef(A) 
erm(G) 
tet(O) 

blaCfxA-4 

100 
100 

100.83 
100 

100.27 
101.15 

100 
100 

100.47 
100 

100.77 
100 
100 
100 
100 

4.56 
1 

2.01 
14.85 

2 
1.82 
7.23 
3.29 
1.13 
6.59 
1.31 
7.14 
14.63 
8.07 
19.14 

Tetracycline 
Glycopeptide 
Cephamycin 

Streptogramin, macrolide 
Streptogramin, macrolide, lincosamide 

Aminoglycoside 
Tetracycline 

Aminoglycoside 
Tetracycline 
Tetracycline 
Tetracycline 
Macrolide 

Streptogramin, macrolide, lincosamide 
Tetracycline 
Cephamycin 

B033 

mef(En2) 
tet(Q) 

blaCfxA-6 
aacA-ENT1 

tet(W) 
tet(32) 

100.91 
100 
100 
100 
100 

101.46 

1.28 
12.73 
8.16 

1 
3.43 

2 

Macrolide, lincosamide 
Tetracycline 
Cephamycin 

Aminoglycoside 
Tetracycline 
Tetracycline 
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AMR genes identified from samples stored in OMNIgene GUT and prepared using the RBK library preparation 

method are reported. AMR genes were identified using KMA (version 1.4.9) from the amrfinderplus database. 

AMR genes identified with a template coverage of ≥90% and depth of coverage of ≥1× were included.  

 

lnu(AN2) 100.39 1.34 Lincosamide 

B045 dfrF 100 1 Diaminopyrimidine 

B046 

tet(Q) 
blaCfxA-6 
erm(B) 
aadE 
blaCfxA 

100.05 
99.69 
100 

100.12 
100 

1.73 
1.23 

2 
2 

2.26 

Tetracycline 
Cephamycin 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Cephamycin 

B049 

tet(Q) 
acrF 
emrD 
blaTEM 
dfrA12 

100.1 
100.13 
100.08 

100 
100 

1 
2.41 

1 
1 

2.73 

Tetracycline 
Fluoroquinolone, cephalosporin, cephamycin, penam 

Phenicol 
Penam, penem, cephalosporin, monobactam 

Diaminopyrimidine 

B057 

mef(A) 
tet(Q) 

aph(3'')-Ib 
acrF 
emrD 
sslE 

blaTEM 

aph(6)-Id 
catA2 
sul2 

tet(B) 
qnrS 

dfrA14 
blaEC 

100.33 
100.16 

100 
100 

100.13 
100 
100 
100 
100 
100 
100 
100 
100 
100 

1 
3.5 

28.82 
16.94 
17.99 
40.7 
31.81 
2.86 
40.75 
4.87 
31.06 
36.41 
32.29 
21.75 

Macrolide 
Tetracycline 

Aminoglycoside 
Fluoroquinolone, cephalosporin, cephamycin, penam 

Phenicol 
Phenicol 

Penam, penem, cephalosporin, monobactam 
Aminoglycoside 

Phenicol 
Sulfunamide 
Tetracycline 

Fluoroquinolone 
Diaminopyrimidine 

Cephalosporin 

B085 

tet(Q) 
vanG2 

vanXY-G2 
tet(W) 
erm(B) 
tet(Q) 
tet(32) 
erm(F) 

blaCfxA 
tet(40) 
mef(A) 
tet(O) 

100 
100 
100 
100 
100 

100.05 
100.05 

100 
100 

100.16 
100.08 

100 

14.39 
4.95 
5.87 
3.49 
7.15 
2.73 
1.21 

3 
5.83 

1 
1 

3.79 

Tetracycline 
Glycopeptide 
Glycopeptide 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Cephamycin 
Tetracycline 
Macrolide 

