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Microbial Volatile Organic Compounds - A Path Towards Rapid Non-
Invasive Detection of Wound Infections

Shane Fitzgerald

The detection of microbial volatile organic compounds (VOCs) has previously demonstrated
potential as a non-invasive diagnostic tool for a variety of infectious diseases and disorders.
The objectives of this thesis were to firstly, illustrate and describe the close association
between microbial and clinical volatilomics; secondly, to characterise the volatilomes of key
wound-associated pathogens and to explore the factors influencing their VOC emission; and
finally, to demonstrate the application of VOC analysis for the detection of wound infections.
Chapter 1 of this report is a review of past and current literature surrounding the field of
microbial and clinical volatilomics. The most common experimental methods used across
microbial and clinical volatilomic studies are discussed with the aim of highlighting the critical
need for standardization of these techniques across the field. This chapter finally illustrates
the close association between microbial VOCs and disease and describes potential
opportunities for clinical applications in the future. Chapter 2 describes the comprehensive in
vitro volatilomic profiling of prevalent wound-associated bacterial pathogens. In this work,
species- and strain-level volatilomic diversity were explored by utilizing a simple experimental
workflow coupled with robust multivariate analysis techniques. Temporal stability of
microbial VOC emissions was also investigated and measured against to cell growth. Chapter
3 was a further investigation of these pathogens. The aims of this study were to examine the
influence of different nutritional media on the VOC output of the bacterial pathogens and to
investigate strain-level volatilomic differences in VOC emission kinetics. In Chapter 4, the
focus of investigation was shifted to fungal pathogens to characterise the factors surrounding
VOC emission in multiple Candida species. In this work, volatile metabolites from 10 clinical
strains of planktonic C. parapsilosis and one strain of planktonic C. albicans were profiled. The
effect of biofilm formation on the C. parapsilosis volatilomes was investigated for the first
time by comparing volatilomes of a biofilm-positive strain and a biofilm-negative strain over
time using a novel sampling approach. In the final chapter of this thesis, our rapid non-
invasive experimental workflow was employed for the analysis of wound swab samples. 23
participants (26 wounds total, 15 infected; 11 non-infected) were included in this work. The
volatilomes of infected and non-infected wound samples are characterised and compound-
level differences between them are described in this chapter. The results of this ongoing work
provide clear insight into the potential of volatilomics for future clinical applications. Overall
this collective work demonstrates the close association between microbial and clinical
volatilomics and highlights the clear potential for volatilomics to be used for clinical diagnoses
of wound infections. This thesis concludes with a short discussion of the future outlook of this
work.
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Chapter 1: Comprehensive microbial volatilomics as a novel route
towards rapid detection of infectious diseases
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Abstract

The emergence and spread of novel and old infectious diseases have been a significant
challenge faced by humans across history. Although the development of early detection
systems and novel therapeutics have significantly reduced the impact of infectious diseases
in the modern world, the emergence of the SARS-Cov-2 virus in 2019 highlighted how
unprepared it was for such a global emergency. Development of rapid non-invasive disease
detection techniques have since been at the forefront of scientific research. The detection of
volatile organic compounds (VOCs) emitted from infecting pathogens as metabolic by-
products or resulting from inflammation present a unique opportunity for non-invasive rapid
detection of disease. This review paper aims illustrate the potential clinical applications of
volatilomics in the future. The fundamental metabolic pathways by which microbes produce
volatile metabolites will be described to provide context on how these compounds are
generated. The most common experimental methods used across microbial and clinical
volatilomic studies will then be discussed with the aim of highlighting the critical need for
standardisation of these techniques across the field. Past and current microbial volatilomic
research on several prominent bacterial and fungal pathogens is then summarised before a
discussion of clinical volatilomics. Emerging evidence of applications of volatilomic profiling
for the rapid discrimination of disease-associated patients from non-disease associated
patients is discussed in this section with respect to previous research. Finally, a brief outlook
on the key challenges and potential opportunities in volatilomics is provided.
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1.1. Introduction

The growing emergence of infectious diseases across the world has proved to be a significant
burden on public health and global economies!. On a global level, the spread of disease has
been accelerated by rising populations worldwide, increased travel and trade!?, increased
human interference with nature and wildlife®*! and the overuse of antibiotics in clinics®® and
agriculturel®l. A major factor in the increase in severity and mortality rates of these diseases
is the rapid spread of antimicrobial resistance worldwidel®. Despite the development of
molecular diagnostics in the last 25 years, these techniques are highly specialised and are not
universally available. Instead, the majority of hospitals rely on classical techniques such as
plating, blood tests, and x-rays to identify microbial infections. Although these techniques are
highly standardised across the globe, they are limited by time and specific labour
requirements, and in the case of blood tests — lack of specificity. Throughout the years,
clinicians have used odour as an indicative marker of disease. For example, the sulfide
emission in the breath of Helicobacter pylori-positive patients with halitosis and
gastrointestinal issues!’], the sweaty feet odour of patients with isovaleric acidemial®, and
offensive odours from infected wounds. However, there are many volatile emissions from
pathogenic microbes that cannot be detected by the human nose and instead require specific
sampling and analysis instruments to be detected. These volatile emissions are collectively
termed the “volatilome” of the disease and these volatilomes are composed of many different
volatile compounds originating from both the host and the invading pathogens. With the
development of robust instrumental volatilomic workflows in the last 20 years, a variety of
clinical samples can be collected and rapidly characterised at the compound-level. The
identification of infection-specific volatilomes across a wide variety of maladies such as
pneumonia, tuberculosis, COVID-19, and chronic wounds may provide a significant
opportunity in infection prevention and control.

Volatile compounds are biproducts of the various stages of metabolic pathways utilised by
microbes for their survival. The metabolism of sugars, lipids, amino acids, sulfur- and
nitrogen-containing compounds, aromatic compounds and the subsequent metabolism of
those products potentially give rise to thousands of volatile compounds. The availability of
such substrates vary widely across nature which may significantly influence the volatilome of
a particular species of microbe across different environments. Other environmental
conditions such as oxygen availability®!, phase of cellular growth!*?1l temperaturel*? and
pH3influence the microbial emission of volatile compounds. Many microbes have evolved
to be facultative anaerobes — microbes which grow best in the presence of oxygen, but do
not require it for survival. As a result, to generate energy, microbes utilise multiple metabolic
pathways and electron acceptors - other than oxygen - to survive.

The analysis of pure cultures of pathogenic microbes under varying environmental conditions
has already proved to be a valuable method for elucidating the accessory and core
volatilomes of these organisms. For example, in some cases!*3I%6] yolatile compounds
detected in pure cultures in vitro have also been identified in vivo and have been used —
alongside standardised microbiological validation - to accurately identify pathogens present
in particular infections. However, among some of the key challenges in translating microbial
volatilomics to clinical volatilomics are: the disproportionate numbers of cells and resulting
abundances of volatiles generated in nutrient-rich media relative to real clinical samples;
finding appropriate controls for strict background subtraction; and the varying contributions
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of the host commensal microbiome to the volatilome of the samples. Despite these
challenges, by identifying the volatile compounds that are intrinsically linked to the survival
of specific pathogens in vitro, we gain insight into potential cellular origins of volatile
compounds detected from patients of infectious disease.

Wide variation in experimental and instrumental techniques used across volatilomics have
essentially slowed the progress of the field. As a comparison, similar challenges are also
experienced in microbiome research. Cross-study validation of results and data have
subsequently become difficult. The recent publishing of comprehensive review
papers!17I18IN201 and books?! as well as the development of the mVOC 2.0 databasel?? - a
comprehensive microbial volatilomic database — have elevated volatilomics into focus and
have highlighted major opportunities. However, it is critical that a wide collaborative move is
made towards standardised methods of sample collection, pre-treatment, sampling, and
analysis. Such a move will reduce biases and improve reproducibility of results across studies
and ultimately lay the foundations for future clinical applications of volatilomics.

Scope of review

The primary aim of this review is to highlight the clinical potential of microbial volatile organic
compounds primarily for future diagnostics. An initial discussion of the fundamental
pathways from which these metabolites are generated will guide the review towards its key
topics. These are: the need for standardisation of sampling and analysis tools in clinical
volatilomics; how comprehensive microbial volatilomics will lead to successful clinical
volatilomics; the challenges of clinical volatilomics; and the prospect of microbial volatilomics
research for novel antibiotic discovery in the future.

1.2. Discussion

1.2.1. Metabolic pathways involved in microbial volatilomes

Volatile metabolites are generated as byproducts at each step of multi-step pathways —
potentially giving rise to a vast number of compounds. These compounds are typically low
molecular weight, with high vapour pressure (boiling points < 250°C), and lipophilic in
character (low polarity)?Y. Following emission, these molecules can then be further
metabolised into potentially thousands of other volatile metabolites. Primary metabolism, or
central metabolism is the fundamental keystone of survival across both eukaryotic and
prokaryotic organisms. Primary metabolic products are derived from pathways such as
glycolysis, fermentation, the tricarboxylic acid (TCA) cycle, or the various electron transport
chains?3Y7l, The ultimate objective of primary metabolism is to generate as much
biochemical energy — in the form of ATP — as possible.

One of the most important molecules in both prokaryotic and eukaryotic metabolism is acetyl
coenzyme A (acetyl coA). lllustrated in Figure 1.1 are some of the key metabolic pathways of
which acetyl coA is intrinsically linked. Many of the metabolic reactions illustrated in Figure
1.1 are reversible and proceed based on the current metabolic requirements of the organism.
In cellular respiration, acetyl coA is produced by the decarboxylation of pyruvic acid at the
end of glycolysis, where it subsequently reacts with oxaloacetate to form citrate to initiate
the TCA cycle. This key metabolic pathway generates ATP and other energy carriers (NADH
and FADH;) which enter the electron transport chain (ETC) to generate more ATP. The nature
of the volatiles produced and the amount of energy that can be generated is dependent on
the electron acceptor available to oxidise the electron carriers. For example, in aerobic
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respiration of carbohydrates, exogenous O; is utilised as the final electron acceptor in the
electron transport chain which generates a high abundance of ATP and completely oxidises
glucose to CO,. Many volatiles such as acetoin, acetic acid, and pyruvate are produced from
the downstream stages of oxidation of these carbohydrates?!7], In anaerobic respiration,
exogenous SO4%, NOs,, or COs? are utilised as electron acceptors to generate relatively less
ATP and volatiles such as hydrogen sulfide (H.S) and ammonia (NHs3). Other volatiles
generated through these pathways include sulfur- and nitrogen-containing organic
compounds?!l, The lower energy yield in anaerobic respiration is due the lack of a high
potential electron acceptor (e.g. oxygen) to oxidise the high energy electron carriers (NADH
and FADH;). ATP is generated when the electrons from the low potential electron donor are
transferred to the high potential acceptor (e.g. O2) by redox reactions. Therefore, the amount
of ATP generated depends not on the concentration of the electron acceptor and donor but
the redox potential difference of all the reactions between the electron donor and the
available acceptor’?”. In nature, many bacteria simultaneously utilise multiple electron
transport chains — with different electron acceptors - to survive in constantly varying
environments?®!, This can allow many microbes to survive in both aerobic and anaerobic
conditions — these are labelled as facultative anaerobes. If no electron acceptors are present,
some microbes can transfer their electrons to an endogenous acceptor and initiate
fermentation. However, bacteria and fungi can excrete fermentation products even in the
presence of oxygen and other high potential electron acceptors. This seemingly less efficient
and wasteful phenomenon is known as overflow metabolism[?®l, It is characterised by the
excretion of acetate (the Acetate switch[?”)), which can occur anaerobically through mixed-
acid fermentation; and aerobically when growth on excess glucose inhibits respiration (i.e.
the Crabtree effect)?”]. Ethyl acetate, isoamyl acetate and methyl thioacetate are common
volatile acetate molecules frequently reported in both bacterial and fungal profiling studies.
Proposals for why microbial cells utilise fermentation over a higher ATP-yielding respiratory
pathway for energy have been reported throughout the years?8129130131] ‘however, collective
understanding of this complex phenomenon has yet to be achieved.

The majority of work on microbial volatiles has been primarily focused on characterising the
primary volatilomes of microbial species, however, high degrees of specificity in volatilomes
can only be found by investigating the secondary volatilome of microbes. Secondary
metabolites are not essential for growth and development. These compounds typically have
unusual structures and are generated by enzyme driven polymerisation reactions of larger
molecules (e.g. terpenes and sesquiterpenes)?!l.These compounds can also emerge through
non-enzymatic reactions, schleiferone A and B are examples of secondary metabolites that
are generated from the ex vivo reaction between 2-phenylethylamine and acetoin(32l.

The metabolism of amino acids is also a key source of volatile metabolites. Leucine is a short
chain amino acid that is readily catabolised by microbes when glucose is in low supply. This
catabolism can lead to the generation of common microbial volatiles such as 3-methyl-1-
butanol (isoamyl alcohol), 3-methylbutyric acid (isovaleric acid), 2-methylbutyric acid, 3-
methyl-1-butanol acetate, and 3-methylbutyrate®3l. The shikimate pathway is a seven-step
metabolic pathway that links the metabolism of sugars to the biosynthesis of aromatic
compounds®4. Key amino acids such as tryptophan, tyrosine, and phenylalanine are
commonly produced in using this pathway. Phenylethyl alcohol®®, indole®®, and 2-
aminoacetophenonel®”! are all examples of downstream metabolites that are also produced
at various stages of this pathway*”!. In the context of infection, microbes frequently form
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biofilms (discussed in section 2.3.1.) in vivo to help them survive in challenging environments.
A critical factor in the success of this survival is the slowing down of the cell growth ratel*!
due to the significant decrease in primary metabolic activity. Conversely, the upregulation of
amino acids during biofilm development®® could shift cell metabolism in favour of amino
acids over sugars. This difference in metabolic activity may also translate into a difference in
volatilomic activity between planktonic and biofilm cells and potentially lead to the biofilm-
specific emergence of more amino acid derived metabolites.

An alternative production mechanism for acetyl coA is through the R-oxidation of lipids
whereby it serves as the starter unit for the production of fatty acids?l. The condensation of
acetyl coA with malonyl coA results in CO, being lost as the new C-C bond between these
molecules is formed. Malonyl coA is the thiol ester of CoA and malonic acid and is formed by
the acylation of coA with CO,*!. This is then followed by several cycles of chain elongation
with malonyl coA which terminates at a variety of chain lengths to liberate respective acids.
Microbes are capable of utilising a variety of starter units — other than acetyl coA — for this
particular reaction and this results in vast diversity in the compounds produced. The
decarboxylation of intermediate compounds - produced as biproducts of the chain extension
cycle - leads to the generation of various alkanes, 1-alkenes, and methyl ketones[%.
Hydrolysis and reduction reactions of these intermediates also give rise to a variety of
compounds such as acids, 1-alcohols and aldehydes. This pathway is utilised by many
bacteria, including various clinical pathogens. For example, 1-undecene was detected in the
breath of patients with Acinetobacter baumanii-positive ventilator-associated pneumonia. As
discussed in section 2.4.1.2. of this review, this compound is also a key component of the P.
aeruginosa volatilomel*#21, 4-methyl-1-decene is another alkene that has been detected in
vivo, in the breath of patients following infection with Mycobacterium tuberculosis.

(o]
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Figure 1.1: Summary of the reversible and irreversible metabolic reactions from which Acetyl
CoA is involved.

Sulfur-containing volatile compounds are primarily derived from the oxidation of
methanethiol. Methanethiol is a highly common compound that is associated with decaying
biomass. It spontaneously dimerises in air oxidatively to form dimethyl disulfide!3! but also
can be oxidised metabolically by microbial oxidase enzymes!**! to form sulfides, disulfides,
and trisulfides!*”). Dimethyl disulfide and dimethy! trisulfide are volatile compounds that are
emitted by a wide range of microbial species and have also been described as indicators of
decaying biomass. It should be noted that these compounds are also present in many
commercial growth media used in microbial volatilomic studies™ 3, In living systems, sulfur-
containing volatile compounds can also be generated through the metabolism of the sulfur-
containing amino acids, cysteine and methionine!*®!, These pathways are particularly relevant
in the volatilomes of gastrointestinal (Gl) - associated pathogens such as Helicobacter
pylori®” and Clostridium difficile/*® whom both have highly complex volatile sulfurous-
compound profiles.

1.2.2. Analytical techniques used in microbial and clinical volatilomics

1.2.2.1.  Sample collection

The primary aim of clinical volatilomics is ultimately to deliver a rapid non-invasive means of
acquiring useful diagnostic information. Non-invasiveness is achieved by a technique when it
does not involve breaking the skin or contact with the mucosa or internal cavities of the body.
For example, biopsies would be considered invasive as they require a sample of tissue to be
removed from a specific site while swabbing would be considered relatively non-invasive as it
only requires a couple of seconds contact with the sample site. There are many approaches to
obtaining a human volatilomic sample. Human matrices such as breath, sputum, skin, urine,
blood, faeces, sperm, sweat or a wound bed all provide potentially unique diagnostic
information about the human condition. However, these matrices also introduce their own
interferences (discussed in section 2.4.1.) which must be accounted for via background
subtraction. In this section, some frequently used techniques for volatilomic sample collection
will be discussed.

Breath volatilomic research has focused on the collection and subsequent analysis of exhaled
breath for the detection of disease-associated biomarkers*®l. The collection of breath samples
for volatilomic sampling has been comprehensively reviewed %, Breath sample collection is
typically carried out using gas sampling bags, syringes, evacuated steel containers, and glass
bulbs.

Samples from superficial matrices such as skin, wounds and other lesions can also be collected
using a variety of techniques. Solvent extraction has also been used for the sampling of
skin®HB2 however, the requirement for solvents and for pre-concentration of sample matrix
prior to analysis limits its potential role in a clinical workflow. Direct headspace sampling is
easily compatible with SPME fibers and has been previously employed for rapid non-invasive
sample collection of skin volatiles®®?53], This technique utilises a small glass housing with a
SPME inlet that cups the surface of the skin and is fixed in position using adhesive tape.
Polydimethylsiloxane (PDMS)-based membranes and patches have been previously used for
the collection of volatiles from skin and wounds. Swabbing is a non-invasive sample collection
technique that is universally employed for a wide range of clinical applications and has yet to
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be comprehensively investigated for volatilomic sampling. Recently, clinical swabs with SPME
fibers incorporated into the cotton were employed for direct sampling of human metabolites
taken from nasal and oral cavities®¥. Swabbing has also been shown to be sufficient for
volatilomic discrimination of infected and non-infected wounds using an e-nose®>, however,
broader volatilomic data is required to identify the discriminative compounds. Our group is
currently profiling the volatilome of swabs taken from diabetic foot ulcers with varying
degrees of infection to broadly screen for and identify infection-specific volatilomic shifts
using HS-SPME-GC-MS.

Table 1.1: Cutaneous and superficial sample collection techniques for clinical volatilomics.

Sampling method Benefits Limitations
Swab e Rapid sample collection (6-10s) e Contact - introduces exogenous
e Simple and universal contamination,
Versatile — can be used for any e Relatively high background
site on the body (i.e nasal, signal intensity
saliva, axillae) e Unsuitable for dry skin VOC
Non-invasive analysis

e Can collect sample at varying
depths (wounds)

Direct skin ® Minimises exogenous e Potentially uncomfortable
contamination e Limited to specific sites on the
e Rapid turnover of data body
Suitable for skin analysis ® 15-20 min in vivo sample time
Sorbent e Simple and universal e Contact - introduces exogenous
membrane/patch e Relatively versatile contamination
e Non-invasive e Relatively high background signal
intensity

e Time consuming

e Superficial VOCs only (wounds)

® Requires thermal
desorption/solvent extraction

1.2.2.2.  Sampling and analysis

The wide variation in sampling and analysis techniques used across clinical volatilomics
restricts cross-study comparisons of data and essentially blocks validation of results. As an
initial step towards identifying consistent disease-associated volatilomic shifts, sampling and
analysis techniques with large reference libraries that support broad untargeted screening of
compounds should be employed. Untargeted whole volatilomic screening of clinical samples
is a frequently used technique for identifying discriminative patterns in volatilomic data. It
allows a wide range of volatile compounds to be identified and assessed on their individual
discriminative contribution of the examined samples. Once these volatilomic patterns are
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consistently validated for a given disease by other studies, the compounds responsible can
then be targeted and quantified by direct mass spectrometric techniques. A good example of
this comprehensive workflow was employed by Shestivska et al. *®! to first broadly screen the
volatilome of multiple strains of Strenotrophomonas using SPME-GC-MS and then quantify
target compounds of interest using selective ion flow tube (SIFT)-MS. However, currently
many clinical volatilomic studies use these direct mass spectrometric techniques first without
knowing what compounds to specifically target and quantify. While these studies highlight
the future potential of these direct quantification techniques, they also highlight the critical
need for more untargeted clinical volatilomic studies with standardised sampling and analysis
protocols.

Thermal desorption tubes / Solid-phase microextraction

Across the literature, thermal desorption sampling tools such as sorption tubes and solid
phase micro-extraction (SPME) fibers have been frequently employed for both microbial and
clinical volatilomics. Both of these sampling tools are directly compatible with GC-MS, which
allows efficient separation of the extracted analytes —which can then be accurately identified
using a large reference library. Sorption tubes are packed with pre-determined ratios of
sorbent combinations (e.g. porous polymers, carboxen, silica gels) to expand the range of
analytes that can be extracted®!. Volatile analytes travel up the tubes and are adsorbed onto
the various sorbents based on their polarity and volatility. For example, highly volatile low-
molecular weight compounds that have low polarity®?”! and are retained using a strong
sorbent such as carboxen in the deeper beds of the tubel®®. As the molecular weight of
compounds increases, they become less volatile and more polar, therefore to capture these
compounds, porous polymers such as polyethylene glycol (PEG) — that rely on stronger polar
interactions - are required. This technique has proven to be highly applicable in clinical breath
studies (see Table 1.3) where the breath sample is typically collected in a Tedlar bag and then
subsequently transferred into the sorption tubes using a vacuum pump.

SPME relies on a similar mechanism as it utilises a chemically enhanced silica fiber (stationary
phase) consisting of various phases to capture a wide range of analytes. Each phase has
unique pore sizes and polarity characteristics that allow the retention of both small volatile
apolar compounds and larger less volatile polar compounds®. Active research is also being
carried out on expanding the range of compounds that can be extracted by SPME by
developing new fiber coatings!®°l.

Throughout the literature, in both microbial and clinical volatilomics, the use of these
techniques have allowed the detection of a higher number of volatile compounds and have
yielded some of the most diverse volatilomic data. For example, in microbial volatilomics,
SPME sampling has been widely used to obtain core and accessory volatilomes of highly
prevalent clinical bacterial pathogens®!62431142](Figyre 1.2). The use of SPME for in vivo
volatilomic sampling is constantly evolving for different biological matrices. Although
sampling of the skin volatilome using SPME has been demonstrated multiple times, there are
yet to be studies investigating cutaneous diseases such as atopic dermatitis, acne, or psoriasis.
These diseases have all been shown to have measurable microbiome shifts which - given the
close relationship between them - may also indicate potential disease-specific volatilomic
shifts. The sampling of breath volatiles has been shown to be more suited to sorption tubes
as the breath samples can be readily vacuum transferred from the sample collection
apparatus to the tubes. Although these methods enable broad volatilomic screening of a
variety of volatilomes, they are limited in that it is highly challenging to obtain accurate
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guantitative volatilomic data. This can be achieved by incorporating direct mass-spectrometry
based methods into the workflow.
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Figure 1.2: Total ion chromatograms of bacterial and fungal volatilomes following HS-SPME-
GC-MS analysis after 24 hours of planktonic growth.

Real-time methods of detection are a promising prospect for future volatilomic profiling
investigations. The advantages (Table 1.2) of direct detection methods include real-time
targeted analysis, absolute quantification, and high sensitivity. Samples can be analysed
immediately after being collected, which eliminates potential errors that could arise as a
result of sample storage and transportation®3. Frequently used direct techniques in
volatilomics include proton-transfer-reaction (PTR)-MS, selected ion flow tube (SIFT)-MS, ion
molecule reaction (IMR)-MS, ion mobility (IMS-MS), and secondary electrospray ionisation
(SESI)-MS. Among these techniques, the most frequently employed in volatilomics are SIFT-
MS and PTR-MS.

SIFT-MS is an analytical technique used for real-time quantification of volatile analytes. The
mechanisms behind this analytical technique are described in great detail in the reviews
[641(651[66] |n summary, sample gas molecules are introduced to the ion flow tube and are
chemically ionised by precursor ions (H30*, NO*, and O2+) in the helium carrier gas. Precursor
ions and sample gas molecules react to form product ions which are then detected and
counted by the downstream mass spectrometer.

In a PTR-MS system, primary ions, H3sO*, react with sample molecules under defined
conditions. Water vapour is introduced to a chamber containing a hollow-cathode discharge
source that generates hydronium ions (H30*). This process begins at the hollow-cathode
discharge source and is facilitated further in the source drift region. lons in the source drift
region are dragged by an electric field into the drift tube. H3O* ions travel through a buffer
gas within the drift tube to which sample gaseous molecules are added. The sample molecules
are protonated by the H3;O" ions. The ion detection system then measures the count rates of
remainder H3O* ions and the protonated sample ions, which are proportional to the
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respective densities of these ions. More detailed accounts of this instrumental technique can
be found elsewherel®!,

These techniques have been adapted for both microbial and clinical volatilomics studies
(Table 1.2). These studies have demonstrated the clear potential for these methods to be
used for accurate quantification of target metabolites in the future. However, due to limited
reference libraries, these methods are currently non-applicable for untargeted screening of
analytes®®l. As a result, the datasets reported in studies using these methods have relatively
low numbers of compounds compared to datasets obtained using GC-MS. It is recommended
that volatilomic studies that employ these direct detection techniques also include GC-MS
analyses to validate the results!®. In the future, following the validation of target
metabolites, the true value of these quantitative mass spectrometric methods will be
realised.

Table 1.2: Overview of frequently used sampling and sampling-analysis methods in microbial
and clinical volatilomics

. . T Clinical Microbial
Technique Benefits Limitations . . . .
volatilomics volatilomics
*  Diverse range *  Absolute *  Skinls3]
e  Cost efficient quantification
*  Used widely challenging *  Direct breath!70li71] HS vials
e Sensitive and e Storage of (731126](15][14](42](45]
selective sample *  Woundsl!150l1151] Culture bottle (111
e Easily standardized
SPME e Directly *  Gldisorders
compatible with (Faeces!72])
GC-MS.
e Superficial human
volatilomics (skin,
wounds)
®*  COVID-19 (breath)
. [74](75]
. Diverse range . Special .
e  Sensitive and P VAP (breath)
. attachment e [14][15] HS vials
selective needed for GC- i [10][16]
. e  Storage of samples . Tuberculosis
Sorption tubes . ) MS analysis (breath) Culture flasks
. Compatible with . Relatively [16](76] (791180}
. ﬁic_l:\lﬂssuitable for expensive - " Gldisorders
gy requires pump (Faeces!”])

breath volatilomics

Gastric cancerl78!

. Lack of
e Simple operation selectivity
. Compatible with . Limited number | *® Influenza (breath) HS vials
Direct syringe GC-MS of compounds [81] 831](84]
e Relatively *  Pre- *  COVID-19182]
inexpensive concentration
required
e  Quantification *  Challenging for Tuberculosis
*  Real-time analysis screening of (breath) (16]
Direct e Highly sensitive unknowns Skin [85] HS vials
P e Suitable for *  Relatively Healthy breath [91][92][93][94](56]
quantification . . - -
targeted analysis expensive profiling(86l Biofilm assay [95]
(SIFT-, PTR-, *  Versatile —can be . Limited VOC Gastric cancer Culture bottlel°6]
SESI-MS) adapted for many profiles (breath)(871i88]ies]
biological matrices | ¢  Highly COVID-19 [20]
specialised
19

Pre-examination copy
Submitted 27t May 2022



O
flow
controller
N

\?:

desorption E> @ —

Direct sampling Bag sampling

Figure 1.3: Frequently used in vivo volatilomic breath sampling techniques. Top) Direct syringe
sampling apparatus employed by Ruszkiewicz et al.'®? for the breath profiling of COVID-19
positive patients.. Middle) Breath profiling of VAP patients using a syringe-sorption tube
sampling workflow followed by GC-MS analysis**!. Bottom) Direct breath sampling and bag
sampling of breath for direct quantification of target analytes by SIFT-MS®4],

1.2.3. Invitro microbial volatilomics and clinical volatilomics

1.2.3.1.  Microbial volatilomics

Comprehensive characterisation of microbial volatilomes involves compiling volatilomic data
from microbes across varying environments, growth phases and using varying experimental
systems. Reported volatilomic results are highly dependent on the analytical methods
employed and therefore to obtain the whole volatilome of a particular organism, a variety of
sampling and analysis techniques must be employed. Subsequent validation of results must
always be carried out using GC-MS as it has the largest reference library of compounds
available. In vitro analyses of microbial pure cultures allows production mechanisms of
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specific metabolites to be determined. This then aids identifying the cellular origin of volatile
compounds that are detected in clinical in vivo systems. In this section, the volatilomes of
some highly prevalent bacterial and fungal pathogens are discussed.

Staphylococcus aureus

S. aureus is a highly prevalent pathogen that acts as the driving force behind many cutaneous,
wound and respiratory infections. The emergence of penicillin-resistant S. aureus in the 1950s
followed by a methicillin-resistant S. aureus (MRSA) epidemic in the 1960s placed this
pathogen into international focus. The MRSA epidemic in particular caused significant rates
of sepsis in many European countries and its re-emergence and prominence over the last 60
years have led to large global efforts to develop early detection systemsP®”). Staphylococcal
species have been shown to emit a diverse range of volatile metabolites, however, many
share similar volatilomes and work is needed to deduce the species- and strain-level diversity
of the volatilome of this phyla. In this section, the volatilome of S. aureus will be discussed.

S. aureus emits a diverse range of acids, ketones, fatty acid esters, alcohols, and aldehydes.
Early stages of S. aureus growth has been marked by the relatively high abundance of
aldehydes 2-methylbutanal®?®8l and 3-methylbutanal®?®® which are then consumed and
metabolised into other compounds in the latter stages of growth*l, It is a facultative
anaerobe that primarily relies on oxygen to support its metabolism of sugars and amino acids
to generate core primary volatile alcohol and acid metabolites such as ethanol, 3-methyl-1-
butasnol, isovaleric acid, propanoic acid, 2-methyl propanoic acid, and acetic acid. The
abundance of acids and ester compounds produced by S. aureus has been shown to be
dependent on the availability of sugars?61l, Acetoin and 2,3-butanediol are two uncharged
molecules that are generated from the metabolism of pyruvatel”). These molecules are
produced in the exponential phase of growth in response to the accumulation of acidic
metabolites. The neutrality of the molecules reduce over-acidification of the intracellular
environment by neutralising the extracellular environment!%20 Other compounds emitted
by S. aureus include dimethyl disulfide and 1-butanol™*(291 — || of which are highly common
across bacterial and fungal volatilomes. Although it should be noted that dimethyl disulfide
and 3-methylbutanal are frequently found to be present in blank growth medial®®#2143 the
mechanisms by which they are generated in microbes are illustrated in the review by
Weisskoff et al.['7]

As highlighted in section 2.4.6. of this review, S. aureus, as well as P. aeruginosa, and E. coli
are highly prevalent wound pathogens and are responsible for particularly severe infections
in diabetic foot ulcers (DFUs)[102I1103] ‘Malodour has been used as a clinical indicator of wound
infection for many years, however, characterisation on a molecular-level of this malodour has
never been comprehensively demonstrated. Detection of S. aureus volatiles in vivo has
however been demonstrated by Filipiak et al. * whom detected 3-methylbutanal, ethyl
acetate, acetic acid, and ethanol in the breath of patients with S. aureus-positive ventilator-
associated pneumonia. In terms of strain-level volatilomic diversity, A.W Boots et al observed
significant differences in the abundance of discriminatory volatiles emitted from MRSA
(Methicillin resistant) and MSSA (Methicillin sensitive) cultures. These results highlight the
potential influence of antibiotic sensitivity”®! on bacterial volatilomes.
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Pseudomonas aeruginosa

P. aeruginosa is a common gram-negative bacillus that is frequently associated with severe
infections of burns!'® and diabetic foot ulcers(!%®! and it has been labelled as the most
common cause of persistent, fatal respiratory infections in cystic fibrosis patients[10¢1107],
Eradication of these infections can be highly difficult due to the exceptional resistance to
many antibiotic therapies that P. aeruginosa has developed!,

Clinical P. aeruginosa isolates (n=24) were grown in vitro'®? analysed to identify 65 unique
compounds across these isolates. Among them were first-time reports of 2-decanone and
several 3- and 4- ketones. By analysing a high number of strains, this study comprehensively
reports many of the core and accessory volatiles associated with the P. aeruginosa volatilome.
The P. aeruginosa volatilome is characterised by a series of compounds that are derived
primarily from the fatty acid pathway, these include 1-undecene!*0I10911120]1111] 5.
nonanone®I®3 2_undecanone®#3l106] - 3_nonanol®?2 and 2-undecanol®?*3], Figure
1.414% jllustrates how these compounds collectively contribute to the discriminative nature of
the P. aeruginosa volatilome when compared to other pathogens. However, the most
characteristic compound linked to the Pseudomonas volatilome is 2-aminoacetophenone -
produced in the amino acid degeneration (shikimate) pathway via the loss of a hydroxyl group
on anthranilic acid*”, 2-aminoacetophenone is a quorum sensing molecule that has been
shown to have a significant dose-dependent promotion of antibiotic resistance in P.
aeruginosa cells™?, Interestingly in our own recent study, we consistently detected
significant differences in the emission of 2-aminoacetophenone - across multiple growth
media - between two P. ageruginosa strains“?. This highlighted potential strain-level
differences in antibiotic-sensitivity across the two examined strains while also demonstrating
how volatilomics and metabolomics could be employed to identify these potential
differences.

1-undecene has been detected in vivo in patients with Acinetobacter baumanii infections in
the ventilator-associated-pneumonia (VAP) study by Gao et al.l*>! As discussed this compound
is produced in high abundances by P. aeruginosa and it has also been detected from a ex vivo
sputum model colonised with P. aeruginosa!**3!. Ex vivo models have been used to simulate
wounds infected by P. aeruginosa. Using this perfusion wound meat model, 2-
aminoacetophenone and 2-nonanone were labelled as potential biomarkers of Pseudomonas
wound infection as they were detected ex vivol*'?,

Although the volatilomic detection of P. aeruginosa in vivo has not been demonstrated
directly, there are some indications that potentially highlight the clinical persistence of these
volatiles. Firstly, the detection of methyl thiocyanate in the breath of P. aeruginosa-positive
cystic fibrosis (CF) patients was attempted by Shestivska et al.®* In this study, relatively higher
concentration ranges of methyl thiocyanate were detected in P. aeruginosa-positive CF
patients than P. aeruginosa-negative CF patients; however, statistically significant differences
in the mean concentrations of this compound across the two groups were not observed.
Despite this, this study was limited by low numbers of patients in the P. aeruginosa-positive
group and did demonstrate the occurrence of another volatile metabolite that has been
detected across both in vitro and in vivo systems.

Escherichia coli
E. coliis a gram-negative facultative anaerobe that is highly abundant in the human intestinal
tract. It has been reported to be one of the most predominant pathogens in hospital-
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associated infections™¥ and has been associated with multiple disorders such as
pneumonial®* and neonatal meningitis!*'®l. E. coliis also a frequently isolated pathogen from
chronic wounds.

The volatilome of E. coli is characterised by a high abundance of indole?®. Indole is commonly
found in human faeces as a product of E. coli activity in the human gut®*”], and its high
abundance is likely responsible for the characteristic foul odour of the culture. Indole has
been documented as an intercellular signal molecule amongst diverse bacteria. It is produced
by over eighty species of bacterial*'®, though very few produce comparable abundances to E.
coli. It is produced in the downstream metabolism of aromatic amino acids (shikimate
pathway). E. coli is highly diverse metabolically and utilises a variety of pathways for its
survival. For example, in Figure 1.4, the detection of even and odd carbon numbered 1- and
2-alcohols (Cs — Ci6) and odd carbon numbered ketones (2-nonanone, 2-undecanone, 2-
tridecanone and 2-pentadecanone) indicates a highly active fatty acid pathway!“?%3l, The
emission of some of these compounds has been shown to correlate with the respective
growth phase of the cells!*?. E. coli produces a high abundance of a number of fatty acid esters
through the combination of alcohols and acetyl coA enzymes!**®!. As a result of this metabolic
ability, E. coli has been studied for its ability to produce petrochemically useful compounds
such as styrenel?%, fatty acids!*?!], and fatty acid methyl esters!*??1123] Some of the alcohols
and their resulting fatty acid esters can be seen in the heatmap in Figure 1.41%2], The detection
of E. coli infections in vivo has yet to be thoroughly investigated. Stool samples have been
previously employed for the volatilomic detection Gl-associated pathogens such as
Clostridium difficileV”! and Giardia spp.? . These studies highlight the potential value of stool
volatilomic sampling for the detection of E. coli-associated Gl-infections.

Other common pathogenic bacteria

Klebsiella pneumonia and Streptococcus pneumoniae are members of two different genera,
but as their names would suggest, they both contribute to similar disorders, namely
pneumonial*?4125 and also meningitis*?61127], The VOC emissions of both these species have
been investigated, both emit alcohols and various 2-ketones such as 2-butanone, 2-
pentanone and 2-nonanonel®128111291 _ 3| of which are common to other bacterial VOC
signatures. The two pneumonia-causing species also emit characteristic VOCs; S. pneumoniae
emits low-molecular weight hydrocarbons (E)-2-butene and (Z)-2-butene(TSB media), while
K. pneumonia emitted various 3-, 4- and methyl ketones (LB media). 3-methyl-1-butanol is a
very common VOC emitted from a many bacteria including Staphylococcus epidermidis (S.
epidermidis)®*>, S. pneumoniae™®, and K. pneumoniae!*?®!. Lemfack et al. analysed VOCs
produced by commensals Corynebacterium and Staphylococcaceae species®?. When
cultured in brain heart infusion (BHI) media, Cornebacterium emitted compounds such as 2-
nonanone, 2-phenylethanol, and 2-undecanone — all of which are also emitted by E. colil*>!.
Gl-associated pathogens such as H. pylori®”! and C. difficile*®! have been reported to have
complex sulfurous volatilomes comprised of various sulfides, thiols, thioesters, and sulfur-
containing heterocyclic rings.

Candida

The investigation of fungal volatilomes in a clinical context is relatively understudied, though
there has been previous attention given to the emission of volatile antibiotics from specific
fungal species. Candida albicans is one of the most prominent clinically prevalent fungal
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pathogens. It is a polymorphic fungus that can grow either as ovoid-shaped budding yeast; as
an elongated ellipsoid cell with pseudohyphae; or a parallel-walled true hyphal form.
Physiological and environmental cues such as temperature, pH, O, and CO. content, and
guorum sensing interactions can signal the transition of the Candida cell from one
morphology to another. As the fungus transitions from the yeast cell to the ellipsoid cell to
the true hyphal form, its virulence increases — this is also reversible. As a result, severe
Candida-associated infections typically involve cells that have formed true hyphae. For
example, severe co-infections can arise between C. albicans and S. aureus as the bacteria can
utilise the hyphae of the fungi as an adhesive surface to generate persistent biofilms[*3,
Investigating potential volatilomic shifts that may occur as the cells transition across these
morphologies in vitro could be a relatively simple route towards characterising the virulent
volatilome of C. albicans. Recent volatilomic studies have investigated highly common
pathogenic Candida species: C. albicans'®3?, C. tropicalis*3?, and C. glabrata 132111331
However, volatilomic data on C. parapsilosis is currently very limited - the only study
available3*! identified only 3 compounds. Among the discriminative compounds produced
by Candida, farnesol is a biproduct along the ergosterol synthesis pathway!***! and is a
quorum sensing molecule critically used in C. albicans biofilm development. It is primarily
involved in the control of morphogenic transitions in Candida, mediating the transitions from
a hypha-to-yeast!*3® and inhibiting yeast-to-hypha transitions*3”1 — which is critical to Candida
biofilm formation and virulence. Farnesol has also demonstrated strong antimicrobial
properties showing anti-biofilm activity against several Staphylococcal spp*3®1*3°l, Another
key bioactive metabolite emitted by Candida is phenylethyl alcohol. This molecule has been
linked to the stimulation of filamentous growth**®! and promotes biofilm formation in
yeasts[1#1142] |nterestingly, despite this filamentous growth this molecule stimulates in
yeasts, it has demonstrated inhibition of hyphal formation in C. albicans cells!*43!1240l _ which
is a core step in C. albicans biofilm development***! . However, hyphae formation is promoted
by C. albicans cells through the production of tyrosol!**°! —a quorum sensing molecule derived
from phenylethyl alcohol.
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Figure 1.4: Heatmap hierarchical clustering representation demonstrating the clear
volatilomic dissimilarities observed across S. aureus, P. aeruginosa and E.coli samples cultured
in brain heart infusion (BHI) broth (Fitzgerald et al*%).
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1.2.3.2.  Clinical volatilomics

Similar to the way in which many diseases cause dysbiotic shifts in the human microbiome,
many diseases cause measurable shifts in the human volatilome. As a result, there are
opportunities to develop innovative novel techniques and technologies to accurately
diagnose diseases by characterising their volatilome. The major benefit of using volatilomics
for potential clinical diagnoses is that volatile compounds - by their nature — can be non-
invasively collected and rapidly analysed. Disease-associated volatilomic shifts have been
reported for a variety of diseases and maladies, however, there is currently wide variation in
the individual compounds that are responsible for these shifts across the literature. As
discussed in section 2.2., a major contributor to this variation is the lack of standardised
protocols for sample collection, sampling and analysis. The collective move towards
standardisation of these protocols in the near future will give rise to major leaps towards
uncovering the realistic clinical applicability of these methods. Low sample sizes in clinical
volatilomic studies also majorly contribute to the cross-study variation observed across the
literature. The aim of this section is to draw comparisons and contrast the results taken from
the past and most recent clinical volatilomic studies. This section closes with a table summary
(Table 1.3) of reported discriminatory compounds collected from a variety of clinical
volatilomic studies and the analysis methods used in each study. While this table clearly
illustrates the variation in reported compounds across the literature, it highlights potential
cross overs in specific discriminatory compounds across diseases. As well as a mVOC
database, building a clinical volatilome database in the future would have substantial benefits
for researchers in this developing field.

Tuberculosis (TB)

TB is an infectious disease caused by the bacillus Mycobacterium tuberculosis which can be
spread from one person to another via breath. The disease primarily affects the lungs
(pulmonary TB) but the TB bacteria can also enter the bloodstream and affect other sites of
the body (extrapulmonary TB). Throughout the years TB has been diagnosed using
microscopy, culturing, and recently molecular methods**°l. However, despite the advances
in these diagnostic techniques, millions of TB cases are missed worldwide**¢l, This is primarily
due to the insensitivity and the required duration of these tests. For example, a
mycobacterium culture takes between 4-8 weeks to completel*#7],

Syhre et al. 18] investigated whether volatile metabolites produced in vitro by various
Mycobacterium could be used as a rapid and selective diagnostic method. They identified two
potential disease-associated VOCs, methyl p-anisate and methyl nicotinate, that were
emitted exclusively by M. tuberculosis and M. bovis — another causative pathogen of TB.
However, these compounds were not detected in pure Mycobacterium cultures carried out
by McNerney et all**?!, whom instead reported compounds such as 2-phenylethanol, 2-
methyl-1-butanol as being discriminatory markers. McNerney also specifically addressed that
the targeted approach previously proposed by Syhre et al. is challenging, and that “a more
robust approach is likely to be achieved by obtaining the whole spectra of samples for TB
analysis and subjecting these to multivariate analysis”. An example of this more robust
approach was demonstrated earlier by Phillips et al.’® whom firstly analysed the volatilome
of M. tuberculosis cultures before detecting TB-specific patterns in breath samples. In this
work, 134 compounds were detected in the breath of TB patients (n=42) and healthy controls
(n=59) using sorbent traps coupled with GC-MS. These compounds were then subsequently
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used to discriminate the groups using principal component analysis which demonstrated a
high degree of sensitivity and specificity.

Untargeted studies have investigated the breath profile of patients with TB, by employing
healthy volunteers with no symptoms as the control group, and smear positive cases as the
study group*®?l. In this study, the potential of VOC profiling was demonstrated for therapeutic
treatment monitoring by using a PCA biplot to effectively visualise the therapy timeline of the
study group against a control group!*>°. A more targeted approach was employed by Mellors
et al.[** whom investigated potential biomarkers of TB found in the breath of animals. In this
work, in vitro culture based volatilomic analysis was carried out on a single strain of M.
tuberculosis, and an in vivo breath analysis of animals infected with the same strain of M.
tuberculosis.  They detected 4-(1,1-dimethylpropyl)phenol and  4-ethyl-2,2,6,6-
tetramethylheptane in both the in vitro pure cultures and in the in vivo breath analysis of the
infected animals. These results indicate that some of the substrates found in the growth
media used for the in vitro VOC profiling were also present in the lungs of the animals, and
that the pathogen was potentially able to exploit this availability of nutrients in vivo.

Recently, an interesting novel approach of TB diagnosis was reported by Vishinkin et al.[*>1
whom employed both headspace GC-MS and nano-based sensor arrays to analyse volatile
biomarkers emitted from the skin. In this two-site study in which a total of 636 subjects were
analysed, the authors reported that patients with confirmed pulmonary active TB had
elevated abundances of acetic acid, 2-ethyl-1-hexanol, toluene, and ethyl cyclopropane.
However, it must be noted that despite the highly impressive sample size of the study,
compounds such as 2-ethyl-1-hexanol and toluene are present in many environments2152]
and background concentrations of these compounds vary widely across these environments.

SARS—CoV-2 and COVID-19

In 2020, the rapid spread of the SARS—CoV-2 virus across the world significantly highlighted
the immediate need for non-expensive rapid detection techniques for infectious diseases
such as COVID-19. Wide-spread testing was universally accepted as being one of the most
powerful tools countries could use at slowing the spread of the virus. Though polymerase
chain reaction (PCR) testing is the gold standard in terms of detecting the virus, the shortage
of required reagents and kits in the early stages of the pandemic clearly highlighted the need
for new rapid methods of detection. Volatilomic screening of the breath of COVID-19 patients
has emerged as a potential approach for the identification of novel biomarkers. Although
antigen testing has emerged as a rapid alternative approach to PCR testing, many countries
have been slow to accept this technique due to accuracy concerns. Respiratory viral infection
was previously shown to cause discriminatory volatilomic shifts in human cells in vitro[*>3,
highlighting a potential novel route for the detection of viruses in vivo. Breath profiling has
subsequently been investigated as a route towards non-invasive testing of COVID-19. Though
none of the studies described demonstrate high degrees of accuracy in their discriminatory
patterns between COVID-positive and COVID-negative patients, they do highlight the need
for further investigation. Detecting volatiles specific to a virus is challenging as they do not
produce their own metabolites and instead rely on the metabolism of the host!*>*. Therefore
detection of viruses using volatilomics would most likely rely on the detection of
inflammatory shifts in the whole human volatilome rather than detection of a specific
indicative compound.
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Ruszkiewicz et al.[B? carried out a volatilomic study across two different hospitals with 98
participants, 31 of which had COVID-19. The group used a simple sample collection system
which isillustrated in Figure 1.3. Multivariate analysis of the breath volatilomes demonstrated
a relatively good discrimination between the breath samples of the COVID-19 positive
patients and the COVID-19 negative patients. The compounds responsible for the observed
trend were ethanal, heptanal, octanal, acetone, 2-butanone and methanol. In another COVID-
19 breath study by Grassin-Delyle®®, was used to analyse the breath of 40 patients, 28 of
whom were COVID-positive. Four compounds presented significantly higher abundances in
the breath of PCR-positive patients versus PCR-negative patients, these were methylpent-2-
enal, 2,4-octadiene, 1-chloroheptane, and nonanal. The discriminatory compounds identified
in both these studies were not discriminatory markers in a recent study!”* published in the
European Respiratory Journal. In this study, the breath of 81 patients (52 PCR-positive cases)
was collected using sorption tubes and analysed using GC-MS. Following the analyses, 68%
sensitivity and 85% specificity was observed for the discrimination of the breath samples of
the two cohorts, of which benzaldehyde, 1-propanol, 3,6-methylundecane, camphene, beta-
cubebene, iodobenzene were the discriminatory markers. Most recently, the breath of
different groups of children with and without COVID-19 was analysed using sorption tubes
coupled with GC-MS to broadly screen for metabolic shifts in their volatilome”!. The results
showed interesting discriminatory patterns between the groups based on shifts in abundance
of regular aldehydes heptanal, octanal, and nonanal. Though these aldehydic compounds are
common components of the human volatilome, this study is the third COVID-19 breath
analysis to report increases in their abundance in COVID-positive patients. These results also
broadly agree with recent correlations made between oxidative stress in the breath of cancer
patients and elevated aldehyde abundances!*>>115611157],

Although, these four COVID-19 studies demonstrate minor similarities, the patterns already
emerging highlight the potential application of breath volatilomics as a clinical aid for COVID-
19 detection. However, the differences in results across these studies highlights the need for
standardised sampling and analysis platforms for such investigations. As discussed in section
2.2. of this review, one of the major challenges in clinical volatilomics lies in validating results
due to high variation in experimental methods used across the field. Even with clinical
volatilomic studies that use the same techniques, cross-study comparisons are challenging
due to factors associated with the sample size, variation of disease severity across
participants, lifestyle factors across participants and participant comorbidities. Therefore, in
order to develop and elevate clinical volatilomics towards future practical applications, a
move towards standardised methodology must be made - this will ultimately require large
collaboration across the field.

Ventilator associated pneumonia

Ventilator-associated pneumonia (VAP) is a hospital-acquired infection that commonly occurs
in patients in intensive care units (ICUs). The mortality rate is estimated to be approximately
9%, however there are some estimations ranging from 24% to 50%, and upwards to as high
as 76% depending on what pathogen(s) are driving the infection!**®, The pathogens
associated with VAP include methicillin resistant S. aureus, P. aeruginosa, Acinebacter spp.
Haemophilus spp., and Streptococcus pneumoniae (S. pneumonia)*>*11¢%, |n severe cases,
VAP can lead to bacteremia — a highly deadly systemic infection circulating in the blood!*6%,
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Volatilomic studies have aimed at characterising both VAP-specific VOCs and whole breath
volatilomes of VAP patients. Schnabel et al.['? demonstrated that VAP positive ICU patients
and VAP negative ICU patients could be differentiated from each other based on their
respective breath volatilomes. 104 critically ill patients with clinical suspicions of VAP were
diagnosed either positive or negative for VAP using a bronchoalveolar lavage (BAL). 12 VOCs
were subsequently identified that differentiated the two groups PCA results. Among these
compounds were 2-methylbutane, heptane, dodecane, tetradecane, and ethanol. Though
none of these compounds are individually unique with respect to microbial volatilomes, their
collective emission pattern was unique enough to allow a moderate discrimination
(sensitivity: 75.8% and specificity: 73.0 %) of the breath profiles of patients with VAP and non-
VAP patients. Filipiak et al. analysed breath samples of 28 mechanically ventilated patients,
22 of whom had VAP. S. aureus was microbiologically confirmed in 5 VAP patients, which
correlated with the identification of compounds such as 3-methylbutyraldehyde, ethyl
acetate, acetic acid, and ethanol — all of which had been confirmed as metabolites for S.
aureus in previous in vitro studies!**l. These compounds are all primary metabolites and
originate from the breakdown of glucose and amino acids.

Detection of in vitro biomarkers in the breath of VAP patients was also observed by Gao et
al.’ who demonstrated a clear discrimination between the breath profiles of the
Acinetobacter baumanii - free control group, the colonisation group, and the infection group,
with the largest difference being between the control and infection groups. Before analysing
the breath of the A. buamanii-positive VAP patients, the volatilome of A. baumanii pure
cultures was analysed to identify potential growth-associated volatile biomarkers. Among the
eight compounds that were present in both the pure cultures and the breath of the VAP
patients were 1-undecene, longifolene, tetradecane, nonanal, and decanal. Particular
precaution must be applied to the inclusion of compounds such as nonanal and decanal as
possible biomarkers of human disease as both of these compounds are present in abundance
across many sites of the human body®?. Despite this, the detection of 1-undecene in the
breath of the VAP patients is very interesting as this compound is also a metabolite that is
emitted by P. aeruginosa*?*1° — another highly dangerous respiratory pathogen[*®3],
Interestingly, P. aeruginosa was shown to emit this 1-undecene in an ex vivo sputum
model™®*3! discussed in the next paragraph. The detection of short-chain alkanes such as
tetradecane was also observed in VAP volatilomic study carried out by Schnabel et al.*¢%, In
another in vivo investigation, Szikszay et al.l'®* artificially induced P. aeruginosa-associated
and E. coli-associated VAP on two individual groups of rabbits and analysed the resulting
breath profiles using GC-IMS. The group detected compounds that were previously detected
in vitro'®%! that allowed the discrimination of the breath of infected rabbits and non-infected
control group of rabbits. However, indole was the only compound of these five that was
successfully identified, again highlighting the need for broad screening via GC-MS for such
untargeted analyses.

Ex vivo sputum models have also been explored by Lawal et al.[*6¢150] 35 3 potential route
towards VAP biomarker detection. Similar to the idea of the ex vivo wound models discussed
in section 2.4.4., the sputum models are artificial mixtures of various components of sputum
and used as a source of growth for the bacteria. In these studies, following the analysis of
various VAP-associated pathogens in both standard nutrient broth and the sputum model,
multiple compounds such as indole (emitted by E. coli) , 1-undecene (emitted by P.
aeruginosa), cyclopentanone (emitted by E. coli and P. aeruginosa), 1-hexanol (emitted by E.
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coli), and thiocyanic acid, methyl ester (emitted by P. aeruginosa) were marked as potential
indicators of bacterial infection in the lungs as they were detected in either both media or
only the sputum model.

During the COVID-19 pandemic the international demand for ventilators significantly
increased as the numbers of hospitalisations increased. Though there are currently few
studies describing the incidence of VAP in ventilated COVID-19 patients, a recent
observational study!*®”! determined that they are at a higher risk of developing VAP than
ventilated non-COVID 19 patients. The authors propose that this is potentially due to the
prolonged period of ventilation caused by COVID-19. If this holds true universally, investment
in non-invasive rapid detection methods as a tool for detecting early stage VAP will be a
critical step in preparing for the next pandemic.

Cystic fibrosis

Cystic fibrosis (CF) is a lethal genetic disease that primarily affects the lungs. Persistent
inflammation of the lungs leads to progressive lung injury and destruction and ultimately
causes a gradual in lung function®®. As the lungs decline they become increasingly
susceptible to infection by pathogens such as P. aeruginosa and S. aureus!*.,

Microbial volatilomic in vitro studies have reported potential diagnostic markers of CF
infections by P. aeruginosa*’® and S. aureus’’Y1172l, The potential diagnostic markers
reported in these studies were absent from in vivo studies, instead, discrimination of infected
and non-infected CF patients was achieved by broad untargeted analyses of whole
volatilomes(*7311741  Neerincx et al.'73! reported that the compounds responsible for this
discrimination between S. aureus infected and non-infected CF patients were 1,4-pentadiene,
ethanol, acetone, 2-butanone, acetoin, hexanal, undecane, 2-methyl-naphthalene and
isopropyl myristate. Although the CF group in the study carried out by Robroeks et al.l}74
included patients a variety of microbial infections (60% S. aureus positive), they reported ten
different discriminatory markers between the CF group and healthy controls; these included
3,3-dimethylhex-1-ene, 2-buten-1-ol, N-methyl-2-methylpropylamine and various poly-
unsaturated and saturated hydrocarbons. The contrasting results of these two studies
highlight the challenges of determining individual target compounds as volatile biomarkers of
disease. These results are summarised in Table 1.3.

Gastric cancer

The human gastrointestinal tract has a critical role in health and disease and is one of the
most diverse and abundant microbiomes on Earth. Many diseases have been characterised
by the shifts in the gut microbiome they induce and vice versa. Gastric cancer is an example
of this; as dysbiosis in the gut leads to Helicobacter-pylori infection which can then develop
to tumorigenesis!*’>,

In a recent study®”! investigating the breath profile of patients with gastric cancer, significant
increases in the abundance of fatty acids were detected in the breath of patients with gastric
cancer compared to healthy controls. These results were validated with direct measurement
of fatty acids from ex vivo tissue biopsies from the stomachs of cancer patients and healthy
controls. The specific fatty acids that were detected in higher abundance in the gastric cancer
patients are listed in Table 1.3. A proposed mechanism by which these fatty acids are released
through exhaled breath has been linked to the potential partitioning of microbial metabolites
across the digestive tract and into the airways!*’®l. Higher abundances of fatty acids in the
breath of patients with gastric cancer have also been detected by Kumar et al.[288%, |n these
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studies, abundances of phenols (phenol, methyl phenol and ethyl phenol) and aldehydes
were also found to be higher in the breath of gastric cancer patients compared to healthy
controls.

Another potential route for detecting volatile biomarkers of gastric cancer could be through
the analysis of faecal samples. Volatilomic analyses of human faecal samples has been
previously demonstrated in a number of studies!”” 172 and could potentially be highly valuable
for the diagnosis of a variety of diseases.

Chronic wounds

It is estimated that around one in four people with diabetes will develop a diabetic foot ulcer
(DFU) in their lifetime®”7]. The feet of diabetic patients can become ischaemic due to
macrovascular disease; this pressure results in the skin becoming very thin and susceptible to
breaking. Once the skin is broken, many processes contribute to delayed healing and
ulceration can occurl’®, Infections of DFUs are related with poor outcomes, a 12-month
observational study reported that out of 299 participants, ulcers only healed in 136
participants (45.5%) but recurred in 13; lower extremity amputations were recorded in 52
(17.4%) participants and revascularization surgery in 18 (6.0%) participants; 45 (15.1%) of the
participants died”®, Ulcer duration has been positively correlated with bacterial diversity
while the severity (depth) of ulcers has been positively correlated with the abundance of
anaerobic bacterial’®, The strain-level diversity of S. aureus has also been positively
correlated with poor outcomes!*®. Endogenous blood biomarkers such as white blood cell
count, erythrocyte sedimentation rate, C-reactive protein and procalcitonin are regularly
used as indicators of infection and a relative measure of infection severity 1821183 However,
as these are only inflammatory biomarkers, they are relatively unreliable for the
discrimination of infection-associated inflammation and non-infection-associated
inflammation.

Early volatilomic profiling of chronic wounds and health skin controls highlighted
discriminatory patterns from the wound samples!*®4. Healthy skin is not an appropriate
control for chronic wounds as there are significant differences in the microbial
composition®® and chemical environment('%¢! between wounds and healthy skin. The
instability of the skin volatilome has been demonstratedlby measurable shifts following minor
barrier disruption via several rounds of tape stripping. Open wound beds are also regions of
high oxidative stress!*®”], which can generate volatiles through the molecular breakdown of
the cellular components of the surrounding tissuel*®®!, From a clinical stand point, non-
infected wounds may serve as more suitable controls than healthy skin for volatile profiling.
Non-infected wounds are wounds that show no visual or microbiological indications of
infection. M. Haalboom et al. demonstrated relative differentiation of the volatile signatures
of infected wounds (n=37) and non-infected wounds (n=40) using an e-nosel®*!. Although this
study highlights the volatilomic discrimination between infected and non-infected wound
samples, the compounds responsible for that trend were not identified.

The analysis of volatiles emitted from the dressings taken from cancer-associated fungative
wounds demonstrated that dimethyl trisulfide is a major contributor in malodourous wounds
and a potential indicator of bacterial infection!*®1*%°_ Other compounds detected in these
wounds include dimethyl disulfide, indole, 3-methylbutanal, and phenol*#°! (Table 1.3). In a
study investigating what chemicals attract screwworm flies to animal wounds, the volatiles of
multiple wound-associated bacteria were analysed in vitro in blood cultures!*®!. Dimethyl
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disulfide and dimethyl trisulfide were subsequently labelled as major contributors to the
volatilome of these cultures (Table 1.3).

Ex vivo wound and biofilm models present an alternative approach for studying the
volatilome of the wound environment. Ashrafi et al. reported measurable shifts in the
volatilome of ex vivo wound models in response to infection and biofilm production!®; and
antimicrobial therapy by way of antibiotics and electrical stimulation!®*. Most recently Slade
et al.®> used SESI-MS to discriminate the volatilomes of multiple strains of bacteria cultured
in collagen-based biofilms. These studies highlight new ways in which microbial volatilomes
can be investigated and may serve as a key bridging point between in vitro and in vivo
volatilomics. Future ex vivo wound volatilomic studies should expand on this work by using
broader sampling and analysis techniques to capture a more extensive range of volatiles in
these systems.