Tetracycline 

B081 

tet(Q) 
tet(W) 
tet(Q) 

blaCfxA-3 
blaCblA 

92.26 
100.1 
99.95 
100 
100 

2.54 
2.05 
1.22 
3.02 

1 

Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

Cephalosporin 

C07b 

tet(Q) 
tet(Q) 

aph(6)-Id 
sul2 

aph(3')-IIIa 
tet(Q) 
tet(W) 
tet(32) 

erm(F) 
aadS 

lnu(AN2) 
blaCfxA-3 
blaCblA 
tet(O) 

100 
100.21 
100.36 
100.25 
100.13 

100 
100 
100 

100.75 
100.12 
100.19 

100 
100.11 

100 

16.68 
2 
1 
1 
1 

1.6 
8.67 
5.77 
2.01 

1 
2 

10.14 
2 

20.63 

Tetracycline 
Tetracycline 

Aminoglycoside 
Sulfonamide 

Aminoglycoside 
Tetracycline 
Tetracycline 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Aminoglycoside 

Lincosamide 
Cephamycin 

Cephalosporin 
Tetracycline 

C012 

mef(En2) 
sul1 

tet(Q) 
erm(F) 

lnu(AN2) 

100 
100.12 

100 
100.37 

100 

2.69 
2 

5.93 
1.77 

1 

Macrolide, lincosamide 
Sulfonamide 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Lincosamide 

C013 

mef(En2) 
tet(Q) 
tet(Q) 
tet(X2) 
blaCfxA-6 
mdtM 

tet(W) 
erm(F) 
tet(Q) 

lnu(AN2) 
blaCfxA 
tet(40) 
tet(O) 
emrD 

100 
100 
100 
100 

100.62 
100 
100 
100 
100 
100 
100 
100 

100.21 
100 

6.98 
6.64 
4.53 
4.94 
52.96 
2.24 
4.42 
2.9 
3.13 
5.72 
7.74 
3.41 
1.1 
1 

Macrolide, lincosamide 
Tetracycline 
Tetracycline 
Tetracycline 
Cephamycin 

Nucleoside, fluoroquinolone, phenicol, lincosamide 
Tetracycline 

Streptogramin, macrolide, lincosamide 
Tetracycline 
Lincosamide 
Cephamycin 
Tetracycline 
Tetracycline 

Phenicol 
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Table A 4. Detection of AMR genes from FTA RBK samples.  

 

AMR genes identified from samples stored on FTA cards and prepared using the RBK library preparation 
method are reported. AMR genes were identified using KMA (version 1.4.9) from the amrfinderplus database. 
AMR genes identified with a template coverage of ≥90% and depth of coverage of ≥1× were included. 

 

 

 

Sample 
Number 

AMR genes 
identified 
by CMg 

sequencing 

Template 
Coverage 

Depth Associated antibiotic resistance category 

C1 - - - - 

B2 - - - - 

B3 - - - - 

B10 - - - - 

B40 - - - - 

B44 - - - - 

B56 - - - - 

B80 tet(40) 100.57 1.01 Tetracycline 

B94 - - - - 

B4 blaCfxA 100.1 1 Cephamycin 

B5 - - - - 

B6 - - - - 

B7 tet(Q) 102.65 1.63 Tetracycline 

B8 - - - - 

B9 - - - - 

B11 - - - - 

B12 - - - - 

B13 - - - - 

B14 - - - - 

B015 tet(40) 93.78 2.18 Tetracycline 

B016 tet(Q) 95.28 3.08 Tetracycline 

B018 tet(O) 103.28 1.41 Tetracycline 

B020 - - - - 

B021 blaCfxA-6 100.1 2 Cephamycin 

B022 
lnu(C) 
tet(40) 
emrD 

100 
101.15 

100 

1 
1.6 
1 

Lincosamide 
Tetracycline 

Phenicol 

B026 - - - - 

B032 - - - - 

B033 - - - - 

B045 - - - - 

B046 - - - - 

B049 lin 100.06 1 Lincosamide 

B057 qnrS 100.3 1.69 Fluoroquinolone 

B085 - - - - 

B081 - - - - 

C07b - - - - 

C012 - - - - 

C013 - - - - 
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