Table 1.3: Discriminative compounds identified in clinical volatilomic studies and their
relationship with microbial volatilomics

Compound Chemical Potential Sampling Analysis Confirmed In vivo
class production microbes In vitro
Mechanism
Indole Indole Tryptophan SPME [189] GC-MS[191][189], E.coli [165][42][45] VAP[165],
metabolism MCC- MCC-IMS[165] P. vulgaris[191], Wounds[191]
(shikimate IMS[165] P. rettgeri [191],
pathway) P. mirabilis[190],
K. oxytoca[191],
P. stuartii
Dimethyl Sulfide Sulfur SPME[191], GC-MS [191] [189] P. vulgaris[191], Wounds [191]
trisulfide metabolism [189]/ P. rettgeri [191], [189], Oral
sorption P. mirabilis[190], malodour
tubes [165] K. oxytoca[191],
P. stuartii [191],
P. aeruginosa [10],
S. pneumoniae [128],
H. influenzae [128]
Dimethyl Sulfide Sulfur SPME [191] GC-MS [191] P. vulgaris[191], Wounds [191]
disulfide metabolism [189] [189] P. rettgeri [191], [189], Oral
P. mirabilis[190], malodour
K. oxytoca[191],
P. stuartii [191],
S. aureus [10],
S. pneumoniae [128],
H. influenzae [128]
Dimethyl sulfide Sulfide Sulfur Sorption GC-MS[14][149] C. albicans[14], VAP[14]
metabolism tube [14] M.tuberculosis [149],
[149] S. pneumoniae [128],
H. influenzae [128]
Ethyl acetate Acetate Primary Sorption GC-MS[10][193] Many VAP[10],CF
metabolism tube[10][ infection[193]
193]
Acetone Ketone Lipid Sorption GC-MS [74][162] Many COVID-19 [74]
metabolism tubes [74] [173] VAP[162][192],
[162] [173] CF
infection[173]
2-Butanone Ketone Primary Sorption GC- Many COVID-19 [74],
metabolism tubes MS[7474][173], CF
[741[173] infection[173][
193]
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Acetoin Ketone Primary Sorption GC-MS[74][10] S. aureus [10][ COVID-19
metabolism tubes [74] [173][42][45] 42][45] [74]CF
[173] [10], infection[173]
SPME E. coli[42][45]
[42][45]
Methanol Alcohol Primary Sorption GC-MS[82] COVID-19 [82]
metabolism tubes [82]
2,2-dimethyl 1- Alcohol Sorption GC-MS[74]7474 COVID-19
propanol tubes [74]74
[74174
1-Propanol Alcohol Primary Sorption GC-MS[74]74 COVID-19
metabolism tubes [74] [74174
2-Butyl-1-octanol Alcohol Fatty acid SPME / GC-MS[15] A. baumanii[15] VAP[15],
metabolism sorption Tuberculosis[76
tubes [15] ]
[76]
Ethanol Alcohol Primary Sorption GC-MS[162][14] Many VAP[162] [14],
metabolism tube [14] [173] CF
[162][173] infection[173]
Isopropyl Alcohol Alcohol Primary Sorption GC-MS[162] VAP[162]
metabolism tube [162]
Ethanal Aldehyde Primary Sorption GC-MS[74][82] COVID-19
metabolism tubes [74] [74][82]
[82]
Propanal Aldehyde Primary Sorption GC-MS[14] S. aureus[14], VAP[14]
metabolism tube [14] C. albicans[14]
3-Methylbutanal Aldehyde Primary Sorption GC-MS[14] S. aureus [14][42][45]  VAP[14],
metabolism tube [14] [42][45] M. tuberculosis [76] Tuberculosis
[76], SPME [76]
[42][45]
Methylpent-2-enal Aldehyde Fatty acid PTR-MS [90] COVID-19 [90]
metabolism
Heptanal Aldehyde Fatty acid Sorption GC-MS[75] [82] COVID-19 [75]
metabolism tubes [75] [76], SIFT-MS[89] [82],
[82] [76] Tuberculosis
[76], Gastric
cancer[89]
Octanal Aldehyde Fatty acid Sorption GC-MS[75] [82], COVID-19 [74]
metabolism tubes [75] SIFT-MS[89] [82] [75],
[82] Gastric
cancer[89]
Nonanal Aldehyde Fatty acid Sorption GC-MS [76] A. baumanii[15] COVID-19 [74]
metabolism tubes [75] [7474][75],PTR- [90] [75],
[76] MS[90], SIFT- Tuberculosis[76
MS[89] ], Gastric
cancer[89]
Decanal Aldehyde Fatty acid SPME / SIFT-MS[89] A. baumanii[15] Gastric
metabolism sorption cancer[89], VAP
tubes [15] [15]
Tetradecanal Aldehyde Fatty acid Sorption GC-MS[162][42] E.coli [42] VAP[162]
metabolism tube [162]
Benzaldehyde Aldehyde Primary Sorption GC-MS[74] COVID-19 [74]
metabolism tubes [74]
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Acetaldehyde Aldehyde Primary Sorption GC-MS[14][76] S. aureus[14], VAP[14],
metabolism tube [14] C. albicans[14], Tuberculosis[76
[76] S. pneumoniae [128], ]
H. influenzae [128]
Acrolein Aldehyde Sorption GC-MS[162] VAP[162]
tube [162]
Phenol Phenol SPME[189][1 GC-MS[189][191] P. vulgaris[191], Wounds [191]
91] SIFT-MS[88][89] P. rettgeri [191], [189], Gastric
P. mirabilis[190], cancer[87]
K. oxytoca[191], [88]1[89]
P. stuartii [191]
Methyl phenol Phenol SIFT-MS [88][89] Gastric cancer
[88][89]
Ethyl phenol Phenol SIFT-MS [88][89] Gastric cancer
[88][89]
4-(1,1- Phenol Sorption GC-MS[16] M.tuberculosis [16] Tuberculosis[16
dimethylpropyl)phen tube [16] ]
ol
Cyclohexane Hydrocarbon Sorption GC-MS[76] Tuberculosis[76
tubes [76] ]
Butane Hydrocarbon Fatty acid Sorption GC-MS[14] S. aureus [14] VAP[14]
metabolism tube [14]
Butane, 2-methyl Hydrocarbon Sorption GC-MS[162] VAP[162]
tube [162]
Heptane Hydrocarbon  Fatty acid Sorption GC-MS[162] VAP[162]
metabolism tube [162]
Octane Hydrocarbon Fatty acid Sorption GC-MS[192] VAP[192]
metabolism tube [192]
Nonane Hydrocarbon Fatty acid Sorption GC-MS[192] VAP[192]
metabolism tube [192]
4-ethyl-2,2,6,6- Hydrocarbon Fatty acid Sorption GC-MS[16] M.tuberculosis [16] Tuberculosis[16
tetramethylheptane metabolism tube [16] ]
5-methyl-5-propyl- Hydrocarbon Fatty acid SPME / GC-MS[15] A. baumanii[15] VAP[15]
nonane metabolism sorption
tubes [15]
Decane Hydrocarbon Fatty acid Sorption GC-MS[75] P. COVID-19 [75]
metabolism tubes [75] aeruginosa[45][42],
S. epidermidis [45]
E. coli[42]
Carane Hydrocarbon Sorption GC-MS[162] VAP[162]
tube [162]
Undecane Hydrocarbon Fatty acid Sorption GC-MS[192] [173], CF
metabolism tube[192] infection[173],
[173] VAP[192]
2,6,10-trimethyl- Hydrocarbon Fatty acid SPME / GC-MS[15] A. baumanii[15] VAP[15]
dodecane metabolism sorption
tubes [15]
Tridecane Hydrocarbon Sorption GC-MS[74][76] P. aeruginosal45] COVID-19 [74],
tubes [74] [192] Tuberculosis[76
[76] [192] 1, VAP[192]
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Tetradecane Hydrocarbon Fatty acid SPME[15] GC-MS[15][192] A. baumanii[15], E. VAP[15] [14]
metabolism sorption [14] coli [45] [192]
tubes [15]
[14] [192]
Pentadecane Hydrocarbon Fatty acid Sorption GC-MS[74] [192] P. aeruginosal45] COVID-19 [74],
metabolism tubes [74] VAP[192]
[192]
2-Methylpropene Hydrocarbon  Fatty acid Sorption GC-MS[14] S. aureus [14] VAP[14]
metabolism tube [14]
Cyclohexene Hydrocarbon Sorption GC-MS[74] COVID-19
tubes [74] [74]74
3-Heptene Hydrocarbon  Fatty acid Sorption GC-MS[74] COVID-19
metabolism tubes [74] [74174
1-Octene Hydrocarbon  Fatty acid Sorption GC-MS[76] Tuberculosis[76
metabolism tubes [76] ]
4-Methyl-1-decene Hydrocarbon Fatty acid Sorption GC-MS[[16] M.tuberculosis [16] Tuberculosis[16
metabolism tube [16] ]
1-Undecene Hydrocarbon Fatty acid SPME / GC-MS[15] A. baumanii [15] VAP[15]
metabolism sorption P.
tubes [15] aeruginosa[109][110]
[42][45]
Longifolene Hydrocarbon Fatty acid SPME / GC-MS[15] A. baumanii[15] VAP[15]
metabolism sorption
tubes [15]
1,3-Butadiene Hydrocarbon Fatty acid Sorption GC-MS[14] S. aureus [14], VAP[14]
metabolism tube [14] S. pneumonae [128]
1,4-Pentadiene Hydrocarbon Sorption GC-MS[173] S. aureus [173] CF
tube [173] infection[173]
2,4-Octadiene Hydrocarbon PTR-MS PTR-MS [90] COVID-19 [90]
[90]
1-Chloroheptane Hydrocarbon PTR-MS PTR-MS [90] COVID-19 [90]
[90]
2,3,6- Hydrocarbon Fatty acid Sorption GC-MS[16] M.tuberculosis [16] Tuberculosis[16
Trimethylnapthalene metabolism tube [16] ]
Naphthalene, 1- Hydrocarbon  Fatty acid Sorption GC-MS[76] Tuberculosis[76
methyl- metabolism tubes [76] ]
2-Methyl naphthalene  Hydrocarbon Sorption GC-MS[173] CF
tube[173] infection[173]
2-Penthyl furan Furan Sorption GC-MS[75] COVID-19 [75]
tubes [75]
Furan, tetrahydro- Furan Sorption GC-MS[162] VAP[162]
tube [162]
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Acetic acid Acid Primary Sorption GC-MS[14] [42] S. aureus [14] VAP[14], Gastric

metabolism tube [14] [42][45], E.coli cancer[87]
[87] [42][45],
S. pneumoniae [128],
H. influenzae [128]

Butyric acid Acid Primary Sorption GC-MS[14][87], S. aureus[14] VAP [14] Gastric
metabolism tube [14] PTR-MS[87] cancer[87]
[87]
Pentanoic acid Acid Primary Sorption GC-MS[87], PTR- Gastric cancer
metabolism tube [87] MS[87], SIFT- [871[881[89]
MS[88][89]
Hexanoic acid Acid Primary Sorption GC-MS[87],PTR- Gastric
metabolism tube [87] MS[87], SIFT- cancer[87]
MS[88][89] [88][89]
1.3. Other challenges in clinical volatilomics

One of the major challenges in clinical volatilomes is the lack of standardised experimental
procedures for sample collection, sampling and analysis of volatiles from clinical subjects and
specimens. This challenge has been discussed in section 2.2. of this review. In this section, the
challenges of background interferences and the detection of alkanes in clinical samples will
be discussed. These issues are highly prevalent in clinical volatilomics and collectively can be
responsible for acquisition of inaccurate results and conclusions.

1.3.1. The background issue

Eliminating background interferences is a complex issue in clinical volatilomics. Volatile
organic compounds are generated from a huge variety of both endogenous and exogenous
sources. Firstly, understanding the regular factors that influence the volatilome of healthy
individuals day-to-day is critical for identifying disease-associated volatilomic shifts in the
future. This involves identifying the factors that influence the regular fluctuations that
characterise the baseline volatilome of healthy humans. Each analytical matrix whether it be
breath, sputum, skin, urine, blood, faeces, sperm, sweat or a wound has a background
volatilomel'®¥ that must be characterised prior to the identification of infection-specific or
inflammation-specific volatilomic shifts. This diversity of the “healthy” human volatilome is
illustrated in a compendium review by Costello et al.*?” which reports a total of 1840 volatile
emanating from various components of the human body. This compound number was
recently updated to 2746 compounds in a updated version of the original compendium by
Drabinska et all**>! — which emphasizes the critical importance of updating such reviews. As
discussed in section 2.3.2. of this review, the detection of certain inflammatory diseases such
as viral infections may require particular attention towards detecting abnormal shifts in the
abundance of these regular compounds volatilome rather than the detection of unique
biomarkers. However, there may be more targeted solutions available for volatilomic profiling
of bacterial- and fungal-associated infectious diseases due to the unique metabolic pathways
that are at play. The metabolic responses of these pathogens in vivo may give rise to unique
compound emissions that can be quantified in the future.

Secondly, setting sufficient controls for the interferences introduced from the experimental
set-up minimises contamination in the analysis. For example, prior to SPME-GC-MS analyses
of samples, analysing a blank SPME fiber to identify background compounds that are present
on the fiber and also potential contaminant compounds retained on the GC column.
Background volatilomic interferences will also significantly depend on the sample collection
procedure and must be included in the blank control analyses. Factors that influence
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background interferences during sample collection include direct contact with the sample
site; volatilome of the sample collection tool (e.g. swab, PDMS patch, TEDLAR bag etc.) ;
relative pre-treatments of sample prior to analysis; and the volatile background of the indoor
environment where the sample is taken!*°6ll1971198] The importance of this latter point is
especially relevant when discussing the TB skin detection study (%!, as the authors
themselves highlight the substantial background indoor abundances of their analytes of
interest. A recent study®®! of indoor air in clinical environments highlighted the complexity
of the indoor volatilome with respect to the many exogenous and endogenous sources of
compounds. Despite this complexity, however, the authors proposed threshold levels for
potential compounds of interest. Compound abundances below this threshold level, are
classified as background interference, and if they are above the threshold level they can be
included in the study.

1.3.2. Accurate detection of branched molecules
Although GC-MS analysis provides high sensitivity of detection as well as a vast reference
library of compounds, it is limited in its ability to accurately differentiate between branched
alkanes. The first challenge associated with accurately identifying branched alkanes is that
many branched alkanes share highly similar mass spectrums making accurate manual
interpretation and identification difficult. The degree of difficulty in accurately interpreting
and identifying these compounds also increases as the molecular weight of the compounds
increase due to the higher number of possible structural combinations. This challenge also
holds through for a variety of chemical classes such as ketones, alcohols, and esters.
The second challenge is associated with the Kovats retention index, which is frequently
employed in GC-MS investigations to validate the identification of chromatographic peaks.
The retention index relates the retention time of an analyte peak to the retention time of
linear alkanes where the index (RI) of a linear alkane equals 100 times the number of carbon
atoms (e.g. octane, Rl = 800). Due to highly similar molecular weights and chemical structures,
the Rl of branched alkanes will also be highly similar which then further reduces confidence
in accurate detection.
Both of these peak identification techniques are frequently used in microbial and clinical
volatilomic studies. This presents a challenge, particularly in clinical volatilomics as many
studies (Table 3) report various branched alkanes as discriminating components between
disease-associated and non-disease associated volatilomes. Aliphatic alkanes are produced
via lipid peroxidation2°?1201] jn the human body and have been correlated with the production
of reactive oxygen species (ROS) during inflammation!?°?, Although these compounds hold
potentially valuable information on the state-of-disease or -inflammation in a given sample,
careful consideration should be applied when assigning specific identities to the observed
chromatographic peaks. Higher degrees of discrimination of complex alkanes has been
previously achieved using two dimensional gas chromatography (GC x GC)®%, This technique
has been employed in clinical volatilomics for higher resolution of analyte peaks!*®17?! in
breath samples. The data analysis workflows and operation behind this analytical approach
have been recently described??*, Alternatively, if using standard GC-MS analysis, it may be
more reasonable to simply report the collective abundance of alkanes across the samples
alongside suspected identifications.
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1.4. Conclusion

In the last 15 years, the clinical potential of volatilomics has been demonstrated in numerous
studies through the detection of discriminative volatilomic patterns for a variety of infectious
diseases. The successes of these analyses have come through the use of untargeted screening
of whole volatilomes rather than targeted screening for specific metabolites. Frequently in
these studies, volatilomic discriminations of patients with disease have been through the
detection of shifts in the abundance of multiple normally-occurring volatile components of
the human volatilome rather than the detection of disease-specific compounds. However,
microbial volatile metabolites have also been frequently detected in these studies and also
contribute to these discriminations. Microbial in vitro volatilomics therefore plays a critical
role alongside clinical volatilomics by validating the potential microbial cellular origin of
compounds detected across in vivo studies. Studies that have used consistent experimental
and data analysis workflows across both microbial and clinical volatilomics investigations
have been successful at detecting various corresponding compounds across these systems.
The broad standardisation of analysis techniques across the field is critical for accumulating
and validating untargeted volatilomic data. Analysis techniques with large reference libraries
such as GCMS should be employed alongside any other analyses to validate the identification
of compounds. In addition to validating compound discoveries, wide spread standardisation
of analysis techniques will also mitigate the current challenges posed by low sample sizes and
background interferences. The gradual accumulation of non-specific volatilomic data will
allow the identification of potential target analytes for future identifications - this is where
the value of direct-quantification MS instruments will be realised. Within microbial
volatilomics, the study of volatile-mediated microbial interactions allows a broader
understanding of community dynamics within microbiomes to be obtained. As the
knowledge of these highly specific volatile-mediated interactions grows, novel opportunities
in future probiotic and antibiotic research could potentially emerge.
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Abstract

Bacteria emit volatile organic compounds (VOCs) as by-products of metabolism. The
detection of VOCs emitted by pathogenic bacteria has been proposed as a potential non-
invasive approach for characterising various infectious diseases as well as wound infections.
Species- and strain-level diversity in specific infections are associated with poor outcomes. In
this study, multiple strains of pathogenic and commensal cutaneous bacteria were analysed
using headspace (HS) solid phase micro-extraction (SPME) coupled with gas chromatography
- mass spectrometry (GC-MS). We investigated species- and strain-level variation of recovered
VOC profiles using multivariate analysis techniques. A kinetic study was also carried out to
assess the relationship between bacterial VOC profiles and the respective growth phase of
cells. Comprehensive VOC profiles for each strain were obtained. Species-level discrimination
was clearly observed across all species tested, while there was limited evidence of strain-level
discrimination between respective strains. However, certain VOCs appeared to be specific to
individual strains of E. coli and P. aeruginosa samples. The VOC profiles of particular
compound groups were proportional to the respective growth phase for individual S. aureus
and P. aeruginosa strains. This work serves to identify species- and strain-level VOC profiles
as well as metabolomic trends that can potentially support and aid interpretation of observed
trends in future untargeted studies.
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2.1. Introduction

The production of VOCs by microorganisms in different media and biological fluids has been
investigated for many years with the aim of characterising various disease-specific odours ™1,
VOC profiling studies of pure bacterial cultures are needed to identify the cellular origin of
metabolites associated with specific phenotypes of pathogens under specific conditions!?.
Untargeted profiling analyses investigating respiratory infections in patients with cystic
fibrosis®l*, pneumonial®, and tuberculosis!® have demonstrated the discriminatory power
and diagnostic potential of VOCs. These analyses rely on the identification of trends in VOC
profiles between various disease-associated subjects and healthy subjects. The ‘top down’
workflow generally consists of analysing whole VOC profiles via multi-variate analysis
techniques such as principal component analysis (PCA) to discriminate between the two
groupsP!®l. The same approaches are typically employed in bacterial VOC profiling studies to
investigate species-level diversity. Studying VOCs emitted from bacteria under controlled
conditions identifies potential mechanisms behind projected VOC profiles in infectious
disease-associated individuals.

Bacteria produce VOCs as side-products of primary metabolism and secondary metabolism!’!,
The aim of primary metabolism is to simply metabolise all available glucose and derive as
much adenosine triphosphate (ATP) as possible, which occurs during the exponential growth
phasel®. Secondary metabolism occurs in the stationary growth phase — under resource-
limited conditions - and involves the further metabolism of primary metabolites® and
fermentation processes that generate alcohols and acetatel®. The biosynthesis and
subsequent metabolism of fatty acids (FAs) are both multi step processes that can generate
VOCs at each individual step!®. FAs are produced from acetyl CoA (or propionyl-, isobutyryl-,
isovaleryl-, or 2-methylbutyryl-CoA), which are extended with malonate units to assemble
various fatty acids. They are then metabolised by the B-oxidation pathway!*?. The processes
consist of multiple decarboxylation, hydrolysis, and reductions which generate a variety of
alkanes!'!, 1-alkenes™*1 methyl ketones™3*4 and 1-alkanols™!®!. Microbes can also
metabolise amino acids to produce volatile short-chain FAsPI®I17] sych as 3-methylbutyric
acid®l. Proposed microbial metabolic pathways of VOC production are discussed further
elsewherel®.,

Previous studies have shown that bacteria have species-specific VOC profiles that are directly
influenced by growth parameters such as growth medial*?9 incubation timel?!122], oxygen
content (headspace volume)!?3], temperature® and pH[?®. The results from studies are also
influenced by the sampling techniques employed. Frequently used sampling techniques
coupled with GC-MS include SPMER®I27] thermal desorption tubes!'?, direct syringes[28112°],
Direct detection methods such as SIFT-MS[28! | SESI-MS[3% and PTR-MSP! have been
previously employed for real-time analysis of VOCs, however, the resulting VOC profiles
obtained from these methods typically contain low numbers of compounds. The variation in
growth parameters and instrumental techniques across studies make inter-study
comparisons difficult and highlights the need for more supporting literature and
comprehensive data. The mVOC database®?! (updated to mVOC 2.033!) contains thousands of
logged VOCs from a wide range of microbes, as well as proposed metabolomic pathways.
Databases such as this could potentially emerge as a valuable tool in the field, however mVOC
2.0is still in the early stages of development and requires continuous updating and additional
data to make it as comprehensive and reliable as possible.
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It is estimated that around one in four people with diabetes will develop a diabetic foot ulcer
(DFU) in their lifetime!34. Infections of DFUs are directly associated with poor outcomes!®°!
and it has recently been demonstrated that strain-level diversity in wound infections is
associated with infection severity!3®. Using a rapid HS-SPME-GCMS workflow, we obtained
the VOC profiles of multiple strains of prevalent wound pathogensB”38 s, qureus, P.
aeruginosa, and E. coli, as well as multiple strains of the skin commensal S. epidermidis and
media controls. We investigated species- and strain-level variation using multi-variate
analysis techniques. We also monitored VOC emissions of individual strains of S. aureus and
P. aeruginosa over 48 h to assess the relationship between the bacterial VOC profile and
growth phase. The results of our study demonstrate that comprehensive datasets are critical
for the interpretation of strain-level variation in VOC profiles and highlights that further work
is required in this area. Profiling the emission of certain compound classes over time
visualised multiple relationships between the bacterial VOC profiles and the respective
growth phase of the cells and showed that bacterial growth can potentially be metabolically
tracked. Untargeted bacterial VOC profiling has the potential to be employed as a non-
invasive diagnostic tool for a range of infections including cutaneous disorders and chronic
wounds. This work serves to identify species- and strain- specific cellular metabolites and
metabolomic trends that could potentially support and aid interpretation of observed trends
in future untargeted studies.
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2.2. Methods

2.2.1. Growth of Bacteria

The following bacterial strains were studied: S. aureus (DSM2569 and DSM799); P. aeruginosa
(DSM105372 and DSM25642); E. coli (DSM30083 and DSM103372; and S. epidermidis
(CSF41498 & RP62A). All S. aureus, P. aeruginosa, and E. coli isolates were obtained from
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH; S.
epidermidis strains were provided by Prof. O’Gara at NUI Galway. Each strain was streaked
individually on tryptone soy broth (TSB) agar media plates and incubated at 37°C overnight.
Overnight liquid cultures were prepared in 4 mL of TSB broth and incubated at 37°C overnight
with shaking (180 rpm). The samples are referred throughout the text using the following
acronyms: EC.A: E. coli DSM103372, EC.B: E. coli DSM30083, PA.A: P. aeruginosa
DSM105372, PA.B: P. aeruginosa DSM25642, SA.A: S. aureus DSM2569, SA.B: S. aureus
DSM799, SEP.A: S. epidermidis, CSF41498, SEP.B: S. epidermidis RP62A and TSB: growth
media control. Samples for VOC analysis were prepared in 20 mL sterile headspace (HS) vials
(Merck, Cork, Ireland). Overnight cultures were diluted in 5 mL of TSB media to a final cell
count of approximately 107-10° colony forming units (CFU)/ mL in the HS vials which were
then sealed with magnetic Polytetrafluoroethylene /silicone septum screw caps (Merck, Cork,
Ireland). Samples were set up in triplicate and incubated at 37°C with shaking for a set period
of time. Nine black media controls were also sampled and analysed at these conditions.
Growth curve analysis was performed using S. aureus and P. aeruginosa. Samples were set up
in triplicate and incubated at 37°C with shaking. A spectrometer is used to measure the optical
density of a given culture at a 600 nm (ODego). ODeoo Was taken at 2, 4, 6, 8, 24, 32, 48 h.

2.2.2. Sampling Procedure

SPME fibers were used for sampling VOCs and comprised of 85um Carboxen/PDMS
Stableflex (2 cm) assemblies (Supelco Corp., Bellefonte, PA, USA). Prior to sampling, each
bacterial or control sample was removed from the shaking incubator and placed in a standard
incubator at 37°C. The SPME needle was pierced through the septum of the HS vial, and the
fibre was exposed to the HS of the sample for 20 min, after which, the fibre was retracted and
the SPME assembly removed from the vial. The SPME fibre was then inserted into the GCinlet
and thermally desorbed at 250°C for 2 min for subsequent separation and detection by mass
spectrometry.

Background subtraction was carried out by sampling blank headspace vials, and blank media
samples. Compounds recovered from these blank analyses were individually assessed.
Compounds recovered samples with signal-to-noise ratios greater than 3:1 were considered
forinclusion in the study. Compounds recovered from blank analyses are summarised in Table
2.1.

2.2.3. Gas chromatography—mass spectrometry

An Agilent 6890 GC connected to an Agilent 5973 mass selective detector (Agilent
Technologies, Inc., Santa Clara, CA, USA) was used for all analyses. Separations were
performed on a DB-WAX column (Agilent Technologies Ireland, Cork) (30 m x 0.25 mm x 0.32
um). The carrier gas used was helium, with a constant flow rate of 1.3 mL /min For manual
injections of SPME fibers, the system was equipped with a SPME Merlin Microseal (Merlin
Instrument Company, Newark, DE, USA), and the inlet was maintained at a temperature of
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250°C. Split-less injection was used for all samples, with a gas purge being activated after 2
min. Each SPME fibre was desorbed for 2 min within a SPME inlet liner (Supelco). The initial
GC oven temperature was 40°C for 5 min and was programmed to increase at a rate of 10°C
min to 240°C, with a final hold for 5 min at this temperature, giving an overall running time
of 29 min. The MS was operated at a scan range of 35-400 m/z, scan rate of 3.94 s, ion source
temperature 230°C and ionising energy of 70 eV. Identification of compounds relied on a
three phase protocol whereby National Institute of Standards and Technology (NIST) library
(2017) - match factors of >70% were initially used to assess potential ID matches;
fragmentation patterns of potential matches were then manually interpreted before being
validated using retention index matching. Retention index (RI) matching was used to support
the identification of these compounds. Any compound found to have an Rl value <12 Rl units
of the Rl values found in the NIST database were deemed acceptable matches. A standard

mixture of saturated alkanes (C7—C30; Merck, Cork, Ireland) was used for Rl matching.

2.2.4. Data Analysis

The open source software OpenChrom°! was used to analyse raw chromatographic data.
Chromatographic peaks were compared using the NIST Chemistry WebBook. Peaks found to
be from exogenous sources such as the SPME fiber, glass vial, and column were removed from
the dataset. RStudio was used for data exploration and visualisation. Raw bacterial VOC data
was standardised using centering and scaling [*°l. Centering converts all the values in the
dataset to fluctuations around zero rather than fluctuations around the mean VOC
abundance. It adjusts for differences in the offset between low and high abundances. Scaling
converts the values in the dataset into ratios relative to the difference in abundances between
the VOCs, which allows each VOC to be equally represented in the subsequent data analysis.
Hierarchical clustering and principal component analysis (PCA) were carried out on the
dataset using the R packages : ‘FactoMineR’, ‘factoextra’, ‘pheatmap’, ‘egg’ and ‘cluster’ .
Other R packages used included: ‘tidyverse’, ‘ggplot2’, ‘ggfortify’.
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2.3. Results

2.3.1. Comparative analysis of volatiles emitted from planktonic bacteria cultures

GC-MS analysis of the VOCs recovered from the SPME fibers showed that there was a wide
variety of compound classes present in the HS of the bacterial cultures. Numerous blank
samples were collected and analysed to identify and exclude exogenous compounds from the
SPME fiber, glass vial, and column. A total of 65 identified compounds were identified from
the bacterial and control samples (see Figure 2.1). Of these, 19 compounds were found in the
HS of media control samples. Following 24 h incubation, S. aureus, P. aeruginosa, E. coli, and
S. epidermidis all generated characteristic VOCs. Two individual strains of each species of
bacteria were cultured and analysed in triplicate (see Methods for specific information on
species and strains). Compound identification was performed and Rl matched VOC profiles
were established for each bacterial strain and integrated into a complete dataset, which
incorporated all species, strains and controls tested and the compounds identified. An initial
visual inter-strain comparison was performed by overlaying the chromatograms (Figure S2.1-
S2.4) which demonstrate a high degree of similarity between the VOC profiles of respective
strains.

Hierarchical clustering was performed to visualise the similarities across the VOC data. It is a
statistical method used to classify multiple objects into groups (clusters) based on similarities
between them. The results are visualised as a dendrogram (Figure 2.1). Dendrograms are
bottom-up representations of the clustering procedure; each object is initially assigned to its
own cluster, and these individual clusters are grouped together based on their similarity. The
clustering algorithm then progressively joins similar clusters together until all objects are
grouped by a single cluster. The length of an edge between a cluster and its split is
proportional to the dissimilarity between the split clusters®!l. Figure 2.1 visualises the
clustering results coupled with a heatmap to show the different patterns in individual VOC
abundances across all bacterial strains. The heatmap contains 65 rows, which are labelled by
each VOC, and listed in order of increasing retention time. In Figure 2.1, the relative VOC
abundances are visualised using a gradient red / yellow colour scale, where dark orange/red
represents a high abundance; and orange/yellow represents a low abundance. All bacterial
strains — except for SEP.A - were successfully clustered with their respective species. The
Euclidean distance between the E. coli strains and the other bacteria tested was the greatest,
verifying that the two E. coli strains had the most discriminative VOC signatures of all samples
tested. S. epidermidis strains emitted a lower number of VOCs in comparison to the other
species and were clustered close to the media control as a result. S. aureus and P. aeruginosa
both have clearly differentiated VOC signatures, which can be seen from the heatmap by the
relatively high number of unique ‘red’ values.

Principal component analysis (PCA) was performed to summarise the dissimilarities in the
data. PCA reduces the dimensionality of the data by identifying characteristic VOCs, and using
them to construct new linear variables called principal components (PCs), along which the
variation is maximal. The PCs are variables consisting of linear combinations of the original
variables; which can then be visualised using scores plots. Scores plots show inter-unit
distances and visualise species- and sample- like patterns revealed by the PCA to identify
groups that characterise the overall dataset!*?. Initially a cluster number of 5 was used to
summarise the 4 bacterial species and the control group (Figure S2.5). However, the two E.coli
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strains form two individual clusters rather than clustering together and the S. epidermidis
samples were clustered with the control media samples (Figure 2.5). A cluster number of 4
was subsequently chosen as it produced the best summary of the data (Figure 2.2.). S. aureus,
P. aeruginosa, and E. coli strains were all successfully clustered to their respective species; S.
epidermidis strains were clustered to the control samples.
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Figure 2.1: Heatmap showing the relative abundance of VOCs recovered (rows) from each
bacterial strain (columns). Values were scaled and centred by their respective rows, with
highly abundant VOCs being coloured red, and less abundant VOCs being marked orange -
yellow .
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Figure 2.2: Scores plot representation of scores of bacterial samples. No. of clusters (n=4). PC1
and PC2 summarised 43.4% of the variance of the overall dataset, with 29.4% being
summarised by PC1 and 14% being summarised by PC2.

The distribution of the major compound classes recovered from all tested species of bacteria
and controls is summarised in Figure 2.3. Ketones were recovered from all bacterial samples
(Figure 2.3) and the controls. The largest number of ketones were recovered from E. coli
samples. The relative abundance of individual ketones can be seen in Figure 2.1. Long chain
methyl ketones such as 2-undecanone, 2-tridecanone, and 2-pentadecanone were recovered
from E. coli. High abundances of 3-hydroxy-2-butanone (acetoin) were observed in all S.
aureus chromatograms. Acetoin was also detected in S. epidermidis and E. coli samples, but
in lower amounts compared to that of S. aureus. P. aeruginosa was found to emit a lower
number of ketones than other species tested. Both P. aeruginosa strains were found to emit
low abundances of 2-undecanone, while 2-nonanone was only detected in PA.B (Figure 2.1).
2-butanone, 3-methyl-2-butanone, and 1-hydroxy-2-propanone were all detected in the
media controls.

Alcohols were recovered in high abundances from all bacterial samples and low abundances
from the controls. In Figure 2.3, the median abundance value for alcohols was similar for E.
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coli, S. aureus, and P. aeruginosa samples; the abundance of alcohols in S. epidermidis and
control samples was relatively lower. Out of the bacteria tested, some alcohols were shared
between species, and others were unique to individual species. 3-methyl-1-butanol (isoamyl
alcohol) was detected in every strain of bacteria and was particularly abundantin all S. aureus
and PA.A samples (Figure 2.1). 3—methyl-3-buten-1-ol was detected in each strain except for
PA.B and EC.A. 2-butanol and 2-nonanol were extracted from both P. aeruginosa strains,
though 2-undecanol was only extracted from the PA.B strain. We identified various 1- and 2 -
alcohols from both E. coli strains, these included 1-hexanol, 1-octanol, 1-decanol (only EC.A),
2-undecanol, 2-tridecanol (EC.A), 1-tetradecanol, and 1-hexadecanol (only EC.B). Low
abundances of 1-dodecanol and benzyl alcohol were the only alcohols detected in the blank
growth media.

High abundances of acids were detected in all S. aureus and S. epidermidis samples, and to a
lesser extent in the E. coli samples; while none were detected in the control or a in P.
aeruginosa samples (Figure 2.3). High abundances of 3-methylbutyric acid and acetic acid;
and relatively lower abundances of propanoic acid, 2-methyl- and were observed in all S.
aureus and S. epidermidis chromatograms. High abundances of acetic acid were also detected
in E. coli samples (Figure 2.1). No acids were detected in the control samples.

Aldehydes were detected in low abundances in S. aureus, E. coli, and S. epidermidis samples,
and in high abundances in the controls (Figure 2.3). 3-methylbutyraldehyde was detected in
moderate abundances in S. aureus samples and lower abundances in S. epidermidis samples
(Figure 2.1). Low abundances of decanal and benzaldehyde were detected in E. coli samples
(Figure 2.1). No aldehydes were recovered from any P. aeruginosa samples. A high abundance
of aldehydes such as 3-methylbutyraldehyde and benzaldehyde were detected in the control
samples (Figure 2.3).

Fatty acid ethyl esters were detected in E. coli, S. aureus and S. epidermidis samples. The
highest number of individual fatty acid ethyl esters were detected in E. coli samples (Figure
2.1), whereas S. aureus samples had the highest median abundance of fatty acid ethyl esters
(Figure 2.3). Butanoic acid, 2-methyl, ethyl ester was detected in S. aureus (relatively high
abundance) and S. epidermidis (relatively mid abundance); long-chain compounds such as
dodecanoic acid, methyl ester, methyl tetradecanoate, and hexadecenoic acid, methyl ester
were detected in E. coli samples. No fatty acid ethyl esters were detected in the control
samples.

Pyrazine compounds were detected in all bacteria samples. All pyrazines were also detected
in all media controls. Variation seen in Figure 2.3 could be a result of batch variation, as it can
be seen that the error bars of the growth media control box covers the interquartile range of
the other species tested.

There were multiple characteristic compounds detected that didn’t fall into the compound
classes discussed above. 1-undecene and pyrrole in P. aeruginosa samples (2-methyl-1H-
pyrrole was only present in the HS of PA.B). Indole (the most abundant compound detected
out of all the bacterial samples) was detected in all E. coli samples. Styrene was detected in
E. coli samples, S. epidermidis samples and in very low abundances in control samples.
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Figure 2.3: Grouped boxplots showing the abundance of ketones (top left), alcohols (top right),
acids (middle left), aldehydes (middle right), fatty acid ethyl esters (bottom left), and pyrazines
(bottom right) recovered from the control and each species of bacteria (t = 24 h). Respective
strains were grouped together to clearly summarise the species-level discrimination across the
data. The boxes represent the interquartile range: the line running across each box represents
the 50 percentile (median), the top of the box represents the 75 percentile, and the bottom
of the box represents the 25" percentile. The whiskers (error bars) represent either the
smallest or largest value within 1.5 times the interquartile range above the 75" percentile or
below the 25™ percentile. The black dots above or below the boxes represent outliers that are
greater than 1.5 times the interquartile range beyond either end of the box.

2.3.2. Kinetic study of S. aureus and P. aeruginosa VOC production

To investigate the relationship between VOC emission and bacterial growth stage, growth
curves for individual S. aureus (SA.A) and P. aeruginosa (PA.B) strains were constructed
(Figure 2.4a & b) and compared with VOC emission abundances of specific compound classes
over time (Figure 2.4 (c) & (d)). Growth curves were constructed from ODgoo readings taken
at defined time points over 48 h. Emission kinetics plots for individual compounds can be
found for S. aureus (Figure S2.6) and P. aeruginosa (Figure S2.7) in the supplementary
information. VOCs were sampled using SPME at equivalent time points over this same period.
As SPME is an equilibration process, it was necessary to allow samples equilibrate at 37°C for
0.5-1 h before VOC sampling. Due to this, the 0 h data points used for VOC abundances (Figure
2.4 (c) & (d)) were taken from a set of blank media controls equilibrated at 37°C.
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The constructed growth curves allow the visualisation of the growth stage of an organism. In
this case, ODesoo as @ measure of the turbidity of a bacterial liquid culture — as bacterial cells
multiply, the liquid culture becomes more turbid —is used to assess bacterial growth stage!*3.
Typically, organisms proceed along the path set by the bacterial growth curve, passing
through four characteristic stages: lag, log (exponential growth), stationary, and decline. The
lag phase is a distinct growth phase whereby the organisms are adapting to their new
environment and preparing for rapid growth*¥, The first ODsoo measurement for these
experiments was taken after 2 h and indicated that the bacteria were already in the log phase
of growth. This can be clearly seen in both S. aureus and P. aeruginosa samples as a rapid
increase in the OD between 0-8 h (Figure 2.4a & b). During this log phase all available
resources such as glucose and fatty acids are consumed. When energy sources become
limited, the bacteria then enter the stationary phase of growth, and activate reserve
pathways that enable the metabolism of secondary substrates to survive®l. S. qureus cell
growth decreased between 8-24 h, therefore the stationary phase of growth is not visible in
Figure 2.4(a); while P. aeruginosa remained in the stationary growth phase from 8-48 h
(Figure 2.4(b)).

Overall, Figure 4 shows that the VOC abundances for certain compound classes change with
respect to growth phase for both species. For example, aldehyde abundances decreased in S.
aureus samples in the first 8 h (exponential growth phase) of incubation, and then continued
to decrease over the following 40 h but at a slower rate (Figure 2.4(c)). A similar trend was
observed in P. aeruginosa with aldehyde abundances decreasing to minimal levels by
approximately 24 h (Figure 2.4(d)). The initial rapid decrease in aldehyde abundances likely
indicates a rapid consumption of the aldehydic compounds present in the growth media
during the exponential growth phase. In S. aureus samples, the exponential growth phase was
also marked by proportional exponential increases in abundances of acids, ketones, and
alcohols (Figure 2.4(c)). In P. aeruginosa samples, an increase in alcohol abundance was
observed in the exponential growth phase, as well as an emission of pyrrole after 2 h
incubation (Figure 2.4(d)). Abundances of pyrazines did not change significantly over 48 h for
either species which indicated that no pyrazine compounds were consumed or produced by
either bacteria over the course of the experiment.

The final phase of the bacterial growth curve is the death phase which is characterised by the
net loss of bacterial cells, where the rate of cell death is greater than the rate of cell
production due to unsuitable conditions such as exhausted nutrients and lack of oxygen®!,
The death phase of S. aureus cells occurred between 8-24 h and was marked by a depletion
in aldehyde abundances. In S. aureus samples, between 8-24 h, alcohol abundance increased
as the aldehyde abundance decreased, suggesting that aldehydes were potentially
metabolised into alcohols. From 24-32 h, a reduction in alcohol abundance simultaneously
occurred with a comparable increase in acid abundance, which indicated that the alcohols
were further metabolised into acids. Abundances of acids, alcohols, aldehydes, and ketones
all subsequently declined from 32—48 h. In P. aeruginosa samples, the growth curve shows
that P. aeruginosa cells remained in the stationary growth phase from approx. 848 h. During
this period there was no significant change in emission of alcohols and ketones. The
cumulative abundance of pyrrole compounds appeared to increase and decrease in the early
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growth phase between 2—4 h, which was followed by another increase from 4-8 h, before
gradually declining in the later stages of the experiment (24—48 h).

(a) S.aureus growth curve (b) P.aeruginosa growth curve
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Figure 2.4: Bacterial growth curves of (a) S. aureus (n=3) and (b) P. aeruginosa (n=3) over an
incubation period of 48 h ODgoo measurements were taken at 2, 4, 6, 8, 24, 32, 48 h. Kinetic
plots of (c) S. aureus and (d) P. aeruginosa showing the changes in VOC abundances of
different compound classes over an incubation period of 48 h.
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2.4. Discussion

In this study we used HS SPME coupled with GC-MS to collect and identify VOCs emitted from
multiple strains of pathogenic and commensal species of bacteria. Using multi-variate analysis
techniques such as hierarchical clustering (Figure 2.1) and PCA (Figure 2.2) to reveal patterns
in the data, each species was successfully discriminated based on their respective VOC profile.
The skin commensal, S. epidermidis, emitted a relatively low number of VOCs. Acetic acid, 3-
methylbutyric acid and 3-methylbutyraldehyde were among the VOCs recovered from its HS.
These compounds were also highly abundant in all S. aureus samples. Filipiak et al. proposed
that Staphylococcal species catabolise amino acids found in the growth media to 3-
methylbutyraldehyde, which is then oxidised by an aldehyde dehydrogenase to form 3-
methylbutyric acid™® (isovaleric acid). 3-methyllbutyric acid is a characteristic VOC emitted
by various Staphylococcal species!*’ 18! and is strongly associated with the generation of body
odourl®®1%1 s qureus, S. epidermidis, and E. coli also produced the high amounts of 3-
hydroxy-2-butanone (acetoin). Acetoin is an uncharged molecule - produced by bacteria
through the conversion of pyruvate and is known to prevent the over-acidification of the
intracellular environment %, It can be seen in Figure 2.1 that the S. epidermidis strains did
generate characteristic VOC profiles, but they were clustered close to the media control due
to the limited number of species-specific VOCs recovered from the HS of the samples.
Coagulase-negative Staphylococci such as S. epidermidis have been previously reported to
exhibit a relatively slow metabolism of carbohydrates when compared to pathogenic
bacterial®!521, Despite this, in a recent comparative study, the VOC profiles of S. epidermidis
were reported to be highly dependent on the growth media used?l. S. epidermidis cultures
emit a relatively lower number of VOCs when cultured in TSB medial?”, compared to other
growth media; this would suggest that our choice of growth media was a potential factor that
influenced the limited VOC profiles of S. epidermidis observed here.

P. aeruginosa emitted a stable set of compounds that allowed it to be clearly discriminated
from the other species tested, whereby the notable VOCs found here have all been previously
reported. The VOC profiles obtained from the P. aeruginosa strains are similar to those
reported by Bean et al.’3 and Filipiak et al.’%. The most abundant compounds recovered
from the P. aeruginosa HS were 3-methyl-1-butanol and 1-undecene. 3-methyl-1-butanol was
common to all bacteria tested while 1-undecene was unique to P. aeruginosa and has been
previously reported to be produced through the fatty acid metabolisml®l. Acetoin has been
previously reported to be emitted by Pseudomonads!*®, and was detected in relatively low
abundances during the early growth phase of P. aeruginosa (Figure S2.7). Pyrrole is a unique
nitrogen-containing compound that was detected and has also been previously
reported®3#2l, 2-nonanone (only detected in PA.A) and 2-undecanone were detected and
have been previously reported as being potentially specific to P. aeruginosa biofilms[®l,
However the results obtained from this study and other studies®*/>3! show that these specific
compounds are also emitted by planktonic cultures. We did not detect 2-aminoacetophenone
- an odorous VOC frequently reported in P. aeruginosa VOC profiles!>3I53I561 - in any of the
samples in either strain.

The E.coli strains emitted the largest number of VOCs and had the most distinctive VOC
profiles of the four species tested (Figures 2.1 & 2.2). Acetic acid was present in all E.coli
samples; which has been previously reported to be a product of anaerobic respiration of
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carbohydrates®”l. Compounds such as styrene and a variety of fatty acid ethyl esters were
extracted from the HS of the E.coli samples. This is in agreement with the literature reports
on the biosynthesis of these compounds by E. coli, which has recently gained interest in the
biofuel industry due to the petrochemical properties of these compounds®®>°, Indole was
the most abundant compound recovered from the HS of E. coli. It is commonly found in
human faeces as a product of E. coli activity in the human gut®®, and its high abundance is
likely responsible for the characteristic foul odour of the culture. The detection of 1-alcohols
such as 1-butanol, 1-hexanol, 1-octanol, and 1-decanol was in agreement with existing
literature (6111621 |ndole is the major VOC produced by E. coli®® and has been documented as
an intercellular signal molecule amongst diverse bacterial®3l. It is produced by over eighty
species of bacteria, though very few produce comparable abundances to E. coli (3. From this,
it may be possible to identify the presence of E. coli in a real sample from the abundance of
indole recovered.

There was limited strain-level diversity observed in VOC profiles. Differences between the
two E. coli strain profiles included the presence of 1-decanol and 2-tridecanol in EC.A samples
only; and 1-hexadecanol being present only in EC.B samples. Another example of strain-level
diversity was between the two P. aeruginosa strains, where 2-nonanone was only present in
PA.A samples, and 2-undecanol was only present in PA.B samples. Strain-level diversity
observed in S. aureus and S. epidermidis was primarily due to varying abundances of
compounds emitted between strains (Figure 2.1). Quantitative strain-level discrimination of
bacterial VOC profiles via SIFT-MS has been previously reported for E. coli and Proteus
Mirabilis'®*. However, the number of compounds detected via SIFT-MS appears to be limited
across studies®¥®] and analyses of more comprehensive VOC profiles are required to
confirm the prospect of strain-specificity. Bean et al. identified a total of 391 compounds
across 24 clinical P. aeruginosa isolates taken from 8 different sites of the body®®3l. They
assessed strain-level diversity via hierarchical clustering of the VOC profiles and found that
although 4 of isolates taken from the eye clustered together, there was not enough evidence
across the rest of the data to suggest that P. aeruginosa strains can be differentiated. In our
study, overall, there were no significant differences in the whole VOC profiles between strains
(E. coli, p = 0.484; S. aureus, p = 0.472; P. aeruginosa, p = 0.434; S. epidermidis, p = 0.113).
However, the above examples of E. coli and P. aeruginosa highlight potential measurable
differences in specific VOCs between strains of specific species.

The plots shown in Figure 2.4 demonstrate the relationship between the emission of
particular compound classes and the growth of S. aureus and P. aeruginosa cells. The plots
shown in Figure S2.6 and S2.7 visualise the emission of individual compounds against time. It
can be seen in both kinetic plots (Figure 2.4 (c) and (d)) that aldehyde abundances sharply
decreased following the incubation of both S. aureus and P. aeruginosa samples. As aldehydes
were predominantly found in the TSB growth media (Figure 2.4 (c) and (d) (t=0)), it is highly
likely that compounds such as benzaldehyde and 3-methylbutyraldehyde were rapidly
metabolised by the bacteria and reduced to alcohols®®®l, Aldehydes (e.g. 3-methylbutyralde)
can be reduced to alcohols (e.g. 3-methyl-1-butanol) via alcohol dehydrogenases, or oxidized
to acids (e.g. 3-methylbutyric acid) via aldehyde dehydrogenases!®l. P. geruginosa has been
reported to metabolise aldehydes very efficiently!*®l. 3-methylbutyraldehyde has been
described as a marker of S. aureus growth - and is a known precursor of 3-methylbutyric
acid*8l, however it was also found in the HS of blank media controls. We observed an 8-fold
increase in the abundance of 3-methylbutyraldehyde between 0-2 h which indicated that S.
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aureus was emitting this compound in the early phase of growth (Figure S2.6), which was
followed by a steady decline of 3-methylbutyraldehyde from 2—-48 h.

Secondary metabolism of alcohols, aldehydes, fatty acids, and ketones generate many volatile
intermediary compounds via reversible reactions, and generate various lipids, alkanes and
alkenes as irreversible end products of these pathways®®¢l As the abundance of viable S.
aureus cells decreases (Figure 2.4 (a)), there are indications of secondary metabolism in Figure
2.4 (c) at 8-24 h, where aldehyde abundances decrease further as the alcohol abundances
increase, and then at 24-32 h where alcohol abundances decrease as the acid abundances
increase. In this study, the decline of acids, aldehydes, alcohols and ketones from 32-48 h
could suggest that these metabolic pathways have been exhausted and that these
compounds have been gradually degraded into lipid or hydrocarbon end products!®®!,

In Figure 2.4 (d), it can be seen that as P. aeruginosa cell growth stagnates in the stationary
phase between 24-48 h, the emission rate of alcohols, pyrrole, and ketones is arrested and
there is no further net increase in any of these chemical classes. Volatile nitrogen-containing
compounds such as pyrrole have been previously reported to reach a maximum abundance
after a short period of incubation, and then gradually degrade over time!*L.In our study, the
cumulative abundance of pyrrole compounds (2-methyl-1H-pyrrole and pyrrole) reached a
maximum after 2 h incubation. 2-methyl-1H-pyrrole was only detected at 2 and 8 h, while
pyrrole was detected at every timepoint and reached maximum abundance at 24 h (Figure
S2.7). Degradation mechanisms for pyrrole are not described in the literature. However, the
cumulative abundance of pyrrole was essentially halved between 24-48 h, which is in
agreement with the finding reported by Filipiak et al.?*! The overall patterns observed in
bacterial VOC profiles in response to the growth and death of cells suggests that the detection
and monitoring of VOCs could potentially provide a non-invasive means of metabolically
tracking bacterial growth.

2.5. Conclusion

The aims of this study were to obtain the VOC profiles of multiple strains of four prevalent
bacterial species present in infected wounds; to investigate species- and strain-level diversity
in the VOC profiles obtained; and to assess how VOC profiles of S. aureus and P. aeruginosa
were affected with respect to cell growth. Comprehensive VOC profiles for each strain were
obtained using HS-SPME GC-MS. Each strain tested emitted a variety of compound classes
that allowed clear species-level discrimination. E. coli strains emitted the greatest diversity of
VOCs, with long chain alcohols, ketones, and indole being the most characteristic VOCs
recovered. S. epidermidis emitted a relatively low number of VOCs and had the least
discriminative VOC profile. Strain-level variation in VOC profiles was limited, however,
differences in the VOC profiles of E. coli and P. aeruginosa strains highlight specificity in
certain bacterial species. Profiling the emission of certain compound classes by S. aureus and
P. aeruginosa over time demonstrated a proportional relationship between the emission of
particular compound classes and the respective growth phase of the cells. The results
obtained using this robust HS-SPME GCMS workflow are comprehensive with high numbers
of identified compounds being recovered, giving high levels of discriminatory power to the
method, highlighting its strong potential application for future untargeted microbial studies.
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Abstract

Microbial volatilomics is a rapidly growing field of study and has shown great potential for
applications in food, farming, and clinical sectors in the future. Due to the varying
experimental methods and growth conditions employed in microbial volatilomic studies as
well as strain-dependent volatilomic differences, there is limited knowledge regarding the
stability of microbial volatilomes. Consequently, cross-study comparisons and validation of
results and data can be challenging. In this study, we investigated the stability of the
volatilomes of multiple strains of Staphylococcus aureus, Pseudomonas aeruginosa and
Escherichia coli across three frequently used nutrient-rich growth media. Volatilomic stability
was assessed based on media-, time- and strain-dependent variation across the examined
bacterial volatilomes. Strain-level specificity of the observed volatilomes of E. coli and P.
aeruginosa strains was further investigated by comparing the emission of selected
compounds at varying stages of cell growth. Headspace solid phase microextraction (HS-
SPME) sampling coupled with gas chromatography mass spectrometry (GC-MS) was used to
analyse the volatilome of each strain. The whole volatilomes of the examined strains
demonstrate a high degree of stability across the three examined growth media. At the
compound-level, media dependent differences were observed particularly when comparing
the volatilomes obtained in glucose-containing brain heart infusion (BHI) and tryptone soy
broth (TSB) growth media with the volatilomes obtained in glucose-free Lysogeny broth (LB)
media. These glucose-dependent volatilomic differences were primarily seen in the emission
of primary metabolites such as alcohols, ketones, and acids. Strain-level differences in the
emission of specific compounds in E. coli and P. aeruginosa samples were also observed
across the media. These strain-level volatilomic differences were also observed across
varying phases of growth of each strain, therefore confirming that these strains had varying
core and accessory volatilomes. Our results demonstrate that, at the species-level, the
examined bacteria have a core volatilome that exhibits a high-degree of stability across
frequently-used growth media. Media-dependent differences in microbial volatilomes offer
valuable insights into identifying the cellular origin of individual metabolites. The observed
differences in the core and accessory volatilomes of the examined strains illustrate the
complexity of microbial volatilomics as a study while also highlighting the need for more
strain-level investigations to ultimately elucidate the whole volatilomic capabilities of
microbial species in the future.
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3.1. Introduction

For many years the occurrence of disease-specific volatiles have been used as a supporting
factor in the clinical diagnoses of various disorders, e.g. the sulfide emission in the breath of
Helicobacter pylori-positive patients with gastrointestinal issues!*; and the sweaty feet odour
of patients with isovaleric acidemial?. As a result, the study of volatile organic compounds
(VOCs) produced by commensal and pathogenic microorganisms has emerged as a path to
characterising these disease-specific volatiles. In particular, the last 15 years has seen a
significant rise in the study of microbial VOCs due to the universal implementation of
improved analytical methodology and data analysis techniques. Comprehensive sampling and
analytical methods have broadened the spectrum of compounds that can be investigated
while the incorporation of dimension reduction and clustering methods has enabled the
identification of discriminatory trends across the microbial VOC data. Most studies have been
primarily focused on the investigation of in vitro microbial cultures and have been critical in
identifying metabolic and cellular pathways of particular compounds. These studies have
demonstrated that species-level differences in VOC production do exist between pathogenic
and commensal microbial species and highlight the need for further study.

The diversity and mechanisms behind microbial volatilomes have been recently illustrated in
several comprehensive review papersBI4BIEl and books!”). Growth parameters such as
growth medial®®, growth phasel*®*ll oxygen content [*2I, temperature(*3! and pH!4, all
influence microbial volatilomes. Another less studied factor in the overall variation seen
across the volatilomes of microbial species is the occurrence of strain-level specificity in
volatilomic emission within a given species**!3], |n addition to this, the variation in sampling
(SPMEREI7] thermal desorption tubes**8] direct syringel*?120)) and analytical techniques
(GC-MSI7I0IN7Iel - selected ion-flow-tube (SIFT) MSI2Y, proton transfer reaction (PTR)
MS!221)) employed across the field also have a direct influence on the VOC profiles reported in
the literature. Consequently, cross-study validation of reported microbial VOC profiles
remains a major challenge in the field. However, the recent establishment of the mVOC 2.0
database?® has allowed for some qualitative comparisons of microbial volatilomes and will
evolve to be a valuable tool in the field. The database contains thousands of logged
compounds along with growth conditions and analytical methods used to acquire the
volatilomes of a wide range of microbes. With such a platform available, a community-wide
effort is required to build on it and to ensure that the microbial volatilomic profiles available
on the database are as comprehensive as possible with respect to the literature. This will
ultimately allow the full examination of individual microbial volatilomic profiles relative to all
the conditions in which they have been previously examined. Therefore, in order to elucidate
the full spectrum of microbial volatilomes, there is a strong need to investigate them under
varying conditions in controlled settings.

S. aureus, P. aeruginosa, and E. coli are highly prevalent wound pathogens and are
responsible for particularly severe infections in diabetic foot ulcers (DFUs)Z4251 | |t is
estimated that around one in four people with diabetes will develop a diabetic foot ulcer
(DFU) in their lifetimel?®), Infections of DFUs highly increase the risk of poor outcomes such as
amputation!?’!. The duration of the DFU is proportional to its severity and is closely associated
with species- and strain-level microbial diversity within the infection?”128], Currently in clinics,
time consuming techniques such as blood tests and traditional plate-based techniques are
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employed to detect potential infections!??l. As early detection is critical in preventing severe
infections, rapid non-invasive detection of pathogenic bacterial volatiles in wounds and
wound samples could potentially speed up the turnover of clinical information and greatly
contribute to the clinical workflow. Our group is currently working on detecting pathogen-
specific volatile compounds in DFU swab samples. Volatilomic profiling of pure microbial
cultures has played a critical role in our preparation for clinical volatilomic work and also for
the interpretation of the data obtained.

The stability of bacterial volatilomes both in different nutritional conditions and strain-to-
strain remains relatively understudied. In this study, we examined multiple strains of E. coli,
P. aeruginosa, and S. aureus volatilomes across different growth media. By examining
microbial volatilomic variability across different strains and different media, the core and
accessory volatilomes of these bacteria can be elucidated. These terms were introduced by
Bean et al.B% but for the context of this study, core compounds refer to compounds that are
emitted by both strains across all media; accessory compounds are compounds emitted by at
least one strain in at least one medium. Our key objectives of this work were 1) to obtain
comprehensive volatilomic data for multiple strains of S. aureus, P. aeruginosa, and E. coli in
three different growth media (BHI, LB, TSB); 2) to assess the stability and variation of the
observed bacterial volatilomes; and 3) to temporally investigate strain-level specificity within
the selected volatilomes by comparing the emission of specific compounds at progressive
stages of growth and development of the cells.

3.2. Methods

3.2.1. Growth of Bacteria

The following bacterial strains were examined: S. aureus (DSM2569 and DSM799); P.
aeruginosa (DSM19880 and DSM25642); E. coli (DSM30083 and DSM105372). All S. aureus,
P. aeruginosa, and E. coli isolates were obtained from Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures GmbH. Each strain was streaked individually
on tryptone soy broth (TSB) agar media plates. For each replicate, a single colony was
inoculated in 4 mL of TSB, BHI, or LB broth and incubated at 37°C overnight. Each replicate
overnight culture was individually incubated in a 50 mL conical centrifuge tube. Each
overnight culture was diluted to a total volume of 5 mL in growth media (BHI,TSB,LB,NB) to a
cell count of approximately 108-10° colony forming units (CFU)/ mL in the 20 mL headspace
vials which were then sealed with magnetic Polytetrafluoroethylene /silicone septum screw
caps (Merck, Cork, Ireland). For each of the examined growth media, five samples of each
strain were incubated at 37°C and shaking for 24h — after which point the headspace (HS) of
each sample was directly sampled and analysed (described below)

The samples are referred throughout the text using the following acronyms: EC.A: E. coli
DSM103372, EC.B: E. coli DSM30083, PA.A: P. aeruginosa DSM105372, PA.B: P. aeruginosa
DSM25642, SA.A: S. aureus DSM2569, SA.B: S. aureus DSM799, TSB: Tryptone soy broth
(OXOID : CM0129), BHI: Brain heart infusion (OXOID : CM1135), LB: Lysogeny broth (SIGMA :
L3022; NaCl 5g/L), and NB: Nutrient broth (OXOID : CM0001) .

3.2.2. Growth curve analysis
Growth curve analysis was performed on P. aeruginosa and E. coli samples (n = 3). Bacterial
samples were diluted to an initial ODggo of 0.1 which corresponded to a cell count of 108-10°
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cfu/ml. Prior to each round of Solid phase microextraction (SPME) sampling, the ODsoo of each
sample was measured by extracting 20 uL from the culture using a stainless steel needle and
syringe. This was done by piercing the needle through the septum of the HS vial and tilting
the vial to extract the small volume of culture. ODgoo Wwas measured at 1, 2, 3,4,5,6, 7, 8, 24
h.

3.2.3. VOC sampling Procedure

SPME fibers were used for sampling VOCs and consisted of 85 um
Carboxen/Polydimethylsiloxane Stableflex (2 cm) assemblies (Supelco Corp., Bellefonte, PA,
USA). Prior to sampling, each bacterial or control sample was removed from the shaking
incubator and placed in a standard incubator at 37°C. The SPME needle was pierced through
the septum of the HS vial, and the fibre was exposed to the HS of the sample for 20 min while
agitated. Following this, the fibre was retracted and the SPME assembly removed from the
vial. The SPME fibre was then inserted into the GC inlet and thermally desorbed at 250°C for
2 min for subsequent separation and detection by mass spectrometry. During the temporal
analysis, the magnetic screw caps of each sample were also tightly covered with parafilm
following each round of sampling to minimise any loss of VOCs.

Background subtraction was carried out by sampling blank headspace vials, and blank media
samples. Compounds recovered from these blank analyses were individually assessed.
Compounds recovered samples with signal-to-noise ratios greater than 3:1 were considered
forinclusion in the study. Compounds recovered from blank analyses are summarised in Table
3.1.

3.2.4. Gas chromatography—mass spectrometry (GC-MS)

An Agilent 6890 GC connected to an Agilent 5973 mass selective detector (Agilent
Technologies, Inc., Santa Clara, CA, USA) was used for all analyses. Separations were
performed on a DB-WAX column (Agilent Technologies Ireland, Cork) (30 m x 0.25 mm x 0.32
um). The carrier gas used was helium, with a constant flow rate of 1.3 mL /min For manual
injections of SPME fibers, the system was equipped with a SPME Merlin Microseal (Merlin
Instrument Company, Newark, DE, USA), and the inlet was maintained at a temperature of
250°C. Split-less injection was used for all samples, with a gas purge being activated after 2
min. Each SPME fibre was desorbed for 2 min within a SPME inlet liner (Supelco). The initial
GC oven temperature was 40°C for 5 min and was programmed to increase at a rate of 10°C
min! to 240°C, with a final hold for 5 min at this temperature, giving an overall running time
of 29 min. The transfer line temperature was set at 230°C. The MS was operated at a scan
range of 35-400 m/z, scan rate of 3.94 s, ion source temperature 230°C and ionising energy
of 70 eV. Identification of compounds relied on a three phase protocol whereby National
Institute of Standards and Technology (NIST) library (2017) - match factors of >70% were
initially used to assess potential ID matches; fragmentation patterns of potential matches
were then manually interpreted before being validated using retention index matching.
Retention index (RI) values for polar columns provided by the NIST Chemistry WebBook, SRD
69, was used to support the identification of these compounds. Any compound found to have
an Rl value <12 Rl units of the Rl values found in the NIST database were deemed acceptable
matches. A external standard mixture of saturated alkanes (C7-Cso; Merck, Cork, Ireland) was
injected into the GC-MS under the same temperature conditions as the samples and used for
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Rl matching. This was done by rapidly dipping an exhausted SPME needle into the mixture
once and injecting it into the GC-MS. A fully functional SPME fiber was not used for this
because exposure to hexane degrades the fiber integrity.

3.2.5. Data Analysis

Agilent MassHunter Qualitative Analysis 10.0 software was used to analyse raw
chromatographic data. Peak acquisition and the respective peak area data were calculated by
employing the chromatogram deconvolution compound mining algorithm. Chromatographic
peaks were compared using the NIST Chemistry WebBook. Peaks found to be from exogenous
sources such as the SPME fiber, glass vial, and column were removed from the dataset. Only
peaks that could be accurately identified and that were detected in over one replicate sample
were included in the final peak list. R (version 1.2.5033) was used for data exploration and
visualisation. Raw bacterial VOC data was standardised using centering and scaling 1311,
Centering converts all the values in the dataset to fluctuations around zero rather than
fluctuations around the mean VOC abundance. It adjusts for differences in the offset between
low and high abundances. Scaling converts the values in the dataset into ratios relative to the
difference in abundances between the VOCs, which allows each VOC to be equally
represented in the subsequent data analysis. For compounds that were present in some
replicate samples (of a given strain in a given media) and absent from others, these missing
values were imputed as zero. For compounds that were absent from all replicates (of a given
strain in a given media), these missing values remained missing values. Hierarchical clustering
and principal component analysis (PCA) were carried out on the dataset using the R packages:
‘FactoMineR’ (version: 2.4), ‘factoextra’ (version: 1.0.7), ‘pheatmap’(version: 1.0.12), ‘egg’
(version: 0.4.5) and ‘cluster’ (version:2.1.0). For the hierarchical clustering analysis, Euclidean
distance was used as the measure of (dis)similarity. Other R packages used for the graphics in
this study were: ‘tidyverse’ (version:1.3.1), ‘ggplot2’ (version: 3.3.5), ‘ggfortify’
(version:0.4.12) .

3.3. Results

3.3.1. Stability of core VOC profile across nutrient-rich media
The PCA scores plots shown in Figure 3.1 and the heatmaps shown in Figure $3.1-3.3 visualise
the similarities and dissimilarities between the bacterial samples across three different
nutrient-rich growth media. Across the three examined growth media, a total of 64
compounds were used to investigate the overall discrimination of observed VOC profiles at
the species-level. For the unsupervised analyses, whole bacterial volatilomes were analysed
based on 55 compounds in BHI (Figure 3.1 top left); 57 compounds in LB (Figure 1 top right);
and 49 compounds in TSB (Figure 3.1 bottom left). In Figure 3.1, each sample is colour coded
based on its respective species. Similar to our previous results!*’], the variation between S.
aureus and P. aeruginosa samples was summarised by PC2 (y-axis), while the variation
between E. coli and the other bacteria was summarised by PC1 (x-axis). S. aureus samples
appear to have the most stable volatilome across the three media as they are tightly clustered
together in the bottom left corner of the plot. P. aeruginosa has a slightly higher degree of
media-dependent distribution of samples as it can be seen that the VOC profiles of samples
cultured in TSB appear to be less variable than that of samples cultured in BHI and LB. In
contrast to this, in E. coli samples, a relatively high degree of variability was observed in
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samples grown in LB compared to that of samples grown in BHI and TSB. This sample-level
stability and variability was quantitated using Euclidean distances and plotted as matrices
(Figure S3.4-3.6) to clearly illustrate the sample-, strain- and species- level volatilomic
differences. Hierarchical clustering coupled with heatmaps were also employed to analyse
the similarities across the whole volatilomes of these bacterial samples. These plots are
available in the Supplementary Information (SI; Figures S3.1-3.3). In these heatmaps, samples
were clustered based off Euclidean distance (dissimilarity). In these figures, to illustrate what
compounds were responsible for the clustering of the bacterial samples, across the different
media, hierarchical clustering was also performed on the compound abundances. Across the
three media, the bacterial samples were generally successfully clustered to their respective
species. There were some exceptions: EC.B_TSB_E in TSB and PA.A_LB_E in LB were
incorrectly clustered; and some E. coli samples in LB formed a secondary E. coli cluster, this
can also be seen in the PCA plot (Figure 3.1). These volatilomic differences between the E. coli
samples in LB can be clearly seen in the heatmap shown in Figure S3.3 and appear to be due
to differences in the emission of accessory compounds. The results shown in the PCA plots
(Figure 3.1), hierarchical clustering heatmaps (Figure S3.1-3.3) clearly demonstrate that same
compounds were responsible for the discrimination of the examined bacterial volatilomes
across the growth media.
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Figure 3.1: Labelled scores plot representations of scores from the PCA analyses of bacterial
samples in BHI (top left), LB (top right), TSB (bottom left), and all examined media (bottom
right). The large symbols in each plot are the geometric means for each species. The
corresponding strain names to the abbreviated titles of the bacterial samples shown in this
plot are as follows: EC.A: E. coli DSM103372, EC.B: E. coli DSM30083, PA.A: P. aeruginosa
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DSM105372, PA.B: P. aeruginosa DSMZ25642, SA.A: S. aureus DSM2569, SA.B: S. aureus
DSM 799

3.3.2. Chemical composition of bacterial volatilomes

The bar plots shown in Figure 3.2 illustrate the difference in abundance of each chemical class
in BHI, TSB and LB media for the species. Across each of the examined species it can be seen
that for the majority of chemical classes, the lowest abundances of compounds were detected
in LB media. The stacked percentage bar plots shown in the bottom row of Figure 3.2 illustrate
the media-dependent chemical composition differences at both the species- and strain-level.
Across the three nutrient-rich growth media, overall, there were not major variations in the
chemical composition of the bacterial VOC profiles, and in this regard, were considered
relatively stable. The results do suggest that for the three media examined, the bacterial
volatilomes were species-dependent rather than media-dependent. Additional information
about each individual compound identified can be found in the boxplots provided in the SI
(Figures S3.7-3.12).
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Figure 3.2: Grouped bar plot illustrating the differences in emission of individual chemical
classes in BHI, LB and TSB growth media by E. coli, P. aeruginosa and S. aureus. This bar plot
was obtained by summing the mean abundance of each chemical class detected in each of the
examined bacteria. Significant media-dependent differences are illustrated in the
corresponding grouped boxplot (Figure $3.14).
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Figure 3.3: Box plot representation of selected compounds emitted by S. aureus, P.
aeruginosa, and E. coli strains in BHI (n=5), TSB (n=5), and LB media (n = 5). *Five replicates
were analysed for each strain in each media except for E. coli (EC.A and EC.B) in BHI (n = 4)
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and P. aeruginosa (PA.B ) in TSB (n = 3). The following symbols were used to indicate statistical
significance of strain-level differences(ns: p > 0.05; *: p <= 0.05; **: p <= 0.01; ***: p <=0.001;
**%%. p <= 0.0001). The corresponding strain names to the abbreviated titles of the bacterial
samples shown in this plot are as follows: EC.A: E. coli DSM103372, EC.B: E. coli DSM30083,
PA.A: P. aeruginosa DSM105372, PA.B: P. aeruginosa DSM25642, SA.A: S. aureus DSM2569,
SA.B: S. aureus DSM?799.

E. coli produced the highest number of VOCs in all media and was highly active metabolically
in nutrient-rich environments as it emitted a diverse volatilome in all media. Across all of the
media was mainly characterised by the heavy emission of indole, which was up to 500-fold
more abundant than all other compounds in the volatilome. The grouped bar plots (Figure
3.2) and box plots (Figure 3.3) show that this hyper-emission was relatively uniform across
the different media and confirm that this compound is an essential byproduct of E. coli
metabolism. Other major chemical classes emitted by the E. coli strains were alcohols, acids,
and ketones. These chemical classes did vary across the media as the abundance of 1-alcohols
was relatively lower in LB compared to the BHI and TSB. Interestingly, in the majority of
compounds, the emission of various ketones was slightly higher in LB samples compared to
the BHI and TSB samples. This could be due to the higher dependence on the fatty acid
metabolic pathway for energy rather than the primary metabolism of glucose that gives rise
to a wide variety of acids, alcohols, and fatty acid ethyl esters. In contrast to S. aureus, the
lack of glucose in the LB medium had a significant influence (Figure S3.14) on the acid profile
of the E. coli samples as the abundance of acetic acid saw up to a 12-fold reduction compared
to samples cultured in TSB and BHI (Figure 3.3).

The primary chemical classes recovered in the P. aeruginosa strains were alcohols, ketones,
hydrocarbons and pyrroles. Across the three media, P. aeruginosa emitted a variety of
alcohols including 2-nonanol, 2-undecanol and 3-methyl-1-butanol, which were among the
most abundant compounds produced (Figure 3.3). High abundances of alkene were emitted
by both strains across all of the examined media highlighting it as one of the integral
components of the P. aeruginosa volatilome. A significant reduction (Figure S3.14) in alcohol
abundance was observed in the samples cultured in LB medium. Higher abundances of 1-
undecene were detected in P. aeruginosa LB samples. The chemical composition of the P.
aeruginosa VOC profile in BHI and TSB is dominated by alcohols (Figure 3.2), this was the most
radical media-induced shift that was observed. A possible explanation for this is that due to
the lack of glucose in LB medium, fatty acid metabolic pathways were alternatively utilised to
give rise to a relatively higher abundance of compounds such as 1-undecene. Pyrrole-like
compounds were emitted by both strains in all media, with the highest abundances being
emitted by the samples cultured in BHI medium (Figure 3.2/Figure 3.3). The characteristic
amine-containing ketone, 2-aminoacetophenone, was also emitted to varying degrees by
both strains of P. aeruginosa (Figure 3.3). These results demonstrate the dual nature of the
P. aeruginosa volatilome, as across different media, it exhibits stability on a qualitative level
while exhibiting high variation on a quantitative level.

Across the examined media, 80% of the chemical composition of the observed S. aureus VOC
profiles were acids and alcohols (Figure 3.2). Key compounds within these chemical groups
were 3-methylbutyric acid, acetic acid, acetoin and 3-methyl-1-butanol (Figure 3.3). The
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relationship between acids and alcohols did however vary across the three media, this can be
seen in the grouped bar plots (Figure 3.2). In LB medium, overall acid abundance was reduced,
for example, we observed a 3-fold reduction in acetic acid abundance between LB and BHI,
and a 10-fold reduction between LB and TSB. Similarly, the emission of the majority of
chemical classes by S. aureus samples was lowest in LB medium, primarily due to the lack of
available glucose in the media. The influence of glucose on S. aureus volatilomes was also
illustrated through the low abundances of key acids emitted in glucose-free nutrient broth
(NB) (Nutrient Broth - Figure S3.15). Less abundant chemical classes such as fatty acid ethyl
esters, lactones, hydrocarbons and aldehydes demonstrated high variation across the media.
In LB medium, low abundances of the closely associated compounds 1,4-butanediol and
butyrolactone were recovered from both S. aureus strains - these compounds were not
detected in BHI or TSB S. aureus samples. Conversely, butanoic acid, 2-methyl-, ethyl ester (
ethyl 2-methylbutyrate) was emitted in relatively high abundances in BHI and TSB but wasn’t
emitted in LB medium (Figure 3.3). These results further illustrate the significant influence
that glucose has on the S. aureus volatilome. Additional information about all of the
compounds identified across all the strains can be accessed in the Sl (Figure S3.8 — S3.12).

3.3.3. Strain-dependent differences in VOC emission

Across the different growth media, we observed measurable differences in the emission of
particular compounds between the strains of P. aeruginosa and E. coli. In Figure 3.3,
compounds emitted by E. coli strains that had strain-dependent variation included 1-
hexadecanol (p = 0.005 in TSB, p = 0.05 in BHI, p = 0.34 in LB), 1-tetradecanol (p = 0.003 in
TSB, p=0.01in BHI, p =0.14 in LB, acetic acid (p = 0.02 in TSB, p = 0.04 in BHI, p =0.31in LB,
and 2-nonanone (p = 0.002 in TSB, p = 0.05 in BHI, p = 0.0001 in LB. In P. aeruginosa samples,
the abundances of 1-undecene (p = 0.01 in TSB, p = 0.05 in BHI, p = 0.02 in LB), 2-
aminoacetophenone (p = 0.008 in TSB, p = 0.0003 in BHI, p = 0.000005 in LB, 2-nonanol (p =
0.0003 in TSB, p = 0.193 in BHI, p = 0.008 in LB, 2-nonanone (p = 0.01 in TSB, p = 0.18 in BHI,
p=0.10in LB, 2-undecanone (p =0.09 in TSB, p = 0.01 in BHI, p =0.33 in LB, and 2-undecanol
(p=0.10in TSB, p = 0.06 in BHI, p = 0.33 in LB showed a variety of differences between the
two strains. The differences were consistent across the samples from each examined media
indicating that these emission differences were due to strain-level specificity in VOC emission.
To further investigate this, we analysed the two E. coli and P. aeruginosa strains (n=3)
individually at progressive points in their growth in TSB medium to map the emission kinetic
profile of these compounds and to ultimately determine if these strain-specific differences
were consistent at varying time points. Growth curves for each strain were also constructed
based on ODsoo measured from the same samples (Figure 3.4). Of the aforementioned
compounds, clear kinetic differences were observed in the compounds shown in Figure 3.4.
The volatilomes of the two S. aureus strains were highly stable with respect to each other and
therefore will not be discussed in this section.

In both E. coli strains, hyperproliferation of cells was observed between 0 — 4 h which
corresponded to a proportionate emission of acetic acid, alcohols, and indole (Figure 3.4).
The growth rate of EC.B cells was faster than that of EC.A. Of the alcohols emitted, 1-
hexadecanol and 1-tetradecanol were only emitted by EC.A (Figure 3.4). Although these
compounds were previously recovered from some of the EC.B samples in the previous
investigation (Figure 3.3), they were emitted in relatively low abundances and there was
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variation in their occurrence sample-to-sample. Conversely, 2-nonanone was emitted in
significantly higher abundances by EC.B than EC.A across the three growth media (p = 0.002
in TSB; p = 0.049 in BHI; p = 0.0001 in LB) (Figure S3.4). This strain-dependent difference was
further confirmed by the kinetic profiles of both strains (Figure 3.4), as 2-nonanone was not
recovered from any EC.A samples while being emitted proportionately with the growth of
EC.B cells (1 — 4 h). Cell growth of both strains stagnated for approximately 4 h (between 4 —
8 h), this stagnation was reflected by an overall reduction in the emission of VOCs from both
strains between 5—6 h. From 8 — 24 h, cell numbers of both E. coli strains steadily grew again,
however, abundances of compounds such as 1-alcohols collectively declined to varying
degrees in both strains. Significantly high abundances of indole were emitted by both strains
and correlated with the incubation time and growth of the cells.

In contrast to the growth of E. coli cells, both P. aeruginosa strains demonstrated a slower
increase over the first 8 h of incubation. There was a marked difference in the volatilome
activity of both strains (Figure 3.4). In agreement with the multi-media results shown in Figure
3.3, the kinetic plots shown in Figure 3.4 demonstrate that PA.B was metabolically more
active than PA.A. High sample-to-sample variance in the occurrence of 2-undecanol, 2-
undecanone, 2-nonanol, and 2-aminoacetophenone in PA.A samples across the media (Figure
3.3) and kinetically (Figure 3.4) indicated that these compounds were irregular accessory
compounds to the PA.A volatilome. In contrast to this, 2-aminoacetophenone was a
correlative marker of progressive phases of cell growth in PA.B samples, whereas 2-nonanol,
2-undecanol, and 2-undecanone marked the latter phase of PA.B growth as they were
emitted at some point between 8 — 24 h. Although 3-methy-1-butanol was an abundant
correlative growth marker of both P. aeruginosa strains, it was emitted at a 3-fold higher
abundance in PA.B samples between 8 — 24 h (p = 0.05 at 24 h). Clear differences in the
emission of 1-undecene (p =0.01in TSB; p = 0.05 in BHI; p =0.02 in LB) across the three media
(Figure 3.3) were observed between the two P. aeruginosa strains. This was also observed in
the kinetic experiments as in the first 8 h of incubation, the abundances of 1-undecene
recovered from PA.B were consistently 10-fold higher than the abundances recovered from
PA.A (p =0.009 at 4 h, p =0.009 at 5 h, p = 0.004 at 6 h, p =0.02 at 7 h). After 8 h, in PA.B
samples, 1-undecene abundances sharply decreased.
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Strain—dependent emission kinetics
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Figure 3.4: Kinetic profiles of strain-dependent emission from EC.A, EC.B, PA.A, and PA.B (for

all examined strains, n=3) for selected compounds sampled at specific phases of growth of

bacterial samples in TSB growth media. Error bars represent the standard deviation around
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the mean abundance values. Y-axis labels on all VOC kinetic plots are scaled by square root.
Corresponding cell growth curves based on ODgoo measurements measured from each
replicate at the respective sampling time. The corresponding strain names to the abbreviated
titles of the bacterial samples shown in this plot are as follows: EC.A: E. coliDSM103372, EC.B:
E. coli DSM30083, PA.A: P. aeruginosa DSM105372, PA.B: P. aeruginosa DSM25642.

3.4. Discussion

Microorganisms produce a diverse range of volatile metabolites that have different physico-
chemical properties and biological activities. These volatile metabolites serve an important
role in inter-species and inter-kingdom communication and are involved in both beneficial
and deleterious interactions between microorganisms*l. Microbial VOCs have been
proposed as potential biomarkers of disease!® that can be non-invasively analysed to support
clinical workflows in the future. Clinical studies involving untargeted breath profiling analyses
have demonstrated the potential discriminatory power and diagnostic potential of VOCs for
diseases such as pneumonial®?, cystic fibrosis®334, tuberculosis®®!, and COVID-193¢], It has
also been well-established that microbial diversity at the species-level is associated with poor
outcomes and longer durations of diabetic ulcer wounds!?”). A recent study also reported that
diversity at the strain-level of specific pathogenic species is a large contributor to infection
severity!?®l. Consequently, the development of a non-invasive rapid sampling platform
potentially capable of discriminating microbes at the species- and strain-level is highly
desirable in clinic settings. In the conclusion of our previous study!*”), we outlined that our
future work will involve the volatilomic analysis of wound samples to identify infection-
specific markers. Early unpublished results of this work suggests that volatile markers
detected in this study such as 3-methylbutyric acid, acetic acid, 3-methyl-1-butanol,
propanoic acid and ethanol do heavily persist in samples obtained from severe wound
infections. However, this work is currently ongoing and a higher number of samples are
required from a varying spectrum of infected wounds to further support these early findings.

Volatilomic profiling of pure microbial cultures has played a critical role in identifying the
cellular origins of metabolites associated with specific species and strains of pathogens. In
this study we employed HS-SPME-GC-MS to investigate the stability of the volatilome of
multiple strains of prominent wound-associated pathogens across different nutrient-rich
growth media. Oxygen availability is expected to have a strong influence on volatile
compound formation by bacteria as it dictates whether respiration or fermentation pathways
are utilised for metabolism!3!. Each bacterial sample was made up to a total volume of 5 mL,
leaving a 15 mL headspace above the culture. It is predicted that the bacteria utilised the
available oxygen in this headspace to carry out aerobic respiration in the early stages of
growth. The examined pathogens are capable of anaerobic and/or fermentation under
specific conditions, and may be capable of shifting their metabolism from aerobic respiration
in oxygen-exhausted conditions®!l. It was expected that this occurred during the 24 h
incubation and consequently the volatilomes reported in this study are the result of both
aerobic and anaerobic metabolism. Strain-level differences that were observed in the
examined bacterial volatilomes were further investigated by analysing and comparing the
volatilome of each strain at progressive phases of cell growth and development.
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Dimension reduction methods such as principal component analysis (PCA)X7IIMUB7 gnd
clustering methods such as hierarchical clustering (HC)X7130 are frequently employed to
identify species-specific trends across the bacterial volatilomic samples. PCA identifies
species- and strain-specific volatilomic differences across the bacterial volatilomes and
amplifies these differences by constructing new linear variables called principal components
(PCs), along which the variation is maximal. The PCs can then be visualised using scores plots.
Scores plots show inter-sample distances that clearly illustrate patterns across the data which
can be used to identify groups that characterise the overall dataset®. In this study we used
these techniques to perform an unsupervised analysis of the volatiomes obtained from the
examined strains across each growth media. The PCA scores plots shown in Figure 3.1
illustrate that across the media the examined bacterial volatilomes demonstrated similar
differentiation from each other which allowed clear and consistent species-level
discrimination. These scores plots also indicate a certain degree of stability of the whole
volatilomes of the examined species across the media. Similar volatilomic stability across
different media was previously demonstrated by Dryahina et al.?° - in this study, PCA analysis
of SIFT-MS volatilomic data showed that S. aureus and P. aeruginosa samples cultured in BHI,
NB and Mueller Hinton Broth (MHB) exhibited species-dependent clustering rather than
media-dependent clustering. Hierarchical clustering is another common statistical method
used to classify multiple samples into groups (clusters). The results are visualised as
dendrograms. The length of an edge in a dendrogram between a cluster and its split is
proportional to the dissimilarity (Euclidean distance) between the split clusters!4?,
Dendrograms were used for two purposes in this study, to investigate the volatilomic
similarities between the examined bacterial strains, and to determine what compounds were
responsible for the discrimination of the bacterial volatilomes across the different media.
Heatmaps coupled with dendrograms complement the PCA results (Figure 3.1) and
demonstrate clear discrimination of the bacterial species in each of the examined media
(Figure S3.1-3.3). The heatmaps also offer minor insights at the strain-level differences that
are present in the volatilomes as the samples from P. aeruginosa (Figure S3.1 & S3.2) are
roughly clustered together. In each of the examined media, it appeared that the same
compounds were responsible for the discrimination of the bacterial volatilomes (Figure S3.1-
3.3). Following the analyses, the chemical classes and compounds responsible for the
observed media-, species- and strain-dependent differences were further investigated.

Although the chemical compositions of each bacterial species and strain demonstrated a high
degree of stability (Figure 3.2 — bottom row), the abundances of chemical classes varied
across BHI, TSB and LB growth medium (Figure 3.2). The volatilomes of both E. coli strains
were dominated primarily by the emission of indole and fatty alcohols (collectively ~ 85%),
with the remaining 15% of the volatilome being mostly acids and ketones (Figure 3.2). Indole
is produced in a one-step reaction by the enzymatic catalysation of the amino acid
tryptophan*, Growth media free of glucose such as LB medium contain an abundance of
amino acids!*?! that can be alternatively metabolised to form indole which explains why indole
abundances were relatively uniform across the media (Figure 3.2). E. coli primarily produces
fatty alcohols via the fatty acid metabolic pathways*}], however, fatty alcohols can also be
derived from glucose metabolism!*4. A variety of fatty alcohols were identified at varying
abundances across the examined media (Figure 3.3 and Figure S3.5) between the two E. coli
strains. Despite EC.B cells having a higher growth rate, EC.A emitted significantly higher
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abundances of 1-tetradecanol and 1-hexadecanol than EC.B across the media (Figure 3.3) and
temporally (Figure 3.4). This supports the fact that the emission of these compounds is not
just simply dependent on the progressive growth of cells, but rather the different metabolic
pathways each strain utilises as the cells proliferate. Fatty alcohols (C3 — Ci6) have been
frequently reportedUIUN7IES] o be emitted by E. coli with varying combinations being
emitted strain-to-strain. Acetic acid abundances were high in both strains (Figure 3.3) and
demonstrated a proportionate increase with cell proliferation in the first 5 h of incubation
(Figure 3.4).

P. aeruginosa is a common gram-negative bacteria that has been associated with severe
infections of burns!*®! and diabetic foot ulcers?”), and it has also been previously labelled as
the most common cause of persistent, fatal respiratory infections in cystic fibrosis
patients*”18l. The chemical composition of the observed P. aeruginosa volatilomes was
primarily made up of alcohols and hydrocarbons (~75%) across the media (Figure 3.2). This
appears to be in agreement with recent results published by Davis et al.[*®], although there
are differences in the P. aeruginosa volatilomes at the compound-level. The remaining 25%
of the volatilomes were composed of ketones, pyrroles and fatty acid esters (Figure 3.2).
Characteristic compounds (Figure 3.3) emitted by both strains across the three media that
have also been frequently detected in P. aeruginosa volatilomic analyses included 2-
aminoacetophenonel371150143] 2-undecanol71i10] 2-undecanonel®li17137] 1-
undecene3711715010]1 ' 9_nonanonel*®t07] gnd pyrrolel3711171101 production of 1-undecene by
both strains of P. aeruginosa was enhanced when the samples were cultured in LB medium
most likely due to the absence of glucose (Figure 3.2/Figure 3.3). Although significant
differences in 1-undecene emission were observed between both strains across the media
(Figure 3.3) and kinetically (Figure 3.4) , 1-undecene was shown to be a temporal growth
marker of both strains. This long chain alkene is derived from the metabolism of fatty acids
and is a key component of the volatilomes of various Pseudomonas spp2B3] 2.
aminoacetophenone is produced in the amino acid degeneration (shikimate) pathway via the
loss of a hydroxyl group on anthranilic acid® (derived from chorismate via chorismate
lyasel¥). Despite being widely reported as a characteristic marker for P. aeruginosa'*®, we
observed a high degree of strain-dependent variation in both its emission across the different
media (Figure 3.3) and kinetically (Figure 3.4). Our results suggest that the amino acid
degradation pathway may potentially be more active in some P. ageruginosa strains than
others. Differences in 2-aminoacetophenone production could also be due to strain-level
differences in the regulation of quorum sensing %1,

Since the emergence of antibiotic-resistant strains of S. aureus that caused epidemics in the
1950s and 1960s there have been large global efforts to develop early detection systems[®®!,
In the last 15 years, the understanding of the core and accessory components of the S. aureus
volatilome has been steadily growing due to a growing number of in vitro volatilomic profiling
studiest01171B1122157] The clinical value of in vitro volatilomic profiling has been demonstrated
by Filipiak et al. who reported detection of VOCs, known to be emitted by S. aureus, in the
breath of patients with S. aureus-positive respiratory infections®8l. In this study here, the S.
aureus volatilome demonstrated the highest degree of stability across the media out of the
three examined species. This was illustrated by the tight clusters of ‘SA’ samples in each score
plot in Figure 3.1 and in the heatmaps (Figure S3.1-3.3). Across TSB, BHI and LB media, the S.
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aureus volatilome was composed primarily of acids and alcohols (~¥80% total volatilome), at
different ratios in each. Other chemical classes recovered in all media included ketones and
fatty acid esters. The characteristic compounds that were emitted by both S. aureus strains
were not surprising and included 3-methylbutyric acid, acetic acid, ethyl 2-methylbutyrate
and acetoin — all of which have been frequently reported in the literaturel®0I1LI57] These
key compounds all originate from primary metabolic pathways®. 3-methylbutyric acid is
derived from the metabolism of amino acids (leucine) while acetic acid, ethyl 2-
methylbutyrate and acetoin arise from different stages of the fermentation process in glucose
metabolism®IB3], The different primary metabolic pathways from which these compounds are
derived are reflected in Figure 3.3, as in the glucose-free LB medium, acetic acid, ethyl 2-
methylbutyrate and acetoin abundances are significantly lower than abundances observed in
TSB and BHI while 3-methylbutyric acid emission was comparable across the media due to
presence of amino acid substrates in all media. Similar reductive effects on the emission of
acids and esters by S. aureus in glucose-free media was recently reported by Jenkins et al®l.

Comprehensive bacterial volatilomic data will only be obtained through the analysis of a high
number of strains. Strain-to-strain volatilomic variability has been relatively under studied,
however, studies that have been carried out have highlighted potential strain-specific
differences in bacterial volatilomes. Purcaro et al®® reported discrimination of multiple
strains of P. aeruginosa in the breath of infected mice. In our previous study!*”), when
analysing triplicate samples of the same strains, we observed small differences between both
P. aeruginosa and E. coli strains and concluded that further work is needed incorporating a
higher number of samples to comprehensively resolve these differences. Analysing different
microbial strains at specific stages of cell growth and development has been recently
proposed as an effective approach to comprehensively elucidate the variation in microbial
volatilomes at the strain-level®l. In this study, we employed this approach in a more targeted
manner to further investigate the strain-dependent emission variation of specific compounds
— observed across multiple media - in P. aeruginosa and E. coli samples. The resulting kinetic
plots shown in Figure 3.4 confirm that there was consistent strain-level specificity in the
temporal emission of individual compounds. These results were in agreement with our earlier
observed differences between the strains for the same compounds in Figure 3.3. The results
obtained from this study also validate observed differences in VOC emission previously
reported™”! between P. aeruginosa strains. Although the volatilomes obtained from all of the
E. coli samples in this study are mostly in agreement with those previously reported!”], the
same strain-level differences were not observed. It should also be noted, that when analysing
the full spectrum of VOCs recovered from these strains in an unsupervised manner via PCA
(Figure 3.1), neither P. aeruginosa nor E. coli strains were discriminated from each other. Our
results show that when investigating the full volatilomes of these strains, clear discrimination
of the strains will not be achieved, it is only when the volatilomes are investigated at the
compound level with corresponding emission kinetic data that these strain-level differences
can be fully elucidated. While our data clearly shows strain-level volatilomic differences exist
within specific species of bacteria, it also highlights the complexity of strain-level volatilomic
discrimination. Strain-level differences were not observed between the examined S. aureus
strains in this study, however, volatilomic discrimination of different S. aureus strains (MSSA
and MRSA) has been previously reported® indicating that strain-dependent antibiotic
sensitivities could also be potential factor in strain-level volatilomic diversity. Baptista et al.
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reported a high number of compounds and also demonstrated strain-level volatilomic
differences across S. aureus samples based on enterotoxicity®”!. Microbial volatilomic
variability across different media has been frequently reported in the literature [BIB7161162]
This was particularly highlighted by Rees et al.[?! who detected a total of 365 compounds
from 9 Klebsiella pneumoniae clinical isolates across TSB, LB, BHI and MHB media — only 10%
of the compounds were common across all examined media. Many of the studies discussed
in this text have highlighted the complexity and high degree of specificity of microbial
volatilomes. Future work should focus on investigating the strain-level volatilomic diversity
present within specific microbial species by analysing a higher number of strains obtained
from ecologically varying environments across different media. It is through, firstly,
comprehensively investigating the factors that govern the emission of pathogen-specific
metabolites that will allow volatilomics to be employed in clinics in the future.

3.5. Conclusion

Bacterial volatilomes are influenced by different nutritional environments and strain-level
differences. By investigating this stability in this work a comprehensive understanding of the
volatilomes of the examined bacterial species was achieved. Our objectives in this study were:
1) to obtain comprehensive volatilomic data from multiple strains of the wound-associated
pathogens S. aureus, P. aeruginosa and E. coli in three different growth media; 2) to assess
the stability and variation of the observed bacterial volatilomes; and 3) to assess strain-level
specificity within the examined strains by comparing the emission of specific compounds at
progressive stages of growth and development of the cells. Using HS-SPME GC-MS analysis
we successfully analysed the VOCs produced from each strain to obtain characteristic species-
specific volatilomes. The observed volatilomes demonstrated a high degree of stability across
the examined media, however, glucose-free media had a reductive effect on the emission of
various primary metabolites. Strain-level variation was observed in P. aeruginosa and E. coli
samples across the examined media in the emission of particular compounds. Comparative
temporal volatilomic analysis of these strains confirmed that there were differences in the
emission of individual compounds between the examined strains. Moving forward in
microbial volatilomics, performing similar multi-strain kinetic experiments will provide a more
comprehensive view of the capabilities of microbial volatilomes. Additionally, analysing
microbial volatilomes in different growth media allows specific metabolic pathways
responsible for VOC production to be intimately investigated. Building a comprehensive
understanding of the limits and possibilities of microbial volatilomics will elucidate what can
be ultimately achieved in future applications.

On a clinical level, these pathogens pose a significant challenge as they cause sever wound
infections. We are currently working on the study of the diabetic foot ulcer volatilome and
have seen that some characteristic compounds (e.g. 3-methyl-1-butanol, 3-methylbutyric
acid, ethanol) also persist in wound samples. Our clinical work is still in the early stages,
however, we hope to identify infection-specific volatilomic patterns that will potentially allow
the detection of wound infections earlier.
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Chapter 4: Multi-Strain and -Species Investigation of Volatile
Metabolites emitted from Planktonic and Biofilm Candida cultures
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Abstract

Candida parapsiliosis is a prevalent neonatal pathogen that attains its virulence through its
strain-specific ability to form biofilms. The use of volatilomics, the profiling of volatile
metabolites from microbes is a non-invasive, simple way to identify and classify microbes and
has shown great potential for pathogen identification. Although C. parapsiliosis is one of the
most common clinical fungal pathogens, its volatilome has never been characterised. In this
work, planktonic volatilomes of ten clinical strains of C. parapsilosis were analysed, along with
a single strain of Candida albicans. Headspace-solid-phase microextraction coupled with gas
chromatography-mass spectrometry was employed to analyse the samples. Species-, strain-
, and media- influences on the fungal volatilomes were investigated. 24 unique metabolites
from the examined Candida spp. (22 from C. albicans; 18 from C. parapsilosis) were included
in this study. Chemical classes detected across the samples included alcohols, fatty acid
esters, acetates, thiols, sesquiterpenes and nitrogen-containing compounds. C. albicans
volatilomes were most clearly discriminated from C. parapsilosis based on the detection of
unique sesquiterpene compounds. The effect of biofilm formation on the C. parapsilosis
volatilomes was investigated for the first time by comparing volatilomes of a biofilm-positive
strain and a biofilm-negative strain over time (0 — 48 hours) using a novel sampling approach.
Volatilomic shifts in the profiles of alcohols, ketones, acids, and acetates were observed
specifically in the biofilm-forming samples and attributed to biofilm maturation.

This work highlights species-specificity of Candida volatilomes and also marks the clinical
potential for volatilomics for non-invasively detecting fungal pathogens. Additionally, the
range of biofilm-specificity across microbial volatilomes is potentially far-reaching and
therefore characterising these volatilomic changes in pathogenic fungal and bacterial biofilms
could lead to novel opportunities for detecting severe infections early.

Keywords: Volatilomics; Candida; Biofilm; Fungi; Pathogen; Gas chromatography; Volatile metabolites; Solid phase
microextraction; Mass spectrometry
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4.1. Introduction

Candida parapsilosis is an emerging pathogen that typically resides as a human commensal
with limited pathogenicity. However, C. parapsilosis has been highlighted as a growing
infectious burden due to growing prevalence of infections arising from blood and indwelling
medical devices!™, as well as its growing prevalence in neonatal sepsis!?. C. parapsilosis also
has a strain-specific ability to produce biofilms which determines differences in human
pathogenicity across the species®. Candida albicans is a more clinically prevalent organism
within the Candida genus. It is a polymorphic fungus that can grow either as ovoid-shaped
budding yeast; as an elongated ellipsoid cell with pseudohyphae; or a parallel-walled true
hyphal form — which is associated with increased virulence. This polymorphism allows C.
albicans to infect a wide variety of host niches as it shifts its metabolism, expression of
adhesions, ability to form biofilm and virulence with each morphological transition.
Morphological transitions are mediated by environmental cues!* such as temperature, pH, 0,
and CO; content, quorum sensing interactions with neighbouring microbes, and the emission
of volatile signalling compounds[5]. As the fungus transitions from the yeast cell to the
ellipsoid cell to the true hyphal form, its virulence increases —this is also reversible. In contrast
to C. albicans, C. parapsilosis cannot form true hyphae, it instead physiologically exists as an
ovoid-shaped budding yeast or pseudohyphal form™! . As a result, C. parapsilosis infections
are typically less diverse and less severe than C. albicans infections.

Microorganisms have evolved to utilise a wide variety of metabolic pathways to survive in
constantly changing environments. These pathways include the metabolism of sugars, amino
acids, fatty acids, sulfur- and nitrogen-containing compounds, and terpenes®. Volatile
organic compounds (VOCs) are produced as biproducts at each stage of each respective
pathway!”!. The species- and strain-specific ways in which microbes regulate their metabolism
significantly contributes to the complexity of characterising their volatilomes. For this reason,
in order to obtain comprehensive data for a specific microbe or microbial group, it is
necessary to track species- and strain-level volatilomic diversity across the genus. Many
metabolites are commonly emitted across microbial species®, however, the whole array of
compounds that are emitted, and the abundances by which they are emitted are species-
specific and are collectively referred to as its volatilome. The composition of volatilomes
depends on multiple factors such as nutritional substrates®*%8] strain-to-strain metabolic
variation2l growth phase of cells!*3], and pH!. As a result, broad characterisation of
microbial volatilomes is one of the major challenges of the field. Significant progress has been
made in the last five years in building awareness of the field with the publishing of
comprehensive reviews!®l151161107 gnd books!*8l, Tackling challenges in the field will require
comprehensive and standardised experimental workflows that support broad untargeted
screening and identification of metabolites across a wide range of microbial species. Although
there have been recent investigations of the volatilomes of several prevalent Candida
genustt?20 there is a need for more studies to support and validate these works. The
examined Candida volatilomes have demonstrated low specificity in the early stages of
growth but develop discriminative features in the latter stages of cellular development. The
chemical composition of these volatilomes have been shown to be rich in acids, aldehydes,
alcohols, hydrocarbons, esters, terpenic compounds, sulfur-containing compounds and
phenols. C. albicans, Candida tropicalis, and Candida glabrata **?% are among the genus that
have been investigated. However, despite being one of the most commonly isolated Candida
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genus in clinics, volatilomic data on C. parapsilosis is very limited - the only study
available!lreported the detection of just 3 compounds (ethanol, 2-phenylethyl alcohol and
3-octanone).

Similar to the majority of microbes, very little is known about how biofilm formation affects
the emission of volatile compounds. Volatilomic discrimination of biofilms of wound-
associated pathogens was recently demonstrated using a highly effcient open flow system
that was coupled with both direct mass spectrometry and headspace-solid-phase
microextraction coupled with gas chromatography-mass spectrometry (HS-SPME GCMS) to
allow real-time analysis of steady state biofilms!??l. Although this study demonstrated a
comprehensive experimental workflow for investigating biofilms, the volatilomic emissions
were compared to uninoculated media controls, therefore the specificity of VOCs emitted
from the biofilm itself was not determined. We hypothesise that this specificity can be
determined through the dual investigation of biofilm-positive and biofilm-negative strains of
a respective microbe. We also hypothesise that biofilm development will cause kinetic shifts
in the volatilome of the biofilm-forming microbe. Following the production of biofilm,
bacteria and fungi slow their metabolism to regulate the use of available substrates. This
allows them to survive in challenging environments and can also render them more tolerant
to antimicrobial drugs and stimuli as the reduction in central metabolic flux reduces the intake
of toxins!?3l. Up to now, it has yet to be investigated whether this reduction in central
metabolic activity during biofilm development has measurable effects on the volatilome of
microbes.

In this work, we obtain comprehensive multi-strain volatilomes for planktonic C. parapsilosis
(10 different strains) using a standardised headspace solid-phase microextraction (SPME)
with GC-MS analysis workflow*1*3] and compare it to the volatilome of a C. albicans strain
obtained under the same conditions to understand species and strain specific differences
across the genus. Comprehensive volatilomic data is reported across varying growth
conditions for C. parapsilosis, an understudied clinical pathogen. Furthermore, we also apply
our workflow in a volatilomic study of Candida biofilms for the first time to identify
metabolites emitted in biofilm-specific metabolic pathways by comparing biofilm-positive
and biofilm-negative strains of C. parapsilosis. This final aspect of work makes a significant
contribution to the study of biofilm volatilomics by demonstrating specificity and highlights
new opportunities for further study in this research area.

4.2. Methods

4.2.1. Growth of Candida planktonic samples

The following Candida strains were examined: CA: C. albicans (DSM 1386) ; C. parapsilosis
(CP1: CLIB214; CP2: CDC317; CP3: CDC173; CP4: 711701, CP5: CDC167; CP6: /1961250, CP7:
CDC179; CP8: J930733; CP9: 103; CP10: J930631/1. ) - See Table S1 for reference list. Growth
media: YPD: Yeast peptone dextrose ; TSB: Tryptone soy broth. Each strain was streaked
individually on Yeast peptone dextrose (YPD) agar plates and incubated at 30°C overnight. For
each replicate, a single colony was inoculated in 4 mL of YPD or TSB broth and incubated at
37°C overnight shaking at 180 rpm. Each replicate overnight culture was individually
incubated in a 50 mL conical centrifuge tube. Each overnight culture was diluted to a total
volume of 5 mL in growth media (YPD or TSB) to a cell count of approximately 107 colony
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forming units (CFU)/ mL in the 20 mL headspace vials which were then sealed with magnetic
Polytetrafluoroethylene /silicone septum screw caps (Merck, Cork, Ireland). For samples
cultured in YPD, samples of each CP strain (n=3) and CA samples (n=5) were incubated at 37°C
and shaking for 24h — after which point the headspace (HS) of each sample was directly
sampled and analysed (described below).

4.2.2. Growth of Candida biofilm samples

CP6 (J961250), CP1 (CLIB214) and C. albicans (DSM 1386) were investigated in this section of
the study. For each replicate, a single colony was inoculated in 4 mL of YPD broth and
incubated at 37°C overnight, shaking at 180 rpm. Each replicate culture was individually
incubated in a 50 mL conical centrifuge tube overnight. The following day, each replicate was
centrifuged at 4000 rpm for 4 min and washed with 1 mL PBS twice. The cells were then
diluted to an OD of 1 (107 CFU/mL). In a 6 well plate, 2.5 mL of YPD was initially added to each
well. 2.5 mL of cells was then deposited in each well to bring the total volume of each well to
5 mL (media:cells, 50:50). Note: To minimise the risk of contamination, it was important to
ensure that the 6 well plate was covered in between each liquid transfer. The lid was placed
on the 6 well plate and the plate was carefully placed in the sampling container (‘Good For
You’ 850 cm? Borosilicate glass containers, dimensions : 19.3 x 13.6 x 6.7 cm). The lids of these
containers have a snap lock with a silicone seal to enhance sterility. The lid of the 6 well plate
was removed to momentarily expose the cultures (see Figure S4.3) before the lid of the
sampling container was closed over the system. A layer of parafilm was wrapped around the
lid of the sampling container. The container was then placed in a static incubator at 37°C for
24 hours.

Following SPME sampling of the HS of the sampling container (see next section) at 24 h,
exhausted media and waste was manually removed from each well using an auto-pipette and
they were washed twice with 1 mL PBS. Fresh media (5 mL) was then slowly deposited in each
well and the plate was re-sealed in the sampling container and re-incubated at 37°C for 24 h.
Again to avoid contamination, the system was covered in between liquid transferrals.

4.2.3. Crystal violet staining of biofilm samples

Following the HS sampling of the 6-well plate samples, the waste media was removed from
each well before being washed with 1 mL PBS (each well) twice. The plates were then left
overnight to dry at room temperature. 1 mL of 0.4% crystal violet was added to each well and
left for 15 min. The crystal violet was then removed and the wells were washed with 1 mL PBS
three times. The plates were then left to dry at room temperature.

4.2.4. HS-SPME sampling

SPME fibers were used for sampling VOCs and consisted of 85 um
Carboxen/Polydimethylsiloxane Stableflex (2 cm) assemblies (Supelco Corp., Bellefonte, PA,
USA). For the planktonic cultures, the SPME needle was pierced through the septum of the
HS vial, and the fibre was exposed to the HS of the sample for 20 min while agitated. Following
this, the fibre was retracted and the SPME assembly removed from the vial. The SPME fibre
was then inserted into the GCinlet and thermally desorbed at 250°C for 2 min for subsequent
separation and detection by mass spectrometry. During the temporal analysis, the magnetic
screw caps of each sample were also tightly covered with parafilm following each round of
sampling to minimise any loss of VOCs. For the biofilm samples, a septum was fixed to the lid
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of the sampling container with multiple layers of tape (see Figure S4.3). The SPME fiber was
pierced through this septum and exposed to the headspace of sampling container containing
the 6-well plate samples for 30 min while static in an incubator at 37°C.

Background subtraction was carried out by sampling blank headspace vials, and blank media
samples. Compounds recovered from these blank analyses were individually assessed.
Compounds recovered samples with signal-to-noise ratios greater than 3:1 were considered
for inclusion in the study. Compounds recovered from blank analyses are summarised in
Figure 4.3.

4.2.5. Gas chromatography—mass spectrometry

An Agilent 6890 GC connected to an Agilent 5973 mass selective detector (Agilent
Technologies, Inc., Santa Clara, CA, USA) was used for all analyses. Separations were
performed on a DB-WAX column (Agilent Technologies Ireland, Cork) (30 m x 0.25 mm x 0.32
um). The carrier gas used was helium, with a constant flow rate of 1.3 mL /min For manual
injections of SPME fibers, the system was equipped with a SPME Merlin Microseal (Merlin
Instrument Company, Newark, DE, USA), and the inlet was maintained at a temperature of
250°C. Split-less injection was used for all samples, with a gas purge being activated after 2
min. Each SPME fibre was desorbed for 2 min within a SPME inlet liner (Supelco). The initial
GC oven temperature was 40°C for 5 min and was programmed to increase at a rate of 10°C
min to 240°C, with a final hold for 5 min at this temperature, giving an overall running time
of 29 min. The transfer line temperature was set at 230°C. The MS was operated at a scan
range of 35-400 m/z, scan rate of 3.94 s, ion source temperature 230°C and ionising energy
of 70 eV. Identification of compounds relied on a three phase protocol whereby National
Institute of Standards and Technology (NIST) library (2017) - match factors of >70% were
initially used to assess potential ID matches; fragmentation patterns of potential matches
were then manually interpreted before being validated using retention index matching.
Retention index (RI) values for polar columns provided by the NIST Chemistry WebBook, SRD
69, was used to support the identification of these compounds. Any compound found to have
an Rl value <12 Rl units of the Rl values found in the NIST database were deemed acceptable
matches. See Table S2 for the chromatographic retention and mass spectral validation of each
compound. An external standard mixture of saturated alkanes (C7-Cso; Merck, Cork, Ireland)
was injected into the GC-MS under the same temperature conditions as the samples and used
for RI matching. This was done by rapidly dipping an exhausted SPME needle into the mixture
once and injecting it into the GC-MS. A fully functional SPME fiber was not used for this
because exposure to hexane degrades the fiber integrity.

4.2.6. Data Analysis

Agilent MassHunter Qualitative Analysis 10.0 software was used to analyse raw
chromatographic data. Peak acquisition and the respective peak area data were calculated by
employing the chromatogram deconvolution compound mining algorithm. Chromatographic
peaks were compared using the NIST Chemistry WebBook. Peaks found to be from exogenous
sources such as the SPME fiber, glass vial, and column were removed from the dataset. Only
peaks that could be accurately identified and that were detected in more than one replicate
sample were included in the final peak list. R (version 1.2.5033) was used for data exploration
and visualisation. Raw VOC data was standardised using scaling [24]. Scaling converts the
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values in the dataset into ratios relative to the difference in abundances between the VOCs,
which allows each VOC to be equally represented in the subsequent data analysis. For
compounds that were present in some replicate samples (of a given strain in a given media)
and absent from others, these missing values were imputed as zero. For compounds that
were absent from all replicates (of a given strain in a given media), these missing values
remained missing values. Hierarchical clustering and principal component analysis (PCA) were
carried out on the datasets using the R packages: ‘pheatmap’(version: 1.0.12), ‘egg’ (version:
0.4.5) and ‘cluster’ (version:2.1.0). For the hierarchical clustering analysis, Euclidean distance
was used as the measure of (dis)similarity. Hierarchical clustering is a bottom-up
unsupervised learning method that characterises samples within a dataset based on their
similarity to each other. Each sample initially represents its own cluster and is then
subsequently clustered to similar clusters until all of the samples fall under one large cluster,
this large complex cluster is called a dendrogram. The individual arms of the dendrogram
represent the clusters and the length of each arm represents the Euclidean distance or
dissimilarity between the samples. Therefore, the longer the arm of one cluster, the more
dissimilar it is from the rest of the samples. Autoscaling of the abundance values was
employed as the normalisation technique for this analysis. Autoscaling normalises the
abundance values for each emitted compound with respect to their occurrence across the
fungal samples. Although it is an effective normalisation method, it is limited by amplifying
variances in the data due to inflation of extremely low and high abundance values.

Other R packages used for the graphics in this study were: ‘tidyverse’ (version:1.3.1), ‘ggplot2’
(version: 3.3.5), ‘ggfortify’ (version:0.4.12) . Statistical analyses were facilitated by the R
package ‘ggpubr’ , version: 0.4.0). Mean comparison p-values were calculated using the
Wilcoxon test.

4.3. Results

4.3.1. Discriminative volatilomics of planktonic Candida spp. at the species- and strain-level
The heatmap shown in Figure 4.1 clearly illustrates the species-level discrimination of the
volatilomes of one strain of C. albicans and 10 clinical strains of C. parapsilosis cultured in YPD
media. The columns of the heatmap represent the mean abundance values of the single strain
of C. albicans (n=5) and the 10 C. parapsilosis clinical strains (n=3). Following background
subtraction of the whole sample volatilomes, a total of 25 unique compounds were recovered
from the broad volatilomic screening of the C. albicans and C. parapsilosis isolates . Out of
these 25 compounds, 23 were emitted by C. albicans, and 18 were emitted by C. parapsilosis.
Therefore on a qualitative level, the volatilomes of these two fungal pathogens were highly
similar. However, there were large differences in compound abundances recovered from C.
albicans and C. parapsilosis as for most compounds, C. albicans emitted higher abundances
than C. parapsilosis. This occurrence coupled with the fact that C. albicans emitted a greater
number of compounds than C. parapsilosis would indicate that it is potentially more
metabolically active than C. parapsilosis. In Figure 4.1, minor strain-level variation can be
observed as CP6, CP4 and CP9 are not clustered with the other CP strains. These strains are
discriminated from the other strains as they emit relatively higher abundances of several
compounds. Overlayed and individual chromatograms for C. parapsilosis and C. albicans
volatilomes are shown in Figure S4.1 and S4.2. The species-level and strain-level diversity of
the Candida spp. volatilome will be further discussed with respect to the individual unique
compounds in the next section.
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Figure 4.1: Heatmap plot illustrating hierarchical clustering characterisation of the planktonic
Candida volatilomes in YPD media. Each column represents the mean abundance values from
each examined Candida strain (C. parapsilosis, n = 3; C. albicans, n = 5). Abundance values
were auto-scaled across each row, by each compound.

4.3.2. Chemical composition of planktonic Candida volatilomes

Extracted Candida volatilomes consisted of alcohols, fatty acid esters, pyrroles, ketones, and
acetates. The boxplots shown in Figure 4.2 show the abundance of each compound recovered
from the C. albicans samples and the C. parapsilosis clinical strains. The C. parapsilosis
volatilome was primarily characterised by significant abundances of ethanol; 1-butanol, 3-
methyl-; 1-butanol, 3-methyl-, acetate; and phenylethyl alcohol. Other highly abundant
compounds included the fatty acid esters: butanoic acid, ethyl ester; propanoic acid, ethyl
ester; and propanoic acid, 2-methyl, ethyl ester. These compounds were also highly abundant
in the C. albicans volatilome, that of which also contained propanoic acid, pentyl ester.
Several sesquiterpene compounds were emitted by the C. albicans samples, these were
farnesol, nerolidol, trans-farnesol, and 2,3-dihydrofarnesol. These compounds were emitted
in relatively moderate to high abundances in these samples and significantly contributed to
the discrimination of the C. albicans volatilome from the C. parapsilosis volatilome. Another
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notable difference between the two fungal volatilomes was the emission of the ketone
acetoin, which was highly abundant in all C. parapsilosis samples and significantly less in the
C. albicans samples. Methyl thiolacetate is a sulfur-containing compound that was only
recovered in C. albicans samples. Within the 10 clinical strains of C. parapsilosis, there were
varying emissions of certain compounds such as ethyl acetate, phenylethyl alcohol, propanoic
acid, 2-methyl, ethyl ester, and 1-butanol, 3-methyl-, acetate. Succinimide and 3-buten-1-ol,
3-methyl- were only recovered from specific C. parapsilosis strains and were absent from C.
albicans samples. These results highlight notable differences across species as well as a high
degree of stability across the C. parapsilosis volatilome at the strain-level.
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Figure 4.2: Individual comparative boxplots illustrating the emission of each compound by
each of the examined planktonic Candida strains (CP 1-10 n=3; CA, n=5). The y-axis of each
plot was scaled by log10 to improve visibility and interpretability of the plots. Names of
compounds that are not fully visible: row 4, 15t : propanoic acid,2-methyl-,ethyl, ester.

4.3.3. Media-dependent influences on planktonic Candida volatilomes
Significant differences were observed in the compositions of the planktonic Candida
volatilomes when the culture media was changed from YPD to TSB media. CP1 and C. albicans
were investigated to assess how stable their volatilomes were across the different nutritional
media. When cultured in TSB media at 37°C, following background subtraction, only 12
unique compounds were recovered from C. albicans samples (compared to 22 in YPD) and 7
uniqgue compounds were recovered from the CP1 samples (compared to 18 in YPD). The
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grouped barcharts shown in Figure 4.3 visualise the compositional influence varying media
had on the Candida volatilomes. In the case of the C. albicans, 11 out of 12 of the compounds
recovered from the TSB were also present in its volatiiome when cultured in YPD with the
exception being 1-pentanol, 2-methyl-. In the case of the CP1 TSB samples, 6 of the 7
compounds that were recovered from samples were also recovered from the YPD samples
with very low abundances of benzeneacetaldehyde being the exception. For both C. albicans
and CP1, relatively high emissions of ethanol; 1-butanol, 3-methyl-; and phenylethyl alcohol
persist across the two examined media. However, significantly less 1-propanol, 2-methyl and
acetoin were recovered in CP1 TSB samples than in CP1 YPD samples, and similarly,
significantly less of 1-butanol, 3-methyl-, acetate; 2,3-dihydrofarnesol; methyl thiolacetate;
and 1-propanol, 2-methyl were recovered in C. albicans TSB samples than in C. albicans YPD
samples. The observed higher number of compounds recovered from the YPD samples of
both C. albicans and CP1, as well as the significantly higher abundances of volatile compounds
emitted in YPD media confirm that both Candida spp. are more metabolically active when
grown in YPD.
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Figure 4.3: Cross-media comparative bar charts illustrating the volatilomes of C. albicans (top,

5) media, and TSB

5) and YPD (n=

3) cultures in TSB (n=

n = 3) and C. parapsilosis (middle, n
and YPD blank samples (bottom).

Figure 4.3 (bottom) shows the background volatilome of TSB and YPD blank samples. Key
differences in the volatilome of the two media included significantly higher abundances of

acid and sulfide compounds in the YPD blank samples; and a higher variety of pyrazine

compounds in the TSB blank samples. There was an absence of fatty acid ester compounds in

both C. albicans and CP1 TSB samples. YPD broth contains relatively high abundances of a
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variety of available acids such as acetic acid, propanoic acid, propanoic acid, butanoic acid
and butanoic acid, 3-methyl (isovaleric acid) (Figure 4.3, bottom), which can act as the
precursors for the esterification and formation of butanoic acid, ethyl ester; propanoic acid,
ethyl ester; and propanoic acid, 2-methyl, ethyl ester. The relatively high abundances of acetic
acid in YPD are also responsible for the significant abundances of 1-butanol, 3-methyl-,
acetate present in all Candida samples in YPD. This compound was likely formed through the
esterification of acetic acid with 1-butanol, 3-methyl-. Low abundances of 1-butanol, 3-
methyl-, acetate were recovered in the C. albicans TSB samples and it was completely absent
inthe CP1 TSB samples (Figure 4.3). Similarly, the absence of ethyl acetate in the TSB samples
of both C. albicans and CP1 indicate that a high abundance of acetic acid may be required to
form ethyl acetate via esterification with ethanol. Overall from the volatilomes obtained from
the blank media (Figure 4.3, bottom) and the observed differences in Candida volatilomes
across these media (Figure 4.3, top and middle), YPD provides an environment richer in
substrates and volatilomic precursors that give rise to Candida volatilomes with higher
degrees of complexity.

4.3.4. Biofilm-dependent influences on Candida volatilomes

The effects of biofilm formation and maturity on Candida volatile emissions were examined.
Out of the C. parapsilosis strains, CP6 was chosen to be investigated due to strong ability to
produce biofilms — this is clearly shown by the crystal violet assay of the CP strains in Figure
S4.5. Biofilm-negative CP1 (Figure S4.5) was analysed as a control in this investigation as it
shares a highly similar planktonic volatilome to CP6 but is unable to form a biofilm in YPD.
Biofilm-negative C. albicans (Figure S4.4) was also analysed as a relative comparison to the
CP samples. In order to carry out sampling of biofilm volatilomes, the experimental set-up for
planktonic cultures needed to be adopted for monitoring and characterising the volatilome
of maturing biofilms (see Figure S4.3). Volatile emissions at 24 and 48 h of biofilm growth
were sampled and analysed. Unbound cells and exhausted media were washed away
following sample collection at 24 h and fresh YPD was introduced to sustain biofilm growth
between 24 — 48 h. Although biofilm formation was not observed in the CP1 and CA samples,
there was a degree of cell adhesion to the wells following PBS washes at 24 h as the cell
cultures regenerated between 24 - 48 h. This was clearly indicated through the turbid
appearance and the volatilome of the samples at 48 h. Individual compound abundances over
48 h for biofilm-negative C. albicans and CP1 are shown in Figure S4.6 (C. albicans) and Figure
S4.7 (CP1). The comparative boxplots in Figure 4.6 illustrate the emission of key compounds
from the biofilm-positive CP6 strain and the biofilm-negative CP1 strain. There were clear
significant differences (Figure S4.8) between CP1 and CP6 in the emission of primary
metabolites such as ethanol (p < 0.01), 3-methyl-1-butanol (p < 0.01), 2-methyl-1-propanol (p
< 0.01) and acetoin (p < 0.001). In biofilm-positive CP6 samples, between 24 — 48 h, the short
chain fatty acids: propanoic acid, 2-methyl propanoic acid, butanoic acid, and 3-methyl
butanoic acid were completely consumed across all samples (Figure 4.5). Significant
decreases (p < 0.01) in the abundances of acetic acid were also observed at 48 h across the
biofilm-positive CP6 samples. Small abundances of butanoic acid, 2-methyl- were only
detected in the CP6 samples at 48 h biofilm growth. In biofilm-negative CP1 samples,
significant decreases in acid abundances were observed in butanoic acid, propanoic acid and
2-methyl propanoic acid (Figure S4.7). No significant differences in acid abundance were
observed in biofilm-negative C. albicans cultures (Figure S4.6). Significant increases (p < 0.01)
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of phenylethyl alcohol were detected in the biofilm-positive CP6 between 24 and 48 h growth.
This increase was not observed in either biofilm-negative C. albicans (Figure S4.6) and CP1
(Figure S4.7) samples. Methyl thiolacetate was detected in biofilm-positive CP6 samples at 48
h, this compound was not detected in biofilm-negative CP1 samples at any time points but

was detected in biofilm-negative C. albicans (Figure S4.6).
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Figure 4.4: Grouped boxplots comparing the abundances of compounds emitted from
biofilm-negative forming CP1 (n = 3) and biofilm-positive CP6 (n = 5). In both cases, the
volatilomes were sampled and analysed using the experimental set-up shown in Figure S4.3.
Statistically significant differences in the abundance of compounds at each time point are
illustrated through the star system where * = p <0.05and ** =p <0.01.
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Figure 4.5: Compound boxplots illustrating the abundances of various compounds detected
in the headspace of CP6 biofilm cultures at 0, 24 and 48 h growth. Statistically significant
differences in the abundance of compounds at each time point are illustrated through the

star system where * = p <0.05 and ** =p<0.01.

4.4. Discussion

In this work, we characterised the previously understudied volatilome of the emerging fungal
pathogen, C. parapsilosis, across varying planktonic growth parameters and compared it to
the volatilome of C. albicans. Our primary objective for this study was to investigate species-
, media- , time-, and biofilm-dependent variation across C. albicans and C. parapsilosis . The
volatilomes of 10 clinical strains of C. parapsilosis and one strain of C. albicans were analysed
using HS-SPME-GCMS. Clear discrimination of the dissimilarities across the planktonic C.
parapsilosis and C. albicans volatilomes was achieved using hierarchical clustering (Figure
4.1). Among the 25 unique compounds identified across both species in YPD media, 23
compounds were recovered from C. albicans and 18 compounds were recovered from both
Candida species. The most abundant compounds were alcohols: ethanol; 1-butanol, 3-
methyl-; and 2-phenylethyl alcohol — all of which are produced through primary metabolism
of glucose and amino acids. Ethanol is typically derived from glucose metabolism and
fermentation while 1-butanol, 3-methyl- is produced from the downstream breakdown of
leucinel?®], 2-phenylethyl alcohol is produced from the degradation of aromatic amino acids
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61 via the shikimate pathway!?®l. These core alcohols that both Candida species emitted are
not characteristic and are common metabolic products that are widely emitted across both
bacterial and fungal kingdomstUEli27l The emission of various fatty acid esters also
contributed to all Candida volatilomes, these included the acetate esters: 1-butanol, 3-
methyl-, acetate- and ethyl acetate; and the short chain ethyl esters: butanoic acid, ethyl
ester; propanoic acid, ethyl ester; and propanoic acid, 2-methyl, ethyl ester. Esterification is
a common metabolic process utilised by yeasts?®! which arises from the reaction of specific
alcohols and carboxylic acids, mediated by acetyl coenzyme A — a primary metabolism
product formed from the decarboxylation of pyruvatel?!

The emission of all compounds discussed above was shown to be highly dependent on the
growth media used for the culture (Figure 4.3). Volatilomic screening of microbes across
different nutritional environments allows a more comprehensive view of the range of
compounds that can be emitted. Microbial biosynthetic pathways for the volatile metabolites
detected can be somewhat elucidated by investigating the variation in substrates and
precursors available in different growth media. However, these pathways can only be fully
elucidated using highly specialised techniques such as *3C labelling-metabolic fluxomic
analysesBO3l, YPD was the primary media examined here as it is widely used for the growth
of yeasts; TSB is a less-complex universal media that can be used for both fungi and bacteria.
Following broad analysis of all Candida strains in YPD, our goal was to determine potential
synthetic pathways for the emitted compounds by analysing and comparing the Candida
volatilomes from the acid-free and sulfide-limited TSB media. For C. albicans and C.
parapsilosis (CP1), the alcohols mentioned above persisted in volatilomes recovered from
both TSB and YPD media while the fatty acid esters were essentially absent in the TSB
recovered volatilomes. Volatilomic analysis of the blank TSB and YPD media revealed that YPD
contained a variety of available fatty acids from which both Candida strains could utilise to
produce fatty acid esters via esterification. Interestingly bacteria such as Staphylococcus
aureus and Escherichia coli have demonstrated the ability to produce fatty acid esters in fatty
acid-free media such as TSB! this is potentially due to the secondary metabolism of their
primary acidic metabolites such as acetic acid, propanoic acid, and butanoic acid, 3-methyl-.

The unique set of sesquiterpene compounds: farnesol, 2,3-dihydrofarnesol, trans-farnesol
and nerolidol clearly discriminated the C. albicans from the C. parapsilosis volatilome after 24
h incubation. These volatile sesquiterpenoid compounds have also previously discriminated
C. albicans from C. glabrata and C. tropicalis volatilomes?®! . Farnesol is produced as a
biproduct along the ergosterol synthesis pathway®? and is a quorum sensing molecule
critically used in Candida biofilm development. It’s presence in the C. albicans samples and
relative absence in the C. parapsilosis samples may also indirectly highlight the previously
reported biofilm formation differences between these species. It is primarily involved in
the control of morphogenic transitions in Candida, mediating the transitions from a hypha-
to-yeast®3 and inhibiting yeast-to-hypha transitions®*! —which is critical to C. albicans biofilm
formation and virulence. Farnesol has also demonstrated strong antimicrobial properties
showing anti-biofilm activity against several Staphylococcal spp!>13®. The volatile nature of
these bioactive farnesol-like compounds emitted by Candida also indicate their potential role
in long-distance inter-microbial interactions. This supports the idea of microbial volatilomics
being used in novel volatile antibiotic screening®”!. Farnesol compounds are not exclusively
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produced by C. albicans and have been previously reported to be produced in small
abundances by various Candida spp. including C. parapsilosis[38]. Other previously reported
bioactive components that were detected in the Candida volatilomes included
ethanolB37132I40L phenylethyl alcohol®Y#2l;  1-pbutanol, 3-methyl- (isoamyl alcohol)
[3711391[401411142. 1 _hytanol, 3-methyl-, acetate- (isoamyl acetate) 37139140]; ethy| acetate 381401411
; and propanoic acid, 2-methyl, ethyl ester B7I*l, However, although these compounds are
highly common across the microbial kingdoms, it is suspected that only species-specific
combinations and abundances of them elicit antimicrobial effects!*3l. These effects are
determined using volatilomic bioactivity assays, a field of study that is still in the early stages
of development.

Volatilomic investigations involving microbial biofilms are currently lacking in the field.
Notable studies describing systems for targeted volatilomic profiling of biofilms have been
recently described by Slade et al.*#23] ysing selected ion flow tube-MS. In this work, we
demonstrate biofilm-specificity in C. parapsilosis volatilomes using a novel sampling approach
via HS-SPME (see Figure S4.3) coupled with GC-MS analysis. However, there are limitations
with this system that must be noted: 1) manual handling requirements for the transfer of
liquids; 2) sampling containers are not specifically made for the task; and 3) increased risk of
contamination. Although a standardised sampling container is not currently being
constructed, manual handling requirements and contamination risks can be mitigated by
exercising good aseptic technique procedures.

CP6 was confirmed as biofilm-positve using a crystal violet assay of CP1 — CP7 in YPD media
(Figure S4.4, S4.5). CP1 and C. albicans did not form biofilms in YPD and were analysed across
48 h as comparative controls. It must be noted that the success of C. albicans biofilm
formation is known to be significantly enhanced by coating the polystyrene wells with serum
prior to inoculation®land using glucose-supplemented medial*®! — neither of which were
employed in this study. Following 48 h of biofilm development in CP6 samples, significant
differences in the abundances of various compounds were observed, particularly between 24
and 48 h (Figure 4.5). Whereas in biofilm-negative CP1 and C. albicans, following the washing
step at 24 h, the cells that remained in the wells grew in the same planktonic manner as they
did from 0—24 h (Figure S4.6 and S4.7). Biofilm maturity was characterised by the metabolism
of short-chain fatty acids as propanoic acid, 2-methyl propanoic acid, butanoic acid, and 3-
methyl butanoic acid which all appeared to be completely consumed in CP6 samples after 24
h. Significant decreases in acetic acid also coincided with increases in the abundance of
acetate molecules (Figure 4.5). Volatile acetic acid metabolism and the subsequent formation
of acetate has previously been shown to enhance biofilm formation in bacterial cells®*”). In
contrast, in non-biofilm forming CP1 and C. albicans, acids produced in the initial stages
remained relatively stable. Fermentation metabolites such as ethanol, and short-chain
amino acid (leucine) metabolites such as 2-methyl-1-propanol and 3-methyl-1-butanol were
significantly more abundant in biofilm-negative CP1 samples compared to the biofilm-positive
CP6 samples (Figure S4.8). Acetoin was also detected at significantly higher abundances in
the non-biofilm forming CP1 samples. This primary metabolite is directly derived from the
breakdown of pyruvate!® and is produced to neutralise the extracellular environment to
prevent over-acidification of the cells*®!. The relatively high abundances of acetoin and these
primary alcohols in CP1 samples indicate a higher rate of primary metabolism in these cells.
In contrast to this, the observed reductions in abundances of these compounds in the CP6
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biofilm samples is in agreement with the reports of the down regulation of primary metabolic
activity as the biofilm develops!*®l. Interestingly, no significant differences in the abundances
of these compounds were observed between the CP1 and CP6 when they were grown
planktonically in the HS vials (Figure 4.2). Biofilm development in Candida spp. has also been
associated with the upregulation of various amino acids®!l. In maturing CP6 biofilms, higher
rates of aromatic amino acid degradation (shikimate pathway) were indicated through the
detection of significant increases of phenylethyl alcohol detected at 48 h (Figure 4.5).
Production of this molecule has also been linked to the stimulation of filamentous growth®°!
and promotes biofilm formation in yeastsPY21, Interestingly, despite the filamentous growth
this molecule stimulates in yeasts, it has demonstrated inhibition of hyphal formation in C.
albicans cells?3128] _ which is a core step in C. albicans biofilm development®*. Among the
other compounds produced in the CP6 biofilms, one of the most notable was the sulfur-
containing acetate, methyl thiolacetate, which was detected only after 48 h. Interestingly
this molecule was not detected from any planktonic C. parapsilosis strains (Figure 4.2) —
highlighting a potential biofilm-specific role in its emission in C. parapsilosis. In contrast to
this, methyl thiolacetate was detected in C. albicans cultures in both HS vials (Figure 4.2) and
the 6-well system (Figure S4.5). Although YPD media was found to be rich in dimethyl disulfide
and dimethyl trisulfide (Figure 4.3), sulfides were not detected at either 24 or 48 h biofilm
growth. Sulfur degradation is an integral metabolic pathway utilised by yeast cells for
division® and sustaining growth[>¢l,

Our novel sampling chamber HS-based experimental approach allowed biofilm-specific
dynamics of microbial volatiiomes to be explored using untargeted volatilomics. This
technique could also be used to investigate potential biofilm-specificity in the volatilomes of
other clinical fungal and bacterial pathogens. Another experimental application for this
system in the future could be for volatilomic bioactivity assays to monitor volatile-mediated
interactions between microbes - grown in separate wells, under a shared headspace. A major
advantage of this method is that it can simply be adapted for a variety of sampling and
analysis platforms (i.e. SIFT-MS and proton transfer tube-MS) and therefore can be used for
qualitative and quantitative investigations.

4.5. Conclusion

In this work, the volatilome of multiple strains of C. parapsilosis was comprehensively
investigated for the first time under varying growth conditions. These results were compared
to volatilomic analyses of C. albicans under the same conditions to assess inter-species
variation within the Candida genus. A total of 24 unique compounds were identified and
allowed clear discrimination of the C. parapsilosis and C. albicans volatilomes from each
other. Among these differences was the unique emission of sesquiterpene-type compounds
(farnesol, 2,3-dihydrofarnesol, and nerolidol) by C. albicans. High degrees of stability were
observed in the abundances of individual compounds detected across the 10 examined C.
parapsilosis strains. However, volatilomic stability was not observed across different media
as the effects of culturing in TSB significantly reduced the diversity of both C. parapsilosis and
C. albicans cells compared to YPD cultures. While primary metabolites were detected in
similar abundances across the two media due to relatively similar abundances of available
glucose, high acid and sulfide contents in YPD enabled the generation of esters, acetates, and
sulfur-containing compounds that were not recovered from TSB.
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A novel biofilm-specificity study in the C. parapsilosis volatilome was also carried out.
Following a comparative analyses, significantly less primary metabolites were detected in the
biofilm-positive C. parapsilosis samples than the biofilm-negative cultures. Furthermore, in
biofilm-positive samples, significant consumption of all short-chain fatty acids was observed
while the unique increase in the abundance of phenylethyl alcohol correlated with biofilm
maturity. This novel HS sampling set-up has a wide range of potential applications from
biofilm volatilomic monitoring, characterisation of microbial co-cultures, and bioactivity
assays. By examining the effects of strain-to-strain variation, media- and time-dependent
emission, and biofilm formation; a more comprehensive view of the metabolic capabilities of
microbes can be achieved. Comprehensive profiling of microbes in this manner will ultimately
allow a simpler translation of microbial volatilomics workflows into clinical volatilomic
applications.
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Chapter 5: Non-Invasive Volatilomic Analysis of Infected and Non-
infected Diabetic Foot Ulcers
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Abstract

The growing occurrence of chronic wounds internationally has fast become a heavy economic
burden on national healthcare systems. Diabetic foot ulcers, in particular, are a devastating
complication that can arise in patients with diabetes mellitus. Infection of diabetic ulcers can
result in significantly bad outcomes including amputation and increased risk of death. For this
reason, detecting infections early in such wounds is a critical step in reducing their severity
and duration. Currently, infections are detected using a combination of traditional
microbiology plating techniques; testing of blood biomarkers; and the use of x-rays. Visual
cues such as erythema, pus-formation, and colour changes are also employed by clinicians to
aid diagnoses of infections. Among the challenges associated with these laboratory
techniques are time constraints, requirements for highly specialised personnel and low
specificity due to the influences of co-morbidities. The detection of volatile organic
compounds emitted from the wound bed provides a major opportunity for rapid non-invasive
localised analysis of the wound environment. In this work, we describe a simple experimental
workflow that allows a rapid turnover of data that could potentially provide same-day
diagnostic information in clinics. 23 participants (26 wounds total, 15 infected; 11 non-
infected) were included in this work. Solid phase microextraction coupled with gas
chromatography mass spectrometry were used to extract and analyse a broad range of
volatile compounds from the swab samples. Among the chemical classes detected were
aldehydes, alcohols, sulfides, acids, hydrocarbons, and ketones were detected. Severity of the
wound infections was associated with the detection of higher numbers of compounds and
higher degrees of chemical diversity in the swab samples. Between infected and non-infected
samples, significant differences in the detection of 5 acids were consistently observed, these
were butanoic acid, 3-methyl-, butanoic acid, propanoic acid, propanoic acid, 2-methyl, and
acetic acid. We have previously demonstrated that these acids are generated through
microbial metabolism. We therefore hypothesize that the increased abundance of these acids
in infected wound samples indicate increased microbial load in the respective wounds. The
results of this ongoing work provide clear insight into the potential of volatilomics for future
clinical applications.
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5.1. Introduction

Ulceration is caused by abnormal pressure applied to the foot — which diabetic ischaemia
renders the skin less able to withstand — resulting in a break in the skinl!l. It is estimated that
around one in four people with diabetes will develop a diabetic foot ulcer (DFU) in their
lifetimel]. Infections of DFUs are associated with poor outcomes, a 12-month observational
study reported that out of 299 participants, ulcers only healed in 136 participants (45.5%) but
recurred in 13; lower extremity amputations (LEA) were recorded in 52 (17.4%) participants
and revascularization surgery in 18 (6.0%) participants; 45 (15.1%) of the participants died®!.
Early detection of infections results in early and more effective therapeutic interventions.

Diagnosing a foot infection can be complex as assessing the presence or severity of an
infection, and/or differentiating soft tissue from bone infections are challenging!®l. Clinicians
use visual and olfactory cues such as erythema, pus formation, colour and smell to guide
diagnoses. Inflammatory blood biomarkers such as white blood cell (WBC), erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP) and procalcitonin (PCT) are also routinely
measured to aid the diagnosis of infections. Out of these, CRP and PCT blood levels have
showed the most reliable correlations with infections. However, these markers do not
specifically indicate infection, they instead are upregulated in response to inflammation.
Therefore, the challenges with using these markers include differentiating between infection
and other inflammatory processes; and accounting for the influence that anti-inflammatory
and antibiotic drugs. The analysis of volatile compounds being emitted from the wound bed
may provide a more targeted and non-invasive avenue for the diagnosis of infection.

Volatilomic profiling is an emerging technique that has been used for characterising microbial
metabolomes and different diseases. The recent publishing of comprehensive review
papersPIeI7IBl and books®! have brought microbial and clinical volatilomics into focus and
have highlighted major opportunities. The major benefit of using volatilomics for potential
clinical diagnoses is that volatile compounds - by their nature — can be non-invasively
collected and rapidly analysed. Disease-associated volatilomic shifts have been reported for
a variety of diseases and maladies, however, there is currently wide variation in the results
across studies due to population differences and no standardised methods. The collective
move towards standardisation of clinical volatilomic sampling and analysis protocols — as was
done with microbiome studies - will rapidly elevate the field and promote clinical applicability.
Volatilomic profiling of chronic wounds and healthy skin controls have highlighted
discriminatory patterns from the wound samples*®. Although this would be expected as
there are significant differences in the microbial composition*! and chemical environment!*?
between wounds and healthy skin. The instability of the skin volatiiome has been
demonstrated by measurable shifts following minor barrier disruption via several rounds of
tape stripping. Open wound beds are also regions of high oxidative stress!*3], which can
generate volatiles through the molecular breakdown of the cellular components of the
surrounding tissuel**. From a clinical stand point, non-infected wounds may serve as more
suitable controls than healthy skin for volatile profiling. Non-infected wounds are wounds
that show no visual or microbiological indications of infection. Discrimination of infected
wound volatilomes and non-infected wound volatilomes has been demonstrated using e-
nosel*®. Although this study highlights the volatilomic discrimination between infected and
non-infected wound samples, the compounds responsible for that trend were not identified.
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Other studies have investigated the volatiles emitted from dressings taken from cancer-
associated fungative wounds. These studies reported dimethyl trisulfide as a major
contributor in malodourous wounds and a potential indicator of bacterial infection(*1126],
Other compounds detected in these wounds included dimethyl disulfide, indole, 3-
methylbutanal, and phenol™%],

In this study, volatilomic characterisation of swab samples taken from infected and non-
infected wounds was carried out using headspace solid phase microextraction coupled with
gas chromatography (HS-SPME-GCMS). Infected wounds were classified by professional
clinicians using the University of Texas diabetic wound classification system!*’]. The first aim
of this work was to obtain volatile profiles for infected wounds of varying severity, and for
non-infected wounds. Our second aim was to use untargeted data analysis methods to
identify discriminative trends between the whole profiles of each group. Finally, we aimed to
demonstrate clear differences in the abundances of individual compounds between infected
and non-infected wounds.

5.2. Methods

5.2.1. Participant profile

Diabetic patients attending the Diabetic clinic at Connolly Hospital (Blanchardstown, Dublin)
were recruited for the study by Dr. Tommy Kyaw (RCSI) and the podiatrist Brid Cooney. All
participant personal data was randomised in accordance with GDPR guidelines. No specific
dietary, hygiene, or cosmetic regimes were applied. Participants were informed on the aim
and purpose of the study through a patient information leaflet. Following this, participants
were asked to provide written informed consent on the day of sampling. Dublin City University
Research Ethics Committee and Connolly Hospital Research Ethics Committee approved the
volatilomic study of swab samples taken from diabetic wounds. Wound infection status was
classified based on the University of Texas classification system (Table 1). Microbiology plating
results and Texas scores for each participant are shown in Table S2.

Table 1: University of Texas Wound Classification System[*7!

Grade

Stage

Pre or
postulcerative
lesion completely
epithelialised

Superficial wound,
not involving
tendon, capsule,
or bone

Wound
penetrating to
tendon or capsule

Wound
penetrating to
bone or joint

with infection

with infection

with infection

with infection

with ischemia

with ischemia

with ischemia

with ischemia

with infection and
ischemia

with infection and
ischemia

with infection and
ischemia

with infection and
ischemia
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5.2.2. HS-SPME sampling

SPME fibers were used for sampling VOCs and consisted of 85 um
Carboxen/Polydimethylsiloxane Stableflex (2 cm) assemblies (Supelco Corp., Bellefonte, PA,
USA). Swab samples were placed in HS vials and incubated at 37°C for 2 hours. Following
incubation, a SPME needle was pierced through the septum of the HS vial, and the fibre was
exposed to the HS of the sample for 20 min while agitated. Following this, the fibre was
retracted and the SPME assembly removed from the vial. The SPME fibre was then inserted
into the GC inlet and thermally desorbed at 250°C for 2 min for subsequent separation and
detection by mass spectrometry.

Background subtraction was carried out by sampling blank headspace vials, and blank swab
samples (n=10). Compounds recovered from these blank analyses were individually assessed.
Compounds recovered samples with signal-to-noise ratios greater than 3:1 were considered
for inclusion in the study.

5.2.3. Gas chromatography—mass spectrometry (GC-MS)

An Agilent 6890 GC connected to an Agilent 5973 mass selective detector (Agilent
Technologies, Inc., Santa Clara, CA, USA) was used for all analyses. Separations were
performed on a DB-WAX column (Agilent Technologies Ireland, Cork) (30 m x 0.25 mm x 0.32
um). The carrier gas used was helium, with a constant flow rate of 1.3 mL /min For manual
injections of SPME fibers, the system was equipped with a SPME Merlin Microseal (Merlin
Instrument Company, Newark, DE, USA), and the inlet was maintained at a temperature of
250°C. Split-less injection was used for all samples, with a gas purge being activated after 2
min. Each SPME fibre was desorbed for 2 min within a SPME inlet liner (Supelco). The initial
GC oven temperature was 40°C for 5 min and was programmed to increase at a rate of 10°C
min to 240°C, with a final hold for 5 min at this temperature, giving an overall running time
of 29 min. The transfer line temperature was set at 230°C. The MS was operated at a scan
range of 35-400 m/z, scan rate of 3.94 s, ion source temperature 230°C and ionising energy
of 70 eV. ldentification of compounds relied on a three phase protocol whereby National
Institute of Standards and Technology (NIST) library (2017) - match factors of >70% were
initially used to assess potential ID matches; fragmentation patterns of potential matches
were then manually interpreted before being validated using retention index matching.
Retention index (RI) values for polar columns provided by the NIST Chemistry WebBook, SRD
69, was used to support the identification of these compounds. Any compound found to have
an Rl value <12 Rl units of the Rl values found in the NIST database were deemed acceptable
matches. A external standard mixture of saturated alkanes (C7-Cso; Merck, Cork, Ireland) was
injected into the GC-MS under the same temperature conditions as the samples and used for
Rl matching. This was done by rapidly dipping an exhausted SPME needle into the mixture
once and injecting it into the GC-MS. A fully functional SPME fiber was not used for this
because exposure to hexane degrades the fiber integrity.

5.2.4. Data Analysis

Agilent MassHunter Qualitative Analysis 10.0 software was used to analyse raw

chromatographic data. Peak acquisition and the respective peak area data were calculated by

employing the chromatogram deconvolution compound mining algorithm. Chromatographic

peaks were compared using the NIST Chemistry WebBook. Peaks found to be from exogenous
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sources such as the SPME fiber, glass vial, and column were removed from the dataset. Only
peaks that could be accurately identified and that were detected in over one replicate sample
were included in the final peak list. R (version 1.2.5033) was used for data exploration and
visualisation. Raw bacterial VOC data was standardised using centering and scaling 8],
Centering converts all the values in the dataset to fluctuations around zero rather than
fluctuations around the mean VOC abundance. It adjusts for differences in the offset between
low and high abundances. Scaling converts the values in the dataset into ratios relative to the
difference in abundances between the VOCs, which allows each VOC to be equally
represented in the subsequent data analysis. For compounds that were present in some
replicate samples (of a given strain in a given media) and absent from others, these missing
values were imputed as zero. For compounds that were absent from all replicates (of a given
strain in a given media), these missing values remained missing values. Hierarchical clustering
and principal component analysis (PCA) were carried out on the dataset using the R packages:
‘FactoMineR’ (version: 2.4), ‘factoextra’ (version: 1.0.7), ‘pheatmap’(version: 1.0.12), ‘egg’
(version: 0.4.5) and ‘cluster’ (version:2.1.0). For the hierarchical clustering analysis, Euclidean
distance was used as the measure of (dis)similarity. Other R packages used for the graphics in
this study were: ‘tidyverse’ (version:1.3.1), ‘ggplot2’ (version: 3.3.5), ‘ggfortify’
(version:0.4.12) .

5.3.  Results

5.3.1. The wound volatilome

Following background subtraction, a total of 42 compounds were deemed suitable for
inclusion in the study. These included alcohols, aldehydes, acids, sulfides, ketones, esters and
hydrocarbons. Detection frequencies for all other compounds are shown in Figure 5.1. The
most frequently detected compounds were acetic acid, acetone, and ethanol. Low
abundances of these compounds were also detected in various blank swab samples. Other
compounds with a high detection frequency across infected samples in particular were
butanoic acid, propanoic acid, propanoic acid, 2-methyl; butanoic acid, 3-methyl-; decane,
undecane and phenylethyl alcohol. Various other alcohols, acetates, acids, sulfides, esters
and ketones were detected less frequently across the samples, these are summarised in the
heatmap in Figure 5.1. The heatmap shown in Figure 5.1 illustrates the chemical diversity of
the volatile compounds recovered from 15 infected and 11 non-infected wound samples.
Similar to the heatmaps that have been employed in Chapter 2, 3 and 4; this heatmap utilises
hierarchical clustering to identify and cluster similar samples based on their volatilomes.
Hierarchical clustering was also applied to the rows (compounds) of the heatmap to allow a
clear visualisation of the compounds responsible for the discrimination of the swab samples.
The results are visualised as dendrograms. The length of an leg in a dendrogram between a
cluster and its split is proportional to the dissimilarity (Euclidean distance) between the split
clusters!*®l. Samples with the highest degree of dissimilarity were P19, P3, P4, P15, P22, P23,
P10, P21 and P9. All of these samples except for P9 were collected from infected wounds. Out
of these samples, P4, P15 and P19 were classified as 3B on the Texas score (Table 1) indicating
severe infection penetrating the bone or joint; P21 and P22 were classified as 1D indicating
superficial infected wound with ischemia; P9 was classified as 1A indicating a superficial non-
infected wound; and P3 and P10 were classified as non-diabetic infected wounds. Using the
Texas score system as a guide, it can be seen that a variety of acids, alcohols, ketones and
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sulfides separate the severely infected wounds from the less infected (1B) and non-infected
wounds. The compound-level comparative boxplots shown in the Supplementary information
(Figure S5.2 — S5.7) further illustrate this significant discrimination. Non-infected samples
were characterised by relatively less diverse and abundant volatilomes, which is visualised by
the relatively short edges of the dendrogram (Figure 5.1). Compounds that were consistently
detected in these samples included nonanal, octanal, ethanol, acetone, benzyl alcohol, and
phenol. Less infected samples with a Texas score of 1B or 2B are less represented in Figure
5.1 compared to the 3B and 1D samples due to significant differences in the abundance and
diversity of compounds detected. However, discriminative compounds were still detected in
these samples and for this reason it was necessary to investigate these samples at the
compound-level.
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Figure 5.1: Heatmap plot illustrating hierarchical clustering characterisation of swab samples
taken from infected (n=15) and non-infected (n=11) wounds. Each column represents the
mean abundance values from each sample. Abundance values were auto-scaled across each
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row. Each row represents the mean abundance values from each detected compound. The
detection frequency of each compound in infected (I) and non-infected (NI) samples is given
alongside each compound name.

5.3.2. Compound-level abundance differences between infected and non-infected wounds

Multiple significant differences in the recovery of specific compounds were observed across
infected and non-infected wound samples. The grouped boxplots shown in Figure 5.3
illustrate the most notable infection-specific differences in the detected compounds across
the analyses of 26 wound samples. Detection frequency of these compounds was also
provided in Figure 5.3 at the top of each plot. The clearest and most frequent difference
between infected and non-infected samples was the number and abundance of short-chain
fatty acids detected in them. Infected samples had significantly higher abundances acetic
acid, propanoic acid, propanoic acid, 2-methyl, butanoic acid, and butanoic acid, 3-methyl- .
From Figure 5.3, it can be seen that for the majority of these short-chain fatty acids, the
differences in abundance and diversity correlated with infection severity (characterised by
the Texas score — Figure 5.3) of the wounds. Relatively low abundances of acetic acid were
detected across all non-infected samples and in some blank swab samples. Butanoic acid,
propanoic acid and hexanoic acid were also detected in relatively low abundance across a low
number of non-infected samples. The significant differences in the abundance of short-chain
fatty acids across the infected and non-infected wound samples are clearly illustrated in the
acid-specific box plots shown in Figure 5.4. Among the other frequently detected compound-
level differences across these samples were the detection of decane, undecane, and 1-decene
—all of which were detected at a higher frequency and higher abundance in infected samples.
The detection of compounds such as acetoin, 2-butanone, dimethyl disulfide, dimethyl
trisulfide, phenylethyl alcohol, 1-butanol, 3-methyl-, 1-propanol, 2-methyl-, indole, and ethyl
acetate were clear discriminators of infected wound samples. Although these compounds
were individually detected at a relatively low frequency, they were detected across a wide
range of infected samples while being comparatively absent in non-infected samples. As a
result, in the case of many of these compounds the differences observed across the infected
and non-infected samples were highly significant (indicated by **** : p < 0.0001 - Figure 5.3).
It must be noted that these preliminary results are currently limited by a low number of
samples and the differences presented here may not accurately represent the universal
volatilomic differences between infected and non-infected wounds. However, as this work is
currently ongoing and the number of samples being analysed increases, the observed
statistical differences will be subject to change and —as a result - illustrate a higher degree of
accuracy.
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Figure 5.2 : Comparative boxplots illustrating differences in the abundance of various key
compounds across infected and non-infected wound samples. Each plot illustrates the
abundance of an individual ketone compound recovered from varying wounds classifications
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(Texas score). The Texas score is a common classification system used for diabetic ulcers and
is visualised through the various colours of the boxes: 1A (non-infected superficial wound;
RED); 1B (infected superficial wound; GREEN); 2B (infected wound penetrating tendon; BLUE),
3B (infected wound penetrating to bone or joint; PINK); NA (infected and non-infected, non-
diabetic wounds; GREY). The detection frequency for each compound across the samples is
shown above each plot alongside the name of each compound where | = infected and NI = non
infected. Statistically significant differences are illustrated through the star system where * =
p<0.05; ** =p<0.01;, ***=p<0.001;, ****=p <0.0001.
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Figure 5.3 : Comparative box-plots illustrating significant differences in the recovery of six
short-chain fatty acids across infected (red, n=15) and non-infected (blue, n=11) samples.

5.4. Discussion

In this work, the volatilome of wound swab samples was investigated using an untargeted
analytical workflow to identify discriminative infection-specific shifts. Wound infections are
traditionally diagnosed in clinics using a combination of plating methods, blood tests, x-rays
and visual cues. Blood biomarkers such as C-reactive protein, white blood cell counts,
erythrocyte sedimentation rate and procalcitonin are frequently measured as indirect
indicators of infection. The accuracy of these biomarkers for detecting infections is highly
variable as they are also influenced by co-morbidities and the use of medications (antibiotics,
anti-inflammatory drugs, etc.). Conventional plating methods are used to identify causative
pathogens while x-rays are typically employed to confirm whether the infection has reached
the bone (osteomyelitis). These methods are labour- and time-intensive and are require
highly specialised personnel to carry them out. Rapid non-invasive volatilomic discrimination
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of swab samples taken from infected and non-infected wounds was recently demonstrated
using electronic-nose sampling?®!. Although this study demonstrated that infection-specific
volatilomic differences exist, the compounds responsible for this discrimination were not
identified. The aim of this work was to characterise the volatilome of swab samples taken
from wounds of varying severity using HS-SPME-GCMS.

Wound severity was classified using the University of Texas diabetic wound classification
system!’]. This system consists of a 4 x 4 matrix, according to depth (Grade 0,1,2,3) and
presence of infection (Stage B), ischaemia (Stage C), or both (Stage D)?!. Non infected
wounds with a classification of 1A typically demonstrated low volatilomic diversity (Figure
5.2). In contrast, infected wounds with a classification of 3B showed high volatilomic diversity
and abundances of compounds (Figure 5.2 and 5.3). Following background subtraction, in 26
wounds samples, a total of 42 compounds were included and classified as compounds-of-
interest. These compounds had widely varying prevalence across these samples which is
illustrated in Figure 5.1 and Figure 5.2. Severe wound infections have previously been
associated with high species- and strain-level diversity??. In these cases, the diverse
microbiome could potentially be the primary origin of the observed volatilomic diversity.
Open wound beds are also regions of high oxidative stress?3], which can generate volatiles
through the molecular breakdown of the cellular components of the surrounding tissue!?,
Among the most frequently detected compounds across both infected and non-infected
samples were acetone, acetic acid, and ethanol. Although these compounds are produced by
microbes through the metabolism of sugar and lipids!*”), they were also detected in relatively
low abundances in blank samples. Short-chain fatty acids were frequently detected in
infected wound samples (Figure 5.1 and 5.2) and allowed the discrimination of severely
infected wounds (Figure 5.3). The production of this class of compounds has been previously
linked to antiphagocytic activity that impairs wound healing!®l. Interestingly, despite the
significant differences in volatile fatty acid abundance between the infected and non-infected
wounds, chronic wounds have been associated with an increase in pH of the wound
environment261271, Although knowledge around this phenomenon is limited[?”), it is suspected
that the alkalinity is caused by the liberation of ammonia from the breakdown of urea!?®l,
Urease enzymes hydrolyse urea to form ammonia and carbon dioxide — both of which have
been recently targeted for the development of non-invasive sensors of infection based on
pH°’and CO; abundance!®®!. Bacteria liberate amino acids and lipids from the biodegradation
of necrotic tissuel®!! which then act as the metabolic precursors for volatile metabolites. The
presence of dimethyl trisulfide was reported to be the cause of malodour in cancer-associated
fungating wounds[*®l. In this work, the presence of dimethyl disulfide and dimethyl trisulfide
clearly correlated with wound infections, however, these compounds were uncommon and
were only detected in three participants —all of which had infected wounds (Figure 5.2). These
compounds can arise from the oxidation of methanethiol®? - 3 highly common compound
that is associated with decaying biomass. Sulfur-containing volatile compounds can also be
generated through the metabolism of the sulfur-containing amino acids, cysteine and
methioninel®3l. However, currently due to their detection infrequency, we do not propose
these compounds as optimal target indicators of wound infections. Other infrequently
detected but clear discriminators of infected and non-infected samples were the primary
metabolites : ethyl acetate, 2-butanone, and acetoin (Figure 5.3). These compounds are
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frequently emitted wound-associated pathogens**35l and are derived from the downstream
metabolism of glucosel®.

This work is currently limited by a low number of participants which presents several
challenges including: establishing baseline VOC abundances for the control group; accurately
representing varying degrees of infection severity; refining the inclusion criteria for
compounds; and validating potential target compounds. However, this work will be
continuing into the future and we plan to recruit a further 50-75 patients. In addition to this,
a longitudinal study that profiles the wounds of patients over the course of 6-12 months could
potentially be highly beneficial to determine volatilomic shifts in response to wound healing
or degradation. Although our current work clearly demonstrates the chemical diversity of the
wound volatilome, swabbing at a single time point only provides a snap shot of the status of
each wound. Despite this, the preliminary aims of this work were achieved in that specific
compounds were identified that discriminate infected from non-infected wounds.

5.5. Conclusion

In this work swab samples taken from infected and non-infected wounds were
comprehensively analysed for the first time using HS-SPME-GCMS. The aims of this work were
to identify discriminate trends between infected and non-infected wound samples; and then
to identify the compounds responsible for these observed trends. Currently, there are a total
of 42 compounds included in this work, this number will increase as the number of
participants increases in the future. Non-infected wound samples typically had low
volatilomic activity in contrast to infected samples. The degree of chemical diversity and
compound abundance was closely associated with the severity of the infection, this was
clearly demonstrated in the patients with osteomyelitis (Texas score: 3B). Samples taken from
patients with less severe infections had varying degrees of chemical diversity and abundance.
However, the abundance of short chain fatty acids was significantly more abundant in
samples taken from less and severely infected patients compared to non-infected patients.
This class of compounds will be a potential target group as this study progresses into the
future. There were also a variety of ketones, alcohols, acetates and hydrocarbons that were
detected less frequently in infected samples that have been previously determined to be
microbial metabolites. This chemical diversity has again demonstrated the high metabolic
activity of infected wounds. Another important point is that the microbes are breaking down
necrotic tissue are utilising fundamental pathways to liberate and breakdown amino acids,
lipids, and carbohydrates to produce the resulting metabolites. Our future work on this study
will see the recruitment of 50-75 additional participants. This will allow more comprehensive
conclusions to be made about this volatilomic data and potentially lead to further research
avenues. Currently this preliminary data demonstrates the clear potential for the use of
volatilomics for non-invasive wound infection diagnoses in the future.
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Conclusion and Future work
Shane Fitzgerald

In the last 4 years, with the support of my supervisors, Dr. Aoife Morrin and Dr. Linda Holland,
| have explored microbial and clinical volatilomic profiling experimental and data analysis
workflows. The published sections of this work have primarily focused on examining the
factors surrounding microbial volatile emission. In these studies, microbial volatilomes were
comprehensively characterised across varied conditions and discriminated from each other.
These studies provided us with an understanding of the fundamental dynamics behind the
microbial emission of volatile metabolites. Microbial volatilomes are highly dependent on
species- and strain-level specificities, the respective growth phase of the cells, nutritional
environment of the cells, and the whether the cells are growing planktonically or in a biofilm.
The volatilomic profiling of planktonic cultures allows the potential source of compounds
detected in clinical systems to be determined. It therefore serves a critical purpose in the
accurate interpretation of clinical volatilomic data involving infectious diseases. This was
clearly observed in the preliminary clinical work described in Chapter 5, as a variety of
microbial metabolites that were detected in Chapter 2, 3, and 4 were also detected in the
clinical samples.

The preliminary clinical work described in Chapter 5 will continue into the future. Currently
there are 23 patients included in this work, 15 of which were infected and 11 of which were
not infected at the time of sampling. Our current aim is to recruit a further 50 - 75 participants
with a range of infection severity. This will allow a higher degree of accuracy to be achieved
for the baseline abundances of compounds detected from non-infected controls. In addition
to this, as the data becomes more robust, potential target compounds may emerge and the
inclusion criteria for compounds can be refined. Currently, short chain fatty acid abundances
significantly discriminate infected samples from non-infected samples. Further work is
required to validate this observed trend. Although there have been wound volatilomic studies
carried out previously (See Section 1.2.3.2. Chapter 1), we believe that we are the first to
demonstrate the chemical diversity of the wound volatilome. This preliminary work could also
potentially give rise to numerous follow up studies. Firstly, a longitudinal study that follows
patients with chronic wounds over the course of 6 — 18 months would be of significant
interest. Depending many factors, over the course of these periods, patients with chronic
wounds acquire and lose infections. This provides a unique opportunity to profile the volatile
output of these wounds at different stages of healing or degradation. The state of a given
wound will then be compared against itself at a different time rather than with a wound from
another individual. A comprehensive picture of this process over time will allow the
identification of biomarkers of infection with a higher degree of certainty. Currently, we are
limited in that we have identified compounds associated with wound infections. If these
individuals were profiled over time it would provide more context on the potential
mechanisms at work and the potential role these compounds play in the infected wound. If
volatile wound infection biomarkers are identified and validated in the future. The next step
would be towards quantifying these biomarkers via direct mass spectrometric methods such
as SIFT-MS or PTR-MS, or a modified GC-MS method. Determining threshold concentration
ranges for compounds at varying degrees of infection severity would be a long term goal.
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However, this would require a significant number of samples to validate and would require
wide collaboration across the world to account for population differences.

Another area of interest that has been generated from this work is the volatilomic profiling
of microbial biofilms. From our work with Chapter 4, we determined that the volatilomic
output of C. parapsilosis shifted when it formed a biofilm. The emission of primary
metabolites was reduced and there was indicators that the metabolism of substrates such as
aromatic amino acids was upregulated from the high abundances of phenylethyl alcohol. |
would like to investigate the factors surrounding the biofilm-specific volatile metabolites of
highly prevalent clinical pathogens such as Methicillin resistant Staphylococcus aureus
(MRSA) versus that of Methicillin sensitive Staphylococcus aureus (MSSA). There are a wide
variety of biofilm volatilomic experiments that could be carried out using our novel sampling
set up described in Chapter 4. These include: examining the effect of varying concentrations
of antibiotics on the volatile output of specific biofilm-positive pathogens; the volatile output
of microbial cocultures; and identifying biofilm-specific metabolites across different microbial
species. The volatilomic analysis of microbes in human extract media such as blood-based,
keratinocyte-based, or other biological fluids derived from humans will also provide highly
valuable and unique insights into the metabolic capabilities of pathogens when they are
exposed to these environments. This could potentially improve the chances of identifying
target pathogen-specific metabolites that aid diagnoses and enable the development of
targeted volatilomic workflows. This future work could contribute to a new layer to microbial
metabolomics and the study of infectious diseases.
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Chapter 2: Multi -strain volatile profiling of pathogenic and commensal cutaneous
bacteria — Supplementary Information
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Figure S2.1: Overlaid chromatograms of SA.A (blue, top) and SA.B (red, bottom)
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Figure S2.2: Overlaid chromatograms of PA.A (blue, top) and PA.B (red, bottom)
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Figure S2.3: Overlaid chromatograms of EC.A (blue, top) and EC.B (red, bottom)

1.5E6 |
1.0E6 -| '

5.0E5 |

0.0EO |

Abundance

~-5.0E5 |

-1.0E6 -|

-1.5E6 -|
T T T T T T T T T T T T T T T T T T T T T T
7.00 7.50 8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00 1450 15.00 15.50 16.00 16.50 17.00 17.50

Minutes

Figure S2.4: Overlaid chromatograms of SEP.A (blue, top) and SEP.B (red, bottom)
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Figure S2.5: Heatmap showing the relative abundance of VOCs recovered (rows) from each
bacterial strain (columns). Values were scaled and centred by their respective rows, with
highly abundant VOCs being coloured red, and less abundant VOCs being marked orange -

yellow .
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Figure S2.6: Loadings plot of bacteria only samples. Bacteria-specific VOCs are indicated with
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subtracted.
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Figure S2.7: Kinetic plots for individual VOC emissions from S. aureus samples (n=3) over 48 h.
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fable S2.1: Percentage normalised peak area values of each compound identified in the HS of liquid bacterial
:ultures (following 24 h incubation at 37°C) after 20 min sample collection using the HS-SPME technique followed
oy thermal desorption to GC-MS. Compounds are listed in order of increasing retention time. Kovats retention index
RI) value range (polar column) for each compound is also provided.

Compound CAS RI SA.A SA.B PA.A PA.B ECA EC.B SEP.A  SEP.B TSB

2-Butanone 78-93-3 900 + 20 1.642 1.262 0.000 0.000 1.629 0.204 1.496 0.000 1.314

3-Methylbutyraldehyde 590-86-3 920+ 20 3.229 2.635 0.000 0.000 0.000 0.000 1.789 2.580 18.521

2-Butanone, 3-methyl- 563-80-4 950 + 20 2.910 1.419 0.000 0.000 0.000 1.875 0.000 2.013 1.221

Decane 124-18-5 - 0.000 0.000 0.000 1.725 0.000 0.000 1.056 2.533 0.000

Methyl Isobutyl Ketone 108-10-1 1010+ 15 0.680 0.000 0.000 0.683 0.000 0.309 0.000 0.455 0.000

2-Butanol 78-92-2 1026 £ 15 0.000 0.000 0.167 0.263 0.000 0.000 0.000 0.000 0.000

Butanoic acid, 2-

7452-79-1 1050 + 25 0.444 0.701 0.000 0.000 0.000 0.000 0.383 0.291 0.000
methyl-, ethyl ester

Disulfide, dimethy! 624-92-0 1060 £ 30 1.655 2.170 1.261 0.766 3.210 0.705 4.897 1.036 4.505

1-Propanol, 2-methyl- 78-83-1 1090 + 30 0.534 0.952 0.000 0.000 0.000 0.000 0.000 0.000 0.000

3-Penten-2-one, 4- 141-79-7 | 1125+25 | 0230 0000 0000 0720 0000 0343  0.000 0703  0.000

methyl-
2-pentanol 6032-29-7 1130+ 25 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.459 0.000
1-Butanol 71-36-3 1125+ 25 0.000 0.000 0.000 0.000 1.432 0.546 0.000 0.225 0.000

1-Butanol, 3-methyl-, 821954 | 1120+15 | 0000 0.179 0000 0000 0000 0.000 0.000 0.000  0.000

acetate
1-Undecene 112-40-3 1142 £ 12 0.000 0.000 3.975 14.926 0.000 0.000 0.000 0.000 0.000
Dodecane 110-43-0 = 0.000 0.000 0.000 0.000 0.000 0.000 0.410 0.000 0.000
2-Heptanone 6137-06-0 1184+ 30 0.258 0.049 0.000 0.000 0.542 0.177 0.208 0.423 0.000

2-Heptanone, 4-methyl- | 18217-12-4 | 1213 +10 2.354 0.281 0.131 2.436 0.000 1.497 0.000 3.292 0.074

2-Heptanone, 5-methyl- 290-37-9 1252 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.308 0.000

Pyrazine 123-51-3 1214 £ 22 0.664 0.320 1.095 0.000 0.000 0.000 0.000 0.000 1.887

1-Butanol, 3-methyl- 100-42-5 1199+ 20 4.720 11.476  12.873 6.688 6.265 1.119 1.066 0.291 0.000
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1-Octanol 109-97-7 | 1550#25 | 0.000 0000 0000 0000 1390 038 0000 0000  0.000
Benzoic acid, methyl

i 693-54-9 | 1615+25 | 0.000  0.000 0000 0000 0000 0000 0412 0000  0.000
prop ‘:gz;;;’lc’d z 636-41-9 | 1560+25 | 0201 0375 0000 0.000 0000 0000 0143 0301  0.000
1H-Pyrrole, 2-methyl- 112-12-9 | 1555+15 | 0.000  0.000 0205 0000 0000 0000 0000 0000  0.000
2-Undecanone 503-742 | 1590+15 | 0.000  0.000 0043 0192 0380 0213 0000 0000  0.000
3-Methylbutyricacid | 1653-30-1 | 1660£25 | 2.460  7.043 0000 0000 0000 0000 4277  7.039  0.000
2-Undecanol 112-30-1 | 1712+#15 | 0,000 0000 0000 0241 0562 0067 0000 0000  0.000
1-Decanol 111-82-0 | 1750£20 | 0.000  0.000 0000 0000 6722 0000 0000 0000  0.000
Dodecanoic acid, 593-08-8 | 1800+15 | 0.000  0.00  0.000  0.000 0264 0010 0000 0000  0.000

methyl ester
2-Tridecanone 2345-27-9 | 1805+15 | 0.000  0.000  0.00 0000 1497 0316 0000 0000  0.000
Benzyl Alcohol 100-51-6 | 1850+30 | 0.132 0,000 0000 0000 0.144 0138 0000 0000  0.000
Phenylethyl Alcohol 60-12-8 | 1900425 | 0.000  0.000  0.000 0000 023 0113 0000 0000  0.000
2-Tridecanol 1653-31-2 | 1904+10 | 0.000  0.00 0000 0000 0501 0000 0000 0000  0.000
1-Dodecanol 112-53-8 | 1965£20 | 0,000 0000 0000 0000 3.642 1159 0000 0000  0.057
Methyl tetradecanoate | 124-10-7 | 2010£25 | 0.000 0000 0000  0.000 1496 0014 0000 0000  0.000
2-Pentadecanone 2345-28-0 | 2020420 | 0.000  0.000  0.00 0000 0423 0023 0000 0000  0.000
Phenol 108952 | 2000£30 | 0.042 0060 0060 0000 0000 0000 0000 0000  0.055
1-Tetradecanol 112-72-1 | 2175+30 | 0,000 0000 0000 0000 0275 0513 0000 0000  0.000
Hexadecanoic acid, 112-39-0 | 2250445 | 0,000 0000 0000 0000 0683 0000 0000 0000  0.000

methyl ester
1-Hexadecanol 36653-82-4 | 2375+25 | 0.000  0.000 0000  0.000 0000 0.460 0000 0000  0.000
Indole 120-72-9 | 2420£25 | 0,000 0000 0000 0000 88617 41254 0000 0.000  0.000
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Figure $3.1: Heatmap showing the abundance of VOCs recovered (rows) from each bacterial
strain (columns) cultured in BHI media. Values were scaled and centred by their respective
rows, with highly abundant VOCs being coloured red, and less abundant VOCs being marked
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orange - yellow . Dissimilarity between the samples was measured using Euclidean distance.
The complete agglomeration method was used. The corresponding strain names to the
abbreviated titles of the bacterial samples shown in this plot are as follows: EC.A: E. coli
DSM103372, EC.B: E. coli DSM30083, PA.A: P. aeruginosa DSM105372, PA.B: P. aeruginosa
DSM25642, SA.A: S. aureus DSM2569, SA.B: S. aureus DSM799
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Figure $3.2: Heatmap showing the abundance of VOCs recovered (rows) from each bacterial
strain (columns) cultured in TSB media . Values were scaled and centred by their respective
rows, with highly abundant VOCs being coloured red, and less abundant VOCs being marked
orange - yellow . Dissimilarity between the samples was measured using Euclidean distance.
The complete agglomeration method was used. The corresponding strain names to the
abbreviated titles of the bacterial samples shown in this plot are as follows: EC.A: E. coli
DSM103372, EC.B: E. coli DSM30083, PA.A: P. aeruginosa DSM105372, PA.B: P. aeruginosa
DSM25642, SA.A: S. aureus DSM2569, SA.B: S. aureus DSM799
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Figure $3.3: Heatmap showing the abundance of VOCs recovered (rows) from each bacterial
strain (columns) cultured in LB media. Values were scaled and centred by their respective rows,
with highly abundant VOCs being coloured red, and less abundant VOCs being marked orange
- yellow. Dissimilarity between the samples was measured using Euclidean distance. The
complete agglomeration method was used. The corresponding strain names to the
abbreviated titles of the bacterial samples shown in this plot are as follows: EC.A: E. coli
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DSM103372, EC.B: E. coli DSM30083, PA.A: P. aeruginosa DSM105372, PA.B: P. aeruginosa
DSM25642, SA.A: S. aureus DSM2569, SA.B: S. aureus DSM799
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Figure S3.7 : Species- and alcohol-specific boxplots. Each plot illustrates the abundance of an
individual alcoholic compound emitted by two strains of a species (E. coli, P. aeruginosa, and
S. aureus) across three nutrient-rich media (Brain Heart Infusion — BHI; Lysogeny Broth — LB;
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Tryptone Soy Broth — TSB). Each strain is colour-coded according to the legend at the left side
of the plot. For each examined strain in BHI, n=5;, TSB, n=5; and LB media, n = 5. *Five
replicates were analysed for each strain in each media except for E. coli (EC.A and EC.B) in BHI
(n =4) and P. aeruginosa (PA.B ) in TSB (n = 3). The following compound names are partially
visible: row 1, 2" and 5" : 3-methyl-1-butanol and 1-Heptanol, 2,4-dimethyl-; row 2, 3"¢ and
5t: 1-Pentanol, 2-methyl- and 1-Propanol, 2-methyl-; row 3, 2" and 5" : 2-Pentanol, 2-
methyl- and 3-Buten-1-ol, 3-methyl-; row 5, 2", 39, and 5% : 3-methyl-1-butanol, 1-Heptanol,
2,4-dimethyl-, 1-Propanol, 2-methyl-, and 2-Heptanol, 4-methyl-; row 6, 3 and 5™ : 1-
Pentanol, 2-methyl and 3-Buten-1-ol, 3-methyl-; row 7, 3™ and 4" : 3-methyl-1-butanol and
1-Propanol, 2-methyl-; row 8, 2"¥ and 3™ : 1-Pentanol, 2-methyl and 3-Buten-1-ol, 3-methyl-
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Figure S3.8 : Species- and ketone-specific boxplots. Each plot illustrates the abundance of an
individual ketone compound emitted by two strains of a species (E. coli, P. aeruginosa, and
S. aureus) across three nutrient-rich media (Brain Heart Infusion — BHI; Lysogeny Broth — LB;
Tryptone Soy Broth — TSB). Each strain is colour-coded according to the legend at the left
side of the plot. For each examined strain in BHI, n=5;, TSB, n=5; and LB media, n = 5. *Five
replicates were analysed for each strain in each media except for E. coli (EC.A and EC.B) in
BHI (n = 4) and P. aeruginosa (PA.B ) in TSB (n = 3).
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Figure S3.9 : Species- and acid-specific boxplots. Each plot illustrates the abundance of an
individual acidic compound emitted by two strains of a species (E. coli and S. aureus) across
three nutrient-rich media (Brain Heart Infusion — BHI; Lysogeny Broth — LB; Tryptone Soy
Broth — TSB). Each strain is colour-coded according to the legend at the left side of the plot.
For each examined strain in BHI, n=5;, TSB, n=5; and LB media, n = 5. *Five replicates were
analysed for each strain in each media except for E. coli (EC.A and EC.B) in BHI (n =4) and P.
aeruginosa (PA.B ) in TSB (n = 3).
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Figure S3.10 : Species- and aldehyde-specific boxplots. Each plot illustrates the abundance
of an individual aldehydic compound emitted by two strains of a species (E. coli, P.
aeruginosa, and S. aureus) across three nutrient-rich media (Brain Heart Infusion — BHI;
Lysogeny Broth — LB; Tryptone Soy Broth — TSB). Each strain is colour-coded according to the
legend at the left side of the plot. For each examined strain in BHI, n=5;, TSB, n=5; and LB
media, n = 5. *Five replicates were analysed for each strain in each media except for E. coli
(EC.A and EC.B) in BHI (n =4) and P. aeruginosa (PA.B ) in TSB (n = 3).
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Figure S3.11 : Species- and ester-specific boxplots. Each plot illustrates the abundance of an
individual fatty acid ester compound emitted by two strains of a species (E. coli, P.
aeruginosa, and S. aureus) across three nutrient-rich media (Brain Heart Infusion — BHI;
Lysogeny Broth — LB; Tryptone Soy Broth — TSB). Each strain is colour-coded according to the
legend at the left side of the plot. For each examined strain in BHI, n=5;, TSB, n=5; and LB
media, n = 5. *Five replicates were analysed for each strain in each media except for E. coli
(EC.A and EC.B) in BHI (n = 4) and P. aeruginosa (PA.B ) in TSB (n = 3). *The name of the

second compound in the third row is ‘Butanoic acid, 3-methyl-, 2-methylbutyl ester’.
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Figure S3.12 : Species- and compound-specific boxplots. Each plot illustrates the abundance
of an individual compound emitted by two strains of a species (E. coli, P. aeruginosa, and S.
aureus) across three nutrient-rich media (Brain Heart Infusion — BHI; Lysogeny Broth — LB;
Tryptone Soy Broth — TSB). Each strain is colour-coded according to the legend at the left

side of the plot. Compounds shown in this plot belong to a variety of chemical classes. For
each examined strain in BHI, n=5;, TSB, n=5; and LB media, n = 5. *Five replicates were
analysed for each strain in each media except for E. coli (EC.A and EC.B) in BHI (n =4) and P.

aeruginosa (PA.B ) in TSB (n = 3).
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S3.13 : Grouped boxplot representation illustrating the differences in emission of
individual chemical classes in BHI, LB and TSB growth media by E. coli, P. aeruginosa and S.
aureus. This bar plot was obtained by summing the mean abundance of each chemical class
detected in each of the examined bacteria. The following symbols were used to indicate
statistical significance (ns: p > 0.05; *: p <= 0.05; **: p <= 0.01; ***: p <= 0.001; ****: p <=
0.0001). In row 1, compound 1, “*’ between LB and TSB is not visible. In row 3, compound 2,
“*’ between LB and TSB is not visible. In row 5, compound 3, ‘**’ between LB and TSB is not
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Figure S3.14 : S. aureus - specific box plots illustrating the difference in acid abundances
between glucose-containing media (BHI and TSB) and glucose-free media (LB and NB).
Nutrient broth — NB

Table $3.1: List of contaminant peaks present in background media, fiber and column
controls. ‘X’ marks presence of compound in chromatograms

Compound Base BHI LB TSB Fiber
peak blank
Acetone 43 X X X
Cyclotrisiloxane, 207 - - - X
hexamethyl-
Cyclotetrasiloxane, 281 - - - X
octamethyl
Furan, 3-methyl- 82 X - X -
2,4-Dimethyl-1-heptene 70 - - X -
2-Butanone 43 X X X -
Butanal, 2-methyl- 57 X X X -
Butanal, 3-methyl- 41 X X X -
Benzene 78 X - - -
2,3-Butanedione 43 X X X -
Methyl Isobutyl Ketone 43 X - - -
2-Butanol 45 X - X -
Trichloromethane 83 X - - -
Toluene 91 X X X -
Disulfide, dimethyl 94 X X X -
2-Butenal, 2-methyl- 84 X X X -
1-Butanol 56 X X X -
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Pyrazine 80 X - X -
Styrene 104 X - X -
Pyrazine, methyl- 94 X - X -
2-Propanone, 1-hydroxy- 43 X - X -
Pyrazine, ethyl- 107 X - X -
Pyrazine, 2,5-dimethyl 108 X X X -
Pyrazine, 2,6-dimethyl- 108 - - X -
Dimethyl trisulfide 126 X X X -
Pyrazine, 2-ethyl-5- 121 X X X -
methyl-

Pyrazine, trimethyl- 122 X - X -
Pyrazine, 3-ethyl-2,5- 135 X - X -
dimethyl-

Acetic acid 43 - - X -
3-Furaldehyde 95 X - - -
Nonanal 57 X X X X
1-Hexanol, 2-ethyl- 57 X X X X
Decanal 57 X X X X
Benzaldehyde 106 X X X X
Silanediol, dimethyl- 77 X X X X
Oxime-, methoxy-phenyl-_ 133 X X X X
2-Furanmethanol 98 X - X -
Benzaldehyde, 4-methyl- 119 X - - -
2-Acetylthiazole 43 X - - -
Furan, 3-phenyl 115 - - - -

Table S3.2: Agilent MassHunter parameters used for chromatographic data analysis

Chromatographic parameters

Peak finding method

Chromatogram deconvolution

Peak filters

>= 50000 counts

Peak area calculation

Chromatogram deconvolution

Compound identification

NIST Mass Spectral Library 2017

Signal smoothing

No signal smoothing was performed

Baseline correction

No baseline correction was performed
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Chapter 4: Multi-Strain and -Species Investigation of Volatile Metabolites emitted
from Planktonic and Biofilm Candida cultures - Supplementary Information

Shane Fitzgerald™, Ciara Furlong!?, Linda Holland!?, Aoife Morrin*[!

School of Chemical Sciences, National Centre for Sensor Research, Insight SFI Research
Centre for Data Analytics, Dublin City University, Ireland

School of Biotechnology, Dublin City University, Ireland
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Figure S4.1: Overlayed chromatogram of planktonic C. parapsilosis strains 1-10 in YPD
media.
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Figure S4.2: Chromatogram of planktonic C. albicans YPD culture

Figure S4.3: Experimental set-up for the SPME sampling of biofilm cultures. (Left) Top view of
biofilm sample in container; (Right) Side view of SPME sampling of biofilm metabolites.
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Figure S4.4 — Crystal violet stain of biofilm-positive C. parapsilosis (CP6) samples (left) to
verify biofilm formation; and biofilm-negative C. albicans samples (right).

163
Pre-examination copy
Submitted 27t May 2022



l“, g 0 v

Figure S4.5: Crystal violet — based biofilm viability assy on CP1 — CP7. Out of the 7 CP strains
tested, CP4 and CP6 were biofilm-positive.
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Figure 54.6: Compound boxplots illustrating the abundances of selected compounds detected
in the headspace of biofilm-negative C. albicans cultures at 0, 24, and 48 h growth. Statistically
significant differences in the abundance of compounds at each time point are illustrated
through the star system where * = p <0.05, ** =p <0.01.
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Figure S4.7: Compound boxplots illustrating the abundances of various compounds detected
in the headspace of biofilm-negative CP1 cultures at 0, 24, and 48 h growth. Statistically
significant differences in the abundance of compounds at each time point are illustrated
through the star system where * = p <0.05, ** =p <0.01
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Figure S$4.8: Compound boxplots illustrating the differences in abundances

Time
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of various

compounds detected in the headspace of non-biofilm forming CP1 and biofilm-forming CP6
cultures at 0, 24, and 48 h growth. Statistically significant differences in the abundances of
each compound detected between the two strains are illustrated through the star system
where * = p<0.05, ** =p <0.01 and *** = p < 0.001.
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Table S4.1: Strain names and origin information table for C. parapsilosis strains.

Number Name Origin Isolated from Reference
CP1 CLIB214 Puerto Rico Faeces Type strain
CcP2 CDC317 USA Healthcare Clark et al 2004
workers hand doi:
10.1128/JCM.4
2.10.4468-
4472.2004
CP3 CDC173 USA Blood or Kuhn et al 2004
catheter doi: 10.3201/ei
cultures d1006.030873
CP4 711701 Aberdeen, UK Unknown Tavanti et al doi
10.1128/JCM.4
3.1.284-
292.2005
CP5 CDC167 USA Blood or Kuhn et al 2004
catheter doi: 10.3201/ei
cultures d1006.030873
CP6 J961250 Lisbon, Nail Tavanti et al doi
Portugal 10.1128/JCM.4
3.1.284-
292.2005
CP7 CDC179 USA Blood or Kuhn et al 2004
catheter doi: 10.3201/ei
cultures d1006.030873
CP8 J930733 Beerse, Cat hair Tavanti et al doi
Belgium 10.1128/JCM.4
3.1.284-
292.2005
CP9 103 London, UK Anus Tavanti et al doi
10.1128/JCM.4
3.1.284-
292.2005
CP10 J930631/1 Africa Cat hair Tavanti et al doi
10.1128/JCM.4
3.1.284-
292.2005
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Table S4.2: Compound table with chromatographic and mass spectral validation

Retention Compounds Base NIST Chemical Molecular  Retention
time Peak match formula weight index
score
2.354 Ethyl acetate 43 929 C4H802 88 88818
(234)
2.865 Ethanol 45 946 C2H60 46 93248 (181
2.98 Furan, 2,5-dimethyl- 96 950 C6H80 96 93919 (40)
3.124 Propanoic acid, ethyl 57 952 C5H1002 102 953+7 (87)
ester
3.273 Propanoic acid, 2- 43 651 C6H1202 116 96116 (99)
methyl-, ethyl ester
4.354 Butanoic acid, ethyl 71 761 C6H1202 116 10358
ester (251)
4.464 Methyl thiolacetate 43 895 C3H60S 90 105245
(15)
5.577 1-Propanol, 2-methyl 43 776 C4H100 74 109249
(269)
5.774 1-Butanol, 3-methyl-, 70 945 C7H1402 130 1122+7
acetate (168)
7.008 Propanoic acid, pentyl 57 765 C8H1602 144 1239+13
ester (12)
7.649 1-Butanol, 3-methyl- 55 909 C5H120 88 120949
(375)
8.493 Styrene 104 788 C8H8 104 1261+10
(102)
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8.525 3-Buten-1-ol, 3-methyl- 56 795 C5H100 86 124818
(72)
9.406 Acetoin 45 895 C4H802 88 1284+12
(241)
14.687 2,3-Butandiol 45 956 C4H1002 90 1565+18
(4)
16.406 1-Propanol, 3- 106 891 C4H100S 106 171949
(methylthio)- (91)
18.27 Benzyl alcohol 108 836 C7H80 108 1870t14
(323)
18.649 Phenylethyl alcohol 91 840 C8H100 122 1906£15
(423
19.885 2-Pyrrolidinone 85 944 C4AH7NO 85 202017
(7)
19.976 Nerolidol 69 918 C15H260 222 2042110
(172)
21.674 1H-Pyrrole-2,5-dione 97 821 C4AH3NO2 97
22.455 2,3-Dihydrofarnesol 69 797 C15H280 224 2262110
22.941 Farnesol 69 876 C15H260 222 2323%19
(16)
23.001 trans-Farnesol 69 903 C15H260 222 2356110
(61)
24.829 Succinimide 99 866 CAH5NO2 99 2438121
(2)
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Chapter 5: Non-Invasive Volatilomic Analysis of Infected and Non-infected Diabetic
Foot Ulcers — Supplementary Information

Shane Fitzgerald!, Linda Holland!?, Tommy Kyaw Tunl®l, Eoghan O’Neill®®!, Aoife Morrin*!!
1. School of Chemical Sciences, National Centre for Sensor Research, Insight SFI
Research Centre for Data Analytics, Dublin City University, Ireland
2. School of Biotechnology, Dublin City University, Ireland
3. Royal College of Surgeons, Connolly Hospital, Dublin, Ireland

171
Pre-examination copy
Submitted 27t May 2022



| T ' i

—— — T [ [—
mm 13.69|13.58/13.65|13.6913.80|13.85/14.02|14.04/13.65|14.77|14.26/14.23(13.83| P3_|

P19_l

13.49

13.66

10.72] 9.50 10.36|10.28/10.79|10.69|10.18|10.28/10.14/10.21/10.87(10.69|10.15/11.83|10.93|12.28(11.91| P4 _|

13.80/14.04(10.34|10.48(10.39| 9.84 |10.35|10.26/10.52|10.30/10.57|10.51/10.50(10.48/10.98(10.07| 9.71 [10.84|10.54|12.18|11.49| P15_|

13.80; 9.32/10.23(10.51/10.20| 9.98 {10.16(10.15|10.19/10.07| 9.97 | 9.96 {10.12/10.16{10.71|10.68|10.22|11.30/11.25| 9.56 |10.15| P22_]

14.04 10.46/10.75(10.42|10.26|10.35|10.36|10.40|10.29 10.50|10.26(10.74|10.75(10.39|11.52/11.25| 9.69 |10.02| P23_I

10.34] 10.46] 4.55 | 4.83 6.13 | 5.27 | 7.54 | 6.59 | P2_I

= 11.61 12.56|12.54( 7.61 | 7.81 | 9.05 | 8.75 | 8.78 | 8.82 | 7.77 | 8.40 | 7.90 | 8.43 | 8.81 | 8.50 | 7.55 | 9.42 | 8.65 [10.38|10.25|10.74{10.38| P10_|

10.48| 7.81 |10.51/10.75, 6.68 5.44 7.856.96 P14_NI

9.50 (10.39, 10.42] 6.34|4.66 | 7.42|6.64 | P17_|

9.53 [ 9.84 9.98 |10.26, 6.17 1 5.32 7.30 | 6.15 P20_lI

10.36] 10.16/10.35 6.05 512 7.216.18 P5_NI

10.28 .82 [10.15(10.36 6.05|5.05|7.24 | 6.19 | P12A_I

10.79 10.19/10.40

6.20 | 5.52 | 7.34 | 6.37 | P12B_NI

10.69 .40 [10.07/10.29 5.94 | 5.31|7.16 | 6.08 | P13_NI

10.18] 9.97 | 9.98 6.17 1 5.26 1 6.99 6.38 P6_L_I

10.28] 9.96 |10.05 593 495 691 6.17 P7B_NI

10.14 10.12/10.50 I 7.46 | 6.45 | P7A_NI

se2

6.14

10.21 .50 |10.16/10.26 7.20 | 6.53 | P8_NI

m 10.87|10.98| 7.55 |10.71|10.74| 4.55 4.78 | 7.02 7.88|7.32 | P18_I

777|719 | P6_R_I
7.33|6.49 | P11_NI

10.15/9.71 | 8.65 |10.22|10.39

11.83/10.84(10.38(11.30|11.52| 6.13 | 6.68 | 6.34 | 6.17 | 6.05 | 6.05 | 6.20 | 5.94 | 6.17 | 5.93 | 6.04 m

10.93/10.54(10.25(11.25|11.25

I: 10.69/10.07| 9.42 |10.68/10.75| 4.83

9.00 | 8.28 | P1_NI

8.56 | 8.09 | P16_NI
P9_NI
P21_I

12.28|12.18(10.74( 9.56 | 9.69 | 7.54 | 7.85 | 7.42 | 7.30

~
[N
jhd
]
N
S
~
&)
i
N
o
o
)
©
©
)
©
=2
]
ey
)

11.91/11.49(10.38|10.15|10.02| 6.59 | 6.96 | 6.64

o
o
14
o
-
©
o
S
©
o
w
S
o
o
©
o
w
3]
o
=
]
(o)
IS
o
o
o
w
~
w
N
~
©
o
~
©
©
n
©
©
o
©

1-02d
IN"&d

I'veld

IN"g2id

Figure S5.1. Heatmap dissimilarity matrix representation of 26 patient samples samples.
Values are calculated Euclidean distances. Red represents highly dissimilar samples; blue
represents highly similar samples.
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Figure S5.2. : Comparative boxplots illustrating differences in the abundance of ketones across
infected and non-infected wound samples. Each plot illustrates the abundance of an individual
ketone compound recovered from varying wounds classifications (Texas score). The Texas
score is a common classification system used for diabetic ulcers and is visualised through the
various colours of the boxes: 1A (non-infected superficial wound; RED); 1B (infected superficial
wound; GREEN); 2B (infected wound penetrating tendon; BLUE); 3B (infected wound
penetrating to bone or joint; PINK); NA (infected and non-infected, non-diabetic wounds;
GREY). The detection frequency for each compound across the samples is shown above each
plot alongside the name of each compound where | = infected and NI = non infected.
Statistically significant differences are illustrated through the star system where * = p < 0.05;
** = p<0.01; ***=p<0.001; ****=p<0.0001.
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Figure S5.3 : Comparative boxplots illustrating differences in the abundance of alcohols
detected across infected and non-infected wound samples. Each plot illustrates the abundance
of an individual alcohol compound recovered from varying wounds classifications (Texas
score). The Texas score is a common classification system used for diabetic ulcers and is
visualised through the various colours of the boxes: 1A (non-infected superficial wound; RED);
1B (infected superficial wound; GREEN); 2B (infected wound penetrating tendon; BLUE); 3B
(infected wound penetrating to bone or joint; PINK); NA (infected and non-infected, non-
diabetic wounds; GREY). The detection frequency for each compound across the samples is
shown above each plot alongside the name of each compound where | = infected and NI = non
infected. Statistically significant differences are illustrated through the star system where * =
p <0.05; ** =p<0.01; ***=p<0.001; ****=p<0.0001.
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(I, n = 1) 2-Decanone (I, n =15) Acetone (NI, n = 10) (I, n = 2) 2,3-Pentanedione
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Figure S5.4 : Comparative boxplots illustrating differences in the abundance of ketones
detected across infected and non-infected wound samples. Each plot illustrates the abundance
of an individual ketone compound recovered from varying wounds classifications (Texas
score). The Texas score is a common classification system used for diabetic ulcers and is
visualised through the various colours of the boxes: 1A (non-infected superficial wound; RED);
1B (infected superficial wound; GREEN); 2B (infected wound penetrating tendon; BLUE); 3B
(infected wound penetrating to bone or joint; PINK); NA (infected and non-infected, non-
diabetic wounds; GREY). The detection frequency for each compound across the samples is
shown above each plot alongside the name of each compound where | = infected and NI = non
infected. Statistically significant differences are illustrated through the star system where * =
p<0.05; ** =p<0.01, ***=p<0.001;, ****=p <0.0001.
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(I, n=1) 1-Dodecene

(I, n=6) 1-Decene (NI, n = 3)
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Figure $5.5 : Comparative boxplots illustrating differences in the abundance of hydrocarbons
detected across infected and non-infected wound samples. Each plot illustrates the abundance
of an individual hydrocarbon compound recovered from varying wounds classifications (Texas
score). The Texas score is a common classification system used for diabetic ulcers and is
visualised through the various colours of the boxes: 1A (non-infected superficial wound; RED);
1B (infected superficial wound; GREEN); 2B (infected wound penetrating tendon; BLUE); 3B
(infected wound penetrating to bone or joint; PINK); NA (infected and non-infected, non-
diabetic wounds; GREY). The detection frequency for each compound across the samples is
shown above each plot alongside the name of each compound where | = infected and NI = non
infected. Statistically significant differences are illustrated through the star system where * =
p <0.05; ** =p<0.01; ***=p<0.001; ****=p<0.0001.
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(I, n = 3) Dimethyl trisulfide (I, n = 3) Disulfide, dimethyl
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Figure S5.6 : Comparative boxplots illustrating differences in the abundance of sulfide
detected across infected and non-infected wound samples. Each plot illustrates the abundance
of an individual sulfide compound recovered from varying wounds classifications (Texas
score). The Texas score is a common classification system used for diabetic ulcers and is
visualised through the various colours of the boxes: 1A (non-infected superficial wound; RED);
1B (infected superficial wound; GREEN); 2B (infected wound penetrating tendon; BLUE); 3B
(infected wound penetrating to bone or joint; PINK); NA (infected and non-infected, non-
diabetic wounds; GREY). The detection frequency for each compound across the samples is
shown above each plot alongside the name of each compound where | = infected and NI = non
infected. Statistically significant differences are illustrated through the star system where * =
p <0.05; ** =p<0.01; ***=p<0.001; ****=p<0.0001.
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(I, n = 1) Acetophenone, 2'-amino- (I, n = 1) Butanal, 3-methyl— (I, n=13) Phenol (NI, n = 6)
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Figure S5.7 : Comparative boxplots illustrating differences in the abundance of various amine,
amide, aldehyde, pyrrole, indole, acetate, and ester compounds detected across infected and
non-infected wound samples. Each plot illustrates the abundance of an individual ketone
compound recovered from varying wounds classifications (Texas score). The Texas score is a
common classification system used for diabetic ulcers and is visualised through the various
colours of the boxes: 1A (non-infected superficial wound; RED); 1B (infected superficial wound;
GREEN); 2B (infected wound penetrating tendon; BLUE); 3B (infected wound penetrating to
bone or joint; PINK); NA (infected and non-infected, non-diabetic wounds; GREY). The
detection frequency for each compound across the samples is shown above each plot
alongside the name of each compound where | = infected and NI = non infected. Statistically
significant differences are illustrated through the star system where * = p < 0.05; ** =p <
0.01; ***=p<0.001; ****=p<0.0001.
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Table S5.1: Patient clinical data

Wound Date Texas Plating results Wound DM status DM type
ID score duration
1 08/06/2021 NA scanty 4 weeks Not DM
commensals
2 24/06/2021 NA scanty 5 years+ DM Type 2
commensals
06/08/2021 NA mixed an02 3 years+ Not DM
4 22/09/2021 B3 ent faecalis & DM
acinetobacter p
5 30/09/2021 1A mixed anaerobes, 6 Months DM Type 2
p mirabilis, Sau
6L 04/10/2021 1B P vulgarirs, ent 6 years + DM Type 2
faecalis
6R 04/10/2021 1B P vulgarirs, BHS 6 years + DM Type 2
GpG
7 05/10/2021 1A P mirabilis 2years+ DM Type 2
8 06/10/2021 1A Saureus,scantye 2years+ DM Type 2
coli
9 07/10/2021 1A 3 months DM TYPE 1
10 08/10/2021 NA
11 13/10/2021 1A BHS GroupB S DM Type 2
12 13/10/2021 2B Scanty 5 months DM Type 2
Staph.aureus S +
13 18/10/2021 1A Ent.faecalis, 6 months DM Type 2
Serratia Liquef +
14 19/10/2021 1A 3 months DM Type 2
15 26/10/2021 3B staph aureus months DM Type 2
16 05/11/2021 1A Proteus mirabil DM
17 05/11/2021 1B Ps.aeruginosa, Staph aureus, DM
Ent Faecalis
|
18 29/11/2021 1B Proteus mirabil 4 months DM Type 2
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19 08/12/2021 1A Scanty 2years+ DM Type 2
Commensals

20 1B DM

21 04/02/2022 1D Proteus mirabil S DM

22 09/02/2022 1D BHS Group B DM

23 10/02/2022 1B Staph.aureus S DM

Finegoldina mag
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